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ABSTRACT

The tripeptide, reduced glutathione (GSH), is present in high

concentration in mammalian erythrocytes, where its major role is the

protection of the cell against oxidative damage. Sheep exhibit two

distinct types of erythrocyte GSH deficiency. In Finnish Landrace

sheep (Finns) low GSH is inherited as an autosomal recessive trait,

and is associated with a markedly diminished erythrocyte life-span,

and the presence of unusually high concentrations of some erythrocyte

amino acids, notably ornithine and lysine. In contrast, in Tasmanian

Merino sheep (Merinos) the low GSH characteristic is inherited in an

autosomal dominant manner and both the erythrocyte life-span and

amino acid concentrations are normal. This Thesis describes an

investigation of the biochemical mechanisms responsible for the Finn

and Merino erythrocyte GSH deficiencies.

The Finn and Merino sheep investigated were maintained by the ARC

Animal Breeding Research Organisation, Edinburgh. Both breeds

contained substantial numbers of GSH-deficient animals. In agreement

with other studies, GSH-deficient Finn erythrocytes were found to

contain very high concentrations of ornithine and lysine, a phenomenon

not encountered in Merinos.

Sheep were allotted their GSH type on the basis of their

erythrocyte total non-protein reduced thiol concentration as determined

by the non-specific thiol reagent 5, 5,-<li'':hi°fris-(-2-nitrobenzoate)

(DTNB). The validity of equating total DTNB reactive thiol with GSH

was established by estimating GSH using novel automated versions of

methods employing DTNB and alloxan as chromogens. GSH-deficient

erythrocytes of both breeds were also found to have a diminished
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GS3G concentration so that they had a diminished total glutathione

content (GSH + 2GSSG). The alloxan GSH and GSSG estimates were

used to calculate the redox potential of the GSH:G3SG couple in the

various cell types. In both breeds the difference in redox potential

between normal and GSH-deficient cells was small. It is suggested that

the diminished life-span of GSH-deficient Finn cells may not be a

direct consequence of their GSH status.

Merino GSH-deficient erythrocytes had a markedly diminished

maximum activity of ^ -glutamyl cysteine synthetase (GC-S) and

computer simulation studies provided evidence that this enzyme is the

rate-limiting one for GSH biosynthesis in sheep erythrocytes. The

low GC-S activity of these cells may therefore be responsible for the

GSH deficiency. Sheep erythrocyte GC-S was markedly inhibited by

physiological GSH concentrations. The diminished GSH feedback

inhibition in GSH-deficient Merino cells was insufficient to compensate

for their low GC-S activity. Reticulocytes from Merinos of both

GSH types had similar very high GSH concentrations and GC-S activities.

The differentiation into normal and GSH-deficient cells therefore

occurs at some stage during reticulocyte maturation.

In contrast to the situation in Merinos, the GC-S activity of

GSH-deficient Finn erythrocytes was normal. The activity of GSH

synthetase (the second enzyme of GSH biosynthesis) and the ATP concen¬

tration of these cells was also normal, and they did not appear to

contain an inhibitor of GSH biosynthesis (other than GSH). Their

ability to maintain glutathione in the reduced state was unimpaired.

However GSH-deficient Finn cells were much less permeable to cysteine

and lysine than normal Finn cells. In contrast, the amino acid

permeability of normal and GSH-deficient Merino erythrocytes was the
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same, and not significantly different from that found in normal Finn

cells. It is concluded that the diminished amino acid permeability

of GSH-deficient Finn cells represents a membrane transport defect.

It further seems likely that diminished availability of cysteine is

responsible for the low concentration of GSH in these cells, and that the

accumulation of lysine and ornithine is a further reflection of

reduced amino acid transport.

During these investigations a novel enzymic activity was

discovered by chance in a commercial preparation of glucose oxidase

from Aspergillus niger. The reaction catalysed was:

2GSH + 02 ► GSSG + h2Og

The enzyme was specific for GSH, and could be separated from glucose

oxidase by ion-exchange chromatography.
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GENERAL INTRODUCTION



1

PART 1, PREAMBLE

Reduced glutathione (GSH) plays a central role in mammalian

erythrocyte metabolism, and in man conditions which lead to a

diminished GSH concentration are usually accompanied by a shortened

erythrocyte life-span (Beutler, 1972a). Erythrocyte GSH is

continuously synthesised from its constituent amino acids (Dimant

et al., 1955; Minnich et al., 1971) and removed from the cell by an

oxidised glutathione (GSSG) transport system (Srivastava & Beutler,

1969a). The presence of an enzymic system in erythrocytes for GSH
et alo

degradation has also been suggested (Rouser/, 1956; Jackson, 1969;

Palekar _et al., 1974)♦
A number of instances of congenital erythrocyte GSH deficiency

have been described in man, and attributed to a diminished ability

to synthesise GSH (Boivin & Galand, 1965; Prins jjt al., 1966;

Minnich et al., 1971; Konrad et al., 1972). Erythrocyte GSH

deficiency results in nonspherocytic haemolytic anaemia, and

possibly an increased susceptibility to the haemolytic action of

oxidant drugs.

The existence of sheep with genetically controlled low concen¬

trations of erythrocyte GSH was first described by Smith & Osburn

(1967) and later by Tucker & Kilgour (1970). The project described

in this Thesis is an investigation into the biochemical mechanisms

responsible for the erythrocyte GSH deficiency in such animals.

During this study a novel enzymic activity was discovered by chance
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in a commercial preparation of glucose oxidase from Aspergillus niger.

Studies on this enzymic activity are presented separately in the form

of an Appendix.

This Chapter is divided into 3 further parts. Relevant aspects

of sheep erythrocyte GSH deficiency are considered first (Part 2).

This is followed by a discussion of mammalian erythrocyte GSH

metabolism and function (Part 3). The objectives of the present

project are then outlined in more detail, and the organisation of

the remainder of the Thesis is given (Part 4)^
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PART 2. SHEEP ERYTHROCYTE GSH DEFICIENCY

When the present project was initiated in October 1971 > there

was little information available on erythrocyte GSH deficiency in

sheep. Indeed, only the preliminary studies of Smith & Osburn

(1967) and Tucker & Kilgour (1970) had been published, and no serious

attempt to investigate the biochemical mechanisms responsible for

the GSH deficiency had been described. Since that time, there has

been a dramatic increase of interest in this field, Some of the

papers published during the course of the present study had an

important influence on its direction and scope. These investigations

are discussed in this Introduction. Others merely confirmed data

already obtained in this project. These studies are not discussed

here, but are mentioned in the relevant Chapter of this Thesis.

Investigations dealing with the physiological implications of the

GSH deficiency are discussed in the General Discussion (Chapter 10,

Part 2).

Sheep with low concentrations of erythrocyte GSH were first

described by Smith & Osburn (1967). Of 101 sheep (breed unspecified)

3 were found to have erythrocyte GSH concentrations considerably less

than those of the rest. It was tentatively suggested that these low

concentrations of erythrocyte GSH (less than 20% of normal) were

genetically controlled. These investigations were extended by

Tucker & Kilgour (1970) who found that the population distribution

of erythrocyte GSH in a group of Finnish Landrace sheep (Finns) was



Table 1.01

Amino acid concentrations in high and low GSH Finn erythrocytes

Values are mean - SEM (6) mmol/litre cells (Ellory et al., 1972)

High GSH Low GSH

Lysine 0.28 - 0.11 7.8 - 1.0

Ornithine 0.20 - 0.08 5.3 - 0.8

Threonine 0 1.13 - 0.14

Glutamate 0 0.81 - 0.20

Glutamine 0 0.38 - 0.14

Serine 0 0.58 t 0.32

Glycine 0.28 - 0.09 0.45 - 0.09

Alanine 0 0.90 - 0.16

Tyrosine 0 0.51 - 0.09
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distinctly bimodal, 22% of the individuals having low concentrations

of G3H. Such animals, with erythrocyte GSH concentrations of less

than 55 mg/lOO ml cells (1.8 mmol/litre cells) were termed low GSH,

and the rest high GSH. Genetic data suggested that erythrocyte

GSH concentrations were controlled by a single pair of autosomal

alleles, the gene for high GSH being dominant to that for low GSH.

A comparison of the cation composition of high and low GSH

Finn erythrocytes revealed that low GSH cells of both potassium

types (designated HK and LK - ses Tucker (l97l) and Agar et al.

(1971) for reviews of this polymorphism) had a significantly lower
"I* *4*

K concentration (Tucker & Kilgour, 1970). This reduction in K

concentration was paralleled by a reduction in the concentration of

erythrocyte Na+ (Tucker & Ellory, 1971)> such that low GSH animals

had a diminished (Na+ + K+) concentration of approximately 20 meq/
litre cells. There were no differences in erythrocyte CI content,

mean cell haemoglobin concentration or dry weight between the two

GSH types (Tucker & Ellory, 1971). It was therefore suggested that

there must be additional cations present in the erythrocytes of low

GSH Finn sheep (Tucker & Ellory, 1971).

Low concentrations of erythrocyte GSH in Finns were subsequently

found to be associated with extremely high concentrations of intra¬

cellular amino acids, particularly ornithine and lysine (Ellory

et _al., 1972) (Table l.Ol). The diminished (Na+ + K+) content of

low GSH Finn erythrocytes is therefore offset by the presence of

these cationic amino acids. The correlation between low concen¬

trations of erythrocyte GSH and high concentrations of ornithine and
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lysine was not perfect (Ellory et al., 1972). Of 86 low GSH Finns

examined, 6 were not ornithine/lysine positive. Because of these

exceptions, Ellory et al. (1972) suggested that the association

between low GSH and high ornithine and lysine might possibly be

attributed to close genetic linkage rather than some form of causal

relationship. On this basis the low GSH, ornithine/lysine negative

exceptions would be the result of genetic crossing-over. However,

if this were the case, the existence of high GSH, ornithine/lysine

positive sheep would be expected. No such sheep have yet been found

(Ellory et al., 1972; E.M. Tucker, personal communication). The low

GSH, ornithine/lysine negative exceptions are more probably the result

of misclassification as to GSH type, either as a result of anaemia

(Tucker & Kilgour, 1973) or other factors.

Investigations of a different breed of sheep (Tasmanian Merinos)

also revealed a substantial number of low GSH animals (Tucker & Kilgour,

1972). Of the Tasmanian Merinos examined, 43^ were low GSH. In

direct contrast to the situation in Finns, low concentrations of

erythrocyte GSH in Tasmanian Merinos were not associated with either

a diminished (Na+ + K+) concentration or elevated ornithine and

lysine concentrations(Ellory et _al., 1972: Tucker & Kilgour, 1972).

Furthermore, breeding data suggested that in Tasmanian Merinos, the

gene for low GSH was dominant (as opposed to recessive in Finns)

(Tucker & Kilgour, 1972). Later investigations revealed a further

difference between the Finn and Tasmanian Merino erythrocyte GSH

deficiencies. Finn low GSH erythrocytes were found to have a

significantly diminished life-span (Tucker, 1974) whereas Tasmanian



Table1.02

/

ComparisonoftheFinnishLandrace,TasmanianMerinoand AustralianMerinoerythrocyteGSHdeficiencies
GSHconcentration
(iofhighGSH)

Frequency
($ofpopulation)

(Na++K+) concentration
Ornithine/LysineErythrocyte life-span

Inheritance

Finnish Landrace

32

22

diminished

present

diminishedrecessive

Tasmanian Merino

28

43

normal

absent

normal

dominant

Australian Merino

40

22

normal

absent

recessive
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Merino low G3H erythrocytes had a normal life-span ( Tucker,

1975 ). The similarities and differences between

the Finn and Tasmanian Merino erythrocyte GSH deficiencies are

summarised in Table 1.02.

These studies strongly suggest the existence of two distinct

low GSH genes in two different genetic loci, one low GSH gene (h)

found predominantly in Finns, and the other (L) in Tasmanian Merinos.

On this basis low GSH Finns would have the genotype (hh,ll) and high

GSH Finns the genotype (Hh,ll) or HH,ll). Similarly, low GSH

Tasmanian Merinos would have the genotype (HH,Ll) or (HH,LL) and high

GSH Tasmanian Merinos, the genotype (HH,ll).

Erythrocyte GSH deficiency has subsequently been described in the

Australian Merino, Chokla, Magra and Marwari breeds of sheep (-Agar

et al., 1972; Kalla _et ad., 1972). Low GSH in Australian Merinos is

inherited in an autosomal recessive manner (Board et al., 1974).

Erythrocytes from these animals are not ornithine/lysine positive.

This raises the interesting possibility of a third type of GSH

deficiency (see Table 1.02). There is no information available on

the type of GSH deficiency found in the other 3 breeds.

It might be anticipated that some sheep populations contain more

than one type of GSH deficiency. This seems to be the case for

the Awassi sheep of Israel (Tucker est _al., 1973). Analysis of the

population distribution of erythrocyte GSH revealed a substantial

number of low GSH animals. Some low GSH individuals had normal

/ + + \

erythrocyte (Na + K ) concentrations whereas others had diminished
1 4" v

(Ha + K ) concentrations. Only those low GSH animals with a
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reduced erythrocyte (Na+ + K+) concentration were ornithine/lysine

positive (Tucker _et al., 1973). The amino acid compositions of

low GSH Finn and Awassi (ornithine/lysine positive) erythrocytes

are very similar, with ornithine and lysine the predominant amino

acids in both instances.

A recent study has suggested that goats also exhibit erythrocyte

GSH deficiency (Agar et al, 1974). However the evidence is not

convincing. The difference in GSH concentration between the supposed

GSH types is much smaller than that found in sheep.

These studies suggest that there may be three distinct types of

erythrocyte GSH deficiency in sheep. The present investigation

into the biochemical mechanism(s) responsible for sheep erythrocyte

GSH deficiency included the study of both Finns and Tasmanian

Merinos.
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PART 3. GSH METABOLISM ACT FUNCTION IN MAMMALIAN ERYTHROCYTES

Section 3.01 Introduction

In Sections 3.02 and 3.03, current concepts of mammalian

erythrocyte GSH metabolism and function are discussed. The studies

reviewed in these Sections form the background to both the biochemical

investigations described in Chapters 3-9 and to the discussion in

Chapter 10 of the physiological implications of the sheep erythrocyte

GSH deficiencies.

Section 3.02 GSH metabolism in mammalian erythrocytes

GSH is a tripeptide of glutamate, cysteine and glycine ( V-

glutamyl cysteinyl glycine) and therefore has a highly reactive thiol

group. When oxidised, it forms a disulphide bond between the

cysteine groups of GSH. Mammalian erythrocytes contain high concen¬

trations of GSH (approximately 3 mmol/litre cells)(Smith, 1974).

Various workers have reported that 2.5 - 15$ of the total erythrocyte

glutathione is in the oxidised form (G3SG) (Srivastava & Beutler,

1968a). However, with the earlier techniques, a portion of the

GSH was oxidised to GSSG during protein precipitation. Thi3 GSH

oxidation was probably caused by hydrogen peroxide generated by the

acidification of oxyhaemoglobin (Lemberg, 1942). Thus most of the

GSSG measured in such protein-free filtrates represented an artifact.

If precautions are taken to prevent GSH oxidation (by prior

alkylation with N-ethylmaleimide (NEM)), it can be demonstrated that

GSSG only represents about 0.25$ of the total erythrocyte glutathione

(Srivastava & Beutler, 1968a).
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The synthesis and turnover of G5H

Mammalian erythrocytes have the enzymic capacity to carry out

both the steps of GSH biosynthesis from the constituent amino acids

(Boivin & Galand, 1965; Sass, 1968; Jackson, 1969; Minnich et al.,

1971; Smith, 1974). The first reaction is catalysed by ^-glutamyl

cysteine synthetase (GC-S) (EC 6.3.2.2 ) and results in the formation

of -glutamyl cysteine (GC):

ATP + glutamate + cysteine —► GC + ADP + P^

The second reaction is catalysed by GSH synthetase (GSH-S) (EC 6.3.2.3)

and results in the formation of GSH:

ATP + GC + glycine —► GSH + ADP + P

Human erythrocytes have sufficient enzymic capacity to synthesise

their entire complement of GSH within 60 min. (Minnich et al., 1971)-

Attempts to measure the in vivo rate of erythrocyte GSH turnover have

relied on the use of £~^C] glycine or 7 glycine (Bimant et al.,

1955; Elder & Mortensen, 1956; Mortensen et al., 1956; Smith, 1974).

Estimates of erythrocyte GSH turnover using isotopic glycine have

been made for a number of mammalian species. There are considerable

species differences. For example in the rat, the half-life of

erythrocyte GSH is 3 days, compared with a value of 10.9 days in the

sheep (Elder & Mortensen, 1956; Smith, 1974).

The use of isotopic glycine to monitor erythrocyte GSH turnover



Table 1.03

The effect of substrate availability on the activities of the

e'nzymes of GSH biosynthesis in human erythrocytes

V
max

K
m

Erythrocyte ,

co ncent ration" S:(K +S)x
m

( /umol/gHb
'

per min) (mil) (mmol/litre cells)

ATP 0.43 1.334 0.75

GC-S G lut amat e 0.43 2.20 0.22 0.09

Cysteine 0.30 0.014 0.04

ATP 0.50 1.334 0.73

GSH-S Glycine 0.19 0.36 0.26 0.42

GC 0.20

1. Minnich et_ al., 1971

2. Ma.jerus et al., 1971

3. Levy, 1971

4. Beutler, 1971-
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has been criticised on the grounds that erythrocyte GSH-S may be

able to catalyse an exchange reaction between glycine and preformed

GSH. Yeast GSH-S can certainly catalyse such an exchange reaction

(Snoke & Bloch, 1955). If this were the case in erythrocytes, the

use of isotopic glycine would result in an over-estimate of the rate

of GSH turnover. However, the validity of using isotopic glycine

for erythrocyte GSH turnover studies has been demonstrated by in vivo

studies in the rat (Kortensen at _al., 1956). Using glycine,

it was found that erythrocyte GSH was labelled in all 3 amino acids

(the part conversion of glycine into glutamate and cysteine must

have occurred before entry into the erythrocytes). The relative

distribution of this radioactivity in each of the 3 amino acids of

GSH remained constant throughout the experiment, indicating the

absence of exchange reactions.

