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CHAPTER I
INTRODUCTION

A nuclectide-peptide is a compound 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 intermediates 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 informstion on the structure and function of the detected
compounds,

The first part of this thesis presents evidence which completes the
identification of a bovine liver nucleotide-peptide as the unsymmetrical

disulfide of coenzyme A and glutathionme (CoASSG)l.

MThe following sbbreviations are used: DPN, DPNH, diphosphopyridine
nucleotide and its reduced form, respectively; TPN, TPNH, triphospho-
pyridine nucleotide and its reduced form, respectively; FAD, FADH,,
flavin adenine dinucleotide and its reduced form, respectively; Fﬁl\l s
flavin mononucleotide; GSH, GSSG, glutathione and its oxidized form,
respectively; Tpp. thiamine pyrophosphate; CoASH or CoA, coenzyme A;
acyl CoA, acyl derivatives of coenzyme A; CoASSG, TSSG, PSSG, CSSG,

HSSG, mixed disulfides of glutathione and coenzyme A, thiolethanolamine,
pantotheine, cysteine, and homocysteine, respectively; HSSH, homocystine;
CoASSCoA, coengyme A disulfide; CSST, disulfide of cysteine and thiol-
ethanolamine; RNA, ribonucleic acid; sRNA, soluble ribonucleic acid;
HNase, ribonuclease; UDPG, uridine diphosphate glucose; UDPGNAc, uridine
diphosphate N-acetylglucosamine; E, enzyme; EDTA, ethylenediamine-

1l



The second part of the thesis will describe the detection and
partial purification of a bovine kidney enzyme which may be important
in the metabolism of CoASSG. The engyme catalyzes the following
sulfhydryl-disulfide interchange reaction:

GSH + CoASSG ———— CoASH + GSSG (1)

Several of the chemical and physical properties of the enzyme also will

be presented.

tracetic acid; Tris, tris(hydroxymethyl)aminomethane; NEM, N-ethylmale-
jmide; TCA, trichloreacetic acid; DNP, dinitrophenyl-; PPO, 2,5-diphenyl-
oxazole; POPOP, 1,4-bis-2~(5-phenyloxazolyl)-benzene; DEAE-cellulose,
diethylaminoethyl cellulose; CMC, carboxymethyl cellulose, Other ab-
breviations used are consistent with the abbreviations commonly accepted

by the Journal of Biological Chemistry.



CHAPTER II
LITERATURE REVIEW

An attempt will be made to briefly review subject areas which
directly and indirectly bear on various aspects of the thesis subject
matter. Since part of the thesis will be concerned with the identifi-
cation of a compound having some characteristics of a nucleotide-
peptide, the structures and functions of various kinds of nucleotide-
peptides will be briefly reviewed. The nucleotide-peptide which will
be shown to be an unsymmetrical disulfide of coengyme A and glutathione
is cleaved as shown in equation 1 to the sulfhydryl form of coenzyme A
and oxidigzed glutathione in the presence of glutathione and an enzyme
to be described., The‘naﬁure of the reactants and products of the
reaction suggest that a review of important naturally occurring sulf-
hydryl and disulfide compounds and some of their more importamnt chemi-
cal reactions should be undertaken. This will include a brief review
of the function of sulfur in proteins. Since the above reaction is a
sulfhydryl-disulfide interchange reaction ané can be viewed as an
oxidation-reduction reaction it was felt desirable to review, sometimes
briefly, enzymes which catalyze the oxidation of sulfhydryl groups or
reduction of disulfide bonds, and in more detail those enzymes which
have been shown to catalyze sulfhydryl-disulfide interchange reactions.



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 reactions.
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 category.

Thus, amino acid derivatives of adenylic acid are activated intermediates

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

Amino acid + ATP + Enzyme — Aminoacyl - AMP - Enzyme + PPi  (2)
Aminoacyl - AMP - Engyme + sENA T Aminoacyl - sENA + Engyme (3)

Aminoacyl - sRNA > > > Protein (L)

Sugar derivatives of uridine, guanosine, or thymidine diphosphate
are activated intermediates in the biosynthesis of polysaccharides (1)

(equations 5 and 6). An example of activation and transfer to poly-

saccharide is shown by equations 5 and 6, respectively.

UTP + Sugar—l—phosphateﬁ UDP - Sugar + PP (5)

UDP - Sugar + Acceptor ——— Acceptor - Sugar + UDP (6)

In addition to these relatively simple substances, more complex
types of molecules can also be activated as nucleotide derivatives, for
example, UDP-muramyl-peptides (2). 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).



UDP-Muramyl-Peptides

UDP-Muramyl peptides were first isolated by Park (5) from penicillin
treated Staphylococcus aureus. The chemically most complicated of those
isolated was a UDP-muramyl-pentapeptide, uridine-diphospho-N-acetyl-
muramyl-L-alanyl-D-glutamyl-I~lysyl-D-alanyl-D-alanine. Its structure
is shown in Figure 1 (2). UDP-GNAc-lactyl-L-alanine was also observed
in penicillin treated S. aureus. When the organisms were treated with
bacitracin or novobiocin, instead of penicillin, the same uridine nucleo-

tides accumulated. Oxamycin treated S. aureus accumulated UDP-GNAc-

lactyl-l-ala-D-glu-I-lys. The nucleotide which accumulated in experi-
ments with lysine deprivation is UDP-GNAc-lactyl-I-ala-D-glu (6).
Recently, Wishnow and Strominger et al. (7) reported that novobiocin
also induced accumulation of the uridine nucleotide which has the same
structure as the UDP-muramyl-pentapeptide formed in penicillin treated
S. aureus. Strominger also showed (8) that glycine induced the accumu~
lation of four uridine nucleotides in S. aureus. These are: UDP-GNAc-
lactate, UDP-GNAc-lactyl-gly-D-glu-l-lys, UDP-GNAc-lactyl-I-ala-D-glu-
gly and UDP-GNAc-lactyl-gly-D-glu-l-lys-D-ala-D-alanine. The blosynthesis
of these UDP-muramyl-peptides in penicillin treated S. aureus was eluci-
dated by Tto and Strominger (9). They demonstrated the sequential in-
corporation of 146 .mino acids into different UDP-muramyl-peptide

acceptor molecules as summarized in the following series of reactions

designated as equation 7.
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ATP
UDP-GNAc-lactate + Lpalanine-———;? UDP-GNAc-lactyl-L-ala
(1) Mn (II)
D-glutamic acid I-lysine
rar » UDP-GNAc-lactyl-L-ala-D-glu e
ATP, Mn (111 ATP, Mn
UDP-GNAc-lactyl-L-ala-D-glu-I-lys (7)
(Iv)
ATP
2—D—alanine-——f;z D-ala-D-ala
Mn (V)
ATP
(™) + V) —x UDP-GNAc—lactyl—L—alazD- lu-L-lys-D-ala-D-ala
Mn Vi

The assay for the engymatic reactions represented by the above equations
was based on the conversion of radiocactive amino acids to a charcoal
absorbable form as a result of their addition to the appropriate nucleo-
tides (9). Since the various transferring enzymes were insensitive to
RNase, the participation of RNA in the synthesis of the UDP-muramyl-
pentapeptide was excluded (10).

The function of UDP-muramyl-peptides as precursors in cell wall
biosynthesis has been proposed by several workers (3, 11, 12). Chatterjii
and Park (13) presented evidence that the role of UDP-muramyl-peptide
was to synthesize a mucopeptide backbone in the presence of UDP-GNAc,
and that this mucopeptide backbone acts as an acceptor into which poly-
glycine is incorporated.

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

reaction in glycopeptide synthesis in S. aureus and Micrococcus lysodeik-

ticus is the transfer of phosphoacetyl-muramyl-pentapeptide from UDP-
muramyl-peptide to a lipid fraction with liberation of UMP. The GNAc
moiety of UDP-GNAc 1s then transferred to the 1ipid fraction with



liberation of UDP. Finally the disaccharide, GNAc-MurNAc-pentapeptide

is transferred to an acceptor (presumably an incamplete glycopeptide)

with the release of inorganic phosphate and 1ipid. This reaction sequence
represents a relatively late step in over-all cell wall biosynthesis but

appears to precede the addition of polyglycine residues.
Reviews on the history and development of this subject have been

presented by Strominger (15), Perkins (16) and Ashwell (10).

Aminoacyl-AMP

Aminocacyl adenylates which function as intermediates in protein
synthesis can be prepared chemically (17, 18). Their general structure
is shown in Figure 2. The acyl adenylates of c(~amino acids are rapidly
hydrolyzed at a pH close to 7.0, but exhibit much greater stability at
a pH of less than 5.5. On the other hand, B-alanyl-adenylate (like
acyl adenylate or benzoyl adenylate) is relatively stable at neutral
PH. Under certain conditions, cG-aminocacyl adenylates 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'-phosphate. Amincacyl adenylates also react rapidly with
ammonia, hydroxylamine and free amino acids. As early as 1941, ILipmann
(14) suggested that high energy phosphate was involved in the activation
of amino acids for protein synthesis. Zamecnik and Keller (20) showed
that ATP and a rat liver protein fram the soluble fraction of the cell
were essential for the incorporation of lhc-amino acids into the protein
of microscmes. 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
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amino acids were added. In the presence of hydroxylamine, amino acid
hydroxamates were formed and AMP and pyrophosphate accumulated. These
results provided the evidence for the engymatic 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
et al. (23). Recently direct evidence was obtained for the formation
of enzyme bound isoleucyl adenylate, valyl adenylate (24) and threonyl
adenylate (25). In these studies, the engyme-linked intermediates were
separated from reaction mixtures by passage through a column of sephadex.

The formation of an enzyme 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 + AAT—> PP + Engyme - AMP - AA (10)

Activating enzymes for most natural o—~amino acids have been detected
and seme have been purified. Thus far, there has been no clear cut
- demonstration of the existence of either a hydroxyproline activating

enzyme 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 amincacyl moiety of the engyme-bound amino-

acyl adenylate to specific soluble RNA acceptors (27, 28) (equation 11).



11
Enzyme-aminoacyl 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 radiocactive AMP and ATP which
was catalyzed by a soluble protein fractlon obtained from rat liver which
contained sFNA. Hoagland et al. (28, 29) and Ogata et al. (30-33) showed
that the fraction obtained from the soluble fraction of a rat liver
homogenate by precipitation at pH 5 contained low molecular weight sRNA
as well as amino acid activating enzymes, and that the sRNA became labeled
when the engzyme preparation was incubated with labeled amino acids and
ATP. The formation of aminoacyl hydroxamates catalyzed by amino acid
activating enzyme is inhibited by RNA (34); similarly the transfer of
the aminoacyl moliety of aminoacyl adenylate to RNA is inhibited by
hydroxylamine and by inorganic pyrophosphate. These results support
the reaction sequence shown in equation 11. Wong and Meister (35) found
that the transfer reaction catalyzed by the activating enzyme is specific
with respect to the aminoacyl moiety.

A number of studies have been carried out to determine the nature
of the chemical linkage between the amino acid and sRNA. Evidence from
studies on u"C-leucyl ENA (26) showed that 16 1eucine can be readily
hydrolyzed from 1'l"C-1er;1cy1-l‘1‘I\TA by dilute alkali. When MC-ieucyl—-RNA
was treated with pancreatic RNase, the radiocactivity was liberated in
the form of a low molecular weight, positively charged u’C compound
that gave adenosine and u’C-leucine on alkaline hydrolysis. It did not
react with periodate or ninhydrin prior to hydrolysis. These findings

jndicated that the compound is the leucyl 2'(3') ester of adenosine.



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 sRNA.

Cohen and Gros (41), Berg (42), Simpson (43) and Moldave (44) have
published review articles on the blosynthesis of peptides and proteins,
which cover in more detail the two sections on the amincacyl adenylates
and aminoacyl sRNA complexes described above.

Other Nucleotide Peptides Which May be Intermediates in Protein Synthesis

Many papers in the literature have reported the presence of a
variety of nucleotide-peptides in either the cell sap or nuclei.
Koningsberger (45) found nucleotide-bound carboxyl-activated peptide
compounds in yeast extracts. These campounds were reported to form
hydroxamates with hydroxylamine. Szafranski reported the observation
of nucleotide-peptides of similar nature from guinea pig liver cytoplasm
(46) as well as in the nuclei (47). Harris and Davies (48) showed the
chemical structure of one of the nucleotide-peptides which they isolated
from yeast (Figure 4).

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). Harris campared 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 units. His group reported (51) the



Figure 3

A Portion of an Aminoacyl sHNA






Figure L4

Arginylalanylarginylalanyl-5'-Uridylate (48)
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partial fractionation of a yeast enzyme which is capable of activating
peptides to form nucleotide-peptides. Harris suggested that these
compounds functioned as activated intermediates of de novo protein
synthesis, preducts of an energy dependent process of protein degrada-
tion, or intermediates in the cellular recyclization of proteins.
Gilbert (52) recently presented evidence that the polyphenylalanine
chain, made by a polyuridylic-directed synthesis in a cell-free system
from Escherichia coli, was covalently linked to an sRNA molecule. The
bond between the polypeptide chain and the sRNA is similar to that in
aminoacyl sRNA. Bretscher (53) also showed that in polyadenylic acid-
directed polylysine synthesis, the polypeptide was associated with one
(or both) of the hydroxyl groups of the terminal adenosine residue of
SFNA. The isolation of peptides covalently linked to sENA is consistent
with the suggestion that peptidyl nucleotide compounds may be inter-
mediates in protein synthesis. A brief review on the participation of

peptidyl sENA in protein synthesis has been presented by Moldave (84).

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

The observation that tranamethylation 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 (55).
L-methionine + ATP — "active methionine" + PPi + P1 (12)

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

is shown in Figure 5.



Figure 5

S-Adenosyl Methionine
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The evidence for this structure was summarized by Cantoni (58) as
follows: (a) when 355 methionine was used in the sbove 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 hydrolysis. The structure was proved by total chemical
synthesis by Baddiley and Jamieson (57).

S-Adenosyl methionine is present in a number of rat tlssues at a
level of 10 to 50 ng/gm (58).

The first transfer reaction in which S-adenosyl methlonine was
found to participate was a methyl group transfer to guanidinoacetic acid
to give creatine (equation 13).

Guanidinoacetic , S-adenosyl S-adenosyl , creatine (13)
acid methionine omocysteine

S—-Adenosyl methionine has since been found to be a methyl donor
in many transmethylation reactions (26).