These turnover studies suggest firstly that mammalian erythrocytes

are continuously synthesising GSH (the turnover of GSH is much faster

than the turnover of the erythrocytes themselves) and secondly that,

in vivo, both the enzymes of GSH biosynthesis are probably operating

at well below their maximum capacities. The control of erythrocyte

GSH biosynthesis is thought to involve both substrate availability

and metabolic inhibition by various cell constituents including GSH

itself (Jackson, 1969; Smith, 1973). Assuming simple Michaelis-

Menten kinetics (Majerus et al., 1971) it is possible to assess the

influence of substrate concentrations on enzyme activity from the

ratio S:(K + S) where S is the substrate concentration and K is thex
m m

Michaelis constant. The human erythrocyte S:(Km+ s) values for

glutamate, cysteine, glycine and AT? are given in Table 1.03. These
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data suggest that the concentrations of cysteine and glutamate are

severely rate limiting. The question of substrate availability is

discussed more fully in Chapter 6. The rate of GSH synthesis in

human erythrocytes may also be controlled by GSH feedback inhibition

of GC-S (Jackson, 1969). This inhibition of GC-S by GSH is

probably an important regulatory mechanism for maintaining erythrocyte

GSH concentrations. GC-S is also inhibited by NADH and to a lesser

extent by NAD+ and NADPH. GSH-S is inhibited by ADP (Jackson, 1969).

Although the synthesis of GC requires cysteine, it is possible

that this amino acid enters the erythrocyte as cystine since the

oxidised form of the amino acid predominates in plasma ( Lorber et al.,

1970)• Tbe incorporation of ~J cystine into GSH in intact human

erythrocytes has been demonstrated jui vitro (Miller & Horuichi,1962).
The mechanism of cystine reduction is unclear, but possibilities

include thiol-disulphide exchange with GSH, or reaction with NAD(P)H.

These reactions may or may not be enzyme-catalysed (Jocelyn, 1972).

It is also possible that glutamate enters the erythrocyte as

glutamine since in vitro studies with intact human erythrocytes have

demonstrated that glutamine is more rapidly incorporated into

GSH than /"""^C/ glutamate (Miller&Horuichi,I962y[ochberg et al., 19&4;
Prins ert al., 1966). This has been attributed to the low

permeability of erythrocytes to glutamate (Winter & Christensen, 1964).

The conversion of glutamine to glutamate is achieved by glutaminase

(9C 3.5.1.2) which is present in erythrocytes (Rapoport, 1961). It

has also been suggested that plasma e*.-keto glutarate may serve as

a glutamate precursor (Sass, 1963).



12

GSSG arid protein-glutathione mixed disulphide reduction

The major role of GSH in the erythrocyte is probably the

protection of the cell against oxidative damage (see Section 3.03).

In so doing, GSH is oxidised to GSSG and possibly protein-glutathione

mixed disulphid.es. GSSG may also be generated by GSH autoxidation.

GSH is regenerated by the action of glutathione reductase (GSSG-R)

(EC 1.6.4.2) (Srivastava & Beutler, 1970 & 1972) which catalyses the

reactions:

Although GSSG-R can utilise both NADPH and NADH, the rate of

reaction with NADPH is much greater than with NADH, and in intact

human erythrocytes, NADPH generated by the hexose monophosphate

pathway is the preferred cofactor (Beutler & Yeh, 1963; Rieber <rt jQ

1968). Normally, only a small fraction of the glucose metabolised

hy erythrocytes is utilised by the hexose monophosphate pathway,

because its rate is governed by the rate of NADPH oxidation.

Substances which stimulate GSH oxidation in erythrocytes cause a

marked increase in hexose monophosphate pathway activity (Jacob &

Jandl, 1966). Human erythrocytes have the ability to regenerate

their entire complement of GSH from GSSG within 30 min (Smith, 19685

Kosower et al., 1969) but erythrocytes with a diminished activity

of glucose-6-phosphate dehydrogenase (G-6-PD), the first enzyme of

the hexose monophosphate pathway, can only regenerate GSH from

GSSG + NAD(P)H + H+ » 2GSH + NAD(P)+

protein-SSG + NAD(p)H + H+ > protein-SH + GSH + NAD(P)+
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GSSG slowly (Smith, 1968).

Sheep erythrocytes have a low G-6-PD activity compared with

human erythrocytes (Smith, 1968). Indeed, the G-6-PD activity of

normal sheep erythrocytes as measured in dilute haemolysates is

approximately the same as that found in G-6-PD deficient human

erythrocytes. However, intact sheep erythrocytes can regenerate

GSH from GSSG at a rate similar to that found in normal human cells

(Smith, 1968). The possibility has therefore been considered that

sheep erythrocyte GSSG-R may utilise NAM (generated by glycolysis)

rather than NADPH. However, Smith & Anwer (l97l) recently demon¬

strated that human erythrocyte G-6-PD is inhibited by physiological

concentrations of ATP whereas the sheep enzyme is not. It is there¬

fore probable that the activity of G-6-PD in intact human and sheep

erythrocytes is similar despite the differences in activity encountered

in dilute haemolysates.

The active transport of GSSG from erythrocytes

GSSG-E serves to keep the erythrocyte concentration of GSSG low.

It has been suggested that an additional mechanism for maintaining

low GSSG concentrations is the active transport of GSSG from the

erythrocyte (Srivastava & Beutler, 1967? 1968b, 1969a).
Until recently the erythrocyte membrane was believed impermeable

to GSH and GSSG (Eldjarn et al., 1962), However, Srivastava &

Beutler (1967) demonstrated that oxidation of GSH to GSSG leads to a

considerable loss of the latter from the cell. This loss of GSSG

can occur against a concentration gradient, and requires the
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expenditure of energy (presumably ATP). It has therefore been

suggested that erythrocytes possess an active transport mechanism

for the extrusion of GSSG. This transport mechanism has been

demonstrated in a number of mammalian species including sheep

(Srivastava & Beutler, 1969b).

In order to demonstrate GSSG efflux from erythrocytes, it is

first necessary to oxidise a substantial portion of the intracellular

GSH to GSSG. These investigations have therefore been criticised

on the basis that the loss of GSSG from the cell might be the result

of oxidative damage to the cell rather than the work of a specific

transport system (Jocelyn, 1972). However, if this were the case,

it is difficult to understand why such a process should require the

expenditure of energy.

GSH degradation

The in vivo C"J glycine studies discussed earlier suggest

that erythrocyte GSH is continuously turning over. Since erythrocytes

seem to be impermeable to extracellular GSSG and GSH and intra¬

cellular GSH, it might be expected that the major contributor to this

turnover is GSSG efflux from the cell and that GSH is synthesised only

to replace that lost by this process. The feedback inhibition of

GSH biosynthesis by GSH is particularly interesting in this respect.

It has been suggested that GSH degradation also contributes
eh al o

to the turnover of erythrocyte GSE (Rouser/, 1956; Jackson, 1969;

Palekar et al., 1974)* The catabo'lism of GSH requires the initial

removal of the H -glutamyl group. This is followed by the

hydrolysis of the cysteinyl glycine. The #-glutamyl group may be



Fig. 1.01

V-glutamyl cycle and its postulated role in amino acid transport

1. if -glutamyl transpeptidase

2. y -glutamyl cyclotransferase

3. 5 _ oxoprolinase

4. GC-S

5. GSH-S

6. Peptidase
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converted to glutamate, to the cyclic product 5-oxoproline or, by

transfer to the amino group of a suitable acceptor, to another

if -glutamyl peptide:

glutamate

GSH( ^-glutamyl
cysteinyl glycine)

H ADP+P.
ATP 1

> 5-oxoproline

iAglutamyl peptide -

+ cysteinyl

glycine

-» cysteine
+

glycine

The hydrolysis and transfer reactions are catalysed by a'-glutamyl

transpeptidase (EC 2.3.2.2) and the cyclisation by ^-glutamyl

cyclotransferase (EC 2.3.2.4). The conversion of 5_oxoProline to

glutamate is achieved by 5-oxoprolinase. The enzymes of GSH

biosynthesis and degradation form the V-glutamyl cycle. In some

tissues, notably the kidney, intestine and brain, this cycle has been

postulated to have a role in amino acid transport (Meister, 1973)

(Pig. 1.01).

Jackson (1969) tried to demonstrate the presence of #-glutamyl

transpeptidase in human erythrocytes, but the evidence was not

convincing. The enzyme activity reported was very small, repre¬

senting the breakdown of only a small fraction of the total GSH in

the reaction mixture. Although the reaction mixture was gassed

with oxygen-free argon, the possibility remains that the disappearance

of GSH from the reaction system was the result of GSH oxidation



r
6

cell membrane

precursor

amino acids

gssg

glutamate
± ^cysteine

glycine

atp adp + p. i

gsh

nad(p)+

adp + p„



Fig. 1.02

Glutathione metabolism in mammalian erythrocytes

1. Amino acid transport

2. GC-S and GSH-S

3. GSH oxidation

4. GSSG-R

5. ATP dependent GSSG efflux

6. GSH degradation
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rather than GSH degradation (incubation GSSG concentrations were not

measured). In addition, it is also possible that any GSH degradation

was the result of leucocyte contamination of the erythrocyte prepar¬

ation. Subsequent attempts to demonstrate the presence of

glutamyl transpeptidase and # -glutamyl cyclotransferase in human

erythrocytes have been unsuccessful (Majerus et al., 1971; Srivastava,

197l)« The situation in human erythrocytes however is in contrast to

that in rabbit erythrocytes were substantial activities of the GSH

degradation enzymes have been found (Palekar et al., 1974). Further

investigations will be required to assess the magnitude of GSH

degradation in mammalian erythrocytes and its contribution to GSH

turnover.

The metabolism of erythrocyte GSH is summarised in Fig.. 1.02.

Section 3.03 The function of GSH in mammalian erythrocytes

The major role of GSH in the erythrocyte is thought to be the

protection of the cell against oxidative damage, the GSH-GSSG couple

acting as a redox buffering system. Evidence for this role has

arisen mainly from studies of human erythrocytes with a variety of

congenital defects.

Such a congenital defect is erythrocyte G-6-PD deficiency. This

is the most widely distributed and best known of the erythrocyte

congenital defects in man, and over 40 different aberrant forms of

the enzyme have been described (Beutler, 1972a). Without this enzyme

the hexose monophosphate pathway cannot function, and GSSG once

formed cannot be reduced back to GSH. The GSH concentration and



17

life-span of G-6-PD deficient erythrocytes is generally normal, or

nearly so, until the cells are exposed to an abnormal stress (Srivastava

& Beutler, 1968c; Beutler, 1969). Such a stress may be provided by

the administration of theraputic doses of a variety of drugs. Under

these circumstances there is a marked drop in the cellular GSH

concentration and a dramatic shortening of the erythrocyte life-span,

resulting in severe haemolytic anaemia. Theraputic doses of such

drugs do not have this effect on erythrocytes with a normal complement

of G-6-ED. A large number of drugs are known to induce severe

haemolytic anaemia in G-6-PD deficient patients. These include a

number of antimalarials, sulphonamides, nitrofurans, antipyretics and

analgesics (Hochstein, 1971 )• These haeraolytic agents form a

heterogeneous group, but they or their metabolites share a common

ability to act as biological oxidants (Emerson et al., 1941? Jandl

ert al., I96O; Jandl, 1963). The interaction of these agents with

either oxyhaemoglobin or free molecular oxygen results in the

formation of hydrogen peroxide (H202) in erythrocyte (Cohen &
Hochstein, 1964). Under normal circumstances, this HjCh, is decomposed
by the action of glutathione peroxidase (GSH-Px) (EC 1.11.1.9)

(Mills, 1957? Cohen & Hochstein, 1963) which catalyses the reaction:

2GSH + H202 ► GSSG + 2^0

The role of catalase (EC 1.11.1.6) in destroying drag-generated

H2C>2 has been the subject of much discussion and investigation. The
available evidence favours the view that GSH-Px with its lower Km
for H202 is the predominant route of H2C>2 decomposition in the
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erythrocyte (Aebi & Suter, 1969; Hochstein, 1971). The importance

of GSH-Px rather than catalase in this respect is supported by the

study of congenital erythrocyte GSH-Px and catalase deficiency in

man (Jacob et al., 19655 Necheles _et al♦, 1970). Of the two, only

GSH-Px deficiency seems to result in an increased susceptibility to

drug-induced haemolytic anaemia. Indeed, no obvious deleterious

effects can be attributed to erythrocyte catalase deficiency (Beutler,
the

1972b). It is possible therefore that catalase in/erythrocyte serves

only as a second line of defence against accumulation with

GSH-Px acting as the primary defence.

In the absence of adequate G-6-PD and GSH-Px activity, the

haemolytic agents discussed earlier cause the accumulation of "*'n

the erythrocyte. This results in the conversion of haemoglobin to

methaemoglobin, progressive oxidation of globin sulphydryl groups,

and finally the precipitation of denatured haemoglobin in the cell

as spherical refractile inclusions known as Heinz bodies (Jandl et al.,

I96O5 Allen & Jandl, 1961; Harley & Mauer, 1961), Heinz bodies are

the final stage of oxidative destruction of haemoglobin. Heinz

body-containing erythrocytes have altered plastic properties which

result in their being selected for premature destruction by the spleen ,

reticuloendothelial system, and other organs (Rifkind, 1965). Intra¬

vascular lysis can also be the fate of oxidatively injured erythrocytes

(Dernet _al., 1954; Greenberg & Wong, 1961; Tarlov et al., 1962;
Weed & Reed, 1966; Salvidio et al., 1967). This lysis does not

occur solely due to degeneration of haemoglobin (Harley & Mauer,

196l). The final effect is on the cell membrane (Jacob & Jandl,

1962a; 1962b). Although not understood as well as the sequential
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oxidative changes of haemoglobin, an analogous series of reactions

probably affects membrane proteins and lipids causing cell lysis

(Carson, I960; Jacob & Jandl, 1962a; Tarlov et al., 1962). One

such reaction is lipid peroxidation (Hochstein, 1966).

Besides participating in the GSH-Px reaction, GSH may also

protect the erythrocyte by reversing HgOg-induced oxidative changes.
For example GSH may reduce protein disulphides by thiol-disulphide

exchange (Pihl et al., 1957)? perhaps involving GSSG-R since this

enzyme can reduce protein-GSH mixed disulphides (including that of

haemoglobin) (Srivastava & Beutler, 1970 & 1972). A possible

sequence of reactions is

RSSR' + GSH — ► GSSR + R'SH

non-enzymic
GSSR + GSH ► GSSG + R3H

GSSR + NADPH + H+ > GSH + RSH + NADP+
enzymic

GSSG + NADPH + H ► 2GSH + NADP

In addition, GSH may reduce lipid peroxides, and it has been suggested

that vitamin E ( <*.— tocopherol) may assist GSH in protecting membrane

lipids against peroxidation (Hochstein, 1966). In this connection

it is noteworthy that vitamin E-deficient erythrocytes have a

greater susceptibility to haemolysis upon exposure to HgO^ in vitro
than do cells with normal vitamin E contents (Nitowsky et al., 1956).

However, the precise relationship between GSH and vitamin E in the

defence against peroxidative damage is obscure.
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In addition to the effect of H2O2, ^ Poss^le that direct
oxidation of cellular constituents by the oxidant drugs or their

metabolites may contribute to the oxidative damage of the cell

(Jacob & Jandl, 1966). GSH may also protect the cell in these

circumstances by being preferentially oxidised or by reversing these

oxidative changes.

G3E therefore plays an important role in the protection of the

cell against the action of oxidant drugs. Studies of G-6-PD

deficient erythrocytes have also revealed other ways in which erythrocytes

are subject to oxidative stress. In particular, haemolytic episodes

in G-6-PD deficient patients have been associated with various types of

infection (Beutler, 1965; Burka et al., 1966) and it has been suggested

that generation of by phagocytosing leucocytes may trigger the

haemolytic episode (Boehner et al., 1970). In some G-6-PD deficient

patients, severe haemolysis occurs on ingestion of fava beans.

Although not all G-6-PD deficient individuals develop this disorder

(favism), subjects who exhibit favism are usually G-6-PD deficient.

It is not clear what the haemolytic principle in fava beans is, but

one possible candidate is L-DOPA (L-diihydroxyphenylalanine) (Kosower

at al., 1967; Beutler, 1970). Fava beans are a rich source of L-DOPA,

and it has been suggested that the enzymic oxidation product of L-DOPA,

DOPA-quinone might be the active principle and that sensitivity to the

haemolytic effect of the bean may depend on inherited variation in the

metabolism of L-DOPA (Beutler, 1972).

The Importance of GSH to erythrocyte integrity is further

demonstrated by studies of congenital erythrocyte GSH deficiency. In

1961 almost complete absence of erythrocyte GSH (10$ or less of normal)
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was demonstrated in some members of a Dutch family exhibiting

nonspherocytic haemolytic anaemia (Oort et _al., 196l). Since that

time, a number of additional cases of erythrocyte G3H deficiency in

man have been reported (Boivin & Galand, 1965; Prins et al., 1966;

Minnich et al., 1971? Konrad et al., 1972). These low concentrations

of erythrocyte GSH are inherited in an autosomal recessive manner,

and are associated with a diminished activity of one or other of the

enzymes of GSH biosynthesis. In direct contrast to the situation

with G-6-PD deficiency, GSH deficient erythrocytes show a markedly

diminished lifespan even in the absence of obvious oxidant stress.

The haemolytic anaemia associated with GSH deficiency is potentiated

by the administration of oxidant drugs or the ingestion of fava

beans (Prins et al., 1966).

Although the investigation of erythrocyte GSH deficiency has

clearly demonstrated the importance of GSH in maintaining erythrocyte

viability even in the absence of any obvious oxidant stress, it is

by no means clear what the role of GSH is in these circumstances.

It is possible that GSH has some additional metabolic function

distinct from its redox buffering role. In this connection it is

noteworthy that GSH is an obligatory cofactor of the glyoxalase

system (EC 4.4.1.5 & 3.1.2.6), and that the activity of this enzyme

is considerably reduced in GSH deficient erythrocytes (Prins et al.,

1966). However, the precise role of glyoxalase in erythrocytes

remains unclear. GSH deficient erythrocytes show a normal glycolytic

and hexose monophosphate pathway activity, and the cellular concen¬

tration of ATP is also normal (Prins et al., 1966). The normal
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metabolic activity of G3H deficient erythrocytes cannot be taken as

an unequivocal evidence that GSH has no influence on these processes,

since the cells remaining in the circulation are still viable,

whereas those which might have been anticipated to show some effect

have already been removed from the circulation.

It is also possible that erythrocytes are subject to a continuous

background oxidant stress of endogenous origin which is distinct from,

and smaller in magnitude than, that induced by oxidant drugs,

infection, or ingestion of fava beans. One such source of oxidant

stress may be ascorbic acid which interacts with oxyhaemoglobin to

form (^rivastava, 1971). The premature destruction of GSH

deficient erythrocytes may result from the inability of the very low

concentrations of GSH to protect the cell in these circumstances.

The viability of G-6-PD deficient cells in the same circumstances

could be attributed to their almost normal GSH concentration and

residual G-6-FD activity.

The importance of GSH to erythrocyte integrity in the unstressed

state has also been investigated by alkylating virtually all of the

GSH in erythrocytes with HEM and then reinfusing such cells back

into the circulation and measuring their survival (Allen & Jandl,

1961). It was found that the survival of these cells was not

impaired. This is in contrast to the situation in congenital

erythrocyte GSH deficiency where there is a marked impairment of

erythrocyte survival. However, it has subsequently been demonstrated

that the alkylation product of GSH and HEM is rapidly split non-

enzymically in the erythrocyte to regenerate GSH and a derivative of
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NEM which can no longer bind GSH (Beutler et al., 1970). Consequently

these alkylation experiments are invalid.

Therefore although the protective capabilities of GSH are well

recognised and documented, it is by no means clear what the role of

GSH is under normal circumstances in the absence of known exogenous

oxidative stress. Investigations of this problem by artificially

depleting erythrocytes of GSH have been unsuccessful, and the most

likely source of further progress in this area is the study of

erythrocyte GSH deficiency. Unfortunately, erythrocyte GSH

deficiency in man is extremely rare. The discovery of sheep with

genetically controlled low concentrations of erythrocyte GSH is

therefore of particular interest, and it may be anticipated that

detailed study of these animals will provide further insights into

the role of GSH in the erythrocyte.
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PART 4. THE OBJECTIVES OF THE PRESENT PROJECT AND THE

ORGANISATION OF THE REMAINDER OF THE THESIS

The major objective of the present project was to ascertain the

biochemical mechanism(s) responsible for erythrocyte GSH deficiency

in sheep. Evidence presented earlier suggests that there may bo

three distinct types of deficiency, one found in the Finnish Landrace

breed, another in Tasmanian Merinos and a third in Australian Merinos

(Part 2 of this Chapter ). The present investigation includes a

study of both Finnish Landrace and Tasmanian Merino sheep.

The remainder of this Thesis is subdivided into 9 Chapters and

1 Appendix. In Chapter 2 the origins of the sheep used in the

present study are described. This Chapter also includes a descript¬

ion of some routine methods. Chapter 3 describes the methods used

to classify animals as to GSH type as well as the results of a large

scale screening programme to identify GSH deficient animals. The

purposes of this screening programme were three-fold. First, to

assess the population distribution of erythrocyte GSH concentration

in the animals which were available for study. Second, to select

individual animals for further detailed investigation; and third, to

determine the relationships if any between known animal variables such

as sex, age, haemoglobin type and potassium type and erythrocyte GSH

concentration.

The method of erythrocyte GSH estimation used here and elsewhere

employs the non-specific thiol reagent DTNB (5,9,-<ii'thiobis-(2-

nitrobenzoate)). The validity of equating total DTNB-reactive thiol

with GSH is established with minor reservations in Chapter 4. The
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erythrocyte G33G concentrations in high and low GSH Finnish Landrace

and Tasmanian Merino sheep are also described in this Chapter, and

it is established that low GSH erythrocytes of both breeds have a

low content of total glutathione (GSH + 2GSSG). The GSH and GSSG

estimates are used to calculate the redox potential of the GSHtGSSG

coupl9 in high and low GSH Finnish Landrace and Tasmanian Merino

erythrocytes. Chapters 5 - 9 describe investigations of the

biochemical mechanism(s) responsible for the low concentrations of

erythrocyte GSH in these breeds and Chapter 10 is a general discussion

of the data presented in the preceeding Chapters.

During these investigations, a novel ensymic activity was

discovered by chance in a commercial preparation of glucose oxidase

(EC 1.1.3.4) from Aspergillus niger (Fermcozyme 653AM, Hughes &

Hughes Ltd., Romford, Essex, U.K.). Studies on this enzymic activity

are presented separately in the form of an Appendix.



CHAPTER 2

MATERIALS AMD GENERAL METHODS
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PART 1. ANIMALS

The Finnish Landrace and Tasmanian Merino sheep used in this

investigation were maintained by the Agricultural Research Council

Animal Breeding Research Organisation, Edinburgh. The Finnish

Landrace sheep were descended from 4 rams and 10 ewes brought from

widely dispersed places in Finland in 1963. The Tasmanian Merinos

originated from 3 rams and 12 ewes of the Tasmanian fine-woolled

strain imported from Tasmania in 1955- The two flocks are regarded

as genetically distinct populations rather than as representatives

of the breeds. In the remainder of this Thesis, Finnish Landrace

and Tasmanian Merino sheep are referred to as Finns and Merinos

respectively.

PART 2. THE PREPARATION OF WASHED ERYTHROCYTES

Blood was collected by jugular venepuncture into heparinised

Vacutainers (Becton, Dickinson & Co., Rutherford, New Jersey, U.S.A.)

and kept on ice. All animals were at least 7 months old at the

time of bleeding. Erythrocytes were washed 3 times with 4 volumes

of 0.9^ (w/v) NaCl, and the buffy coat and upper layer of erythrocytes

were removed. The erythrocyte: leucocyte ratio of the final cell

preparation was never less than 1000:1. Erythrocyte and leucocyte

counts were kindly performed by Mr. P.F.J. Newman, Dept. of

Haematology, Royal Infirmary, Edinburgh.



Table 2.01

The concentration of haemoglobin in high and low GSH

Finn and Merino erythrocytes

Animals were selected to be of the same age, sex, potassium

type and haemoglobin type (see Chapter 3, Part 7)* Values are

mean - SEM (3). The means are not significantly different in

either breed (Student's t-test).

Haemoglobin concentration

(g/ml cells)

High GSH 0.332 - 0.008

Finn

Low GSH 0.337 - 0.015

Merino

High GSH

Low GSH

0.342 - 0.011

0.348 - 0.011
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PART 3. REAGENTS

/~U14C7 glutamate and /~U44CJ glycine were obtained from the

Radiochemical Centre, Amersham, U.K. ( -glutamyl ^-cystine was

purchased from the Cyclo Chemical Corporation, Los Angeles, California,

U.S.A. Enzymes were obtained from the Boehringer Corporation (London)

Ltd., U.K. All other reagents were of the highest grade commercially

available.

PART 4. ENZYME AND OTHER .ASSAYS

In general, enzyme activities were determined by methods

established for human erythrocytes. No special attempts were made

to optimise assay conditions for sheep erythrocyte enzymes, and

activities are expressed as ^umol product formed/g haemoglobin (Hb)
per min. The use of haemoglobin for comparing enzyme activities is

valid because there is no significant difference in haemoglobin

concentration between high and low GSH erythrocytes in either Finns

or Merinos (Table 2.01). The concentrations of cell constituents

are expressed as mmol oryumol/litre cells. All estimations were
performed within 12 h of bleeding.

Haemoglobin concentrations were estimated by the

cyanmethaemoglobin method (Kampen & Zijlistra, 1961; Boehringer

Biochemica Test Combination). To 20yul of blood or equivalent
haemolysate was added 5 ml of a solution containing 1 mM KH^PO^,
0.75 mM KCN, 0.6 mM K^Fe(CN)g and 0,05$ (v/v) detergent ("Sterox SE",
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Hartman-Leddon Co., Philadelphia, U.S.A.) Mixtures were allowed to

stand at room temperature for a minimum of 3 min and read at 546 nm

in a Unicam SP500 spectrophotometer (Unicam Instruments Ltd.,

Cambridge, U.K.) against a reagent blank. One g Hb/ml had an

extinction of 2.720. Haematocrits were obtained using a micro-

haematocrit centrifuge (10 min spin) (Gelman-Hawksley, Lancing,

Sussex, U.K.).

A number of assay methods described in this Thesis employ an

AutoAnalyser (Technicon Instruments Ltd., Chertsey, Surrey, U.K.).

The principles of the AutoAnalyser were enunciated by Skeggs (1957),

and the way in which it is used in this laboratory is described in

the Theses of Gilbert (1963), O'Brien (1969) and Nimmo (1970).



CHAPTER 3

ANIMAL CLASSIFICATION (GSH TYPE)
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PART 1. INTRODUCTION

Sheep are allotted their GSH type on the basis of their

erythrocyte total non-protein reduced thiol concentration as

determined by the nonspecific thiol reagent 5,5'-dithiobis-(2-

nitrobenzoate) (DTNB) (Smith & Osburn, 19&7? Tucker & TCilgour,

1970; Agar et al♦, 1972; Kalla _et _al., 1972). The classification

of animals on this basis was also followed here. In the next

Chapter (Chapter 4, Part 2) the validity of equating total DTNB

reactive thiol with GSH is established with minor reservations, and

it is demonstrated that for both Finns and Merinos the differences

in DTNB reactivity between the two cell types is in fact due to

different concentrations of GSH.

The presence of very high concentrations of ornithine and lysine

in low GSH but not high GSH Finn erythrocytes allows an additional

and independant method of GSH type classification in Finns (Ellory

_et _al., 1972). This method of classification, although not

employed routinely, was used to confirm GSH type classification by

the DTNB method in a number of animals. Neither high nor low GSH

Merino erythrocytes contain appreciable concentrations of ornithine

and lysine (Ellory _et _al., 1972). A number of high and low GSH

Merinos were screened for the presence of erythrocyte ornithine and

lysine to test these observations. In addition to GSH type

classification, animals were also classified as to haemoglobin and

potassium type (Tucker, 197i)* T*19 classification of animals as
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to haemoglobin and potassium type was performed by Dr. J.G. Hall

of the Agricultural Research Council Animal Breeding Research

Organisation, Edinburgh by established methods (Hall & Hunter,

1973).

Initially, large numbers of Finns and Merinos were screened for

low concentrations of erythrocyte GSH. The purposes of this screen¬

ing programme were threefold:

1. To assess the population distribution of erythrocyte GSH

concentration in the animals which were available for study.

2. To select individual animals for further detailed

investigation.

3. To determine the relationships if any between known animal

variables such as sex, age, haemoglobin type and potassium

type and erythrocyte GSH concentration.

In this Chapter the method employed to determine the population

distributions of erythrocyte GSH is described (Part 2). This is

followed by an analysis of the data obtained for both Finns and

Merinos (Part 3). The correlation between GSH type and the presence

of erythrocyte ornithine and lysine is then given for a representative

group of animals (Part 4). Part 5 of this Chapter consists of an

analysis of heterozygote GSH concentrations in both Finns and Merinos,

and in Part 6, the relationship between known animal variables and

erythrocyte GSH concentration in both breeds is analysed. Finally,

the criteria used for the selection of individual animals for further

detailed study are given (Part 7). The results of these investi¬

gations are discussed in Part 8.
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Fig. 3.01

The flow diagram for the dialysis DTN3 GSH method

The system employs standard Technicon AutoAnalyser equipment.

The reagents are described in Chapter 3, Part 2. DMC, double

mixing coil.
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PART 2. THIS ESTIMATION OF SHEEP ERYTHROCYTE GSH

Section 2.01. Introduction

Whole blood GSH concentrations were estimated by a modification

of an existing automated method (Roberts & Agar, 1971) using

standard Technicon AutoAnalyser equipment. In this method, whole

blood is aspirated, haemolysed and then dialysed against buffer.

The resulting protein-free solution is mixed with the disulphide

chromogen DTNB, and the extinction of the solution measured at

420 nm. Erythrocyte GSH concentrations were calculated from whole

blood values using the whole blood haematocrits. The analysis of

whole blood samples without prior deproteinisation facilitated the

screening of a large number of animals.

Section 2.02. The AutoAnalyser system

The AutoAnalyser manifold is given in Fig. 3.01, and is with

one minor modification, identical to that of Roberts & Agar (l97l)*

In the current manifold, the air flowing into the buffer line wa3

reduced from 1.60 to 0.24 ml/min to facilitate removal of the air

bubbles prior to the entry of reagent into the colorimeter flow

cell. The reagents used in conjunction with this manifold are:

Buffer: 0.1 M Tris-HCl, pH 8.0 containing 0.1 mM EDTA

(disodium salt)

DTNB reagent: 1.0 mM DTNB in a buffer containing 0.14 M NaCl
and 9 sodium phosphate, pH 8.5.
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Fig, 3.02

A typical calibration curve for the dialysis DTKB GSH method

The assay method is described in Chapter 3, Part 2. The straight

line represents a linear regression of extinction on GSH

concentration.
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These reagents were modified from those of Roberts & Agar (l97l).

Specifically, the concentration of Tris buffer was reduced 10 fold

to 0.1 M and EDTA (0.1 mJi) was added to the buffer to reduce the

possibility of metal ion catalysed G3H oxidation. Further, it was

found that the 10 mM solution of DTNB recommended by Roberts & Agar

(1971) was impossible to achieve because of the low solubility of

DTNB. Consequently, the concentration of DTNB was reduced 10 fold

to 1.0 mM. No "Brij 35" (Technicon Instruments) was added to any

of the reagents.

Section 2,03. The calibration and precision of the system

The system was calibrated with a minimum of 3 standard solutions

containing up to 60 mg GSH/lOO ml (l.95 mM) in 0.1 M EDTA (disodium

salt). GSH standards were made up fresh in EDTA immediately prior

to analysis and kept at 0°C. A typical calibration curve is given

in Fig. 3.02. The relationship between extinction and GSH concen¬

tration is linear. The coefficient of variation of an individual

estimate in the physiological concentration range was 0.755®.
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Fig. 3.03

Erythrocyte GSH concentrations in Finns and Merinos

GSH was estimated by the automated dialysis method (Chapter 3»

Part 2). Presumed heterozygotes are identified as ■

(see Chapter 3f Part 5)»



Table 3.01

The concentration of erythrocyte GSH in Finn and Merino sheep

Erythrocyte GSH was estimated by the automated dialysis method (Chapter

3, Part 2). GSH concentrations are mean - SD.

GSH No. of i of
(mmol/litre cells) (mg/lOO ml cells) animals total

High GSH 3.26 - O.54 100.1 - 16.5 52 81.3

Finn

Low GSH 1.29 - 0.11 39.7 - 3.3 12 18.7

High GSH 2.83 - 0.45 87.1 - 13.8 61 54.0

Merino

Low GSH 1.07 - 0.26 32.9 - 8.1 52 46.0
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PART 3. THE POPULATION DISTRIBUTION OF ERYTHROCYTE GSH IN FINN

AND MERINO SHEEP

The population distribution of erythrocyte GSH concentration in

113 Merino sheep is depicted in histogram form in Pig. 3.03.

Erythrocyte GSH concentrations ranged from 0.49 mmol/litre cells

(15 mg/lOO ml cells) to 3.65 mmol/litre cells (112 mg/lOO ml cells).

The distribution is distinctly bimodal, one group with erythrocyte

GSH concentrations in the range 1.95 ~ 3.65 mmol/litre cells (60-112

mg/lOO ml cells) and the other with concentrations in the range

0.49 ~ 1.69 mmol/litre cells (15-52 mg/lOO ml cells). In accordance

with the nomenclature of Tucker & Kilgour (1970), animals with GSH

concentrations in the lower range were termed low GSH, and those in

the upper range, high GSH.

The population distribution of erythrocyte GSH concentration in

64 Finn sheep is also depicted in Fig. 3.03. Erythrocyte GSH

concentrations ranged from 1.07 mmol/litre cells (33 mg/lOO ml cells)

to 4.30 mmol/litre cells (132 mg/lOO ml cells). The existence of

a small group of animals with GSH concentrations in the low GSH

range is evident.

Table 3.01 summarises the data obtained for both Finns and

Merinos. For the Finns, the mean GSH concentration in low GSH

animals was 39*6$ of that found in high GSH animals. The corres¬

ponding figure for Merinos was 37-8$. Of the Finn sheep studied

18.7$ were low GSH. For the Merinos, the figure was 46.0^.
Tucker & Kilgour (1970, 1972) employed the manual DTNB method

of Beutler et al. (1963) to determine erythrocyte GSH concentrations.



GSH

(mmol/litre cells)

4.0 p

Time (years)



Fig. 3.04

Erythrocyte GSH concentrations in 4 high GSH and 4 low GSH Finns

over a period of 2 years

GSH was estimated by the automated dialysis method (•, Chapter 3,

Part 2) and by the automated method requiring metaphosphoric acid

deproteinisation (0, Chapter 4? Part 2). All animals were 10

months old at the beginning of the experiment.
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Fig. 3-05

Erythrocyte GSH concentrations in 3 high GSH and 4 low GSH Merinos

over a period of 3 years

GSH was estimated by the automated dialysis method (•, Chapter 3,

Part 2) and by the automated method requiring metaphosphoric acid

deproteinisation (0, Chapter 4> Part 2). All animals were 13

months old at the beginning of the experiment.
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In this method, the sample is haemolysed, deproteinised with

metaphosphoric acid, and subsequently neutralised and reacted with

PTNI3. Agar et al. (1972) claimed that their automated dialysis

method (Roberts & Agar, 1971) gave erythrocyte GSH estimates some

20^ higher than those obtained by the manual raetaphosphoric acid

method. It is difficult to understand why this is so, since both

the manual metaphosphoric acid and automated dialysis methods give

recoveries of GSH added to whole blood in excess of 97^ (Beutler

jat _al, 1963; Roberts & Agar, 197l)« In the present study, the

modified dialysis method gave Finn and Merino erythrocyte GSH

estimates which ware essentially the same as those obtained by

Tucker & Kilgour (1970, 1972).

The erythrocyte GSH concentrations of a number of Finns and

Merinos were monitored over a period of 17 months in the case of the

Finns and 27 months in the case of the Merinos. Fig's 3.04 and

3.05 illustrate the variation of erythrocyte GSH during these periods.

Clearly, although the erythrocyte GSH concentrations did vary, all

individuals of both breeds maintained their GSH type. Some, but

not all of the observed variation may be attributable to experimental

error (see Part 2 of this Chapter and Part 2 of Chapter 4).

The difference in GSH concentration between high and low GSH

animals of both breeds was such that little difficulty was ever

encountered in classifying animals as to GSH type on the basis of

their erythrocyte GSH concentration.
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Fig. 3.06

Typical ninhydrin staining patterns of high and low GSE

Finn and Merino freeze-thaw haemolysates

Electrophoresis and subsequent treatment are described in

Chapter 3, Part 4•



Table 3.02

The presence of ornithine and lysine in high and low GSH Finn

and Merino erythrocytes

Erythrocyte ornithine and lysine were detected by the method of

Ellory et al. (1972).

Ornithine/lysine Ornithine/lysine Total
positive negative

High GSH 0 12 12

Finn

Low GSH 10 0 10

High GSH 0 11 11

Merino

Low GSH 0 13 13
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PART 4. THE DETECTION OF ERYTHROCYTE ORNITHINE AMD LYSINE,

AND ITS CORRELATION WITH GSH TYPE

Animals were screened for the presence of erythrocyte ornithine

and lysine by the method of Bllory et al (1972). Erythrocytes were

washed three times in ice cold 0.9$ (w/v) NaCl in the usual manner

(Chapter 2, Part 2), packed by centrifugation (2000 g for 10 min)

and lysed by freezing and thawing twice. Samples (0.3^ul) were
run on Millipore Phoroslide electrophoresis strips (Millipore (U.K.)