In addition to its function in methyl group transfer, S-adenosyl
methionine is an intermediate in the biosynthesis of spermine and spermi-
dine in some microorganisms (59). In the series of reactions leading to
spermine synthesis S-adenosyl methionine is first decarboxylated and
the residual propylamine group is then transferred to putrescine to
form spermidine. Addition of a mole of propylamine to spermidine from
decarboxylated S-adenosyl methionine then produces spermine. In this
series of reactions it is a propylamine group rather than a methyl

group which is transferred.
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S—-Adenosyl homocysteine is one of the products in methyl group
transfer reactions from S-adenosyl methionine. It can also be formed
from adenosine and hemocysteine in a reversible manner by either rat

liver (60) or yeast enzymes (61) (equation 14).
Adenosine + lI-homocysteine —> S—-adenosyl-L-homocysteine (14)

It can also be hydrolyzed to adenine and S-ribosyl homocysteine by an
E. coll nucleosidase (62).

S~Adenosyl homocysteine is a precursor in a second route leading
to S-adenosyl methionine formation by addition of a one carbon unit
from u’C labeled formate or serine to the sulfur atom of S—-adenosyl
hamocysteine and subsequent reduction of this carbon unit to a methyl
group (cited in 63) (equation 15).

S-adenosyl-L-homocysteine + (Cl unit)—s S-adenosyl-L-methionine (15)

When Torulopsis utilis is cultured in a medium containing ethionine,
a compound, S-adenosyl ethionine, is formed. Transethylation reactions
involving S-adenosyl ethionine have been observed (63). Formation of S-
adenosyl ethionine and transethylation may be due to incomplete speci-
ficity of the enzyme responsible for the analogous reactions involving
methionine. A review of the structure and function of S-adenosyl

methionine has been presented by Shapiro (63).
A Nucleotide-Peptide from Bovine Iiver

In 1961, Wilken and Hansen (64) reported the isolation and partial
characterization of a nucleotide-peptide. This compound was isolated
from perchloric aclid extracts of bovine liver by purification on Dowex-1
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formate resin colums followed by paper chramatography. The purified
compound was found to absorb ultraviolet light and to react with nin-
hydrin. The compound had an absorption spectrum similar to that of
adenosine at pH 2 and pH 7. After acid hydrolysis and paper chromato-
graphy, only one ultraviolet absorbing compound could be detected. It
had the mobility of adenine. The original campound contained one mole
of pentose and three moles of organic phosphate per mole of adenosine.
The organic phosphate was relatively stable to acid hydrolysis. The
number of ninhydrin amino equivalents before aclid hydrolysis was found
to be one mole per mole of base and after hydrolysis, this number in-
creased to five to six. Two dimensional paper chramatography of an

HC1 hydrolysate of the compound showed that the compound contained
glycine, glutamic acid, P-alanine, cysteic acid and taurine. An un-
identified ninhydrin positive component with a mobility similar to

but not identical with seripe was also detected. A DNP derivative of
the campound was prepared which gave DNP-glutamic acid after acid nydroly-
sis and chromatography, thereby showing that the amino terminal residue
was glutamic acid.

Rye grass 3'-nucleotidase released one of the three phosphate
moieties from the molecule. When the nucleotide-peptide w;s Preincubated
with 3'-nucleotidase followed by incubation with Crotalus atrox vepecm
which contained 5'-nucleotidase, two moles of inorganlc phosphate were
released per mole of the compound., Paper chromatography of a mildly
alkaline hydrolysate of the cempound gave a component which had the
mobility of 3',5'-adenosine diphosphate. When the preducts of 3'-
nucleotidase and 3'-nucleotidase plus 5'-nuclectidase treatments were

hydrolyzed in 0.01 M KOH amd chramatographed, camponents having the
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mobility of 5' AMP and adenosine, respectively, were detected. Further-
more, when the nucleotide-peptide was treated with 3'-nucleotidase and
chramatographed, only inorganic phosphate and 3!'-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 campound was not completely
characteriged, the possible types bond between the nucleoctide moiety

and the peptide moiety, the location of the third phosphate group, and
the nature of the unidentified ninhydrin positive ccmponent were dis-
cussed.

More recently, Okahara and Hansen (65) have reinvestigated the
nucleotide-peptide. Their results confirmed the previous findings (6L)
with one exception. They did not observe an "unidentified ninhydrin
positive component." This point will be discussed in the chapter on
"Results" later in this thesis. This compound appears to be present
in trichloroacetic acid filtrates prepared from guinea pig 11"91‘-2
A compound with some properties similar to the bovine liver nucleotide-
peptide has been reported to occur in rat 1liver (66).

Compoundg Containing Sulfhydryl and Disulfide Groups

This portion of the literature review will be concerned with
sulfhydryl and disulfide compounds. The low molecular weight compounds
of this type will be discussed first followed by a discussion of the
sulfur containing peptides and proteins. Enzymes involved in sulfhydryl-

2G. C. Mill, Personal communication.
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disulfide exchange reactions will be discussed last. The chemistry of
sulfhydryl and disulfide compounds will be described with cysteine.
Coenzyme A and glutathione and sulfhydryl-disulfide exchange reaction
catalyzing engymes will be covered in the greatest detall due to their

relation to the current problem.

Sulfhydryl and Disulfide Groups in Low Molecular Weight Compounds

Cysteine and Cystine. Greenstein and Winitz have presented a

historical review on cysteine and cystine (67). Cystine was first iso-
" lated by Wollaston (68) in 1810 from urinary calculi. Baumarn (69) in
1884 first reduced cystine to cysteine by using tin and hydrochloric
acid. Mérner (70) in 1899 isolated cystine from protein. The struc-
ture of cystine and cysteine were proved by synthesis by Erlenmeyer (71).
Cystine is not very soluble in neutral solution and little or no free
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 of
human hair, keratin. Only cystine and not cysteine is found after acid
hydrolysis of proteins. Cysteine is known to occur in proteins, how-
ever, since many proteins show a distinctive red color with sodium
nitroprusside, a sensitive reagent for sulfhydryl groups. In additien
S~carboxymethyl cysteine has been isolated from several proteins by
acid hydrolysis following treatment with iodoacetate. There is evidence
that the cystine of protein is formed by oxidation of cysteine after
its incorporation into the polypeptide chain as will be discussed in a
later section of this chapter.

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

difficulty in determining the dissociation constants of these groups
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because of the overlap of the acid strength of the ammonium and mercapto
groups (72). At pH values affecting the -SH and -NH; groups, the carboxyl
group is fully ioniged. The dissocliations of cystelne are presented by

the scheme shown as equation 16.

&l T

- 16
R:SH R/S (16)
N T K SNH

2 D 2

CH2

Where R = H(I3_'

Ccoo
Noda et al. (73) showed that RS exhibited an apprecisble absorption in

the 230 mp 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 obtained at 23° C were pK,, 8.53; pKg, 8.86;
PKg, 10.363 and pKp, 10.03 corresponding to the various equilibria
shown in equation 16. These values are in agreement with the titration
data of S-methyl cysteine and cysteine betaine by Grafins and Nielands
(75).

The relationship between cysteine and cystine was first indicated
by Baumann (69) except that the structure of these amino acids was not
fully known 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 catalyged oxidation is suppressed by agents such
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as cyanide and pyrophosphate. Cysteine is much more ’rea.dily oxidigzed
by atmospheric oxygen than is glutathione, a tripeptide containing
cysteine.

The oxidation of cysteine to cystine is also effected by iodine in
acetic acid, ferric cyanide and o-iodoscbengoic acid (72). The oxida-
tion of cysteine or glutathione by H202 is considerably 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 sulfhydryl 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
sulfhydryl compounds also undergoes addition and alkylation reactions.
Sulfhydryl groups add to carbenyls ﬁs is shown in equation 17 to give

OH

RSH + =0 ——=3 -(l}-S‘R | (17)
thiohemiacetals or thiohemiketals (84). Rothschild and Barren (143)
have reported spectrophotometric evidence for the formation of an
addition compound of cysteine and betaine aldehyde. Cysteine reacts
with glyceraldehyde-3-phosphate to give a product which is inactive
with glyceraldehyde-3-phosphate dehydrogenase (76).

Sulfhydryl groups also add across double bonds. The addition

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

0
?1 COOH - COOH

| |
_ + HS_CH - - S-CH.-CH (18)
CH30H2 NO HS-CH, (I;'H cn30112 N 2 |
NH

) ", ] :
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This reaction is useful in the inhibition of a number of engymes con-
taining essential -SH groups by N-ethylmaleimide and other compounds
with a reactive double bond (72). Maleic acid reacts similarly but much
less readily (77).

Alkylation of sulfhydryl groups with iodoacetate occurs readily,
particularly at an elevated pH, and is frequently used to test for

essential -SH groups in engymes. The reaction is shown in equation 19.
RS~ + ICH,000™ ———> RS~CH,C00™ + I (19)

With chloroacetate which contains a more firmly bound chlorine atom,
the reaction proceeds more slowly and with fluoroacetate, no significant
alkylation 1s observed., Cysteine and glutathione are also readily
alkylated in methyl bromide vapor. The reaction of fluoropyruvate with
cysteine produces an intensive absorption at 300 mp (72).

The formation of mercaptides (heavy metal salts of sulfhydryl
compounds) is relatively specific for sulfhydryl groups in biological
materials and is useful as an analytical tool. Boyer (72) has pre-
sented a review covering mercaptide formation. Trivalent arsenic and
antimony, bivalent .lead s mercury, copper, cadmium, ginc and monovalent
mercury, copper, silver and gold readily form slightly dissociable
mercaptides (72). Mercuric salts also cleave thioesters and disulfides
with resultant mercaptide formation.

The reaction of cysteine with p-chloromercuribenzoic acid, another

widely used sulfhydryl reagent is shown in equation 20 (72).
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I
NH 2cx&tcoon + ClHg @ c00” —> (Isn 2-SHg @ Co0~ + HC1 (20)
NH,CHCOOH

This reaction is important in enzyme 1nvestig_atione.. Mercaptide forma-
tion by p-chloromercuribenzoate is accomplished by a considerable increase
in the ultraviolet absorption at 250 mp which can be quantitatively re-
lated to the sulfhydryl content. This provides a useful analytical tool
(78).

The disulfide bond in cystine and other disulfides is readily
cleaved by sulfhydryl groups, sulfite, and cyanide and oxidatively
cleaved by performic acid (72). The cleavage by sulfhydryl groups

represents a sulfhydryl-disulfide interchange reaction as shown in
equations 21 to 23.

RSH + R'SSR' ¢ > R'SH + R'SSR (21)
RSH + R'SSR g > R'SH + RSSR (22)
Sum: 2RSH + R'SSR' "= > 2R'SH + RSSR (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 -SCN (79).

Homocysteine and Homocystine (26). Homocysteine is the next
higher homolog of cysteine and thus undergoes many of the same reactiocns
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 methionine. The oxidation
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of homocysteine leads to the formation of the corresponding disulfide

homocystine.

Glutathione. This widely distributed sulfur containing peptide
was discovered in 1921 by Hopkins (80) and was shown to be a tripeptide
of cysteine, glutamic acid and glycine (8l). The structure (shown
below) was finally established as y-L-glutamyl-L-cysteinyl-glycine by
Harrington and Mead (82).

COOH H2SH

NH 2C}HCI-I(}H 2CH200-NHCHCO-NHGH 2COOI-I

One functionsl group in themolecule is the thiol group whichis present in the
cysteinyl moiety. The chemistry of GSH therefore is similar to that

of other sulfhydryl and disulfide compounds which have been described

in the section on cysteine and cystine in this chapter.

A 1ist of the distribution of glutathione in various tissues has
been reported (83).

Although glutathione has been known for so many years, and has
given rise to a very extensive literature, its function in biological
systems is still somewhat obscure. It can provide a path for the oxida-
tion of the coengzymes through ascerbate and either ascorbate oxidase in
plants or ecytochrome cxidase in animals. There is no evidence as yet
as to the physiological importance of these pathways. Many enzymes
are -SH engymes 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 engymes in the reduced
form. As Racker has stated (92) "GSH is present in cells to keep the
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erzymes in a happy state either by preventing their oxidation or by pro-
tecting them against toxic heavy metals."

Glutathione acts as a specific coengyme for a few enzymes or engzyme
systems (85). In these cases, cysteine can not replace GSH. The GSH
probably forms a covalent compound with the substrates in all these
cases.,

Lohmann identified GSH as a coenzyme of glyoxalase (86). Hopkins
and Morgan (87) showed that this enzyme system contains two engymes and
called them '"engyme" and "factor." The mechanism of the conversion of
methylglyoxal to lactic acid was elucidated by Racker (88). The "engyme"
and "factor" of Hopkins and Morgan are now known as lactoylglutathione
lyase and hydroxyacyl glutathione hydrolase, respectively. The second
enzyme hydrolyzes a number of glutathione thiol esters of o~hydroxy

acids. These reactlons are shown in equation 24.

CH CH
[ i i
Cc=0 H-C-CH H-Cll-OH
lyase | hydrolase
H—é=0 f=0 7 HO-C=0 (24)
+ +
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 aldehyde is that of formalde-
hyde dehydrogenase of liver. Strittmater and Ball (89) found no other
thiol which woﬁld act. They suggested that the reaction catalyzed by

the engzyme is:
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: ‘f T
o DPN
H-C=0 —— 3 H-C-OH 2y o | B-C-0H |_=E
¢ | | ~ PR
GSH se G
| _
- (25)
[ & H
I H,0
?=0-E——“‘<_E+C=O ——2___ HCOOH + GSH
G| SG '

The final hydrolysis is thought to be catalysed by an engyme in
the preparation, since the preparation also rapidly hydrolyzes S-acetyl-
glutathione.

GSH is also the specific coenzyme of some of the cis-trans isomer-
izations (90). These engymes appear to catalyze a shift in the dis-
position of groups in planar molecules. The addition of glutathione
across the double bond would produce a saturated compound and allow
free rotation. If the elimination of glutathione then takes place with
removal of the hydrogen other than which was was added, iscmerization
would result. i

Conflicting reports have been published concerning the involve-
ment of GSH in the ensyme reaction catalyzed by glyceraldehyde-3-
phosphate dehydrogenase, Krimsky 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 ensyme liberated glutathione when treated with
trypsin, b) tryptic digestion of the engyme after reaction with 1hg
acetyl phosphate liberated a radicactive component which moved with
carrier acetyl glutathione on Dowex 50 resin and on paper chromato-

graphy. Based on their quantitative studies on the effect of lodoacetate
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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 of Perham and Harris (95) showed that the amino
acid sequence around the reactive cysteine residues in glyceraldehyde-
3-phosphate dehydrogenase from yeast and pig muscle and rabbit muscle
are identical. The sulfhydryl derivatives of lll"C lodoacetate and
llhc-p-nitrophenyl acetate occurred exclusively in the same unique
octadecaptide sequence of amino acids in the primary structure of the
enzyme isolated from the three different sources. No evidence was

obtained that a glutathione meiety is involved in the reactive site of

the engyme.