Ltd., London) in 0.035 M sodium phosphate buffer pH 6.5 (100 v for

6 min). The strips were oven dried (approximately 100°C), treated

with ninhydrin (0.3$ (w/v) in diethyl ether), and then replaced in

the oven to allow colour development.

On reaction with ninhydrin, a strongly staining band running

towards the cathode was observed with lysates from low GSH Finn

erythrocytes. This band ran in the same position as authentic

ornithine and lysine. The corresponding band from high GSH Finn

cells was very faint. Both high and low GSH Finn lysates gave 2

very faint bands running towards the anode. In contrast,

erythrocyte lysates from both high and low GSH Merinos gave only one

very faint band, running towards the cathode. Typical electro-

phoretic patterns are shown in Fig. 3.06.

Lysates giving the strong band migrating towards the cathode

were classified as ornithine/lysine positive and the rest as

ornithine/lysine negative. The results of screening 22 Finn and

24 Merino sheep for the presence of erythrocyte ornithine and lysine

are given in Table 3.02. Of the animals tested, only the 10 low

GSH Finns were ornithine/lysine positive.
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PART 5. HETHROZYGOTE ERYTHROCYTE GSH CONCENTRATIONS IN FINN

AND MERINO SHEEP

Tucker & Kilgour (1970, 1972) provided inheritance data which

suggested that the gene for low GSH is recessive in Finns but

dominant in Merinos. Unfortunately, it was not possible to verify

these conclusions with the Finns and Merinos of the present study

since although complete family pedigrees were available, all of the

rams and some of the ewes from these pedigrees were either dead or

otherwise inaccessible for GSH typing.

In addition to the different inheritance patterns in Finns and

Merinos, low concentrations of erythrocyte GSH in Finns are

associated with high intracellular concentrations of ornithine and

lysine, a phenomenon not found in Merinos (Ellory &t_ al., 1972).
Both these observations suggest the existence of 2 distinct low GSH

genes in 2 different genetic loci, one low GSH gene found in Finns

(h) and the other (L) in Merinos (see Chapterl, Part 2). The

question arises as to whether the concentration of erythrocyte GSH

in heterozygotes (Hh and Ll) is significantly different from that

in homozygotes (HH in Finns and LL in Merinos). Although, a

complete genetic analysis of the animals used in the present study

was not possible for reasons already discussed, it was nevertheless

possible to identify a few Finn and Merino heterozygotes. For

Finns, a high GSH animal was presumed heterozygous (Hh) if it had

either a low GSH parent or offspring. In Merinos, a low GSH

animal was presumed heterozygous (Ll) if it had either a high GSH
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parent or offspring. In this way, 5 Finn and 19 Merino hetero-

zygotes were identified. These animals are shown in Fig. 3.03.

For the Finn and Merino heterozygotes the mean erythrocyte GSH

concentrations were 3.34 - 0.20 (5) and 1.10 - 0.26 (19) mmol/litre

cells respectively (mean - SEM(n)). From Fig. 3.03 it is clear

that in Merinos the range of heterozygote GSH concentrations is

essentially the same as that of the total low GSH population

suggesting that there are no obvious differences between heterozygote

and homozygote GSH concentrations. Similarly, in Finns the hetero¬

zygotes lie in the middle of the high GSH range (Fig. 3.03) also

indicating that there are no obvious differences between heterozygote

and homozygote GSH concentrations.



Table3.03

Theeffectofpotassiumtype,haemoglobintypeandsexonerythrocyteGSHconcentrations inhighandlowGSHFinnsandMerinos
ErythrocyteGSHwasestimatedbytheautomateddialysismethod(Chapter3,Part2).Valuesare(mean-SEM) mmol/litrecells,withthenumberofanimalsinparentheses.MeansarecomparedbyStudent'st-test. Variable Total

Finn

Merino

HighGSH
3.43-0.07(48)

LowGSH'
1.34-0.04(12)

HighGSH
2.93-0.07(46)

LowGSH
1.09-0.04(37)

Potassium"t-jpi.
HK LK

3.49-0.09(31) 3.32-0.13(17)

1.32-0.03(10) 1.41(2)

2.69-0.10(12) 3.01±0.07(34)

1.14-0.07(13) I.07-0.05(24)

AA

3.55

+

0.09(24)-
I1.38-

0.06(8)

3.08

+

0.10(18)

1.09

+

0.09(9)

HaemoglobintypeAB
3.26

+

0.11(21)-
**I.25-
0.04(4)

2.86

+

0.08(25)

1.12

+

0.05(24)

BB

3.65

+

0.37(3)

(0)

2.56

+

0.12(3)

O.92

+

0.11(4)

Female

3.43

+

0.07(48)

1.34-
0.04(12)

2.95

+

0.07(35)

1.07

+

0.05(29)

Sex

Male

(0)

(0)

2.88

+

0.15(11)

1.17

+

0.07(8)

*P<O.05
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PART 6. THE ANALYSIS OF POSSIBLE RELATIONSHIPS BET',VEEN KNOWN ANIMAL

VARIABLES AND ERYTHROCYTE GSH CONCENTRATION IN FINN AND

MERINO SHEEP

The effect of potassium type, haemoglobin typ9 and sex on erythrocyte

GSH concentrations in Finn and Merino sheep is analysed in Table 3.03.

Significant differences were detected using Student's t-test. The

relatively small total number of animals together with the extremely

variable number of animals within the different classes precluded the

use of a more comprehensive statistical analysis (see for example

Russell, 1973).

The data presented in Table 3.03 clearly indicate that no

correlation exists between potassium type, haemoglobin type or sex and

GSH type.

Agar et al. (1972) suggested that erythrocyte GSH concentrations

in high GSH Australian Merino sheep are influenced by the haemoglobin

type of the animal, sheep of haemoglobin type AB having a higher GSH

concentration than those of type BB. Although the data for high GSH

Merinos in Table 3.03 show a similar trend to that reported by Agar

et al. (1972) (AA > AB > BB), the differences are not significant.

However, in high GSH Finns, there is a significant effect of haemo¬

globin type on GSH concentration (AA "> AB). No effect of haemoglobin

type on erythrocyte GSH concentration is apparent in either low GSH

Merinos or Finns.

In high GSH Merinos, LK animals have a significantly higher GSH

concentration than HK animals. No similar effect is found in either

low GSH Merinos or high and low GSH Finns. As in the Merinos of the
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Fig. 3.07

The relationship between animal age and GSH concentration

in high and low GSH Merinos

Erythrocyte GSH was assayed by the automated dialysis method

(Chapter 3, Part 2). The broken lines represent the overall mean

GSH concentrations for each GSH type. The solid lines represent

951° confidence limits for each age group mean.
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Fig. 3.08

The relationship between animal age and GSH concentration

in high and low GSH Finns

Erythrocyte GSH was assayed by the automated dialysis method

(Chapter 3, Part 2). The broken lines represent the overall

mean GSH concentrations for each GSH type. The solid lines

represent 95$ confidence limits for each age group mean.
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present study, Kalla et al. (1972) found a significant effect of

potassium type on erythrocyte GSH concentration in the Marwari breed

of sheep (LfC > HK; high GSH animals only).

All the Finns in the present study were female; however, a number

of the Merinos were male. No effect of sex on erythrocyte GSH

concentration in either high or low GSH animals is apparent.

In addition to the effects of potassium type, haemoglobin type

and sex, the influence of animal age on erythrocyte GSH concentration

was also examined. In Fig. 3.07 the GSH concentrations of 37 low

GSH and 46 high GSH Merinos are plotted against the respective animal

ages at the time of bleeding. The data for 52 high GSH and 12 low GSH

Finns are similarly plotted in Fig. 3.08.

To assess if there is any relationship between animal age and

erythrocyte GSH concentration, the overall mean GSH concentration for

a given GSH class and breed (all age groups) was computed, and a

variance ratio test used to find out whether the straight line of

gradient zero and ordinate intercept equal to the mean GSH concen¬

tration fitted the data (Diem & Lentner, 1970) (see Figs. 3.07 and

3.08). In this test, the variance within the various age groups is

compared with the variance between age group means. The straight

line is said to fit the data if the variance between age group means

is not significantly greater than that within age groups. In addition,

95$ confidence limits for each age group mean were calculated and are

represented as error bars in Figs. 3.07 and 3.08. Age groups

consisting of less than 3 animals were not included in these analyses.
2 2

The values of F (variance ratio = s^/ 2; where s^ is the



Table 3.04

Variance ratio test of the relationship between animal

age and erythrocyte GSH concentration

Finn

P (v1, v2) P

High GSH 2.822 (7, 44) < 0.025

Low GSH

High GSH 2.203 (7, 36) NS

Merino

Low GSH 3.374 (6, 29) < 0.025
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variance between age group means and is the variance within age

groups) and the relevant degrees of freedom, v^ and v^ (where v^ and
2 2

v^ are the degrees of freedom for s^ and s^ respectively) for high
and low GSH Merinos and high GSH Finns are given in Table 3.04.

For the high GSH Merinos the straight line in Fig. 3.07 adequately

fits the data, indicating that there is no significant effect of

animal age on erythrocyte GSH concentration. For the low GSH Merinos

on the other hand, the straight line in Fig. 3.07 is not an adequate

representation of the data (P < 0.025). However, a visual inspection

of the 95^ confidence limits for each age group mean suggests no

obvious relationship between animal age and erythrocyte GSH concen¬

tration. A straight line (Fig. 3.08) is also not an adequate

representation of the relationship between animal age and erythrocyte

GSH concentration in high GSH Finns (P < 0.025) but as with the low

GSH Merinos, a visual inspection of the data fails to reveal any

obvious relationship between the two parameters. In conclusion, the

data presented in Figs. 3.07 and 3.08 suggest no obvious correlation

between animal age and GSH concentration in either high or low GSH

Merinos or high GSH Finns. The results of the present study contrast

markedly with those of Agar et al. (1972). In their study, erythro¬

cyte GSH concentrations in high GSH Australian Merinos were reported

to rise linearly from 2.8 mmol/litre cells at the age of 1 year to

3.8 mmol/litre cells at the age of 4 years.

The suggestion that no obvious correlation exists between animal

age and erythrocyte GSH concentration in either Finns or Merinos is

further supported by the data presented in Part 3 of this Chapter.



Table 3.05

The distribution of high and low GSH animals in young

(4 13 months) and old ( >• 13 months) sheep

Values are no. of animals.

Age
2

13 months >13 months X P

High GSH 20 32

Finn 6.18* < 0.025

Low GSH 10 2

High GSH 16 30

Merino 0.29 NS

Low GSH 15 22

Since only 2 low GSH Finns were 13 months old, Yates
2

correction was used in the calculation of X (Fisher, 1948).
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The erythrocyte GSH concentrations of selected high and low GSH

animals of both breeds were monitored over a period of 17 months in

the case of Finns and 27 months in the case of Merinos. The results

are presented in Figs. 3.04 and 3.05. The Finns were all 10 months

old and the Merinos 13 months old at the time of the initial bleeding.

Wo effect of animal age on GSH concentration is apparent in either

high or low GSH Finns or Merinos.

From Fig. 3.07 it is clear that the relative numbers of high and

low GSH Merinos are approximately constant over the whole age range

(l - 11 years). This is in complete contrast to the situation in

Finns (Fig. 3.08) where all but two of the low GSH animals were less

than 13 months old. The uneven age distribution of low GSH Finns
2

is statistically significant by the chi-squared (X ) test (Table

3.05) and is the subject of further discussion in Part 8 of this

Chapter.



Table 3.06

Characteristics of the animals selected for further detailed study

Haemoglobin Potassium Ornithine/ Sex Date of No.oi*

type type lysine type Birth anim?

High GSH AA HJC female Mar. 7
(1971)

Finn

Low GSH AA HK female Mar.

(1971)

Merino

High GSH AB HK - female Mar.-May 4
(1971)

Low GSH AB HK - female Mar.-May 5
(1971)
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PAST 7> THE SELECTION OF ANIMALS FOR FURTHER DETAILED STUDY

From the large number of animals available, a small number were

selected, for further detailed study. To reduce individual animal

variation to a minimum, these animals were selected to be of the

same sex, age, haemoglobin and potassium type. The different breed

frequencies of the various animal and erythrocyte parameters did not

allow the selection of the same haemoglobin type for both Finns and

Merinos.

GSH type classification was based on erythrocyte GSH estimat¬

ions. The selected animals were also screened for the presence

of erythrocyte ornithine and lysine. Only the low GSH Finns were

ornithine/lysine positive. Table 3.06 details the characteristics

of the animals selected for further study. All subsequent investi¬

gations were carried out with this group of animals except in

instances where larger numbers of animals were involved. These

additional animals (all female) were also classified on the basis

of erythrocyte GSH concentration and ornithine/lysine content (only

the low GSH Finns were ornithine/lysine positive): however, they

were not necessarily of the same haemoglobin type, potassium type

or age. In one series of experiments (Chapter 8), Tasmanian

Merino X Clun Forest crosses maintained by the Agricultural Research

Council Institute of Animal Physiology, Babraham, Cambridge were

used.
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PART 8. DISCUSSION

Both the Finns and Merinos investigated in the present study have

substantial numbers of low GSH animals. In the case of Finns, 18.7$

of the animals were low GSH. This compares with a figure of 46.0$

in the case of Merinos. Sheep were allotted their GSH class on the

basis of their concentration of erythrocyte total non-protein reduced

thiol as determined by the nonspecific thiol reagent DTNB. The

validity of equating total DTNB reactive thiol with GSH is established

in the next Chapter. The classification of animals as to GSH type

on the basis of erythrocyte GSH concentration presented no difficulties

since high and low GSH animals were clearly separated, and investi¬

gations of a number of high and low GSH Finns and Merinos over a

prolonged period of time (17 months in the case of Finns and 27 months

in the case of Merinos) indicated that erythrocyte GSH concentrations

were relatively stable.

The animals used in the present study initially arose from a

small number of sheep (Chapter 2, Part l). Therefore the relative

numbers of low GSH animals in these Finns and Merinos should not be

taken as indicative of the frequencies of low GSH animals in the

Finn and Merino breeds of sheep in general.

Tucker & Kilgour (1970, 1972) and Ellory et al. (1972) suggested

that the erythrocyte GSH deficiency in Finns differs substantially

from that found in Merinos in two important ways. First, the gene

for low GSH appears recessive in Finns but dominant in Merinos; and

second, low concentrations of erythrocyte GSH in Finns are associated
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with very high erythrocyte concentrations of certain amino acids,

particularly ornithine and lysine, a phenomenon not found in Merinos.

Unfortunately, it was not possible to confirm the genetic data of

Tucker & Kilgour (1970, 1972) with the Finns and Merinos of the

present study for reasons already discussed (Part 5 of this Chapter).

However, it was possible to investigate the erythrocyte concentration

of amino acids in these sheep. In agreement with Ellory jrfc ad

(1972), only those Finns which were low GSH were found to be ornithine/

lysine positive. In addition, none of the high and low GSH Merinos

tested were ornithine/lysine positive. These observations confirm

those described earlier which suggest that Finns and Merinos exhibit

two distinct types of erythrocyte GSH deficiency.

Although a complete genetic analysis of the animals used in the

present study was not possible, a number of Finn and Merino hetero-

zygotes could be identified. It was therefore possible to answer the

question of whether the concentration of erythrocyte GSH in hetero-

zygotes (Hh in Finns and LI in Merinos) is different from that in

homozygotes (HH in Finns and LL in Merinos). The available data

indicate that there are no obvious differences between heterozygote

and homozygote GSH concentrations in either breed.

Since sheep exhibit 2 types of ornithine/lysine negative GSH

deficiency, one inherited in a dominant manner and the other in a

recessive manner (see Chapterl, Part 2), it may be argued that it is

not valid to assume a dominant inheritance pattern for the Merinos of

the present study. However, the Tasmanian Merinos investigated by

Tucker & Kilgour (1972) originated from The Animal Breeding Research



45

Organisation, Edinburgh. Furthermore, the author has demonstrated

that the Animal Breeding Research Organisation Merinos and those of

Dr. E.M. Tucker share a common enzyme defect (Chapter 8).

One of the most noticeable features of the population distri¬

butions of erythrocyte GSH in Finns and Merinos is the large range

of GSH concentrations within a GSH type. It was therefore of

interest to assess the effect of known animal variables such as sex,

age, haemoglobin type and potassium type on erythrocyte GSH concen¬

trations. The data presented in Part 6 of this Chapter indicate

that animal sex and age have no significant influence. However,

this study together with that of Agar _et _al. (1972) suggest that in

high GSH animals at least, haemoglobin type may significantly affect

erythrocyte GSH concentrations (AA > AB >BB). In high GSH Merinos,

potassium type may also influence erythrocyte GSH concentrations

(LK >HK). However, both these effects are small, so that most of

the intra-type variation in erythrocyte GSH concentration remains

unexplained.

The effect of haemoglobin type on erythrocyte GSH concentration

deserves additional comment. Haemoglobin type AA cells seem to be

more swollen than BB cells (Hall & Hunter, 1973) and therefore, on

a volume to volume basis, AA cells have a significantly lower dry

weight and smaller dead space than BB cells. Consequently, if the

concentration of a cell constituent is expressed per volume of packed

cells, that constituent will appear more concentrated in AA cells

even though the concentration when expressed per volume of cell

water is the same for both types of cell. The magnitude of this
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haemoglobin type effect is approximately 7% between AA and BB cells

(Hall & Hunter, 1973). Therefore, the effect of haemoglobin type

on erythrocyte GSH concentration is at least partially an artifact

of the estimation proceedure. The influence of potassium type on

erythrocyte GSH concentration cannot be explained in this way, since

there is no evidence that LK erythrocytes are more swollen than HK

ones (Hall & Hunter, 1973).

The relative numbers of high and low GSH Merinos was approxi¬

mately constant over the whole age range (l-ll years) (Fig. 3.07).

This however was in complete contrast to the situation in Finns (Fig.

3.08) where all but 2 of the low GSH animals were less than 13 months

old. The uneven age distribution of low GSH Finns was statistically
2

significant by the X test (Table 3.05). This uneven distribution

cannot be attributed to the introduction of additional animals into

the population (J.G. Hall, personal communication). However, 7 of

the 10 low GSH Finns whose age was less than 13 months were the

progeny of only 2 rams and 3 ewes. Of the 3 ewes, 2 were identified

as low GSH (the two low GSH animals of age greater than 13 months

in Fig. 3.08) and 1 was high GSH. Neither of the rams was available

for GSH typing. The sudden increase in the number of low GSH

animals in the Finn population is therefore probably attributable to

the selection of these 2 rams and 3 ewes for breeding purposes in

that particular year.

The differences between the 'Finn-type' and the 'Merino-type'

erythrocyte GSH deficiencies suggest that the biochemical mechanisms

responsible for the GSH deficiency differ in the two breeds. In
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the subsequent study of the biochemical mechanisms responsible for

the low concentrations of erythrocyte GSH in sheep, both Finns and

Merinos were investigated. For this investigation, a relatively

small number of animals of each breed were selected (see Part 7 of

this Chapter).



CHAPTER 4

THE CONCENTRATION OF GSH AND GSSG IN HIGH AND LOW

GSH FINN AND MERINO ERYTHROCYTES
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PART 1. INTRODUCTION

Sheep are allotted their GSH type on the basis of their content

of erythrocyte total non-protein reduced thiol as determined by the

nonspecific thiol reagent DTNB (Smith & Osburn 1967? Tucker & Kilgour

1970? Agar _et _al., 1972; Kalla est_ _al., 1972). This raises two

fundamental questions: first, the accuracy with which total thiol is

a measure of GSH since non-protein thiols other than GSH may be

present, and second, whether high and low GSH erythrocytes have differ¬

ent GSSG concentrations. In this Chapter, experiments are described

which attempt to answer both these questions.

One solution to the problem of whether all the DTNB reactive

thiol in high and low GSH erythrocytes is GSH is to estimate erythrocyte

GSH by a more specific method: for example, with alloxan as chromogen

(Patterson & Lazarow, 1955)♦ Alloxan is particularly useful in this

context since unlike DTNB, this chromogen distinguishes between GSH

and its thiol precursors (cysteine, GC) and degradation products

(cysteine, cysteinyl glycine). With alloxan the extinction coefficient

relative to that of GSH is 0.05 for cysteine and cysteinyl glycine,

and 0.16 for GC (Patterson & Lazarow, 1954). The disadvantage of

the existing manual alloxan method is that it is cumbersome and gives an

unstable product (Patterson & Lazarow, 1955)* automated version

of the manual alloxan method was therefore developed to estimate the

GSH in protein-free erythrocyte extracts. In addition, an automated

DTNB method was also developed for estimating the GSH in the same

erythrocyte extracts so that the alloxan and DTNB values could be
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directly compared with one another. In this Chapter, both automated

methods are described, and their estimates of erythrocyte GSH

compared for both high and low GSH Finns and Merinos (Part 2).

Erythrocyte GSSG concentrations are also given (Part 3). The

alloxan GSH and GSSG estimates are used to calculate the redox

potential of the GSH-GSSG couple in high and low GSH Finn and Merino

erythrocytes(Part 4).
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PART 2. THS CONCENTSATION OF GSH IN HIGH AND LOW GSH FINN AND

MERINO ERYTHROCYTES: A COMPARISON OP THE ESTIMATSS OF

ERYTHROCYTE GSH EY TOO AUTOMATED SPECTROPHOTOMETRY

METHODS EMPLOYING ALLOXAN AND DTNB AS CHROMOGENS.

Section 2,01. Introduction

The AutoAnalyser systems for the alloxan and DTNB methods are

described in section 2.02. The estimates of erythrocyte GSH given

by these two methods are then compared for high and low GSH Finn and

Merino erythrocytes (section 2.03).

The automated alloxan method was developed from the original

manual method of Patterson & Lazarow (1955). The alloxan reaction

product absorbs maximally at 305 nm which is outwith the range of the

standard Technicon colorimeter. Consequently, the extinction was

measured in a Unicam SP1800 recording spectrophotometer fitted with

a 0.5 cm flow cell and recorded on a Unicam AR 25 flat bed recorder.

The rest of the system comprised standard Technicon AutoAnalyser

modules. In this method, metaphosphoric acid extracts of whole blood

are aspirated, neutralised, buffered and reacted with alloxan. The

extinction is measured at 305 nm. Metaphosphoric acid is used in

preference to other acidic deproteinising agents because it does not

cause any appreciable GSH oxidation during deproteinisation

(Srivastava & Beutler, 1968a).

The automated DTNB method was designed to utilise the same

metaphosphoric acid whole blood extracts as the alloxan method.

Standard Technicon equipment was used. As in the alloxan method,



DMC

Delay- Coil

Pump

DMC ~^mr-

Waste

Waste

if

nr

1.0ml/min 1.0 0.4 1.0 1.0 1.6

Sample(40/h) NaOH Air Buffer Chromogen Debubbler

Colorimeter (DTNB)or Spectrophotometer (alloxan)

Recorder



Fig. 4»01

The flow diagram for the DTNB GSH and alloxan GSH methods

Both systems employ standard Technicon AutoAnalyser equipment

except for the use of ths Unicam SP1800 spectrophotometer and

AR25 recorder with the alloxan manifold. The inclusion of a

delay coil in the alloxan manifold is the only difference

between the two systems. Both sets of reagents are described

in the text (Chapter 4» Part 2).



Table 4.01

Reagents for the DTNB GSH and alloxan GSH methods

Metaphosphoric acid-EDTA: 2 vol. 25$ (w/v) mstaphosphoric acid

+ 7 vol. 14-3 mM EDTA (disodium salt) + 1 vol. water.

Since a fine precipitate may form, this reagent was

prepared 12 h before use and filtered.

Buffer: 0.5 M sodium phosphate, pH 7»5»

DTNB: 160 mg DTNB + 10 g sodium citrate per litre water.

Alloxan: 16 g alloxan per litre water (stored deep-frozen).

NaOH (DTNB method): approx. 1.0 M NaOH adjusted so that 1 vol.

of it titrated 1 vol. metaphosphoric acid - EDTA +

1 vol. DTNB to pH 7.5.

NaOH (Alloxan method): approx 1.0 M NaOH adjusted so that

1 vol. of it titrated 1 vol. metaphosphoric acid -

EDTA + 1 vol. alloxan to pH 7«5»

GSH standards: 0 - 0.2 mM GSH in metaphosphoric acid -

EDTA (stored at 4°C for not more than 2 weeks).
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the aspirated metaphosphoric acid extracts were neutralised and

buffered before reaction with chromogen, in this case DTNB. The

extinction was measured at 4?0 nm.

Section 2,02, The AutoAnalyser system

Alloxan method

The AutoAnalyser manifold for the alloxan method is depicted in

Pig. 4.01. The reagents employed are detailed in Table 4.01.

Apart from the use of the Unicam SP1800 recording spectrophotometer,

the alloxan manifold has only one unusual feature: the wash

reservoir was filled from a constant-head bottle containing metaphos¬

phoric acid-EDTA. The sampling rate was 40/h with a 2:1 sample:

wash ratio, and the extinction was measured at 305 nm. The spectro¬

photometer reference cell contained air, and the full scale extinction

was 0.5 units.

Th9 capacity of the coils and tubing between points A and B

(Fig. 4.01) was such that the transit time between these points was

6 min (the time required for complete reaction of GSH with alloxan

(Patterson & Lazarow, 1955))* Because the sample itself may absorb

at 305 nm, a second aliquot of it was run through the system with

water in place of the alloxan reagent. This blank extinction

(typically 0.010 - 0.015) was substracted from that recorded with

alloxan. It was not necessary to re-run standards in this way.

DTNB method

The DTNB manifold is also depicted in Fig. 4.01 and. is essentially

the same as the alloxan manifold except for the replacement of the
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Fig. 4.02

Typical calibration curves for the DTNB GSH

and alloxan GSH methods

Both assay methods are described in Chapter 4> Part 2. The

DTNB straight line represents a linear regression of

extinction on GSH concentration. The alloxan curve represents

a third order polynomial regression of extinction on GSH

concentration.



52

Unicam SP1800 spectrophotometer and recorder by standard Technicon

modules, and the omission of the delay coil. The reagents are

detailed in Table 4.01. As in the alloxan system, the wash reservoir

contained metaphosphoric acid-SDTA. The sampling rate was 40/h
with a 2:1 sample: wash ratio, and the extinction was measured at

420 nra.

Because the sample itself may absorb at 420 nm, a second aliquot

of it was run through the system with 1% (w/v) sodium citrate in

place of the complete DTNB reagent. This blank extinction, (typically

0.01 - 0.03) was subtracted from that recorded with DTNB.

Section 2,03. The calibration and precision of the system

The calibration curve (0-C.2 mM GSH) with DTNB is linear whereas

that with alloxan is not (Fig. 4.02). A third order polynomial was

routinely fitted to the alloxan calibration data. The coefficient

of variation of an individual estimate in the physiological concen¬

tration range was 1-2% for both methods. Neither method exhibited

appreciable drift or interaction between successive samples.

Section 2,04. The deproteinisation of a sample

Whole blood samples were haemolysed by adding 7 vol. ice-cold

14.3 mM EDTA to 1 vol. blood, mixing, and standing at 0°C for 5

They were then deproteinised by adding 2 vol. ice-cold 25$ (w/v)
metaphosphoric acid and centrifuging at 2000 g for 10 rnin. The
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Fig. 4.03

Erythrocyte GSH estimation by the DTNB method:

the effect of haemolysis time

The assay method is described in Chapter 4> Part 2.
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Fig. 4.04

A comparison of DTNB and alloxan estimates of the concentration

of GSH in high and low GSH Finn and Merino erythrocytes

Both assay methods are described in Chapter 4> Part 2. Finn:

• high GSH and O low GSH. Merino: ■ high GSH and □ low

GSH. The straight lines represent linear regressions of

alloxan GSH on DTNB GSH.
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supernatants were kept at 0°C prior to estimation. Blood samples

were deproteinised within 4 h of collection.

Haemolysis of erythrocytes before deproteinisation was essential

for complete extraction of the erythrocyte GSH (Pig. 4.03). The

actual haemolysis time was not however critical, times of 1-10 min

giving essentially identical GSH estimates.

Erythrocyte GSH concentrations were calculated from whole blood

values using the whole blood haematocrits.

The recovery of GSH was assessed by deproteinising blood from

low GSH Finns with 25$ metaphosphoric acid containing GSH. Three

experiments gave a mean recovery (- SEM) of 91•3 - 0.8$ (DTNB

method) and 92.2$ - 0.8$ (alloxan method). These values are

significantly less than 100$, but are so nearly equal to one another

that it is valid to compare DTNB-GSH with alloxan GSH.

Section 2.05. The concentration of GSH in high and low GSH Finn
and Merino erythrocytes: a comparison of the

estimates of erythrocyte GSH by the automated
alloxan and DTNB methods.

Fig. 4.04 compares the estimates of erythrocyte GSH by the

automated alloxan and DTNB methods for 4 High GSH and 4 low GSH

Finns and the same number of high and low GSH Merinos. For each

breed the high and low GSH values lie on the same straight line

through the origin. In Young et _al. (1974) the lines do not pass

through the origin because no allowance was made for the extinction



Table 4.02

The concentration of GSH in high and low G5H Finn and Merino

erythrocytes; a comparison of the estimates of erythrocyte

GSH by the automated alloxan and DTHB methods.

Both methods of GSH estimation are described in the text

(Chapter 4, Part 2).

Concentrations are (mean - SEM (4)) mmol/litre cells.

DTNB GSH alloxan GSH

High GSH 2.95 - 0.26 2.73 - 0.25

Finn

Low GSH 0.83 - 0.08 0.78 - 0.07

High GSH 2.41 - 0.25 2.34 - 0.24

Merino

Low GSH 0.59 - 0.05 0.57 - 0.06
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of the samples themselves at 420 nm. The slopes of these lines

(- SS) calculated by the method of least squares are: Finn3,

0.923 - 0.012; and Merinos, 0.971 - 0.012. Since the alloxan

method is much more specific for GSH than the DTHB method, these

results, which are summarised in Table 4.02, show that for both

breeds of sheep, almost all the GSH in the two classes of cell is

GSH. However, since for the Finns in particular, the slope of the

line seems to be slightly less than unity, there may be a small but

constant percentage of the total non-protein thiol which is not

GSH.
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PART 3. THE CONCENTRATION OF GSSG IN HIGH AND LOW GSH FIM

AND MERINO ERYTHROCYTES

Section 3.01. Introduction

Most early investigators reported high erythrocyte concentrations

of GSSG. It has subsequently been demonstrated that these high

GSSG concentrations are attributable to GSH oxidation during sample

deproteinisation (Srivastava & Beutler, 1968a), presumably by

hydrogen peroxide (Lemberg, 1942). In the method of erythrocyte

GSSG estimation used in the present study, oxidation of erythrocyte

GSH to GSSG during trichloracetic acid (TCA) deproteinisation is
i

prevented by prior alkylation of sulphydryl groups with N-ethylmaleLide
(NEM). TCA and excess NEM are extracted with ether, and the GSSG

measured enzymically using glutathione reductase (GSSG-R).

Section 3.02. The estimation of erythrocyte GSSG

Erythrocyte GSSG concentrations were estimated by the method of

Srivastava & Beutler (1968a). Whole blood samples were centrifuged

at 2000 g for 30 min at 4°C, and the plasma and buffy coat removed.

To 2,5ml of packed erythrocytes was added 0.5 ml of 0,25 M NEM.

The cells and NEM were thoroughly mixed and allowed to stand at 0°C
for 10 min. Samples were then deproteinised by addition of 2 ml

of ice-cold 30$ (w/v) TCA. After centrifugation at 2000 g for 10

min, 1.5 nil of supernatant was removed and extracted three times

with three volumes of ice-cold ether. After the final extraction
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excess ether was removed in a stream of nitrogen. The resulting

solutions were kept at 0°C prior to estimation.

The GSSG concentrations of the erythrocyte extracts were

determined enzymically using GSSG-R. To 0.5 ml of the erythrocyte

extract in a 1 ml cuvette was added 0.4 ml water, 0.08 ml of 1 M

potassium phosphate buffer pH 6.8 containing 4 mH EDTA (disodium

salt), and 0.01 ml of 12 mil NADPH in 51° (w/v) sodium bicarbonate.

Cuvettes were allowed to equilibrate in a Unicam SP800 recording

spectrophotometer (room temperature), and extinction measurements were

made for several minutes at 340 nm (full scale extinction 0,1 units)

using a Servoscribe I flat-bed recorder (Baird & Tatlock, Chadwell

Heath, Essex, U.K.). The reaction was initiated by adding 0.01 ml

of 1 mg/ml GSSG-R (Boehringer). The extinction was monitored until

any remaining rate of change became constant. After the initial

rapid decrease in extinction a slow constant decrease was usually

observed, presumably due to.NADPH instability and/or GSH oxidation

providing additional GSSG for the GSSG-R reaction. For this reason

the change in extinction following enzyme addition was calculated

after back extrapolation of the extinction curve to the time of

GSSG-R addition. The change in extinction was corrected both for

the decrease in extinction resulting from the dilution of the cuvette

contents by the addition of enzyme and for the extinction of the

enzyme solution itself.

Erythrocyte GSSG concentrations (yumol/litre cells) were
calculated assuming a molar extinction coefficient of 6.22 x 10"^
for NADPH.
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Fig. 4.05

A comparison of GSH (alloxan method) and GSSG concentrations

in high and low GSH Finn and Merino erythrocytes

Both, assays are described in the

GSH method and Chapter 4» Part 3

• high GSH and O low GSH. Meri

text (Chapter 4» Part 2 for the

for the GSSG method). Finn:

no: ■ high GSH and □ low GSH.



Table 4.03

The concentration of GSSG in high and low GSH Finn

and Merino erythrocytes

Erythrocyte GSSG was estimated by the method of Srivastava & Beutler

(1968a). Values are (mean - SEM (4)) yumol/litre cells. Means
are compared by Student's t-test.

GSSG concentration

High GSH 7.23 - O.95

Finn < 0.01

Low GSH 2.15 - C.92

High GSH 11.38 - 1,08

Merino ^ 0.01

Low GSH 2.86 - 1.19
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Section 3.03. The concentration of GSSG in high and low GSH Finn

and Merino erythrocytes.

The erythrocyte GSSG concentrations of 4 high GSH and 4 low GSH

Finns and the same number of high and low GSH Merinos are plotted

against their respective erythrocyte alloxan GSH concentrations

in Fig. 4.05. Low GSH erythrocytes of both breeds have a low

concentration of GSSG. The GSSG concentrations in high and low GSH

Finn and Merino erythrocytes are summarised in Table 4.03. The

mean GSSG concentration in low GSH erythrocytes is only 29.7$ of that

found in high GSH erythrocytes in the case of Finns and 25.1$ in the

case of Merinos. Recovery of GSSG added to erythrocyte extracts was

identical for high and low GSH erythrocytes of both breeds indicating

that the low concentrations of GSSG encountered in low GSH erythrocytes

could not be attributed to the presence of a GSSG-R inhibitor in these

cells.

As in other mammalian species, (Srivastava & Beutler 1969b), the

concentration of GSSG in sheep erythrocytes is very much less than

the corresponding GSH concentration, the GSHrGSSG ratio being greater

than 200:1 in high and low GSH erythrocytes of both breeds.
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PAET 4. THE REDOX POTENTIAL OF THE GSH-GSSG COUPLE IN HIGH

ANT) LOW GSK FINN AND MERINO ERYTHROCYTES

As discussed earlier, (Chapter 1, Part 2) the major role of

GSH in the erythrocyte is thought to be the protection the cell

against oxidative damage, the GSH-G3SG couple acting as a redox

buffering system. Consequently, it is the redox potential of the

GSH-GSSG couple as well as the actual GSH concentration which is

important in assessing whether this role can be adequately performed

in low GSH erythrocytes. The redox potential of the GSH-GSSG

couple in high and low GSH Finn and Merino erythrocytes has therefore

been calculated from their respective GSH (alloxan method) and GSSG

concentrations.

The redox potential, E (volts) of a redox couple is given by the

equation:

I

E = E + RT n fox 10
nF n £redj

where

f

E = Standard redox potential (volts). Temperature
—o

and pH specified.

R = Gas constant (8.32 joules/mol. degree)

T = Absolute temperature (degrees)

n = Number of equivalents involved in the reaction

F = The Faraday (96,500 joules/volt, equivalent)

Joxj and ./red.7 are the concentrations of the oxidised and
reduced forms of the redox couple.



Table4.04

TheredoxstateoftheGSHiGSSGcoupleinhighandlowGSHFinnandMerinoerythrocytes Concentrationsaremean-SEM(4). AlloxanGSHGSSG/gSSQ/:/G5E/2E(volts)* AE(volts) (mmol/litrecells)(yumol/litrecells)(litres/mol)
HighGSH2.73-0.257.23-0.95O.97-0.240

Finn-0.016 LowGSH0.78-0.072.15-0.923.53-0.224 HighGSH2.34-0.2411.38-1.082.08-0.230
Merino-0.019 LowGSH0.57-0.062.86-I.198.94-0.211 —'o=voltsat40°CandpH7«0(Rost&Rapoport,1964).
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The oxidation of GSH to GSSG can be written:

2 GSH ► GSSG + 2H+ + 2e~

Thus, the redox potential (e) of the GSH-GSSG couple at 37°C is

given by the equation:

E = E' + 0.03 log /GSSG 700 "" 10 /it;2
The /GSH7 term is squared, two molecules of GSH being involved in

the reaction.