Coengyme A. Coengyme A is the coengyme form of the vitamin panto-
thenic acid (96). It was discovered as a cofactor for acetylation in
liver and microorganisms by Iipmann (97). Its structure was established
by ILipmann and his coworkers by a series of selective enzyme degrada-
tions (98). (The structure of coengyme A is shown as part of the struc-
ture of CoASSG in Figure 12.) Crystalline coenzyme A has so far not
been obtained. The best preparations are of about 95 percent purity.
They are of white powdery, amorphous consistency, exhibit a typical
odor, and are readily soluble in water but insoluble in acetone, ether
and ethanol. Coenzyme A has the properties of a nucleotide and those of
a mercaptan., It is a strong acid. It forms insoluble mercuric, silver
and cuprous mercaptides (99). Electrometric titration shows the fol-
lowing pK values: pK 9.6 (thiol), pK 6.4 (secondary phosphate) and
PK 4.0 (adenine NH;) (100). Coenzyme A, 1ike other thiols (see cysteine
section this chapter) is readily oxidized to a biologically inactive
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disulfide. Reagents which alkylate thiol groups such as iodoacetate,
N-ethylmaleimide, p-chloromercuribenzoate and arsenite also inactivate
coenzyme A, Free coengyme A is stable if kept dry. In solution it is
fairly stable between pH 2 to 6 and between 0° to 40° and not stable
at pH 8.0 or higher (101). In more acid solutions, the molecule is
broken down especially at elevated temperature. Among the breakdown
products, dephospho-CoA, 3',5'-ADP, pantotheine L'-phosphate and
adenine were found (102).

Usually coenzyme A is isolated from yeast and purified by charcoal
absorption (102), mercaptide formation with cuprous ion (100) and by
ion exchange chromatography preceded by protective acylation of the
thiol group (104). The coengyme A prepared in this manner is of poor
purity.

Impurities result because coenzyme A, like other thiols, is

readily oxidized to the catalytically inactive disulfide by air
expecially in the presence of trace amounts of heavy metals (105).
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 zinc-hydrochloric acid (103), sodium amalgam (106,
109), st, mercaptans (110), or alkali metal borohydride (111). Pro-
tection of the thiol group during purification by bengzolation (112)
or introduction of a reductive step in the purification procedure
increases the purity of the product (101). Small samples of coenzyme
A can be further purified by paper chromatography (107, 113, 114) or
by paper electrophoresis in weak acid medium (115, 116).

Coengyme A occurs in a wide variety of animal and plant tissues
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and in microorganisms (110, 112). 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 coengyme A is the coengyme form of the vitamin pantothenic
acid the first portion of de novo synthesis of this coengyme in micro-
organisms is identical to the pathway of pantothenic acid biosynthesis.
Formation of coenzyme A from 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).
Coengyme A prepared chemically contains two iscmers, the natural form
(3'-phosphate) and iso-coengyme A (2'-phosphate). Iso-coenzyme A has
no coengyme A activity in biochemical reactions which require the
natural isomer (120).

The major metabolic role of coengyme A is its function in acyl
group transfer. Its thioester compounds, 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 sulfur. 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 Q-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 electrophilically
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 coengyme in 1941 to
be a growth factor, "Factor II," for the protogoan Tetrahymena. This
factor was concentrated by Stokstad (122) who called it "Protogen" or
"Protogen A." Meanwhile Guirard (123) showed the existence of &
factor which could replace the requirement for acetate in the growth
of certain bacteria, which they called "acetate-replacing factor" and
O'Kane and Gunsalus (12}) had discovered a "pyruvate oxidation factor"
for Streptococcus faecalis. These factors were eventually shown to
be identical with protogen. The substance was crystalliged in 1951
by Reed, DeBush, Gunsalus and Hornberger (125) who proposed the name
"a-lipoic acid" because of its solubility in organic solvents. It
has also been called "thioctic acid."” The name "lipoic acid" is now

most commonly used for both oxidized and reduced forms shown below
(126).

C}|120H201l{(032) ACOOH clﬁch 2C|H(CH2) hcooa
S——S SH SH
Oxidized lipoic acid Reduced lipoic acid

The essential biological change in lipoic acid is the reduction
of the disulfide group into two thiol groups and their reoxidatiom.
This is shown later in equations 26-30 in the section on the function
of -SH and -S-S- in engyme activity. One of the carbons is assymmetric,
S0 that two optical isomers exist. The natural iscmer of the oxidized
form is dextrorotatory, but gives rise on reduction to the levorotatory

reduced form. Only the natural iscmer is active in biological systems
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such as the pyruvate dehydrogenase system. A considerable part of the
lipoate in cells appears to exist bound to protein, attached by a pep-
tide bond to the €-amino group of a lysine group and can be removed by
an engyme from yeast or bacteria (126).

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

amino aciduria, cystinuria, 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 for this
amino acid as well as ornithine, arginine and lysine (129). The daily
excrotion of cystine in cystinuria is about one gram. Similar amounts
of basic amino acids may be excreted (127). Humans and dogs having
cystinuria have been found to eu:érete the unsymmetrical disulfide of
L-cysteine and L-homocysteine (130). This disulfide has also been
found in the urine of patients with Wilson's disease. Recently, it
was fouﬁd that the administration of D-penicillamine leads to excretion
of Lecysteine-D-penicillamine disulfide and a reduction of cystine
excretion in cyst.';.nuria (131).

Sulfhydryl and Disulfide Groups in Macromolecules

Function of Sulfhydryl and Disulfide Groups in Protein Structure'o
An important role of disulfide groups in proteins is the maintenance
of their three dimensional structure or conformation. Markus and Karush
(132) found that complete reduction of the disulfide bonds of serum
albumin in the presence of detergent increased the viscosity of the
solution, indicating disorganigation of the tertiary structure.

The necessity of disulfide bomds for activity in trypsin, chymo-
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trypsin and chymotrypsinogen was shown by Peter et al. (133). Mercapto-
ethanol, cysteine, glutathione, 2,3-dithioglycerol, thiosalicylate and
Nazs inactivated crystalline trypsin. The inactivation which was ac=
companied by the appearance of sulfhydryl groups (134) demonstrated the
esgentiality of the disulfide linkage in trypsin. The sedimentation
constant of trypsin in urea (1.585) campared to native trypsin (2.55)
indicated that trypsin in urea exists in an unfolded form. Rupture

of the disulfide bonds led to a further lowering of the sedimentation
constant (0.985) which was interpreted as more extensive unfolding.
Complete reduction of chymotrypsin by sulfite in the presence of p-
mercuribengoate gave small fragments (134). This suggested that the
protein contains chains held together by disulfide linkages (134). In
addition to data implicating the importance of disulfide bonds in
protein structure by physical techniques many experiments have been
performed with enzymes in which alteration of the number of disulfide
bonds has led to a decrease in engyme activity suggesting structural
changes have occurred.

Boyer et al. (135) have suggested that sulfhydryl groups as well
as disulfide groups may be involved in the maintenance of tertiary
structure of proteins. The hydrogen of sulfhydryl groups might act
as a donor for weak hydrogen bonds and such bonds might ceantribute
critical extra stabilization. They also pointed out that the possi-
bility of charge transfer complexes between the sulfhydryl groups ard
tyrosine residues should not be overlooked. Ionic attractions from
sulfhydryl groups or even covalent bonds other than disulfide bonds

are other possible contributing factors to protein conformation.
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Function of Sulfhydryl and Disulfide Groups in Engyme Activity (72).
The literature contains numerous reports indicating the necessity for
free sulfhydryl groups for engyme activity; however, little baslic informa-
tion is available to indicate how sulfhydryl groups function in engyme
catalysis. Most postulates remain unproved or untested. 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 sulfhydryl groups cn 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 noted. p-Chloromercuribenzoate, iodoacetamide and N-ethyl-
maleimide are the most frequently used sulfhydryl reagents which often
cause inhibition of engzyme catalysis. GSH, cysteine, mercaptoethanol
and 2,3-dimercapto-l-propanol (BAL) are commonly used to attempt to
reverse the inhibitory effects of the sulfhydryl reagents listed above.

Evidence has been obtained to indicate an involvement of specific
sulfur groups in enzyme catalysis in some cases. The studies of
Hellerman on urease (136) demonstrated that some sulfhydryl groups may
be blocked without much loss in activity. With urease (137), muscle
aldolase (138) and yeast alcohol dehydrogenase (72), a considerable
portion of the total sulfhydryl groups react with p-chloremercuribenzoate
before activity loss occurs. Iimited reaction of myosin actually in-
creases its ATPase activity with Ca++ as an activator (139). Hartshorne
and Morales (140) have recently shown that a p-state myosin (modified
form) has three to four times greater ATPase activity than the o(-state
(native form). Further modification of myosin to the Y-state yielded
a protein form having no activity at all. Glyceraldehyde-3-phosphate
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dehydrogenase (72) has some sulfhydryl groups that do not participate

in catalysis. Inactivation of lactic dehydrogenase occurred slowly and
roughly correlated with the reaction of the sulfhydryl groups with p-
mercuribengoate (141). Kaplan (142) recently showed that lactic dehydro-
genase is partially inactivated as a result of freezing and thawing and
that this is caused by oxidation of the sulfhydryl groups in the enzyme.
Black (183) has shown that two out of the three sulfhydryl groups in
glutathione reductase are not essential to its catalytic activity.

Only that sulfhydryl group which reacts with N-ethylmaleimide after

TPNH reduction is essential for activity. Koshland (144) has shown

that phosphogluccmutase undergoes a conformation change induced by its
substrate glucose-6-phosphate. This change exposes certain sulfhydryl
groups of the engzyme and increases the rate of inactivation of the engyme
by iodoacetamide.

Several different methods of involvement of sulfur in a catalytic
role in different enzymes have been proposed. They include the following
four types:

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

Gunsalus (145) first proposed the mechanism of <(-keto acid oxidation
in the Krebs cycle. His work on the oxidation of c(~ketoglutarate by
preparations from Crookes strain of E. coli lent support to the rols
of the lipoyl group in the enzyme complex of «G-ketoglutarate dehydrogenase
and in the pyruvate dehydrogenase complex. The role of lipoate in oxi-
dative decarboxylation in which the disulfide of lipoic acid is reduced
and then reoxidized is shown in the following series of reactions taken



37

from Wagner (96) (equations 26-30).

|0 OH
CH,CCO0™ + TPP = CH,C - TPP + CO, (26)
Pyruvate
0
I (27)
CH2) AC - proteinOH CH ) C - protein
S—8 | SCCH + TPP
+ CH,C - TPP 3
Lipoamide —_ 0
0 0
) I [ (28)
CH.,) C - protein —_— CH.).C - protein
S~ CCH + CoASH s~ SH
I 3 + CoA-SCCH
3
0 0
Nl I (29)
- CH C - protein
cnz) hc protein R ( 2) =P
s” SsH + FAD + Hf—§——5 + FADH,
Reduced Lipoamide
+ +
FADH_ + DPN —————> FAD + DPNH + H (30)

2

(2) Possible free radical formation.

Barron (146) indicated the possibility of the existence of a thiol
radical in the oxidation of alcohol catalyzed by alcohol dehydrogenase.,
He suggested that the axidation reduction is mediated by a one electron .
oxidation-reduction system in which a free radical protein, P—é, formed

as follows could participate,
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P-SH F__—_\ P-S + H+ + e (31)

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

following series of reactions:

RCH,,0H + P-§ ——— RCHOH + P-SH (32)
P-SH + DPNT ——— P-§ + DPN + H" (33)
[ ] [
RCHOH + P-S ~ ———> RCHO + PSH (34)
P-SH + DPN  T————= P-S + DPNH (35)
+ N +
Sum: RCH,OH + DPN' T———— RCHO + DPNH + H (36)

Evidence which supports the possible involvement of free radicals
was obtained by Commoner et al. (147) who reported the detection of a
small concentration of free radical during alcohol dehydrogenase
reactions by use of very sensitive electron paramagnetic resonance
techniques.

(3) Binding of substrates (72)

A commonly used type of evidence that sulfhydryl groups are located
at or near the binding site for substrates is the protection which sub-
strates afford against reaction of essential sulfhydryl groups with
various reagents. Unfortunately, substrate protection by itself falls
far short of establishing that the sulfhydryl group protected is at or near
the actual binding site. Substrates may induce a conformational change
in the engyme (144). Therefore, the substrate could conceivably prevent
the reaction of a sulfhydryl group scme distance from the actual reaction
site by causing it to assume a position inaccessible to the reagent .

The binding of substrate by sulfhydryl groups might occur by
hydrogen bond formation using the hydrogen on the sulfur or by electro-
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static attraction between a negatively charged sulfur atom and a positive
center of the substrate. In same cases a covalent bond can be formed.
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 sulfhydryl group of 4'-phosphopantotheine is the binding site. This
prosthetic group is bound by a phosphodiester linkage to the hydroxyl
group of a serine residue of the protein.
(4) Binding of cofactors

The most pertinent evidence suggesting possible sulfhydryl group
participation in the binding of cofactors comes from studies on the
interaction of enzymes with DPN, Theorell and Bonniohsen (157) reported
a shift in the spectral maximum of DPNH from 340 to 325 mp by binding
to liver alcohol dehydrogenase. The spectral shift was abolished by
reaction of the engyme with p-mercuribengoate. Racker and Krimsky
(158) observed that DPN bound to muscle glyceraldehyde-3-phosphate
dehydrogenase shows a broad weak increase in absorption in the 360 mp
region and that the increased absorption is abolished by iodoacetate.
Slater et al. (159) recently studied this relaticnship and suggested
that a sulfhydryl group on the engyme has a dual function. It binds with
the DPN molecule and in a later step also with the substrate, an alde~

hyde. A mechanism of charge transfer camplex was proposed to account

for these actions.

Functions in Peptide Hormones. Schwartz (196) formulated a thiol~

disulfide interchange hypothesis for disulfide hormone action. Cadenas

(161) found that 107 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 sugar.