The values of E, assuming an E' of - 0.24 volts (pH 1.0, 40°C)
(Rost & Rapoport, 1964)? for high and low GSH Finn and Merino

erythrocytes are given in Table 4.O4. Although in both Finns and

Merinos high and low GSH animals differ widely in their erythrocyte
2

/GSSG7 : /GSE/ ratios, their values of E are remarkably similar.

The difference in redox potential AS (E, . , - E.. was
— —high GSH —low GSH'

- 0.016 volts in Finns and - 0.019 volts in Merinos. The absolute

values of E given in Table 4.04 can only be regarded as approximate

because of the uncertainty of E* under physiological conditions.

However, when comparing the redox state of high and low GSH

erythrocytes, the important parameter is AE which is not

influenced by the estimate of E'q.



PART 5. DISCUSSION

The close correspondence between the alloxan and DTNB estimates

of erythrocyte GSH in high and low GSH Finns and Merinos demonstrates

that virtually all of the non-protein thiol in both cell types and

breeds is in fact GSH. However, there may be a small but constant

proportion of the total non-protein thiol (3-8$) which is not GSH.

The identity of this thiol (75-200yumol/litre cells) remains to be
elucidated, but a possible candidate is GC since its concentration

might be expected to increase with that of GSH. The thiol is

unlikely to be cysteinyl glycine because sheep erythrocytes do not

seem to have any significant ability to degrade GSH (Chapter 7» Part 3).

Nor is likely to be cysteine: Smith (1973) has estimated that the

cysteine concentration in sheep erythrocytes is less than 2Cyumol/
litre cells.

These experiments establish with minor reservations the validity

of equating DTNB reactive thiol with GSH. Consequently, unless

otherwise stated, all subsequent GSH estimates were obtained using

DTNB as chromogen. The dialysis DTNB method (Chapter 3, Part 2)

was employed for routine analyses, since in this method, the protein

precipitation step is circumvented by the use of a dialyser. The

protein precipitation DTNB method described in this Chapter was

however used when it was necessary to follow changes in erythrocyte

GSH concentration with time: for instance, in studies of the time-

course of GSH regeneration (Chapter 9> Part 3).

High and low GSH erythrocytes from both breeds have GSSG
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concentrations of less than l2^umol/litre cells. Consequently,
Finn and Merino low G3H erythrocytes have a low total glutathione

content (GSH + 2GSSG). Furthermore, low GSH erythrocytes of both

types have a significantly lower GS3G concentration than high GSH

cells. The possibility that low GSH erythrocytes have a diminished

GSSG concentration has also recently been suggested by Agar et al.,

(l9T3)5 although no values were given.

The alloxan GSH and GSSG estimates were used to calculate the

redox potential of the GSH-GSSG couple in high and low GSH Finn and

Merino erythrocytes. In Finns, the difference in redox potential

between high and low GSH cells is - 0.016 volts. The corresponding

figure for Merinos is - 0.019 volts. The significance of these

values is discussed in Part 2 of the General Discussion.



CHAPTER 5

GSH BIOSYNTHESIS I : THE ACTIVITIES OF THE ENZYMES OF GSH

BIOSYNTHESIS IN HIGH AND LOW GSH FINN AND MERINO E5YTHROCYTSS



PART 1. INTRODUCTION

Synthesis of GSH in mammalian erythrocytes occurs in two enzymic

steps (llinnich et _al., 197l)*
pp O

ATP + glutamate + cysteine ► GO + ADP + P^
pc? tr q

ATP + GC + glycine —- ► GSH + ADP + P

The first reaction is catalysed, by -glutamyl cysteine

synthetase (GC-S) and results in the formation of £ -glutamyl

cysteine (GC). The second reaction is catalysed by GSH synthetase

(GSH-S).

One possible explanation for the low concentrations of total

glutathione (GSH + 2GSSG) in low GSH erythrocytes is a diminished

ability to synthesise GSH. In this connection it is noteworthy that

a diminished ability to synthesise GSH has been implicated in a

number of instances of erythrocyte GSH deficiency in man. Decreased

activities of both GC-S and GSH-S have been described (Boivin & Galand,

1965; Minnich et al., 1971; Konrad et al., 1972). Consequently, the

capacity of high and low GSH Finn and Merino erythrocytes to

synthesise GSH was examined.

The methods used to assay sheep erythrocyte GC-S and GSH-S are

described in Part 2 of this Chapter. The activities of these enzymes

in high and low GSH erythrocytes from both breeds are presented in

Part 3 and discussed in Part 5»

Both the enzymes of GSH biosynthesis require ATP. The possibility

that GSH-deficient sheep erythrocytes might have a diminished ATP

concentration is considered in Part 4*



PART 2. THE ASSAY OF THE ENZYMES OF GSH

BIOSYNTHESIS IN SHEEP ERYTHROCYTES

Section 2.01. Introduction

Erythrocyte GC-3 and GSH-S have been assayed by a variety of

spectrophotometry and isotopic techniques. The spectrophotometry

methods include the measurement of ATP hydrolysis (Sass, 1968; Konrad

et al., 1972) or the detection of the thiol reaction products GC and

GSH (Sass, 1968; Jackson, 1969; Konrad et al., 1972). The isotopic

methods have the advantages of greater sensitivity and specificity,

and rely on the isolation of reaction products either by precipitation

as insoluble mercaptides (Minnich et _al., 1971; Paniker & Beutler,

1972) or le3s conveniently by electrophoresis (Wendel & Flohe, 1972).

In the present study, sheep erythrocyte GC-S and GSH-S were measured

in dilute haemolysates by a modification of the isotopic method of

Paniker & Beutler (1972). This method is derived from the original

one of Minnich _et^ _al. (l97l)» The assay of both GC-S and GSH-S

depends on the precipitation of the thiol reaction products as

cadmium mercaptides. Since these mercaptides are insoluble at

neutral pH, but soluble in acid, the precipitates can be washed free

of radioactive substrates ( /~^CJ glutamate and glycine),
dissolved in acid, and counted by liquid scintillation spectrometry.

Section 2.02. The assay of GC-S and GSH-S in sheep erythrocytes

Immediately prior to analysis, 10 - 30$ (v/v) erythrocyte

haemolysates (containing approximately 30 - 90 mg haemoglobin/ml)
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were prepared from NaCl - washed sheep erythrocytes by addition of

ice-cold distilled water. Aliquots were assayed for haemoglobin and

enzyme activity.

The reaction mixture for GC-S contained 100yumol imidazole-HCl
buffer, pH 8.25, 20yunol MgClg, 4yumol ATP, lOyumol each of cysteine,
/U14C7 glutamate (0.05yuCi/yumol) and dithiothreitol, and 0.1 ml
haemolysate in a total volume of 1.00 ml. Reaction mixtures minus

haemolysate were pre-incubated at 37°C for 15 min to ensure temperature

equilibration and complete reduction of the cysteine. The reaction

was initiated by adding the haemolysate. At the end of 30 min

incubation (37°C), 1 ml of 10$ (w/v) trichloracetic acid (TCA) was

added, and the samples were centrifuged at 2000 g for 10 min. To

1.5 ml of supernatant were added 0.1 ml of freshly prepared 0.2 M GSH,

0.1 ml of 0.75 M CdSO^, and 0.1 ml of indicator (containing equal
volumes of 0.04$ (w/v) aqueous solutions of bromocresol green and

bromocresol purple). The mixture was titrated by dropwise addition

of 0.5 M NaOH until the colour changed from yellow to aqua (pH 5*25).

If excess RaOH was added (blue colour) the reaction mixture was

backtitrated to aqua with 10$ (w/v) TCA. The cadmium mercaptide

precipitate was sedimented by centrifugation (2000 g for 5 min) and

washed 4 times with 2 ml aliquots of water. The final washed precip¬

itate was dissolved in 0,5 ml of 7$ (w/v) TCA and transferred to 5 ml

of Bray's fluid (Bray, i960) in low-potassium glass scintillation

vials. After mixing, the samples were counted in a Packard Tri-Carb

liquid scintillation spectrometer (Packard Instrument Co. Inc.,
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Illinois, U.S.A.). The instrument settings are detailed in the

next Section. Counting times were adjusted to give in excess of

5000 counts/sample. Blank values were obtained by adding TCA

before haemolysate to the complete reaction mixture. Blanks were

not incubated.

The reaction mixture for GSH-S contained lOOyumol of imidazole-
HC1 buffer pH 8.25, 2Cyumol MgCl^, 4yumol ATP, lOyurnol each of
/"U14C7 glycine (O.l^uCi/yuraol) and dithiothreitol, 0,6yumol of GC
and 0.1 ml haemolysate in a total volume of 1.00 ml. GC was obtained

as the disulphide (Cyclo Chemical Corp, Los Angeles, U.S.A.) and was

reduced before addition to the reaction mixture by incubation at a

concentration of 3.0 mM in 100 mM dithiothreitol for 20 min at 37°C.

Reaction mixtures minus haemolysate were pre-incubated at 37°C for

15 min to ensure temperature equilibration and complete reduction of

the GC. The reaction was started by adding the haemolysate. At

the end of 30 min incubation (37°C), the reaction was stopped by

adding 1 ml 10% (w/v) TCA. Subsequent sample treatment was identical

to that for GC-S. Blank values were obtained by adding TCA before

haemolysate to the complete reaction mixture.

Enzyme activities (^umol product formed/g Hb per min) were
calculated from the dpm/vial and hence dpm/incubation, the specific

activity of the precursor amino acid (the activity quoted by the

supplier was assumed to be accurate), the content of haemoglobin in

the incubation, and the incubation time. The dpm/vial was computed

from the cpm/vial by the channels ratio method of quench correction

(Section 2.03).



These GC-S and GSH-S assays are substantially the same as those

of Paniker & Beutler (1972). However, a number of minor modifications

were made. In the current study, imidazole-HCl buffer was used in

the assay of both GC-S and GSH-S whereas Paniker & Beutler chose

imidazole-HCl for the assay of GC-3 but Tris-HCl for the assay of

GSH-S. Since the activity of GSH-3 is similar in both buffer systems

(Hajerus _et _al., 197l)> imidazole-HCl buffer was employed in both

assays for the sake of convenience. In Paniker & Beutler's method,

blank values were obtained by omitting cysteine or GC from reaction

mixtures. In the present study, blank values were obtained by adding

TCA before haemolysate to complete reaction mixtures. This is similar

to the method employed by Minnich _et al. (l97l), who added TCA to

reaction mixtures before the radioactive amino acid. The relative

merits of the two methods of blank estimation are discussed in

Section 2.04. In the current assay methods and in those of Minnich

jet _al. (1971), the cadmium mercaptide precipitates were washed free of

radioactive substrates v/ith water whereas Paniker & Beutler (1972)

used 0.9^ (w/v) NaCl. Water was found to be adequate for this

purpose. Finally, the 60 min incubation period recommended for the

assay of GC-S by Paniker & Beutler was halved, sufficient amounts of

reaction product having formed in this time.

Section 2.03. Quench Correction

Instrument settings on the Packard Tri-Carb liquid scintillation

spectrometer (Blue channel; gate width 50-1000; gain 1.0%) which gave

a counting efficiency in excess of 801^ for unquenched jT^Oj samples only
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Fig. 5.01

A typical /~^C"J quench correction curve

Progressive quenching of £U^c/ glutamate in Bray's fluid was

produced with TCA (Chapter 5> Part 2). The curve is a third order

polynomial regression of Counting Efficiency (Blue Channel) on

Channels Ratio (BluesRed).



Table 5.01

The effect of precipitate formation on quench correction

Vial A+

-X- *

cpm cpm Channels Ratio

(Red Channel) (Blue Channel) (Blue:Red)

ppt.settled 1944 1881 O.968

ppt .suspended 2000 1888 0.944

Vial B+

ppt.settled 2611 2761 I.O58

ppt .suspended 2552 2711 1.062

5 rain counts

+ GC-S assays



gave counting efficiencies of between 50 ~ 60$ for GC-S and G3H-S

assay samples which had been prepared as described in the previous

Section. The necessary quench correction to convert cpm to dpm was

achieved using the channels ratio method of quench correction (Bailli

i960). The Red (gate width 50-1000; gain 55%) and Blue (gate width

50-1000; gain 7.0^) channels were employed. Before calculation of

the channels ratio for each sample (cpm (Blue channel): cpm (Red

channel)), the counts in each channel were corrected for 'non-isotopi

background, obtained by counting empty vials. This 'non-isotopic'

background was equivalent to approximately 80 cpm for the Red channel

and 30 cpm for the Blue channel.

A quench correction curve of channels ratio against counting

efficiency (Blue Channel) was constructed from a series of vials

containing various volumes of T% (w/v) TCA (0.3 - 0.7 ml)? O.Ol^uCi
(U C) glutamate and 5 ml Bray's fluid. The curve (a third, order

polynomial regression) is depicted in Fig. 5»01.

A white precipitate tended to form and subsequently settle in

scintillation vials prepared as described in Section 2.02. Scintill

ation vials were therefore necessarily counted with the precipitate

in variable degrees of suspension. However, this was not a source

of error, since the precipitate either fully settled, or suspended,

caused no appreciable alteration in either the cpm (Blue or Red

channels) or the channels ratio (Table 5«0l).

Section 2.04 Characteristics of the GC-S and G5H-S assays

For human samples, the GC-S assay is linear with time for at
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Fig. 5.02

/jjUCj glycine incorporation into GSH in the absence of added GC

/U14C7 glycine incorporation into GSH was measured by the dilute

haemolysate GSH-S assay method (Chapter 5> Part 2). High GSH

Merino erythrocytes were used.
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least 60 min and is also linear with respect to the haemolysate

concentration up to 9 rag haemoglobin/incubation. The GSH-S assay

is linear with time for at least 30 min and is also linear with

respect to haemolysate concentration up to 18 trig haemoglobin/
incubation (Minnich _et al., 1971). In the present study, for both

human and sheep samples, GC-S and G3H-S incubations were for 30 min

with haemolysate concentrations in the range 3-9 rag haemoglobin/
incubation.

GSH-S, apart from catalysing the synthesis of GSH, also catalyses

an exchange reaction between glycine and preformed GSH (Snoke & Bloch,

1955? Minnich et al., 197l)« In the GSH-S assay system, r14c7
glycine incorporation into GSH could therefore reflect this exchange

rather than GSH synthesis. To evaluate the magnitude of this

exchange reaction in the standard GSH-S assay system with sheep

erythrocyte haemolysate, the incorporation of /"~~^0/ glycine into GSH

in the absence of GC but in the presence of varying concentrations of

GSH (0-6 mM) was determined. In Fig. 5*02 the incorporation into

GSH is plotted against the concentration of added GSH. At 6 mM GSH,

the rate of glycine incorporation into GSH is some 17$ of the

enzymic capacity for GSH synthesis from glycine and GC. However, in

the standard GSH-S haemolysate assay the maximum concentration of GSH

(derived from haemolysate) is approximately 0.1 mM. Consequently in

a typical GSH-S haemolysate assay, the exchange reaction would account

for less than 1$ of the observed c] glycine incorporation into

GSH, and can therefore be ignored.

The specificity of the GC-S and GSH-S assays was investigated in

detail for human erythrocytes when the assays were initially developed



Table 5.02

The effect of different methods of blank estimation on the

estimates of GC-S and GSH-S activity in sheep erythrocytes

Both enzymes were assayed in dilute haemolysates (3.0 mg Hb/

incubation). Values are^umol/g Hb per min. High GSH
Merino erythrocytes were used.

GC-S GSH-S

Complete system 0.791 0.071

- cysteine 0.025

- GC 0.016

TCA blank 0 0
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(Winnich _et _al., 1971). The formation of the reaction product in

the GC-S assay was found to be completely dependent on the presence

of ATP and MgCl^ and largely dependent on the presence of cysteine.
The formation of the reaction product in the G5H-S assay was completely

dependent on the presence of ATP, LigCl^ and GO. In addition, the
reaction products of both assays v/ere isolated and identified as GC

and G3H for the GC-S and GSH-S assays respectively. Furthermore,

the isolated reaction product of the GC-S assay replaced chemically

synthesised GC as substrate for the GSH-S assay.

In the present study, blank values for both the GC-S and GSH-S

assays were determined by adding TCA before haemolysate to the complete

incubation system. This is similar to the method of Minnich et al.

(1971) hut differs from that of Paniker & Beutler (1972) where blank

values were obtained by carrying out incubations in the absence of

cysteine or GC. For sheep erythrocytes, these two methods gave

different blank values, the blanks without added substrates being

consistently higher than the TCA blanks (Table 5.02).

In the case of GC-S, the difference between the two blank values

has only a marginal effect on the estimated GC-3 activity. However,

because of the low GSH-S activity in sheep erythrocytes, the estimate

of GSH-S activity is much more dependent on the type of blank employed.

The difference in blank values obtained by the two methods

presumably reflects GC and GSH synthesis in the absence of added

cysteine and GC, the substrates responsible for this blank activity

deriving either from the haemolysate itself or from other incubation

components. In these circumstances the use of blanks without added

substrates results in an underestimate of enzyme activity.



Table 5.03

Typical dpm/vial for the sheep erythrocyte GC-S and GSH-S assays

dpm/vial rag Hb/ enzyme activity
incubation (^umol/g Hb per min)

assay 9085

GC-S

(High GSH Merino) ^>.22 O.684
TCA blank 251

assay 3222

GSH-S

(High GSH Finn) 5-13 0.117
TCA blank 243



Consequently, TCA blanks were used in the present study. Typical

dpm/vial for sheep erythrocyte GC-S and G3K-S assays and TCA. blanks

are given in Table 5*03. The coefficient of variation of an

individual estimate was 6.4$ in the case of the GC-S assay and 4.3$

for the GSH-S assay.

Finally, it should be emphasised that the GC-S and GSH-S

activities obtained using the assay systems described here represent

maximum activities (V ), the substrate concentrations presumably
max

being succifiently high to saturate both enzymes (Majerus et al.,

1971).
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Fig. 5-03

The activity of GC-S in high and low GSH Merino erythrocytes

GC-S was assayed in dilute haemolysates by the method described in

Chapter 5> Fart 2. GSH was estimated by the automated dialysis

method (Chapter 3, Part 2). Presumed heterozygotes are

identified as 0.

/
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Fig. 3,04

The activity of GSH-S in high and low GSH Merino erythrocytes

G5H-S was assayed in dilute haemolysates by the method described in

Chapter 5> Part 2. GSH was estimated by the automated dialysis

method (Chapter 3, Part 2).
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Fig. 5.05

The activity of GC-S in high and low G5H Finn erythrocytes

GC-S was assayed in dilute haemolysates by the method described in

Chapter 5» Part 2. GSH was estimated by the automated dialysis

method (Chapter 35 Part 2).
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Pig. 5.C6

The activity of G5H-S in high and low GSH Finn erythrocytes

G3H-S was assayed in dilute haemolysates by the method described in

Chapter 5> Part 2. GSH was estimated by the automated dialysis

method (Chapter 3, Part 2).



Table 5.04

Activities of the enzymes of GSH biosynthesis in high and

low GSH Finn and Merino erythrocytes

GC-S and GSH-S were assayed in dilute haemolysates by the method

described in Chapter 5> Part 2. Values are (mean - SEM) yuraol/g
Hb per min. Means are compared by Student's t-test.

No. of
GC-S GSH-S Animals

High GSH 0.595-0.063 0.073 - 0.002 12

Finn

Low GSH 0.555 ~ 0.033 0.070 - 0.002 10

High GSH 0.776 - O.O65 O.O69 - 0.003 11

Merino

Low GSH 0.375 " 0.063J 0.066 - 0.002 13}

*
P < 0.001
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PAST 3. GC-S AND G5H-S ACTIVITIES IN HIGH AMD LOU GSH FINN AM)

M3RIN0 ERYTHROCYTES

In Figs. 5.03 and 5*04 the erythrocyte GC-S and GSH-S activities

of 11 high GSH and 13 low GSH Merinos are plotted against their

respective erythrocyte GSH concentrations. A clear correlation

exists between erythrocyte GC-S activity and GSH concentration,

high GSH erythrocytes having a higher maximum enzymic capacity than

low GSH erythrocytes. The difference in activity between the two

GSH types is highly significant by Student's t-test (P < 0.001)

(Table 5*04)» There is no significant correlation between GC-S

activity and GSH concentration within either GSH class. Unlike GC-S,

the GSH-S activities of high and low GSH Merino erythrocytes were

essentially the same (Fig, 5»04: Table 5-04).

In Figs. 5.05 and 5»06 the erythrocyte GC-S and GSH-S activities

of 12 high GSH and 10 low GSH Finns are similarly plotted against

their respective erythrocyte GSH concentrations. In marked contrast

to the situation in Merinos, Finn high and low GSH erythrocytes have

the same GC-S activity (see also Table 5-04). As with Merinos, no

class differences in GSH-S activity are apparent (Fig. 5»06: Table

5.04).

Plots of GC-S activity against GSH-S activity revealed no

significant correlation in either Finns (Fig. 5-^7) or Merinos

(Fig. 5-08).

The activities of erythrocyte GC-S and GSH-S in a number of high

and low GSH animals were again determined after an interval of 14

days (Merino GC-S), 28 days (Merino GSH-S) and 44 days (Finn GC-S



GSH-S

(yumol/gHb per min)
0.10 r

0.05

6

• •

%
®9® *

0

0.4 0.8

I

1.2

GC-S ( /umol/gHb per rnin)



Fig. 5.07

A comparison of GC-S and GSH-S activities in high and low

GSH Finn erythrocytes

The GC-S and GSH-S activities are those given in Figs. 5 >05 and 5.06.
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Fig. 5-08

A comparison of GC-S and GSK-S activities in high and

low G5H Merino erythrocytes

The GC-S and GSH-3 activities are those given in Figs. 5.03 and 5.04.



Table 5.05

Stability of the activities of the gnsymes of GSII biosynthesis
in high and low GSH Finn and Merino erythrocytes

GC-3 and GSH-S were assayed in dilute haemolysates by the methods

described in Chapter 5> Part 2. Values are yumol/gHb per rain.

Animal

Identity GC-S GGH-S

DAY 1 DAY 44 DAY 1 DAY 44

High GSH

Fi nn

Low GSH

High GSH

Me ri no

Low GSH

1L1560 0.637 0.640 0.063 0.083

1L1589 0.407 0.521 O.O55 0.071

1L1573 0.660 O.656 0.070 0.071

1L1615 0.659 0.693 O.O57 0.071

DAY 1 DAY 14 DAY 1 DAY 28

D474 0.909 0.701 0.061 0.063

D482 0.941 1.118 O.071 O.O89

D448 0.241 0.287 O.059 0.076

D479 0.383 0.156 0.071 0.068



Table 5*06

Comparison of the activities of the enzymes of GSH biosynthesis

in sheep (Finn and Merino) and, human erythrocytes

GC-S and GSH-S were assayed in dilute haemolysates (Chapter 5, Part 2),
Values are (mean - SEM) /umol/gKb per r/iin.

GC-S GSH-S GSH-S:GC-S No. of
Animals/
humans

High GSH 0.595 - 0.063 0.073 - 0.002 0.123 12

Fi nn

Low GSH 0.555 - 0.033 0.070 - 0.002 0.126 10

High GSH 0.776 - O.O65 0.069 ~ 0.003 O.O89 11

Merino

Low GSH 0.375 — 0.063 0.066 — 0.002 O.I76 13

Human (i.A.N.)* 0.783(0.746, 0.167(0.174, 0.213
0.820) 0.160)

Human (Minnich et Q<43 + Q#01 Q#19 + Q>01 0>442 25
al., 1971)

mean of two independent estimates (given in parentheses)
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and GSH-S). Table 5*05 compares these estimates of erythrocyte

GC-S and GSH-S activity with those obtained on day 1. The enzyme

activities of individuals of both breeds and classes are relatively

constant.

In Table 5«06, the GC-S and GSH-S activities of sheep erythrocytes

from the present study are compared with the erythrocyte enzymic

activities of a human subject (i.A.N.) assayed under identical

conditions, and with estimates of human erythrocyte GC-S and GSH-S

activities obtained by Minnich et _al. (l97l)« It would appear that

human and sheep erythrocytes contain approximately the same GC-S

activity, but that sheep erythrocytes contain a much lower GSH-S

activity than do human erythrocytes. Thus in human erythrocytes the

ratio of G3H-S:GC-S activities is approximately 0.44 compared with

values of 0.12 and 0.13 for high and low GSH Finn erythrocytes

respectively and 0.09 a"<I 0.18 for high and lov/ GSH Merino erythrocytes

respectively.
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PART 4. THE CONCBNTRATION OF ATP IN HIGH AMD LOW G5H

FINK AND MERINO ERYTHROCYTES

Section 4.01. Introduction

Both the enzymes of GSH biosynthesis require ATP, The possibility

was therefore considered that sheep erythrocyte GSH deficiency might

be the result of a diminished cell ATP concentration. The concen¬

tration of ATP in high and low GSH Finn and Merino erythrocytes was

determined using the Boehringer Test Combination (Diagnostics) U.V.

method which depends on the sequential action of 3-phosphoglycerate

kinase (PGK) (EC 2,7.2.3), glyceraldehyde-3-phosphate dehydrogenase

(GAPD) (EC 1.2.1.12), triosphosphate isomerase (TIM) (EC 5-3.1.1) and

glycerol-3-phosphate dehydrogenase (GD) (EC 1.1.99-5).- The

disappearance of NADH is monitored at 340 nm.

Section 4.02. The estimation of ATP in sheep erythrocytes

Whole blood samples (kept on ice prior to analysis) were

deproteinised within 3 h of collection by adding 0.5 nil to 2.0 ml

ice-cold perchloric acid (0.6 M) and centrifuging at 2000 g for 10

min. The supernatants were retained and kept on ice.

The concentration of ATP in the erythrocyte extract was determined

enzyraically as discussed above. To 0.2 ml of erythrocyte extract in

a 3 ml cuvette was added 2,0 ml of a solution containing 0.5 M

triethanolamine buffer pH 7.6, 4 mM MgSO., and 6 mM 3-phosphoglycerate,
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and 0.2 ml of 2.5 mil NADH. It was important to mix these reagents

immediately since contact of the unbuffered NADH with perchloric acid

caused a rapid drop in the extinction at 340 ran, presumably because

of the instability of NADH at acid pH. Cuvettes were allowed to

equilibrate at room temperature in a Unicam SP800 recording spectro¬

photometer, and extinction measurements were made for several minutes

at 340 nm using a Servoscribe recorder (full scale deflection 0.1

units). The reaction was initiated by adding 0.02 ml of enzyme

solution containing 7 nig GAPD, 1 mg PGK and 2 mg each of GD and TIM

per ml. After the initial rapid decrease, the extinction was

monitored until any remaining rate of change of extinction was linear.

A slow constant decrease in extinction was usually observed, possibly

due to the instability of NADH in the presence of the generated

during deproteinisation (Lemberg, 1942). For this reason, the change

in extinction following enzyme addition was calculated after back-

extrapolation of the extinction curve to the point of enzyme addition.

This change in extinction was corrected both for the decrease in

extinction resulting from the dilution of the cuvette contents by the

addition of enzyme, and for the extinction of the enzyme solution

itself.

Whole blood ATP concentrations (mM) were calculated assuming a

molar extinction coefficient for NADH of 6.22 x 10"^. Erythrocyte

ATP concentrations (mmol/litre cells) were obtained using the whole

blood haematocrits. The ATP content of whole blood is derived

almost entirely from erythrocytes, the contribution from plasma and

other cell elements being negligible (Bishop et al., 1959* Gross et_ al.,

1963 ).



Table 5»Q7

The concentration of ATP in high and low GSH

Finn and Merino erythrocytes

The method of erythrocyte ATP estimation is described in Chapter 5j
Part 4. Values are (mean - SEM (3) ) mraol/litre cells. Means are

compared by Student's t-test.

ATP Concentration

High GSH 0.882 - 0.040

Finn NS

Low GSH 0.833 - 0.019

High GSH 0.831 - 0.036

Merino NS

Low GSH 0.909 - 0.125



Section 4.03 The concentration of ATP in high and low G5H

Finn and Merino erythrocytes

The concentrations of ATP in high and low GSH Finn and Merino

erythrocytes are given in Table 5«07» There is no significant

difference in the concentration of ATP between high and low GSH

erythrocytes in either breed. The concentrations of ATP reported

here agree well with those previously found in sheep erythrocytes

(Smith, 1973).



76

PART 5- DISCUSSION

The striking association between low concentrations of erythrocyte

GSH and a diminished activity of GC-S (48$ of normal) suggests that

this diminished enzymic activity is responsible for the GSH deficiency

seen in Merinos. A reduced ability to synthesise GSH has also been

implicated in a number of instances of erythrocyte GSH deficiency in

man. Decreased activities of both GC-S and G3H-S have been reported

(see Part 1 of this Chapter).

For the low concentrations of erythrocyte GSH in Merinos to be

attributable to a *>2% reduction in GC-S activity, GC-S must be the

rate limiting enzyme of GSH biosynthesis in sheep erythrocytes. The

relative activities of GC-S and GSH-S as measured in dilute

haemolysates suggest that this may not be the case. Even in low GSH

Merino erythrocytes, the maximum capacity for GC synthesis is in

excess of that for GSH synthesis, the ratio of GSH-S:GC-S activities

being 0.18. However, in vivo, both the enzymes of GSK biosynthesis

in sheep erythrocytes are probably operating at well below their

maximum activities. This is suggested by the observation of Smith

(1974) that glutathione in sheep erythrocytes turns over with a

half-life of 11 days whereas the GC-S and GSH-S activities reported

here indicate that normal sheep erythrocytes have the enzymic

capacity to synthesise the cell's entire complement of GSH in

approximately 100 min. A similar situation exists in human

erythrocytes (Dimant et al., 1955? Minnich et al., 1971) where control

of GSH biosynthesis is thought to involve both substrate availability
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and metabolic inhibition by particularly GSH and perhaps also by

NADH, NADPH, NAP and ADP, (Jackson, 1969). In view of the stringent

control of GSH biosynthesis in. vivo, the relative maximum activities

of GC-S and GSH-S as determined in dilute haemolysates under optimal

conditions m3y bear little relation to the relative rates of the two

enzymes in vivo. In Chapters 6 and 7 the effects of substrate

availability and GSH inhibition on the relative activities of sheep

erythrocyte GC-S and G3H-3 are assessed. Evidence is presented

which indicates that GC-S is the rate limiting enzyme of GSH

biosynthesis in sheep erythrocytes in vivo. This is consistent with

the suggestion that the low concentrations of GSH in low GSH Merino

erythrocytes are attributable to a reduced GC-S activity.

Studies of purified human erythrocyte GC-3 indicate that

sulphydryl groups are important for enzyme activity (Majerus et al.

197l)' This suggests an alternative explanation for the relation¬

ship between low concentrations of erythrocyte GSH and low GC-S

activities, namely that the reduced GC-S activity in low GSH cells

is a result of increased sulphydryl group oxidation caused by the

lower intracellular GSH concentration. This postulate is unlikely

for a number or reasons. First, the redox potential of the GSH-

GSSG couple in low GSH Merino erythrocytes seems to be almost normal

(Chapter 4> Parts 4 and 5)» Secondly in Finns, low concentrations

of erythrocyte GSH are not associated with a reduced GC-S activity.

Thirdly, human erythrocytes with a virtual absence of GSH resulting

from a GSH-S deficiency have normal GC-S activities (Minnich et al.,

197l)* Finally, the GC-S assay medium contains dithiothreitol, a

very effedtive reagent for maintaining sulphydryl groups in the

reduced state (Cleiand, 1964).



Table 5*08

Comparison of the activities of the enzymes of GSH biosynthesis

in high and low GSH sheep from the present study and from that

of Smith et al.(l973)

values are (mean - SHM) /umol/gHb per min.

GC-S GSH-S No. of

animals

High GSH 0.776 - O.O65 O.O69 ~ 0.003 11

Merinos

(present study)
Low GSH 0.375 ~ 0.063 0.066 - 0.002 13

High GSH 0.537 - 0.029 0.104 - 0.010 6

?breed
(Smith et_ ale,

1973) , +
Low GSH 0.285 - 0.020 O.O85 - 0.003 6



Although a decreased ability to synthesise GC may be responsible

for the low concentrations of erythrocyte G3H in Merinos, the low

concentrations of GSH in Finns cannot be explained in this way, high

and low GSH erythrocytes having the same GC-3 activity. The

suggestion that the biochemical mechanisms responsible for the GSH

deficiency differ in Finns and Merinos is supported by a number of

additional observations discussed in detail earlier (Chapter 1,

Part 2). These include the different inheritance patterns observed

in the two breeds (low GSH recessive in Finns but dominant in Merinos)

(Tucker & Kilgour, 1970, 1972) and the finding that low concentrations

of erythrocyte GSH in Finns are associated with high concentrations of

ornithine and lysine, a phenomenon not observed in Merinos (Ellory

et al., 1972).

Both the enzymes of GSH biosynthesis require ATP. The possibility

was therefore considered that low GSH Finn erythrocytes might have a

diminished ATP concentration. However, investigations described in

Part 4 of this Chapter indicate that these cells have a normal

complement of ATP.

The suggestion that a decreased ability to synthesise GC may be

responsible for the low concentrations of erythrocyte GSH in Merinos

has recently been confirmed by the independent investigations of

Smith et alo(1973), who also found a low GC-S activity in low GSH

erythrocytes. Unfortunately, in their study, neither the breed of

sheep nor the type of GSH deficiency investigated were specified.

The Merino erythrocyte GC-S and GSH-S activities found in the present

study are compared with the activities reported by Smith et al„

(1973) in Table 5.O8. Both sets of data agree closely, the estimates

of GC-S activity reported by Smith et alobeing slightly lower than
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those of the present study and the estimates of GSH-S activity

slightly higher. The mean GC-S activity in low GSH erythrocytes was

55% of that found in high GSH erythrocytes according to Smith alo

compared with 48^ in the present study. Smith et_ alo employed the

unmodified assay methods of Kinnich £t al. (1971).
A complete genetic analysis of the animals used in the present

/

study was not possible for reasons already discussed (Chapter 3,

Part 5)- However, of the 13 low GSH Merinos whose erythrocyte GC-S

activity were measured, 6 could be identified as heterozygotes (Ll).

These individuals are shown in Pig. 5*03. The remaining 7 unclassi¬

fied low GSH animals will also probably contain a number of unidentified

heterozygotes as well as homozygotes (LL). Consequently, the mean low

GSH Merino GC-S activity reported in Table 5«04 probably reflects the

heterozygote enzyme activity. It is therefore possible that the

homozygote GC-S activity is lower than the value of C. 375yura°l/g' Ht>
per .min quoted here for low GSH Merinos.

In the present study one low GSH Merino did not conform to the

overall pattern. This individual, although having an erythrocyte

GSH concentration of less than 1 mmol/litre cells and no detectable

erythrocyte amino acids, had a high GC-3 activity (1.Olyumol/gHb per
min). This animal was possibly misclassified as to GSH type (see

for example Pllory _et al. (1972) and Tucker & TCilgour (1973)).
A decreased ability to synthesise GSH has also been implicated

in a number of instances of low erythrocyte GSH in man. In most

instances this is associated with a reduced GSH-S activity (Boivin &

Galand, 19^5; Minnich et _al., 1971 )•
However in one study a reduced activity of GC-S was implicated
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(Konrad et al., 1972). In contrast to the situation in sheep,

heterosygotes with intermediate GC-S activities (58$ of normal)

had normal erythrocyte GSH concentrations. Homozygotes with

GC-S activities life of normal had erythrocyte GSH concentrations

only 3% of normal. Thus in human erythrocytes , a reduction in

GC-S activity of t±2fo is not accompanied by any alteration in the

erythrocyte GSH concentration, whereas in sheep, a reduction in

GC-S activity of approximately the same order results in a dramatic

drop in the GSH concentration. This difference between sheep and

human erythrocytes deserves investigation.



CHAPTER 6

GSH BIOSYNTHESIS II: COMPUTER SIMULATION STUDIES OF GSH BIOSYNTHESIS

IN SHEEP ERYTHROCYTES
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PART 1. INTRODUCTION

In Merinos a low concentration of erythrocyte GSH is associated

with a diminished maximum activity of GC-S. It is therefore tempting

to conclude that for these sheep a low concentration of GSH is caused

by a diminished activity of GC-S. If this is true, GC-S rather than

GSH-S must be the rate-limiting enzyme of GSH biosynthesis. However,

the relative maximum activities of GC-S and GSH-S as measured in

dilute haemolysates suggest the opposite, for even in low GSH erythrocytes

the activity of GC-S exceeds that of GSH-S, On the other hand, in vivo

both the enzymes operate at well below their maximum capacities.

Normal high GSH sheep erythrocytes have sufficient enzymic capacity

to synthesise their entire complement of GSH in approximately 2 hours,

whereas it has been estimated that in sheep erythrocytes in vivo, GSH

has a half-life of 11 days (Smith, 1974). A similar situation exists

in human erythrocytes, in which control of GSH biosynthesis is thought

to involve both substrate availability and metabolic inhibition

(particularly GSH inhibition of GC-S) (see Chapter 1, Part 3).

This Chapter considers the effect of substrate availability on the

relative activities of GC-S and GSH-S. The influence of substrate

availability was investigated by simulating GSH biosynthesis at

physiological substrate concentrations using a digital computer.

These studies were carried out in collaboration with Miss C.L, McIIinn

and Dr. J.H. Ottaway, Dept. of Biochemistry, University of Edinburgh.