13

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

tissue. Fong (162) demonstrated that lalI-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 conditiocns expected to cleave disulfide bonds. Carlin
and Huchter (163) found that if diaphragm was pretreated with insulin
the inhibitory effects of N-ethylmaleimide on glycogen synthesis were
increased rather than reduced. These authors suggested that the hormone
"alters the muscle fiber in such a way thﬁt the N-ethylmaleimide reactive
site previocusly unavailable to the sulfhydryl 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 sulfhydryl group might render the
permeability procesé more sensitive to thiol reagents than it was
originally,

Lehninger and Neubert (164) have found that disulfides as well as
thiols 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 100
times more effective than a simple disulfide such as GSSG.

Cafruny et al. (165) found that the hormone, pitressin, reduced
the quantity of histochemically detectable sulfhydryl groups in kidney

tubules and suggested that this is related to the hormone's diuretic
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Function in Cell Division. Mazia (166), who isolated the mitotic
apparatus of the sea urchin egg, proposed the possible involvement of
sulfhydryl and disulfide groups in the cellular division process. The
mitotic apparatus was suggested to be a "disulfide bonded structure"
on the basis of its stabiligation by the disulfide form of mercapto-
ethanol and its loss of structure in the presence of sulfhydryl com-
pounds.

Sakail and Dan (167) suggested that the cyclic change of sulfhydryl
groups, which occurs in cells during the division cycle, occurs in a
protein substance which is precipitated by saturated (NH&)2SOA but not
by TCA. Sakai (168) has prepared a thread-like precipitate from a KCl-
extract of the water-insoluble portion of cell homogenates and made a
study of the contraction properties of these threads. In general,
contraction could be caused by metallic ions such as Mn_H—, Cd_H- or
Al.'—H- or by oxlidizing agents such as dehydroascofbic acid or cystine.

A water soluble fraction of the homogenate could be substituted for
metal ion or oxidizing agent in the induction of thread contraction.
This effect was due to the combined action of a non-dialyzable but
labile component and a dialyzable heat stable canponent. The heat

labile component might be an enzyme having transhydrogenase-like activity.

Enzymes Catalyzing Sulfhydryl Group Oxidations, Disulfide Group Reductions
and Sulfhydryl-Disulfide Interchange Reactions.

Lipoyl Dehydrogenase (E.C. 1.6.4.3. NADHz:lipoamide oxidoreductase:

originally known as diaphorase). The enzyme catalyzes the reaction:
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DPNH + H' + oxddiged lipoamide ———— DPN' + dihydro lipoamide  (37)

The enzyme activity is distributed in animal tissues, plants, yeast and
in bacteria. Hager and Gunsalus (169) first demonstrated the presence
of this engyme 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 al. (173) found that lipoyl dehydro-
genase could be inhibited by arsenite only in the presence of DPNH.
The DPNH exposable group is the disulfide bond of a cystine residue of
the protein. Massey (174) found the reduced form of the engyme has
one-half the molecular weight of the oxidized form. This suggested
that in the engzyme 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

section.

Glutathione Dehydrogenase (E.C. 1.8.5.1, Glutathione:dehydro-
ascorbate oxidoreductase). The enszyme 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 fram plant tissue and reported its kinetic properties.

Nitrate Ester Reductase (E.C. 1.8.6.1. Glutathione:polynitrate

oxidoreductase).

2 GSH + organonitrate —‘v_: GSSG + orgenonitrite (39)

Heppel et al. (176) reported the purification of this enzyme from hog
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liver. The enzyme had a pH optimum between 7 and 8 and was sensitive
to trace amounts of cupric salts. The enzyme did not stimulate the
reaction between cysteine and nitroglycerin.

Glutathione Peroxidase (E.C. 1l.11.l.a. Glutathione:H,0, oxido-

reductase).

—— m)
2 GSH + H0, ———— GSSG + 2,0 (

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

lung.

Cystine Reductase (E.C. 1.6.4.1. NADH,: L-cystine oxddoreductase).

Romano and Nickerson (178) reported the observation of an engyme
activity in pea seeds and yeast which catalyses the reduction of cystine
by DPNH.

Cystine + DPNH + HT ——> 2 cysteine + DPN (11)

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 known disulfide reducing systems. In the report of Powning and
Irgykiewics (180) evidence was presented that a dialyzed extract of
clothes moths could reduce the disulfide bond of cystine with the oxida-
tion of TPNH, a property that is especially noteworthy in view of the
moth's ability to digest wool which is rich in disulfide bonds. 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 system.
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Glutathione Reductase (E.C. 1.6.4.2. NADPH,:glutathione oxido-
reductase) (179, 181, 182, 183).

TPNH + H' + GSSG ———> 2 GSH + TPN' (42)

The ubiquitous occurrence of glutathione and of glutathione reductase
in cells suggested that the oxidation and reduction of this thiol com-
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 oxidiszed glutathione. Subsequently,
enzyme preparations from beef, sheep and rabbit liver (185) and erythro-
cytes (186) were also found to catalyse glutathione reduction. In 1952,
Rall and Lehninger (187) using crude pig liver preparations, demonstrated
the enzymatic oxidation of TPNH by GSSG. Their work showed that the
purified liver engyme was specific with respect to TPNH and 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 engyme preparations studied; in most cases no reaction occurs
with DPNH (85). Racker (86), however, found reduction of GSSG by DPNH
using the yeast engyme but the reaction rate with DFNH was only about
one-hundredth that with TPNH. No disulfide except GSSG is known to be
reduced by glutathione reductase (84). Several mixed disulfides,
formed by exchange of GSH with other disulfides, cannot be reduced by
the liver engyme (188).

Mize et al. (189) found that rat liver glutathione reductase bound

MC-gluta:bhione when exposed to this substrate and liberated the labeled
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compound on treatment with TPNH. On the basis of their results, they

postulated the following mechanism of the engyme action:

E-SH + GSSG —> E-SSG + GSH (43)

E-SSG + TPNH ————> E-SH + GSH + TPN (h4)

This pattern shows that TPNH is not required to expose the reactive
sulfhydryl groups of the engzyme as it does on lipoyl dehydrogenase (190)
or yeast glutathione reductase (191). Bugard 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) recently studied the role of FAD and thiol
groups in the catalytic mechanism of yeast glutathione reductase. Their
results are shown schematically in Figure 6. On the basis of the capacity
of the engyme to bind uC-N-ethylmaleimide , the engyme had three dis-
tinguishable sulfhydryl groups. Only the first sulfhydryl group (I)
was determinable in the native engyme. The second one (II) was revealed
by dissolving the engzyme in 6 M urea. The third sulfhydryl group (I11)
appeared on reduction of the engyme with TPNH. 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 engymatic activity.

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 enzyme.

Glutathione-Homocystine Transhydrogenase (E.C. 1.8.4.1l. Gluta-
thione:homocystine oxidoreductase).



Figure 6

Schematic Diagram of the Yeast Glutathione Heductase and

Its Reaction with N-Ethylmaleimide (NEM) (183)
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In the course of studies on the reduction of GSSG by liver gluta-~
thione reductase, Racker (193) first found that a number of other di-
sulfide compounds were reduced in the presence of a crude liver extract.
Homocystine was found to be the most active hydrogen acceptor. A

reaction scheme for this hydrogen transfer was proposed.

homocystine + 2 GSH ———— GSSG + homecysteine (45)
+
GSSG + TPNH + Hf ———=" 2 GSH + TFN (46)

Racker partially 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
engyme was reported not to have any activity with cystine (193), Racker

later (179) found that at a suitable concentration, cystine also serves

as a substrate.

Glutathione-Insulin Transhydrogenase (19L).

Narshara and Williams (194) first detected glutathione-insulin
transhydrogenase in rat liver. The engyme catalyzed the hydrogen transfer
between the sulfhydryl group of glutathione and the disulfide bonds in
ineulin, For the purpose of assaying the enzyme, 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 L7 and 48.

(47)
GSH-insulin transhydrogenase,
insulin + 2 GSH <« — reduced insulin + GSSG

glutathione reductase +
GSSG + TPNH + HT > 2 GsH + TPN (48)

Tomizaws and Halsey (195) purified this engyme to a high degree
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from beef liver. The engyme reaction was studied in more detail by
Katgen 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 opened. A kK, for

insulin of 4.3 x 10-5

M was determined. Oxytocin 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
catalyzes the reformation of physiologically active insulin from its
reduced components. The regeneration of physiclogically 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 axidigzed in
the presence of the transhydrogenase, whereas only 0.6 percent was
recovered on oxidation in the absence of the engyme. The authors
considered that the extent of sulfhydryl cxidation was similar in both
experiments and therefore suggested that the engyme directs the reforma-
tion of the "correct" disulfide bonds for biological activity. Tietze
and Katgen (197) showed further evidence to support the earlier cbserva-
tion on the reversibility of the engyme reaction. The engyme was found
to enhance the rate of regeneraticn of insulin according to immuno-
chemical assay methods following reduction of the hormone by mercapto-
ethanol in 8 M urea. They further ocbserved that glutathione-insulin
transhydrogenase accelerated the rate of reappearance of FNase activity
following reduction of the latter engyme 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 Kn value of
human hepatic enzyme was determined to be 35 WM compared to 50 pM for
the beef hepatic engyme. The TCA soluble product produced by the human
enzyme from insulin again was found to be the A chain by NHZ-terminal
and complete amino acid analysis. Temizawa (199) also has reported

the isolation of glutathione-insulin transhydrogenase from beef pancreas.

An Enzyme Catalyzing the Sulfhydryl-Disulfide Interchange Within
Protein Molecules. Goldberg.er et al. (200) and Venetianer and Straub
(201) nearly simultaneously reported the detection of an enzyme in
pancreas and liver microscmes, 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 microsomsl enzyme catalyzed an intramolecular
sulfhydryl-disulfide exchange to form correctly paired disulfide
bridges to yield native FNase. The engyme, which also reactivated
reduced lysogyme (205), has 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
EXPERIMENTAL PROCEDURE
Methods

The bovine liver nucleotide-peptide was usually isolated by a
slight modification of the previously reported procedure (64). The
modification is described in the chapter on "Results." The methods used
for the purification of the nucleotide-peptide were: (a) paper
electrophoresis in System 1, formic acid-acetic acid-H,0 (3:12:85
V/V) (207) and (b) paper chromatography in System 2, isobutyric acid-
Hzo-NHhOH (66:33:1 V/V) (210). 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 air. Chromatography in System 3,
isobutyric acid-NH, OH-H,0 (57:4:39 V/V) (208); System 4, 95 percent
ethanol-1 M ammonium acetate pH 3.5 (7.5:3 V/V) (209); or System 5,

95 percent ethanol-l 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 compounds were detected on paper using short
wavelength (253,7 mp) ultraviolet light (Chromato-VUE, Model C-3, Ultra-
Violet Product Inc.). Ninhydrin reactive compounds were detected on
paper by spraying with ninhydrin reagent A, a solution of one percent
ninhydrin in ethanol, collidine, water (90:5:5 V/V), or B, the poly-

50
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chromatic ninhydrin spray described by Moffat and Iytle (210). Sulf-
hydryl groups and disulfide bonds were detected with the reagents de-
scribed by Toennies and Kolb (211).

A molar absorptivity of 15.4 x lO3

at pH 7.0 (208) was used to
estimate adenosine nucleotide concentration at 259 mp. Phosphorus was
determined by the method of Fisk and SubbaRow (212) and ninhydrin amino-
equivalents were determined according to Moore and Stein (213).

CoASSG was synthesized according to the method of Eldjarn and
Pihl (214) for the preparation of unsymmetrical disulfides. Details
of the procedure are described in the "Results." Other mixed disulfides
were prepared in the same manner using the appropriate sulfhydryl 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~l acetate resin column
under the same conditions used to separate GSH and GSSG described below.
For the purpose of determining the concentration of solutions of mixed
disulfides containing CoA, a molar absorptivity of 15.4 x 103 per CoA
residue at 259 mp and neutral pH was assumed. All other mixed disulfides
which were prepared contained either one or two residues which could be
determined after performic acid oxidation (215) using the colorimetric
ninhydrin procedure (213). Appropriate known disulfides were used as
standards. Since the color development of 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 disulfide. For example, the
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average color development obtained per mole of known HSSH and GSSG was
used in determining the concentration of the synthesized mixed disulfide
HSSG. In order to be certain that products isolated were actually the
expected mixed disulfides, each one was submitted to performic 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
sulfonic acids prepared from the appropriate known sulfhydryl or disulfide
compounds by the performate treatment. All the synthesized disulfides
(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 for the fractionation of GSH-CoASSG transhydrogenase
from bovine kidney is described in "Results." The percent saturation
of ammonium sulfate was calculated according to Kunitz (216). The DEAE
cellulose column used in the final step of 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, O.1 M HC1l and finally water until the excess acid was removed.
The DEAE cellulose was converted to the phosphate form using 1 M potassium
phosphate pH 7.6 and then washed with water until the excess salt was
removed. The cellulose suspension in water was packed into a column
under 150 cm of hydrostatic pressure and then equilibrated with' 1M
potassium phosphate pH 7.6 in the cold room. Details of the chromato-
graphic procedure are described in "Results."

Enzyme assays are described in detail under "Results." The unit



53

of GSH-CoASSG transhydrogenase is defined as the amount of engyme which
catalyzed the oxidation of one micromole of TPNH per minute at 25° under
the conditions of the standard spectrometric assay (Results). This is
equivalent to the cleavage of one micromole of CoASSG per minute. 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 experiments. Specific activity is the
number of units per mg of protein. Protein was determined by the method
of Lowry et al. (218).

In experiments measuring the 35

S exchange between 35 S-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 from the paper and decolorized in the counting vial as follows:
the paper was moistened with ethancl followed by the addition of two
drops of formic acid and two dreps of 30 percent hydrogen peroxide, in
that order. The excess ethanol, formic acid and H,0, were then removed
under vacuum. The purpose of this treatment was to decolorize the
purple color which otherwise would cause quenching during liquid
scintillation counting in a Packard, Tri-Carb Iiquid Scintillation
Spectrometer, Series 314A., The composition of the counting fluid was:
PPO, 4 g; POPOP, 0.2 g; toluene, 400 ml; and ethanol, 600 ml.

The glutathione used in Michaelis constant experiments was purified
by Dowex-l-acetate column chromatography to partially remove small
amounts of GSSG present in the commercial preparation of GSH. 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 salt. Two hundred

micromoles of GSH were dissolved in 4 ml of water and applied to a
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Dowex-l-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, respectively. Five ml fractions were col-
lected. The GSH fractions were detected by drying a small drop from
each fraction on a piece of Whatman 1 paper and spraying the paper with
ninhydrin reagent A. Glutathione usually was present in fractions 90
to 105. These fractions were pooled and lyophiliged. The vacuum was
released under nitrogen. The purified GSH was dissolved in water and
quantitated by the quantitative colorimetric ninhydrin method (213).

A solution of purified GSH is stable for 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 autolysis of dried Clostridium kluyveri (Worthington Bio-
chemical Corporation) in 0.0l M phosphate buffer pH 7.5 was used as a
crude preparation (219) of phosphotransacetylase (acetyl-CoA:orthophos-
phate acetyltransferase, E.C. 2.3.1.8). Yeast glutathione reductase
(NAD(P) H,:glutathione oxidoreductase, E.C. 1.6.4.2) was obtained from
Sigma Chemical Company, alkaline phosphatase (orthophosphoric monoester
phosphohydrolase, E.C. 3,1.3.1) and catalase (H202:H202 oxidoreductase,
E.C. 1.11,1.6) from Worthington Biochemical Corporation and RNase
(polyribonuclectide 2-oligonucleotidotransferase (cyclizing), E.C.
2.7.7.16) from Mann Research Laboratories, Inc. The enzyme which
hydrolyzes pantothenic acid from pantctheine and which was used in the

liberation of pantothenic acid from the nucleotide-peptide and from 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 Difco Laboratories,
Inc. Acetyl phosphate was prepared according to Avison (221). Calcium
pantothenate was obtained from Merck, Sharp and Dohme. Coengzyme A was
obtained fram P-1 Biochemicals, Inc.; lipeic acid, pantothine, insulin,
cytochrome ¢, TPNH and bovine serum albumin from Sigma Chemical Co.;
GSH and GSSG from Boehringer and Soehne; cystine from Mann Research
Laboratories, Inc.; homocystine from K and K Laboratories, Inc.; €gg
albumin from Nutritional Biochemical Corp.; 35S-GSH from Schwars Bio-
research, Inc.; DEAE cellulose fram Calbiochem Corp.; and Sephadex G-100
from Pharmacia Fine Chemicals, Inc. All other chemicals used were of

reagent grade,



CHAPTER III
RESULTS
Identification of Bovine ILiver Nucleotide-Peptide

Isolation of the Nucleotide-Peptide from Bovine Liver

The procedure of isolation of the nucleotide-peptide from bovine
liver was a slight modification of that previously reported by Wilken
and Hansen (64). A.neutralized perchloric acid extract of bovine liver
(64) containing the acid soluble nucleotides was chromatographed on &
5.5 x 54 cm column of Dowex-l-formate resin as shown in Figure 7. The
mixing flask originally contained 5,000 ml H20. The eluting solutions
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
0.2 M ammonium formate in that order. Fractions containing approximately
100 ml each were collected. Washing the column with water prior to
elution with 4 M formic acid resulted in an improved separation of the
nucleotide-peptide from other nucleotides. Further purification of the
nucleotide-peptide by chromatography on a second ion-exchange column
and paper chromatography was done by the previously reported procedure
(64). Approximately 20 micromoles 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 from the first

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

Partial Separation of Nucleotide-Peptide fram Other
Bovine Liver Acid Soluble Nucleotides on a

Dowex-1-Formate Resin Column

The separation shown represents the nucleotides obtained from
500 grams of bovine liver. The fractions other than the nucleotide-
peptide were identified by their characteristic 280/260 ratio and by
comparison of the elution disgram with the elution patterns pre-
viously reported (64, 65) using essentially the same chromatographic
procedure. FA is formic acid and AmF is ammonium formate. For

details of the chromatographic procedure, see text.
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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 of electro-

phoresis as described above.

Presence of a Disulfide Bond in the Nucleotide-Peptide

Fifty mymoles of the nucleotide-peptide purified by System 2 was
spotted on Whatman No. 1 paper with 50 mpmc_:les of coenzyme A as a marker.
After dipping the paper through a nitroprusside solution (211) the co-
engyme A spot was pink, but no p:lhk color developed in the area occupied
by the ultraviolet absorbing spot corresponding to the nucleotide-
peptide. Another 50 mpmoles 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 solution
first; then while the paper was still damp, it was dipped through an
alkaline solution of NaCN in methanol (211), and hung in a hood. 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 of the purified nuclectide-peptide were spotted on
Whatman No. 1 paper with oxidized glutathione and a mixture of AMP,

ADP, and ATP as markers. 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
for ninhydrin positive compounds and nitroprusside reactive campounds.
The nucleotide-peptide spot again showed a positive nitroprusside test

only after treatment with an alkaline solution of cyanide in methanol.



Figure 8

Presence of a Disulfide Bond in the Bovine

ILiver Nucleotide-Peptide

This figure is a reproduction of a chromatogram which shows
the mobility of the nucleotide-peptide relative to other compounds
and that the nucleotide-peptide contains a disulfide bond. The
nucleotide-peptide (N-P) was chromatographed in System 3 (Methods)
along with standard markers of GSH, GSSG, CoA and a mixture of
AMP, ADP and ATP. The position of ultraviolet absorbing com-
pounds is indicated by a closed line ({()). Strip 1 of the chromato-
gram was dipped through nitroprusside and cyanide reagents (211) in
that order. Compounds which gave a red color before dipping through
the cyanide reagent (indicating a sulfhydryl group) are shown as §
and those which gave a red color after treating with the cyanide
reagent (indicating a disulfide bond) are shown as % . Strip 2 of

the chromatogram was sprayed with ninhydrin reagent A. A positive

reaction is shown as & .
Z

N\
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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 groups.

Presence of a Pantothenic Acid Residue in the Nucleotlide-Peptide

The pantothenic acid content of the nucleotide-peptide was determined

by microblological assay with the use of Lactobacillus arabinosus 17-5

as the test organism. The procedure used was essentially the one de-

scribed by Novelli, Kaplan and Lipmann (220) except that chicken liver
acetone power extract (in place of pigeon liver acetone powder extract)
and commercial alkaline phosphatase were used to liberate pantothenic
acid from coenzyme A. In some assays, the incubation mixture responsible
for liberation of pantothenic acid from the nucleotide-peptide was made
6.9 mM with cysteine. This amount of cysteine in the incubation mixture
during the cleavage of coensyme A ylelded a molar ratio of cysteine tc
nucleotide—peptide of 280. The significance of this ratio will be
discussed later. Growth in Difco pantothenate medium supplemented

with the enzymatic hydrolysates of coengyme A or the nuclectide-peptide
was compared to growth in tubes supplemented with various levels of
calcium pantothenate by measuring the turbidity of the organisms at
660 mp. The results shown in Table I, experiment 1, indicate that the
nucleotide~peptide contains one mole of pantothenic acid per mole of
adenosine when the enzymatic cleavage to pantothenic acid was conducted
in the presence of cysteine. In the absence of cysteine, the libera-
tion of pantothenic acid from the nucleotide-peptide was not complete
within the incubation time employed. Recovery of pantothenic acid from
coenzyme A was also slightly depressed in the absence of cysteine. The

effect of the cysteine may have been to liberate a CoA residue from the
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TABLE I

PANTOTHENIC ACID AND COENZYME A CONTENT
OF NUCLEOTIDE-FEPTIDE

Experiment and Amoung of product
compound tested Plus cysteine Minus cysteine®

pmoles/umole adenosine
1. Pantothenic acid formation

Nucleotide-peptide 0.98 0.67

CoA 1.01 0.86
2. Coenzyme A formation

Nucleotide-peptide 0.85 0.00

&Tn experiment 1 incubation mixtures for the engymatic cleavage of
CoA or the nucleotide-peptide to llberate pantothenate were adjusted to
contain 6.9 mM cysteine except as indicated. Pantothenate was subse- )
quently determined by microbiological assay (see text and reference 22090)
In experiment 2 phosphotransacetylase assays (see text and reference 222

for the estimation of CoA were conducted in the presence of 1l mM cysteine
except as indicated.
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nucleotide-peptide by a sulfhydryl-disulfide interchange. The CoA then
might liberate a pantothenic acid residue at a faster rate than the
intact nucleotide-peptide.

Presence of Coengyme A Residue in the Nucleotide-Peptide

The coengyme A content of the nucleotide-peptide was determined by
comparing its ability to replace a limiting amount of coengyme A in the

hydrolysis of acetyl phosphate in the presence of excess phosphotrans-

acetylase (222). The residual acetyl phosphate was estimated by &

hydroxamic acid procedure (223). Although the assay mixture normally
contained cysteine (11 mM) during the incubation prior to the determina-
tion of residual acetyl phosphate, one set of experiments was conducted
in which cysteine was omitted. Since the amount of nucleotide-peptide
was varied in different experiments, the ratio of cysteine 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 disulfide group in the nucleotidempepﬁide
rather than a free sulfhydryl group. A disulfide derivative of coenzyme
A would be expected to show coenzyme A activity in this assay only after
cleavage to free coenzyme A. This presumably occurred in the experi-
mental tubes containing a large excess of cysteine compared to the
nucleotide-peptide by a sulfhydryl-disulfide interchange reaction.

Lack of coenzyme A activity in the phosphotransacetylase assay system

in the absence of added cysteine has previously been observed in the
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studies of disulfide forms of coengyme A (107).

Presence of a 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.
The nucleotide-peptide was reduced by bubbling hydrogen sulfide through
a solution of the nucleotide-peptide for three hours at neutral pH
(occasional adjustment of the pH to neutrality) and the excess hydrogen
sulfide was removed by a stream of nitrogen after adjustment of the pH
value to 2.5. The solution was lyophiliged 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 cm. 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 glutathione residue is reductively cleaved from the nucleotide-

peptide molecule. Figure 9 shows the results of this experiment.

Comparative Properties of the Nucleotide-Peptide and Synthetic CoASSG

The results described above coupled with those previously reported
by Wilken and Hansen (6L4) suggested that the bovine liver nucleotide—
peptide might be a mixed disulfide of coenzyme A and glutathione, that
is, CoASSG, Therefore, this compound was chemically synthes:i.zed in
order to ccmpare its properties with those of the nucleotide—peptide.
The synthesis was conducted under conditions similar to those pre-
viously reported by Eldjarn and Pihl (214) for the preparation of 2

mixture of symmetrical and unsymmetrical disulfides.



Figure 9

Presence of a Glutathione Residue in Nucleotide-

Peptide and in Synthetic CoASSG

This figure represents a reproduction of an electrophoreto-
gram of t.he'nucleotide-pep‘bide and synthetic CoASSG after reduction
with hydrogen sulfide. GSH is shown to be produced from each of
these preparations. Standard markers of GSH, GSSG, CoA and CoASSG
are shown for reference purposes. Electrophoresis was conducted

in System 1. For detalls see text.
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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
bath at 35-38° C and oxygen was slowly bubbled through it for three
hours. The CoASSG formed in such mixtures was purified by preparative
paper chramatography in System 2, and electrophoresis in System 1. The

CoASSG was detected by its ultraviolet absorption and by its reactivity
with ninhydrin.

Electrophoretic and Chramatographic Mobilities.
(a) Electrophoresis in System 1 (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 (ses
Methods). The results showed that both the isolated nucleotide-
peptide and the synthetlc CoASSG have the same mobility in this
system (Table II).
(b) Chromatographic mobilities. The isolated nucleotide-peptide and
synthetic CoASSG were spotted on Whatman No. 1 paper and chromato-
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 four different solvents (Table II).
(c) Chromatographic mobility on a Dowex-l-formate resin column. Five
micromoles of synthetic CoASSG were chromatographed on a Dowex-1-
formate resin column (1.8 x 47 cm). The column was eluted with 100 ml
water, 1400 ml 4 M formic acid and 1,000 ml 0.2 M ammonium formate in
L M formic acid starting with 500 ml of water in a mixing flask. Ten
ml fractions were collected. Absorbance of the fractions was measured

at 260 mp, The peak tube was found at fraction number 200 compared to
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TABLE II

COMPARATIVE PROPERTIES OF ISOLATED NUCLEOTIDE-
PEPTIDE AND SYNTHETIC CoASSG

Experimsnt Isolated Synthetic
nucleotide-peptide CoASSG

By
Mobility studies®

Msynthetic CoASSG in System 1 1.00 1.00
RAMP in System 2 0.61 0.61
RAMP in System 3 0.73 0.72
BAMP in System 4 0.7k 0.7k
BAMP in System 5 .77 0.79

pmoles/pmole adenosine
Chemical analyses

Organic phosphorus 3.32 2.76
Acid-labile phosphorus 0.37 0.32
Ninhydrin amino-equivalents
Before hydrolysis 0.93 1.05
After hydrolysisb L. 47 4,60

c
Enzymatic assays

A. Initial rate of formation
of GSSG on addition of 0.1
jmole of the compound tested
(mymoles per min 18 19

B. GSSG formed per 0.05 pmole of
campound tested (pmoles) 0.04,8-0,057 0.049-0.056
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%see "Experimental Procedure" for a description of the electro-
phoretic and chromatographic systems used., M thetic ssg is the
electrophoretic mobility of the compound testggncempar %osghat of
synthetic CoASSG. RAME is the chromatographic mobility of the campound
tested compared to that of AMP. :

bThe 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
pmole per pmole of adenosine.

®The enzymic assays were performed spectrophotcmetrically 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 campound was part of a crude
acid-soluble nucleotide mixture from bovine liver., This result showed
that the synthetic CoASSG has approximately the same mobility as the
isolated nucleotide-peptide in the described system. The emall 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-soluble
nucleotide mixture was applied to the resin or to a small difference

in the amount of resin used in the two experiments.

Chemical Analysis
(a) Ninhydrin amino equivalents. The number of ninhydrin amino equiva-
lents of 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 hydrolysis approximately one mole
of ninhydrin amino equivalent per mole of adenosine was observed in
both the isolated nucleotide-peptide and the synthetic CoASSG. After
acid hydrolysis (6 N HCl, 110°, 17 hours) this value increased to ap-
proximately 4.5 in both the isolated nucleotide-peptide and the syn-
thetic CoASSG. The latter value has been corrected for a small amount
of ninhydrin positive acid breakdown products arising from the adenosine
portion of CoASSG and the nucleotide-peptide.
(b) Organic phosphorus, acid-labile phosphorus, and inorganic phosphorus.
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.

(¢) Amino acid composition. The amino acid camposition 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 performic acid for four
hours at 0° (215) followed by removal of the excess reagent in a vacuum.
The dried samples were hydrolyzed in triple distilled constant boiling
hydrochloric acid in a vacuum at 110° for 17 to 20 hours and chromato-
graphed in two dimensions 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 B-alanine. The unidentified
ninhydrin reactive component was observed in both the synthetic CoASSG
and the isolated nucleotide-peptide. As mentioned in the "Introduction®
chapter, Okuhara and Hansen (65) indicated that this unidentified com-
ponent was not observed in their results. In repeated experiments, a
sample of synthetic CoASSG or isolated nucleotide-peptide, after electro-
phoresis in System 1 as the final purification step, was hydrolyzed 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 subsequently chromatographed in



Figure 10

Chromatography of the Amino Acids Obtained from
Hydrolysates of the Isclated Nucleotide-

Peptide and Synthetic CoASSG

Isolated nucleotide~peptide or synthetic CoASSG was purified
by System 2 chromatography (Methods) and hydrolyzed in triply
distilled constant boiling hydrochloric acid in wvacuum at 1367

for 17 to 20 hours and chromatographed in two dimensions. For
details see text.
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System 2 prior to hydrolysis. The unidentified component previogsly
reported (64 ) is therefore, an artifact which appears in preparations
of CoASSG purified by chromatography in System 2.

(d) Engymic assay. The engymatic assays reported in Table II were
performed with a DEAE column purified preparation of glutathione-CoASSG
transhydrogenase fram 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 of GSSG formed from 0.05 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 for every mole of CoASSG
utilized one mole of GSSG is formed.

The results reported above led to the conclusion that the bovine
liver nucleotlde-peptide previously reported by Wilken and Hansen is
the mixed disulfide of coenzyme A and glutathione which has the struc-
tural formula shown in Figure 1l.

Assay, Purification and Properties of Glutathione-CoASSG Transhydrogenase
Assay of GSH-CoASSG Transhydrogenase

Two methods for measuring the reaction rate catalyzed by GSH-



Figure 11

Structure of the Unsymmetrical Disulfide of

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 sulfhydryl-disulfide interchange shown in equation 49.

GSH:CoASSG Transhydrogenase
CoASSG + GSH T—— CoASH + GSSG (49)
Glutathione Reductase

+
GSSG + TPNH + H ——>2GSH + TPN ' (50)

In the standard spectrophotcmetric assay, reaction 49 is coupled
to the glutathione reductase assay for 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 absorbance at 340 mp
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 five variables including the GSH~CoASSG transhydrogenase
catalyzed reaction. Therefore, appropriate controls to correct for the
other sources of absorbance change were necessary. The other variables
which influenced the reaction rate measurements were: (a) the presence
of approximately one percent GSSG in the commercial 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 nonengzymatic sulfhydryl-disulfide exchange reaction between
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TABLE III

STANDARD SPECTROPHOTGMETRIC GSH-CoASSG
TRANSHYDROGENASE ASSAY COMPONENTS

Reagent Volume Final concentration

B

1.0 M potassium phosphate
pH 7.6 0.2 210 mMd

1 percent bovine serum
albumin in 0.1 M potassium

phosphate pH 7.6 0.1 0.105 percentd
1 mM TPNH in 10™% M KoH 0.1 0.1 mM
Glutathione reductase® 0.1 0.194 units
GSH-CoASSG transhydrogenase Varies Varies
10 mM CoASSG® 0.01 0.1 mM
50 mM GSH® 0.01 0.5 mM
Water® to 1 ml

8The amount of glutathione reductase used should cause a change in
340 mp absorbance of 1.2 + 10 percent per minute (about 0.2 units) when
assayed in the following assay mixture: 60 pM potassium phosphate pH
7.6, 0.1 percent bovine serum albumin, O.1 mM TPNH, O.1l mM GSSG and gluta-
thione reductase dissolved in 0.05 percent bovine serum albumin in a
final volume of one ml. GSSG is added last to initiate the reaction.

bE:l.'l;he:l:' CoASSG or GSH was added last to initiate the reaction. The
effect of addition sequence of CoASSG and GSH is discussed in the text.

CUsually water was the first reagent added into the cuvette.
c]‘I‘he apparent discrepancy in the final concentration of phosphate

and BSA is due to the fact that small amounts of these two compounds
were added with 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 glutathione reductase. The
relative contribution of two of these factors (b and c¢c) was markedly
influenced by pH. At the pH used in the standard assay (7.6), 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 considerably higher than that used in
the standard spectrophotcmetric assay these two factors could not be
ignored. Figure 12 shows that the contribution of variable (d) to the
rate of change of absorbance (R,) could be decreased without appreciably
affecting the GSH-CoASSG transhydrogenase contribution (R2—H1) by in-
creasing the phosphate concentration of the assay mixture to 0.2 M.

At lower concentrations of phosphate than the lowest shown in Figure

12 the contribution by variable (d) was considerably 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 engyme 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-CoA3SG transhydrogenase contribution to the over-
all reaction rate (see Fig. 13A). 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

Effect 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 catalyzed
reduction of CoASSG is shown as B‘.L“ The total reaction rate in
the coupled system of GSH-~CoASSG transhydrogenase and glutathione
reductase is shown as R2. The net rate of the GSH-CoASSG trans-
hydrogenase catalyzed reaction is shown as R2-R1. For additional

details see text.
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over-all rate were ignored. The addition of GSH prior to the addition

of CoASSG had the advantage that small amounts of GSSG in the GSH were
converted to GSH prior to the measurement of the GSH-CoASSG transhydrogenase
catalyzed reaction. This effectively removed any contribution due to
variable (a) above. Contributions from variables (b), (c) and (d) were
corrected for by conducting a single identical assay, except that no
GSH-CoASSG transhydrogenase was added. The walue in this nonenzymatic
control assay was subtracted fram the engymatic assay described to obtain

the final change in absorbance due to the GSH-CoASSG transhydrogenase
reaction (Fig. 13B and C).

Electrophoretic Assay. Since the spectrophotometric assay could
not be readily 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 of 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 enzyme were in separate drops.
CoASSG, water, buffer, and GSH were mixed by a small stirring rod first
and after five seconds the engyme solution was also mixed in. 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 pl) of acid electrophoresis buffer (see Methods). An aliquot of
known size (usually 30 pl) was spotted on a piece of Whatman 3 MM paper
(acid washed) and electrophorised in System 1 at 80 volts per cm for

30 minutes, CoASSG spots (or occasionally CocA) were cut from the paper



Figure 13
Example of Spectrophotcmetric Assay

A) The trace of the reaction shown was obtained by doing a standard
spectrophotometric assay (Table III) in which O.1 pmole of CoASSG was
added at point 1. The reaction was allowed to proceed for one minute
and then 0.5 pmole of GSH was added at point 2. The difference in
reaction rates R2 and B‘.L 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 polnt 1 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 Rh in (C) subtracted from reaction rate Ry in (B)
yields the net rate of CoASSG cleavage catalyzed by GSH-CoASSG trans-
hydrogenase. The dashed lines (- - - -) represent extrapolations of

the linear portions of the curves fram which the reaction rates were

obtained. For details see text.
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TABLE IV

ELECTROPHORETIC ASSAY FOR ACTIVITY OF
GSH-~CoASSH TRANSHYDROGENASE

Reagent Volume Final concentration
BL mM
Premixture containing
CoASSG® 12 3
50 mM GSH 6 15
Transhydrogenase 2 Varies

®The premixture contained 0.6 ymole CoASSG, 10 pmole potassium
phosphate and varing amount of KOH depending on final pH desired.
Final volume 120 pl. In later experiments it was found better to use
1 M tris buffer 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 mp was measured. The initial reaction
rate was calculated in terms of the change in A, /min. An assay without
the transhydrogenase was required to correct for the nonengymatic rate.

Figure 1, shows an example of the time course of the electrophoretic

assay.

Tissue Distribution of GSH-CoASSG Transhydrogenase Activity

Different tissues from a freshly sacrificed rat were minced by
passing them through a stainless 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.
The supernatant solutions were assayed for GSH-CoASSG transhydrogenase
activity by the spectrophotometric assay. Table V shows the distribu-
tion of enzyme activity in different rat tissues. The enzyme is widely
distributed in different tissues, the highest activity being found in
the pancreas and brain while only low activity was observed in muscle

and heart. ILiver, lung and kidney contained intermediate amounts of
the enzyme.

Enzyme Fractionatiaon

Bovine kidney from freshly slaughtered animals 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 Blendor 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 coufse of the reaction was obtained by plotting the
260 mp absorbance due to CoASSG disappearance (O ) or CoASH forma-
tion (@) after different times of incubation of a complete reaction
mixture. The nonengymatic disappearance of CoASSG (@) is also
shown. For details see text and Table IV.
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TABLE V

DISTRIBUTION OF GLUTATHIONE-CoASSG TRANSHYDROGENASE
ACTIVITY IN RAT TISSUES

Tissue Specific Activity
Experimen‘ba 1 Experimentb 2
pmole CoASSG cleaved®/min rotein
Pancreas 28.0 8.7
Brain 4.6 14.8
Liver 9.1 6.2
Kidney 5.4 L.9
Lung 5.2 3.3
Muscle L.5 1.3
Heart 2.9 2.0

&Tn this experiment two volumes of 0.2 M potassium phosphate buf-
fer pH 7.6 were used to extract the tissue.

bIn this experiment two volumes of water were used to extract the
tissue.

cThe spectrophotometric assay described in the text was used in
these experiments.
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for 30 minutes. The supernatant solution was heated to 58° in an 80°
water bath in 200 ml portions contained in a two liter stainless 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
chilled in an ice bath to 5°. The combined fractions fram 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 4O 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 for

10 minutes after the last ammonium sulfate addition. . The mixture was
centrifuged as above. The supernatant solution was removed fram the
precipitate as completely as possible by decantation and by allowing
centrifuge bottles 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 by the addition of dry ice.

Acetone at -15° was delivered into the beaker containing the enzyme
solution as a stream directed at the side of the beaker. The solution
inside the beaker was stirred by a magnetic stirring bar to avoid a

high local cencentration of acetone. The cooling bath temperature was
decreased during the addition of acetone fram 0° to approximately 10°

to 15° below gzero 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 -10°. The clear yellow supernatant solution was adjusted
to 90 percent acetone at 15° to 20° below zero. After the addition of
the acetone, the solution was equilibrated for 10 minutes and then
centrifuged at 7,000 x g for one minute at -10°, The precipitate ob-
tained was dissolved in a small volume (about 4O ml) of water and was
dialyzed against two to three one-liter changes distilled water for
five to twelve hours. The dialysate was then concentrated by lyophiliza-
tion to about 10 ml. The concentrated engyme solution was centrifuged
to remove any insoluble material and then chrematographed on a DEAE cellulose
(50 x 1.8 cm) cdlumn previously equilibrated with phosphate buffer (Methods).
The column was eluted 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 mp
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 enzymatic activity was found
under the first protein peak (Fig. 15). The fractions 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 fractlonatlon procedure were assayed for enzymatic
activity and protein content (218). Table VI shows the results of a
typical purification of the enzyme starting with A00 grams of tissue.

In several early engyme preparations, ;c.he protein content of each



Figure 15
Purification of GSH-CoASSG Transhydrogenase on DEAE Cellulose

Only the early portion of the protein elution pattern which
contained the GSH-CoASSG transhydrogenase is shown. Most of the
protein applied to the column was retained on the column. The
protein content of each fraction was determined by its 280 mp
absorbance (@ —®). The engyme activity in the fractions were
assayed spectrophotometrically (0O--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 DEAE column because of its greater sensi-
tivity. Later it was observed that the biuret and 280/260 methods
agreed poorly using DEAE purified engyme. Therefore, Lowry's method
was used throughout the purification in subsequent preparations of
the engyme. Only the results obtained with this method are presented.
Further purification steps which were tried including starch gel

electrophoresis, chromatography on CM-cellulose and phospho-cellulose

columns were unsuccessful,
Validity of Assay with DEAE-Purified Engyme

Figure 16 shows that the formation of GSSG as a function of time
was linear for approximately one minute at several 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 identify the products of
the enzymatic cleavage of CoASSG in the presence of GSH. Fifty mpmoles
of CoASSG was allowed to react for three minutes with 250 mpmoles of
GSH in the presence of 3.2 x 10—3 units of GSH-CoASSG transhydrogenase
and subjected to electrophoresis in System 1 (Methods). Figure 18
shows the products of the engymatic reaction. It also shows that no
product was formed in a nonengymatic control experiment. Appropriate

standard markers are also shown. In the complete engymatic reaction

mixture, only unreacted GSH and CoASSG as well as the products



TABLE VI

FRACTIONATION OF GSH-CoASSG TRANSHYDROGENASE®

Treatment

Total Total Specific Purifica- Recovery

activity protein activity tion

unitsb mg units/mg 4
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% 6807 l|-709 loll’35 5105 1092
DEAE 29.5 5.7 5.13 184.0 L.L

8The data shown represent a typical purification starting from

LOO gm of bovine kidney.

bThe 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 employing enzyme puri-
fied through DEAE column chromatography (see text). The assay
~ was conducted in the presence of 10, (O ); 30, ( @ ); and 50,
( @) ug of transhydrogenase as described in the legend of

Figure 13A.
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Figure 17

Linearity of the Initlal Reaction Velocity with the
Concentration of GSH-CoASSG Transhydrogenase

The spectrophotometric assay was used with engyme purified
by DEAE column chromatography (see text). The assay was conducted
as described in Figure 13A,
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Figure 18

Electrophoretic Separation of the Products of
the GSH-CoASSG Transhydrogenase Reaction

The complete reaction mixture contained 50 mpmoles of CoASSG,

250 mymoles of GSH and 3.2 x 1073

units of GSH-CoASSG transhydro-
genase (determined by a spectrophotometric assay) in 0.05 M in-
organic phosphate pH 7.0. The final volume was 15 pl. The
reaction mixture was incubated at 25° for three minutes and then
20 pl 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 camplete system except that no enzyme was added.
The mobility of the reactants (nonenzymatic control) and products

(complete reaction mixture) are shown as well as the mobilities

of standard CoA, CoASSG, GSH and GSSG.
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coenzgyme A and oxidiged glutathione were detected.

Stoichiometry

Figure 14 shows the disappearance of CoASSG and the appearance of
an equivalent amount of coengzyme A as a function of time in an electro-
phoretic assay. In addition it verifies the earlier conclusion that
the nonengymic reaction between GSH and CoASSG is slow compared to the
enzymatic reaction. Sinceone 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 concentraticns of the reactants and products of an incu-
bation mixture at equilibrium have not been determined. The equilibrium
constant for the reaction can be estimated, however, from the data ob-
tained from the reaction mixtures as shown in Figure 14 in conjunction
with the assumption that one to one stoichiometry occurs in the reaction.
After correcting the data for background absorbance eluted frem the
electrophoresis paper, it was calculated that nearly 80 percent of the
CoASSG was consumed in the reaction mixture described in Figure 14.

The estimated equilibrium constant at pH 6.9 and 25°, therefore, is
approximately unity.

Reversibility

Although the reversibility of the enzyme catalyzed reaction has
not been studied in detail reversibility has been demonstrated.
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Figure 19 shows the disappearance of coengyme A and appearance of CoASSG
during the incubation of CoA and GSSG in the presence of engyme. Little
or no nonengymatic 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 ymoles) and GSSG (1 ymole) were substituted for
CoASSG and GSH, respectively. The incubation was conducted at pH 6.7

and 25° in the presence of 35 x 10~ units of ensyme as determined by

the spectrophotometric assay.

Specificity

The DEAE purified bovine kidney GSH-CoASSG transhydrogenase prepa-
ration was found to form GSSG when several symmetrical or unsymmetrical
disulfides were substituted for CoASSG, In these experiments, 0.l
micromole of several disulfides were tested in the spectrophotometric
assay system, and the results were compared to those obtained with O.1
micromole of CoASSG. The results showed that CoASSG and most of the
disulfides 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 disulfides 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
disulfides 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 of time and the heated enzyme was assayed spectrophoto-



Figure 19
Reversibility of the GSH-CoASSG Transhydrogenase 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 ( @ ) 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 TRANSHYDROGENASE DISULFIDE SPECIFICITY

Disulfides® tested . Engyme sources
Purified engyme Crude kidney extract

percent activity
b
Experiment 1

CoASSG 100 100
Cystine 5L 1
Homocystine 16 15
Iipoic acid 0 . 5
Pantothine 18 - 16
Lysozyme ' : —_— L 8
Insulin EE T | 1
RNase -3 | -

Experiment 2b

CoASSG 100 —
PSSG 115 -
TSSG ' 105 -
Cystine CIA -—
Homocystine | 11 -
CoASSC 27 _—
Pantothine 13 -
CoASSCoA 2.5 —

Experiment 3b
CoASSG 100 —
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TABLE VII (CONTINUED)

Disulfides® tested Engyme sources

Purified ensyme Crude kidney extract

percent activity

cSSG 98 —
HSSG 9 _—
CSST 19

8The change in absorbance per minute at 340 mp 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 otherwlse standard spectrophotcmetric assay as described
in the text. Each disulfide was tested at a final concentration of
10~% M. A dash (~—-) indicates not assayed. See text for a further
discussion of the activities found with TSSG and PSSG. See page 1 for
a list of abbreviations of the compounds found in this table.

Prhree different preparations of DEAE-purified GSH-CoASSG trans-
hydrogenase were used in experiments 1, 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 engyme for different lengths of time. The results show that
of those disulfides tested the same rate of deactivation of the enzyme
was obtained when the residual activity obtained with those unsymmetri-
cal 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 from that obtained with
CoASSG as substrate. These results indicate that in this engyme
preparation the activity obtained with PSSP and those disulfides which
contain a glutathione moiety may be due to a single enzyme. The activity
obtained with cystine and homocystine may be due to contaminating enzymes

in the GSH-CoASSG transhydrogenase preparation.

3._5§ GSH-GSSG Exchange Reaction Catalyged by GSH-CoASSG Transhydrogenase
Glutathione labeled with 39S (0.25 pmole) was mixed with 0.25 pmole
of unlabeled GSSG in the presence of 0.0l units of GSH:CoASSG trans-
hydrogenase and 10 pmoles of phosphate buffer., The final volume was
0.1 ml and the pH was 7.0. The mixture was incubated at 25° C for 30
minutes. Twenty pl of the acid electrophoresis buffer (System 1, see
Methods) was added. The acidified reaction mixture was subjected to
electrophoresis in System 1 on Whatman 3 MM paper. The diétribution
of isotope between GSH and GSSG was detected by a strip counter and
compared to the distribution of isotope observed in similar experiments
conducted at pH 7.0 or pH 2.0 except that no GSH-CoASSG transhydrogenase
was added. Figure 21 depicts the qualitative results. No lsotope re-

distribution was observed when 35 S GSH and GSSG were incubated at



Figure 20

Percent Enzyme Activity Remaining with Different Substrates for

GSH-CoASSG Transhydrogenase after Partial Heat Deactivation

The enzyme was heated at 80° for the time period indicated.
Twenty ug of the heated engyme were assayed spectrophotometrically
using CoASSG, (O ); TSSG, ( © ); PSSG, ( @ ); pantothine, (@ );
cystine, ( @ ) or homocystine ( ® ) as substrate. Abbreviations
of the unsymmetrical disulfides are given on page 1.
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Figure 21

The Distribution of >°S Between GSH and GSSG in the
GSH-GSSG Exchange Reaction Catalyzed by
GSH-CoASSG Transhydrogenase

The reaction was started with equal amounts of 353 GSH and
unlabeled GSSG. A and B show results of nonengymatic experiments.
Results shown in C were obtained from an engymatic experiment.

The reactions were conducted at the indicated pH value. Other
experimental details are presented in the text.
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pPH 2.0 and about equal radloactivity was distributed in both forms of
the glutathione in a nonengymatic experiment at neutral pH. In contrast,
a larger portion of radioactivity was found in GSSG when 358 GSH and
GSSG were incubated in the presence of the engyme at neutral pH.

The experiment described above was followed by a more quantitative
experiment. Equal amounts of 353 GSH and unlabeled GSSG were incubated
as described in the legend of Figure 22, Glutathione and GSSG were
separated after varying times of reaction by electrophoresis in System
1. The separated compounds were detected by ninhydrin reagent A. The
paper containing the compounds was cut out and placed in counting vials
and the purple color was decoloriged 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 transhydrogenase accelerated the
initial rate of isotope exchange between GSH and GSSG approximately

3.6 times compared to a nonengymatic control experiment.

pH Optimum

The standard electrophoretic assay was used in the studies of the
pH optimum of GSH-CoASSG transhydrogenase because a wider range of pH
could be more readily studied than if the spectrophotometric assay
system were used. The pH value of the reaction mixture was adjusted
with 1 M KOH and measured with a Coleman micro electrode (Coleman 3-611,
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 from the

paper and eluted in one ml of H20. The 260 mp absorbance frem each



Figure 22

Time Course of the Isotope Exchange Between 35 S GSH and
GSSG Catalyzed by GSH-CoASSG Transhydrogenase

The reaction mixture contained 10 micromoles of potassium phos-
phate buffer pH 7.6, 1.5 micromoles of unlabeled GSSG, 1.5 micro-

35 S GSH (containing 0.021 microcuries per micromole) and

moles of
7.4 x 10-3 units of DEAE-column purified GSH-CoASSG transhydrogenase
in a final volume of 0.1l ml. At various time intervals 10 micro-

liter aliquots of enzymatic ( O or @ ) or nonenzymatic ( @ or

@ ) incubation mixtures were added to 20 microliters of System 1
electrophoresis buffer (Methods) to stop further sulfhydryl-disulfide
interchange from occurring. The GSH and GSSG were separated by
electrophoresis and counted. 355 assa formation is indicated in
Figure 22A and 355 GsH disappearance is indicated in Figure 22B.
Additional details are presented in the text.
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spot was measured.

Figure 23A shows the engymatic and the nonengymatic plus engymatic
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 engymatic reaction has been corrected
for any nonensymatic contribution. The nonengymatic reaction does not
proceed rapidly at a pH value of 7.6 or below; however, it is rapid at
pH 8.2 and above. Although the pH cptimum of the engyme catalysed
reaction is about 8.2 a significant amount of activity remains at lower
pH values where little or no nonengymatic interchange occurs.

Molecular Weight

Whitaker (227) reported that an excellent linear correlation
between the logarithm of molecular weight of a protein and the ratio
of its elution volume, V, to the void volume Vo of the column was
found for Sephadex G-100. This technique was adopted for the determina-
tion of the molecular weight of glutathione-CoASSG transhydrogenase.

Sephadex G-100 beads were allowed to thoroughly swell in 0.1l M
potassium phosphate pH 7.6 containing 0.001 M EDTA for several days
in the cold room. The fine particles of 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 buffer for three more days in the cold under a constant
hydrostatic pressure on top of the column so that the whole column
could be uniformly packed without further shrinking or swelling.

Five mg each of cytochrome ¢, egg albumin and bovine serum
albumin were dissolved in 0.5 ml of 0.2 M potassium phosphate buffer



Figure 23

Effect of 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 mmmoles of CoASSG disappearing per minute and plotted
versus pH. The rate obtained in the absence of engyme was sub-
tracted from the rate obtained in the presence of enzyme to obtain
the net rate due to the presence of engyme. The nonenzymatic pH
curve is shown as closed circles ( @ ) and the enzymatic pH curve

is shown as open circles ( O ). The enzymatic pH curve shown as

a mixed character ( @ ) was obtained in a separate experiment not
shown in part A.
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pH 7.6 which contained 0.0178 units of DEAE purified GSH-CoASSG trans-
hydrogenase. Then, 0.5 ml of concentrated catalase solution (10 ml of
one mg/ml catalase was concentrated to one ml using Biodriex, then
centrifuged) was added to the mixture. The mixture was applied to the
column and was eluted with 0.1 M potassium phosphate buffer pH 7.6.
One ml 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 obtained. The GSH-
CoASSG transhydrogenase activity was detected by the spectrophoto-
metric assay and was found mainly together with cytochreme c. Figure
24B shows the linear correlatlion between the ratio V/Vo and the loga-
rithm of the molecular weight of the proteins used as standards. Using
these data as a standard curve and the measured \T/Vo for GSH-CoASSG
transhydrogenase, the molecular weight of this engyme was estimated

to be 12,300,

It is known that metal lons particularly those of iron and copper
catalyze the oxidation of sulfhydryl groups (72). The close association
of the GSH-CoASSG transhydrogenase activity with cytochrome ¢ in the
Sephadex G-100 experiment suggested the possibility that the porphyrin
iron in cytochrome c might catalyze the sulfhydryl-disulfide interchange
between GSH and CoASSG. This possibility was tested by using the
standard spectrophotometric assay except that the transhydrogenase was
replaced by cytochrome ¢ or reduced cytochreme c. A cytochrome ¢
solution was adjusted to the same concentration as the GSH-CoASSG
transhydrogenase according to 280 mp abserption measurements and
assayed spectrophotometrically. No transhydrogenase activity was

found. When the same amount of cytochrome ¢ was reduced by ascorbic



Figure 2L

A) Chromatography of GSH-CoASSG Transhydrogenase and
Other Protelns of Known Molecular

Welght on Sephadex G-100

The GSH-CoASSG transhydrogenase sample was a lyophilized,
DEAE-purified preparation (see text). 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) Determination of Molecular Weight of

GSH-CoASSG Transhydrogenase

The ratio of the protein elution volume to the column void
volume (V/V o)‘ obtained from the data in Figure 24A is plotted
against the logarithm of the molecular weight of known proteins.
The void volume, Vo, was assumed to be equal to the elution volume

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 spectrophotametric assay and was
found not to effect the catalytic activity of the transhydrogenase.
Therefore, it may be concluded that neither cytochrome ¢ nor reduced
cytochrome ¢ has any any transhydrogenase activity, and the assoclation
of the transhydrogenase activity with cytochrome ¢ in the Sephadex

G-100 chromatogram is simply 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. Theorstically, a reciprocal plot of 1/V against 1/[GSH]
at a constant CoASSG concentration gives a straight line intersecting
the vertical axis at Il./Vm for that CoASSG concentration. A series of
values of Zl./Vm is obtained by using different concentration of CoASSG.
These 1/V_ 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 -l/KmCoASSG. A corresponding
procedure gives -1/K GSH.

The change in initial reaction rate as a result of varing the GSH
concentration was determined at different constant concentrations of
CoASSG and vice versa. The spectrophotemetric assay was used in these
experiments. The first experiment following this procedure gave the
results shown in Figure 25A and 25B., Figure 25A appeared to indicate
that increasing the concentration of GSH increased the maximum veloclty



Figure 25

Lineweaver-Burk Plots for the Two Substrates GSH and CoASSG

of the GSH=-CoASSG Transhydrogenase Catalyzed Reaction

A) A plot of the reciprocal velocity versus the reciprocal CoASSG
concentration at different constant GSH cancentrations is shown.
The GSH concentrations used were 0.5 mM, ( O ); 2.0 mM, ( @ ); and
4.0 mM, ( ® ). The standard spectrophotometric assay was used

(Figure 13B and 13C) except for varing the concentration of CoASSG
and GSH.

B) A plot of the reciprocal velocity versus the reciprocal GSH
concentration at different constant CoASSG concentrations is

shown. The CoASSG concentrations used were 0.05 mM, ( O ); 0.1 mM,

(®); and 0.2 mM, (@® ). The assay was as described for part A,
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and increased the Km for CoASSG. Figure 25B appeared to indicate that

increasing the CoASSG concentration had no appreciable effect on the
maximum velocity but decreased the K, GSH. The effects observed in
these experiments appear to have been due to activation of the engyme
by one of its substrates, GSH as described below. _

The results shown in Figure 25A suggested the possibility that
GSH activates the engyme. This possibility was tested by pretreating
the engyme with 3.7 mM GSH in 0.2 M phosphate pH 7.6 at 25° for five
minutes before conducting the spectrophotometric assay. Activation by
GSH was observed. The time course of the activation is shown in
Figure 26. From these data, & time period of activation of five
minutes was chosen for all further experiments. Table VIII shows that
pretreating the engyme with 3.7 mM GSH as in experiment 2 caused ap-
proximately a 3.6 fold activation compared to the nontreated enzyme
in experiment 1. When the engyme was pretreated without GSH no activa-
tion was observed (experiment 3). Experiment L shows that enzyme pre-
treated in O,.7L mM CoASSG was not activated. In experiment 5, GSH was
pretreated in the absence of the engyme prior to assay. No activation
was observed under these conditions which indicates that the increased
rate of reaction observed after activation by GSH in experiment 2 was
not due to the nonengymatic oxidation of GSH to GSSG during the pre-
treatment period.

The activated engyme also gave a linear relationship between the
amount of engyme protein and the initial reascticn rate. This is shown
in Figure 27. The same engzyme preparation was used in experiments shown
in Figure 27 and Figure 17.

The observation that the ensyme was activated by its substrate,



Figure 26

Time Course of Activation of GSH-CoASSG

Transhydrogenase by GSH

Twenty micrograms 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 TRANSHYDROGENASE BY GSH

Experiment Initial rate
LA min
1. Standard assay" 0.048
2. Engyme pretreated
with GSH 0.177
Duplicate 0.180
3. Enzyme pretreated
with water® 0.035
Duplicate 0.045
L. Enzyme pretrea'bed
with CoASSG 0.040
5. GSH pretreated
with water® 0.055

%The 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 13C. In all the experiments to be described the

final concentrations of reagents at the time of assay were identical
to the standard assay.

bForty micrograms of engyme 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 25° for five minutes. An aliquot (0.135 ml)
of this mixture was assayed. No additional GSH was added.

®Like experiment 2 except that the GSH solution was replaced by
0.02 ml of water in the premixture. An aliquot (0.135 ml) of the pre-
mixture was assayed with the addition of 0.5 micromole of GSH.

dLike experiment 2 except that the GSH solution was replaced by
0.02 ml of CoASSG solution (10 mM) in the premixture. An aliquoet (0,135
ml) of this mixture was assayed with the addition of the required
amount of GSH., No additional CoASSG was added.

®Like experiment 2 except that the transhydrogenase solution was
replaced by 0.2 ml of water in the premixture. An aliquot (0.135 m1)
of this mixture was assayed with the addition of 20 micrograms of enzyme
solution which had not been pretreated.



Figure 27

Iinearity of the Initial Velocity with the Concentration of

GSH-CoASSG Transhydrogenase after Activation by GSH

The spectrophotometric assay (Figure 13B and 13C) was used
to assay an enzyme preparation purified through the DEAE-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, led to the reexamination of the K values of both substrates as
described above after the enzyme had been activated.

The activation was performed in a manner similar to that described
above except that 0.1 ml of engyme solution (20 pg protein) was first
pretreated with 4.16 mM GSH in the presence of 0.1 M potassium phosphate
pH 7.6 at 25° for five minutes directly in the assay cuvette prior to
assay. The remaining spectrophotometric assay reagents were added as
described in Table III except that the final smount of CoASSG and GSH
was varied. Additional 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 lines have been obtained by least squares. The series
of values of 1/Vm at different constant GSH concentrations obtained
from Figure 28A and of l/Vm at different constant CoASSG concentrations
obtained from Figure 26B were replotted sgainst 1/[GSH|and 1/ [coassal,
respectively (Figure 28C). Straight lines were obtained which cut the
base line at --1/1(m GSH corresponding to a Km for GSH equal to 2.29 x
107 M and -1/K; CoASSG corresponding to a K, for CoASSG equal to 6.97

x 102 M. The two lines obtained have essentially the same ordinate

intercept which corresponds to the reciprocal of the maximum velocity
obtainable at infinite concentration of GSH and CoASSG. The maximum
velocity obtained from Figure 28C i1s equal to a change in absorbance
at 340 mp/min/20 pg protein of 0.413 at 25° ar 0.0665 pmoles/min/20 pg
of protein. A previous section showed that the molecular weight of the
enzyme is 12,300. Therefore, 20 ng protein corresponds to a minimum of
1.625 x 10~ micromoles of protein. The minimum molecular activity of



Figure 28
Determination of the Km for GSH and CoASSG

A) A plot of the reciprocal velocity versus the reciprocal CoASSG
concentration at different constant GSH concentrations is shown.
The GSH concentrations used were 0.5 mM, @ ; 1.0 mM, & ; 2.0 mM,
o 3 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 different constant CoASSG concentrations is shown.
The CoASSG concentrations used were 0.05 mM, @ ; 0.1 mM, e ; and
0.2 mM, o . The assay was as described above in part A.

C) A plot of the reciprocal maximum velocities obtained in

parts A and B above yversus the reciprocal of the appropriate
constant concentration of GSH or CoASSG used is shown. From
these data the K for GSH was 2.29 x 1074 M and the K for CeASSG
was 6.97 x 10> M. The maximm velocity with saturating concen-
trations of both substrates was calculated to be equal to the

formation of 3.3 pmoles/min/mg protein or a minimum molecular
activity of Al.
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GSH-CoASSG transhydrogenase calculated from these data is 40.9.

Stability of the Purified GSH-CoASSG Iranshydrogenase and Activation
by GSH o

The stability of the DEAE-purified engyme to storage at -10° has

been variable. One preparation was completely stable for approximately

six weeks but lost 70 percent of its actiﬁty on stofage for about
seven months. Another preparation lost about 70 pe;‘t;ent of its
activity during six weeks storage. The enzjme j:s unstable to 'fz"eeze-
thawing and loses essentially all of its activity within five 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 ﬁctivity 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'. acﬁﬂifed the pi-operty of being
activated by GSH. The results showed that activation by GSH was not
acquired during the purification pi'o;:edure. 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 for activa-
tion by GSH. The results indicated that the engyme could be activated

to 89 percent of its original activity. With other engyme preparation

described above which lost 70 percent of its activity in six weeks
only 50 percent of its original activity could be regained by activa-
tion with GSH. These results indicate that at least two types of

jnactivation may occur on storage of the engyme, 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 coenzyme A and glutathione. The present results

are in agreement with those previously reported (64, 65) except for two.
The first concerns the difference in results about the presence (64) or

absence (65) of the unidentified ninhydrin reactive component 'in the

acid hydrolysate of the isolated CoASSG. It was found in this research

that the presence or absence of this unidentified ninhydrin reactive
component in an acid hydrolysate of the isolated or synthetic CoASSG
depends on the final purifica;bi.on ‘pl"ocedure employed. Hydrolysates of
CoASSG purified by electrbphoresis in System 1 did not contain the un-
identified component; however, the same preparation of CoASSG yielded

the unidentified component when it was subsequently chromatographed in

System 2 prior to acid hydrolysis. Thus the unidentified component

previously reported (64) appears ’co be an artifact due to one method of

purification and is not a component of CoASSG. The second difference

concerns the value for the ninhydrin amino equivalents after acid
hydrolysis. The previously reported value (é4) appears to have been
slightly overestimated. The unidentified component in the previous
preparations of CoASSG presumably contributed to the number of amino
equivalents determined. In addition, in contrast to these studies, in
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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 hydrolysis.

CoASSG and other disulfide derivatives of coengyme A previously have
been observed in coengyme A preparations (98, 103, 107, 108) isolated
from blological materials. These compounds presumably are formed as a
result of direct oxidation of the appropriate sulfhydryl compounds or
by a sulfhydryl-disulfide exchange reaction probably between coenzyme A
and another disulfide. Whether the bovine liver CoASSG was originally
present in the tissue or was formed during same 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
of the glutathione found in most cells is primarily in the reduced form,
small amounts of GSSG have been reported to occur (cited in 229). Thus,
it is also possible that CoASSG might be formed by a sulfhydryl-disulfide
interchange between CoA and GSSG., .

In the study of the metabolism of CoASSG, a bovine kidney engyme,
GSH-CoASSG transhydrogenase, which catalyzes the sulfhydryl-disulfide
exchange reaction between this disulfide and GSH with the formation
CoASH and GSSG,was observed. This engyme was found to be distributed
in several rat tissues and has been partially purified from bovine kidney.
Although the enzyme has been purified 184 fold from bovine kidney the
best preparations still catalyze the sulfhydryl-disulfide exchange
reaction between GSH and several other disulfides. Black (179) has
reviewed the subject of GSH transhydrogenases and has pointed out that
it is not known whether there are several engymes which catalyze a

sulfhydryl-disulfide exchange between GSH and a particular disulfide or
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whether a single engyme lacking a high degree of épecificity catalyges
the observed reactions. For instance, Racker found that at a suitable
concentration, cystine also serves as a substrate of partially purified
GSH-homocystine transhydrogenase (179). More recently, Tietze and Katgen
(197) found that an electrophoretically homogeneous preparation of GSH-
insulin transhydrogenase also accelerates the rate of reappearance of
RNase activity following reduction of the latter enzyme in 8 M urea. In
neither case has it been established whether the activities observed
with two substrates were dus to one or more than one engyme. In order
to find out whether the activity of GSH-CoASSG transhydrogenase on other
disulfides was due to a single engyme or due to several engymes with
similar activities, a heat densturation experiment was performed. The
results showed that the enzyme has essentially the same rate of de-
activation when CoASSG or several other unsymmetrical disulfides con-
taining a glutathione moiety were tested as substrate. The deactivation
rates obtained with cystine and hamocystine were different from that
obtained with CoASSG as substrate. These results indicate that the
activity of the best enzyme preparation on those disulfides which contain
a glutathione moiety may be due to a single engyme. The activity ob-
tained with cystine and hamocystine is probably due to contaminating
enzymes in the GSH-CoASSG transhydrogenase preparation. Therefore,
GSH-~CoASSG transhydrogenase appears to be a different engyme than GSH-
homocystine transhydrogenase.

' The DEAE purified GSH-CoASSG transhydrogenase preparation is not
active on insulin and therefore appears to be a different engzyme than
GSH-insulin transhydrogenase. It is interesting to note, however, that

the K_ value for CoASSG using the former ensyme is 7.0 x 107 M is very
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close to the Km value for insulin using the beef liver GSH-insulin trans-
hydrogenase which is 5.0 x 1072 M,

DEAE purified GSH-CoASSG transhydrogenase has been tested at several
concentrations of engyme for its ablility to substitute for or enhance
the activity of the microscmal engyme which renatures reduced HNase.

The solubiliged microsomal engyme was prepared according to Goldberger
et al. (205). 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 concluded that the microsomal engyme which renatures reduced
RNase and GSH-CoASSG transhydrogenase are different engymes.

Although several enzymes which catalyze sulfhydryl-disulfide ex-
change reactions have been reported, their physiological function has
not been established. One such enzyme which reactivates reduced HNase
may function as a terminal reaction in the synthesis of RNase and
perhaps other proteins by aiding in the formation of the correct tertiary
structure. The physiological role of GSH-homocystine transhydrogenase
and GSH-insulin transhydrogenase is uncertain. Similarly, the physio-
logical role of GSH-CoASSG transhydrogenase remains to be established.
Since the reaction is reversible, the possibility exists that it may
function in the control of the level of the functional or sulfhydryl
form of coenzyme A in the cell. However, most tissues contain sufficient
glutathione reductase such that if 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 thet the function
of the engzyme is to recover coenzyme A which might be converted to

CoASSG elther by a direct oxidation of coengyme A and glutathione or
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by a nonengymatic sulfhydryl-disulfide exchange reaction between CoA and
GSSG.

The basic problem of the necessity of the transhydrogenase type of
enzyme in tissues was questioned by Pihl et al. (188). They reinvesti-
gated the role of GSH in the mechanism of reduction of various disulfide
compounds. Their results showed that a rat liver enzyme preparation
containing glutathione reductase and TPNH source did not directly
reduce disulfides other than GSSG. The other disulfides tested were
reduced if GSH was added to the reaction mixture. They suggested that
the reduction of these dlsulfides occurred as a result of a two-step
nonenzymatic sulfhydryl-disulfide interchange reaction, which produced
GSSG, coupled to glutathione reductase. Although they did not exclude
the possibility of the occurrence of enzymes which might catalyze
sulfhydryl-disulfide reactions, they felt that the "nonenzymatic"
reaction rates between GSH and disulfides were fast enocugh "to make
the postulation of such enzynmes unnecessary." This suggestion has been
criticized (179) because the experiments of Pihl et al. (188) were con-
ducted under conditions which would not have detected an enzymatically
catalyzed sulfhydryl-disulfide reaction. Thus, their conclusion that
such a reaction was nonenzymatic could have been erroneous.

The results reported in this thesis with GSH and CoASSG show that
the nonenzymatic exchange reaction takes place at a rapid rate only
when the pH becomes relatively high. On the contrary the engymatically
catalyzed reaction occurs at a lower and more physiological pH. It
even occurs at a pH value lower than that at which no nonenzymatic
reaction occurs. Thus, it appears that the engymatic reaction may have

significance at physiological pH values.
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GSH was found to be an activator of GSH-CoASSG transhydrogenase in
same preparations of the engyme. Recent results suggested that the DEAE
purified enzyme may be subject to deactivation by aging and that this
deactivated engyme is reactivated by GSH, This may be due to the oxida-
tion of one or more sulfhydryl groups in the protein to form an inactive
disulfide form of the engyme. During the activation by GSH the disulfide
form could be reduced to an active sulfhydryl form of the enzyme. These

speculations are presented in one possible schematic form in equation

51.

SH S SH
/
protein‘:SH ________>a.ir protein\g .____.;.GSH 1:or0'l;ei.n<sH (51)
active inactive active

The protein might alternatlively form an inactive disulfide dimer which
can be reactivated by GSH.

A finding which bears on the eniyme mechanism was that the enzyme
catalyzes an isotope exchange ‘ne‘t,v:}reez'i'3 5S—GSH énd GSSG. Assuming a
sulfhydryl form of the engyme is the active form, the following reactions

would account for the observed exchange.

_sH _8-5-G
proteinT_ + GSSG ————> protein + GSH (52)
~
SH SH
5-5G 4 SH %
protein” + GSH ———> protein” + GSSG (53)
~sH ~SsH

Coupling these two proposals, the mechanism of the GSH-CoASSG trans-
hydrogenase catalyzed sulfhydryl-disulfide exchange between GSH and CoASSG



may be speculated to occur as follows:

_SH _-S-8-G
protein” + CoASSG ——> protein + CoASH (54)
SH SH
_SSG SH
protein\SH + GSH —————> proteinT ] + GSSG (55)
; H

Rall and Lehninger (187) found that liver glutathione reductase had

no activity on cystine or homocystine. Pihl and Eldjarn (188) indirectly
showed that several mixed disulfides containing a GSH residue were not

reduced by TPNH and glutathione reductase. In the present experiments
some of these observations have been confirmed and extended. Of the
several symmetrical and unsymmetrical disulfides tested in Table VII
only one, namely CoASSG, was found to oxidize TPNH at an appreciable
rate in the presence of the glutathione reductase preparation employed.
Whether this reaction is due to nonspecificity of glutathione reductase

or to a small amount of a second engyme specific for CeASSG remains to

be established.



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 unsymmetrical disulfide of coenzyme A
and glutathione (CoASSG). In the study of the metabolism of CoASSG,

an enzyme which catalyszes the reaction

CoASSG + GSH T CoASH + GSSG

was detected in several tissues tested. The enzyme was purified from
bovine kidney approximately 184 fold in five percent yield. Its
equilibrium constant is near unity at pH 6.9 and 25°. The pH optimum
of the engyme is pH 8.2. The molecular weight of the enzyme determined
by gel filtration is 12,300. The Michaelis constants of GSH and CoASSG
are 2.3 x 10"1" M and 7.0 x lO"5 M, respectively. The activity of the

enzyme with several disulfides other than CoASSG is discussed.
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