Table 6.01

Computer simulation of GSH biosynthesis In sheep erythrocytes

See Chapter 6, Part 2 for explanation

GC-S(^uM) GSH-S(yuH) Steady-state GC
concentration( /uM)

Rate of GSH synthesis
at steady-state

(yuM/min)

12.5 1.00 211 13.4

10.0 1.00 113 11.1

5.0 1.00 31 5.6

10.0 1.25 68 11.2

10.0

10.0

1.00

0.75

113

231

11.1

10.3
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PART 2. COMPUTER SIMULATION STUDIES

For the purposes of this study both GC-S and GSH-S were treated
M II

as examples of the sequential Ter-Ter mechanism postulated for

glutamine synthetase (EC 6.3.1.2) (Meister (1962) as modified by

Iqbal & Ottaway (1970) ). Rate constants for the intermediate steps

were computed by inserting experimental values of (human erythrocyte

values (Majerus _et _al., 1971) - see Table 6.02) and K (l.8 x 10^eq

for both enzymes (Snoke & Bloch, 1955)) into the Haldane and other

relationships (Plowman, 1972), and then optimising all these

relationships by a SIMPLEX package (Davis & Ottaway, 1972). The

behaviour of the complete system was simulated by the computer

programme now called CHEK (Chance & Curtis, 1971; Curtis & Chance,

1974). It was assumed that the molar concentration of GC-S enzyme

protein was 10 times that of GSH-S protein in the case of high GSH

Merino cells, and 5 times greater in lo?/ GSH Merino erythrocytes.

The concentrations of substrates were kept constant at values equal

to those in sheep erythrocytes (see also Table 6.02) as were the

concentrations of the products ADP and P^ (0.026 and 1.8 minol/litre
cells respectively (Bartlett, 1970; Agar & Smith, 1973a)). The

simulations were run until the concentration of GC became constant,

and the steady-state GC concentration and not GSH flux rate were

then noted. Runs were repeated at various concentrations of GC-S

while GSH-S was held constant and vice versa. The results of these

simulations are summarised in Table 6.01.

The steady-state net rate of GSH synthesis was halved by

reducing the GC-S concentration (i.e. activity) by 50$. A GC-S
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concentration increase of 25$ resulted in a 21$ increase in the rate

of GSH synthesis. The steady-state GC concentration rose from

31yuM to 211yuM as the GC-S concentration was increased from 5yuM to
12.5yuM. In contrast, the rate of GSH synthesis was relatively
insensitive to changes in the concentration of GSH-S.



Table 6.02

The effect of substrate availability on the activities of the

enzymes of GSH biosynthesis in sheep erythrocytes

2 Erythrocyte ,
V K concentration S:(K + S)
max m m

(yumol/gHb per min) (mil) (mmol/litre cells)

ATP 0.43 0.810 0.65

GC-S Glutamate O.776 2.20 0.116 0.05

Cysteine 0.30 0.013 0.04

0.62

0.61

1. High GSH Merino values (Chapter 5> Part 3)

2. Majerus et al., 1971

3. Smith, 1973

ATP 0.50 0.810

GSH-S Glycine 0.069 0.36 O.568

GC 0.20
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PART 3. DISCUSSION

The computer simulation studies presented in Part 2 of this

Chapter suggest that physiological substrate concentrations could

cause GC-S to be the rate-limiting enzyme of GSH biosynthesis in

sheep erythrocytes. The diminished GC-S activity of low GSH Merino

erythrocytes may therefore be responsible for the GSH deficiency in

these cells.

Assuming simple Michaelis-Menten kinetics (Majerus et al., 1971)

it is possible to assess the effect of substrate concentrations on

enzyme activity from the ratio S:(Km+ S) where S is the substrate
concentration and K is the Michaelis constant. Estimated sheep

m

erythrocyte S:(Km+ S) values for cysteine, glutamate, glycine and
ATP are given in Table 6.02. These data suggest that the erythrocyte

concentrations of glutamate and cysteine may severely restrict the

catalytic activity of GC-S. It is the limiting effects of these

amino acids which are responsible for GC-S becoming the rate-limiting

enzyme of GSH biosynthesis in the simulation studies.

The simulation studies predict that the steady-state GC concen¬

tration in low GSH Merino erythrocytes is very much less than that

found in high GSH cells. GC may therefore be the non-GSH thiol

whose identity was discussed in Part 5 of Chapter 4.

The simulations estimate that the steady-state net GSH flux rate

in normal high GSH cells is approximately 10yuM/min. This rate of
synthesis would be sufficient to synthesise the cells entire
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complement of GSH in 5 hours. This compares unfavourably with the

estimated in vivo half-life of GSH in sheep erythrocytes of 11 days

(Smith, 1974). It is therefore not imagined that these simulations

even approach a complete description of physiological reality.

Many of the parameters which would be necessary to predict the

situation accurately remain unspecified.



CHAPTER 7

GSH BIOSYNTHESIS III; GSH BIOSYNTHESIS IN HIGH AND

LOW GSH FINN ANN MERINO FREEZE-THAW HAEMOLYSATES



PART 1. INTRODUCTION

Human erythrocyte GC-S is subject to feedback inhibition by GSH

(Jackson, 1969). The degree of inhibition at physiological GSH

concentrations (35/^ at 3 mM) is of sufficient magnitude to suggest

that this may be an important regulatory mechanism for maintaining

erythrocyte GSH concentrations.

The evidence presented in Chapter 5 and 6 suggests that a

diminished activity of GC-S is responsible for the low concentration

of GSH in low GSH Merino erythrocytes. The validity of this

argument depends on whether the relative activities of high and low

GSH Merino GC-S as measured in dilute haemolysates are similar to

those encountered in the intact cell. If sheep erythrocyte GC-S

behaves in a similar manner to the human enzyme with respect to GSH

inhibition, the possibility must be considered that the diminished

GC-S activity in low GSH cells may be partially or completely

compensated by a diminished GSH feedback inhibition resulting from

the lower GSH concentration in these erythrocytes. In addition,

it is possible that other unspecified factors may influence the

relative GC-S activities in intact high and low GSH Merino

erythrocytes. Therefore it is desirable to measure the GC-3

activities of these cells under more physiological conditions than

those encountered in the dilute haemolysate assay system.

Consequently, the ability of high and low GSH Merino freeze-thaw

haemolysates to synthesise GC was determined under assay conditions
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where the cell constituents were virtually undiluted (compared with

a 30 - 50 fold dilution in the other assay system). Details of the

freeze-thaw haemolysate incubation system are given in Part 2, and

the rates of GC synthesis by high and low GSH Merino freeze-thaw

haemolysates are reported in Part 3. In addition to these freeze-

thaw haemolysate investigations, the effect of physiological

concentrations of GSH on the activity of high and low GSH Merino

GC-S was assessed directly using the dilute haemolysate GC-S assay

system (Part 5)»

Although a decreased activity of GC-S may be responsible for

the low concentrations of GSH in Merinos, the low concentrations of

GSH in Finns cannot be explained in this way. That the biochemical

mechanisms responsible for the GSH deficiency differ in Finns and

Merinos is farther suggested by the observation that low GSH Finn

erythrocytes have high concentrations of certain amino acids including

ornithine, lysine, alanine, serine and threonine, a phenomenon not

observed in Merinos (Ellory ed ad., 1972). One possible explanation

for the low concentrations of erythrocyte GSH in Finns is an

inhibition of GSH biosynthesis by these amino acids. Alternatively,

low GSH Finn erythrocytes may contain an inhibitor of GSH biosynthesis

which is not an amino acid. It is possible to test for the presence

of a GC-S inhibitor by employing the freeze-thaw haemolysate

incubation system described in Part 2 of this Chapter (cell constituents

virtually undiluted). A similar freeze-thaw haemolysate incubation

system, designed to measure overall GSH biosynthesis from glutaraate,

cysteine and glycine, was also developed (see also Part 2) to test
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for the presence of a G3H-S inhibitor.

The rates of GC and GSTI synthesis by high and low GSH Finn

freeze-thaw haemolysates are given in Parts 3 and 4. In addition,

the effects of ornithine, lysine, alanine, serine and threonine on

low GSH Finn GC-S and GSH-S at various substrate concentrations are

described in Part 6.
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PART 2. THE INCUBATION SYSTEMS

The freeze-thaw haemolysate assays described here are based on

the dilute haemolysate GC-S and GSH-3 assays (Chapter 5> Part 2).

Freeze-thaw haemolysates were prepared from saline-washed erythrocytes.

After the final wash, the cells were packed at 2000 g for 15 min,

and the supernatant was removed. The packed cells were lysed by

freezing and thawing twice. To provide sufficient material, assays

were performed on pooled haemolysates (equal volumes of erythrocytes

from 3 animals of the same GSH type).

The incubation system for GC synthesis contained 20^umol MgCl^
and lO^umol each of ATP, cysteine, Jp c/ glutamate (O.lyuCi/yumol)
and dithiothreitol and 0.9 ml pooled freeze-thaw haemolysate in a

total volume of 1.00 ml. Due to its low solubility, glutamate was

added to the assay system as solid. The complete system was assembled

at 0°C, and the reaction was started by transferring the incubation

tubes to a 37°C water bath. After a 5 rain preincubation period,

0.2 ml aliquots were removed at 5 rain intervals and immediately

deproteinised by the addition of 1.8 ml of 5*6/^ (w/v) TCA containing

56 mM imidazole followed by centrifugation at 2000 g for 10 min.

The supernatants were removed for further analysis. GC in the

TCA-imidazole extract was precipitated as the cadmium mercaptide,

washed free of glutamate, and counted by liquid scintillation

spectrometry as previously described (Chapter 5> Part 2).

The incubation system for G3K synthesis contained 20yumol MgClg,
10/umol each of ATP, cysteine, glutamate, glycine (O.lyuCi/
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yumol) and dithiothreitol and 0.9 ml freeze-thaw haeraolysate in a
total volume of 1.00 ml. Sample incubation and subsequent treatment

were as described above.

Neither the GC nor the GSH incubations contained any added

buffer. The buffering capacity in both instances was provided by

the high concentration of haemoglobin in the assays. Sheep

erythrocyte freeze-thaw haeraolysates have a pH of 7-2 (Hilpert jjt al.,

1963).



GC produced

((ipiol/gHb)

Time (mi n)



Fig. 7.01

The synthesis of GC by high, and low GSH Finn and Merino

freeze-thaw haemolysates

The incubation system and subsequent sample treatment are

described in Chapter 7> Part 2. Pooled haemolysates (equal

volumes of erythrocytes from 3 animals of the same GSH type)

were employed. Finn: • high GSH and O low GSH. Merino:®

high GSH and □ low GSH. Incubations of all haemolysate

types in the absence of cysteine, A
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PART 3. THE SYNTHESIS OF GC BY HIGH AMI) LOW G3H FINN AND

MERINO PREEZS-THA7,' HA5MOLYSATSS

The synthesis of GC by pooled high and low GSH Merino freeze-

thaw haemolysates is depicted in Pig. 7-01. In both cases the rate

of GC synthesis over the 15 min incubation period was close to linear.

In the absence of added cysteine neither haernolysate demonstrated

any detectable GC synthesis. The rate of GC synthesis in the low

GSH haemolysate was very much less than that found in the high GSH

haemolysate, the respective initial rates of GC synthesis being O.O46

and 0.192yfumol/g Hb per min.
The synthesis of GC by pooled high and low GSH Finn freeze-thaw

haemolysates is also depicted in Pig. 7»01. As for Merinos, the

rates of GC synthesis over the 15 min incubation period were close to

linear, and no detectable GC synthesis was observed in either haemo¬

lysate in the absence of added cysteine. However, in direct contrast

to the situation in Merinos, the initial rate of GC synthesis was

greater in the low GSH haemolysate than in the high GSH one. The

initial rates of GC synthesis were 0.328 and C.220 /urool/g Hb per min

for low and high GSH freeze-thaw haemolysates respectively.

The rates of GC synthesis in high GSH Finn and high GSH Merino

haemolysates were similar (0.220 and 0.192yumol/gHb per min
respectively).
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Fig. 7.02

The synthesis of GSH by high and, low GSH Finn freeze-thaw haemolysates

The incubation system and subsequent sample treatment are described

in Chapter 7> Part 2. Pooled haemolysates (equal volumes of

erythrocytes from 3 animals of the same GSH type) were employed.

• high GSH and O low GSH. Incubations in the absence of cysteine:

■ high GSH and □ low GSH.
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PART 4. TffB SYNTHB3IS 0? GSH BY HIGH KM) LOV.' GSTI FIM FRHEZ3-

THAW HAEMOLYS ATES

The synthesis of GSH by pooled high and low GSH Finn freeze-thaw

haemolysates is depicted in Fig. 7.02. It should be emphasised

that in these experiments OSH was synthesised from glutamate, cysteine

and glycine and not from (7C and glycine. The rate of GSH synthesis

in both haemolysates was close to linear over the 15 rain incubation

period. The initial rates of GSH synthesis were 0.148 and O.157yumol/
g Hb per min for the high and low GSH haemolysates respectively.

r-14 v
There was a small amount of J\J £/ glycine incorporation into

GSH in the absence of added cysteine. This was particularly notice¬

able in the high GSH haemolysate, and presumably reflects an exchange

reaction between glycine and preformed GSH (Snoke & Bloch, 1955) -

Since this incorporation was less than 5a of that recorded in the

presence of cysteine, its effect on the latter was ignored.
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Fig. ?.Q3

The inhibition of high and low GSH Merino GC-S by OSH

GC-S was assayed in pooled dilute haemolysates(equal volumes of

erythrocytes from 3 animals of the same G3H type) by the method

described in Chapter 5j Part 2. 9 high GSH and O low GSH.



OC-3 d)

100

75

50

25

0

1.0 2.0 3.0

GSH (mM)



?ig. 7.04

The inhibition of high and low GSH Merino GC-S by GSH

GC-S was assayed in pooled dilute haemolysates (equal volumes of

erythrocytes from 3 animals of the same GSH type) by the method

described in Chapter 5> Part 2. • high GSH and O low GSH.
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PABT 5. THU IHHIBITTON 0? STTS5P FRYTHR0CMT3 GC-S BY G5H

Erythrocyte GC-S was assayed in pooled dilute haemolysates (equal

volumes of erythrocytes from 3 animals of the same GSH type) as

previously described (Chapter 5> Part 2), except that varying amounts

of GSH were included in the incubation medium.

The effect of physiological concentrations of GSH on high and

low GSH Merino GC-S is shown in Pig. 7»03. Clearly, GSH is a potent

inhibitor of sheep erythrocyte GC-S. Furthermore, both high and low

GSH Merino GC-S are affected. The large difference in GC-S activity

between high and low GSH Merino haemolysates makes it difficult to

assess from Fig. 7.03 whether the pattern of GSH inhibition is the

same for GC-S from both sources. These data were therefore replotted

as % inhibition against GSH concentration (Fig. 7-04). The inhibition

patterns for high and low GSH Merino GC-S are very similar.

Using the data in Figs. 7»03 and 7.04 it is possible to assess the

influence of cellular GSH concentrations on the relative activities of

GC-S in high and low GSH Merino erythrocytes. In the presence of

2.37 mM GSH (the mean erythrocyte GSH concentration of the 3 high GSH

animals), the high GSH Merino GC-S activity is reduced by 547^ from

O.685 "t° 0.315y,Uffl°l/g Hb per min. Similarly in the presence of 1.24
mM GSH (the mean erythrocyte GSH concentration of the 3 low GSH

animals), the low GSH Merino GC-S activity is reduced by 49! from

0.205 to 0.105^umol/g Hb per rain. Therefore, even allowing for the
effect of cellular GSH concentrations, the low GSH Merino GC-S

activity is still substantially less than the high GSH Merino GC-S

activity.



Table7.01

THEINHIBITIONOFLCWGSHFINNGC-SANDG5H-5BYAMINOACIDS
GC-SandG3H-SwereassayedInpooleddilutehaemolysates(equalvolumesoferythrocytesfrom 3animals)bythemethodsdescribedinChapter5jPart2.Bothassayswerelinearfor30min atallsubstrateconcentrations. GC-S

Substrateconcentrations(mil) AT?cysteineglutamate 4.01.010.0 4.00.10.1 0.890.0180.089

no-ri-
butyricacid

Percentageinhibitioninthepresenceof10tnMaminoacid
ornithinelysinealanineserinethreonine 7.00.12.33.9

10.27-76.88.87.673.6 10.49.0--
GSH-S

ATP 0.89

GC 0.018

glycine 0.089

20,6

18.8.
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FART 6. THE INHIBITION OF 3HBBP FRYTHRGCYTE GC-S AND G5H-S

3Y AMINO ACIDS

The effects of ornithine, lysine, alanine, serine and threonine

on sheep erythrocyte GC-S (low GSH Finn) and ornithine and lysine on

GSH-S (low GSH Finn) were investigated. The cysteine analogue

©C -amino-_n-butyric acid was included in one series of GC-S inhibition

studies.

Sheep erythrocyte GC-S and GSH-S were assayed in dilute haemo-

lysates as described earlier (Chapter 5> Part 2) except that varying

substrate concentrations were employed (Table 7«0l). The rate of

product formation under all assay conditions was linear for at least

30 min. The inhibition studies were performed on pooled low GSH

Finn haemolysates (equal volumes of erythrocytes from 3 animals).

Ornithine, lysine, alanine, serine, threonine and ov.-amino-n-butyric

acid were present at a final concentration of 10 mM.

The effects of the above mentioned amino acids on low GSH Finn

GC-S at various substrate concentrations are summarised in Table 7*01.

None of the amino acids tested with the exception of ot-amino-n-butyric

acid inhibited the enzyme by more than 11^ even when, in the case of

ornithine and lysine, substrate concentrations were reduced to

approximately physiological levels.

At approximately physiological substrate concentrations, ornithine

and lysine inhibited low GSH Finn GSH-S by 21$ and 1$$ respectively.
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Fig. 7.03

The inhibition of low GSH Finn GC-3 by GSH

GC-S was assayed, in a pooled dilute haernolysate (equal volumes of

erythrocytes from 3 animals) by the method described in Chapter 5,

Part 2.



PART 7. DISCUSSION

The dilute haemolysate GC-S assays (Chapter 5) suggest that low

GSH Merino erythrocytes have a reduced ability to synthesise GC.

However, there is the possibility that the diminished OC-S activity

in low GSH Merino cells may be partially or completely compensated

by a diminished GSH feedback inhibition. The ability of high and

low GSH Merino freeze-thaw haemolysates to synthesise GC was therefore

assessed under conditions where the cellular constituents (including

G3H) were virtually undiluted (compared with a 30 - 50 fold dilution

in the other assay system). The effects of GSH on high and low GSH

Merino GC-S were also investigated using the dilute haemolysate

assay system. Although high and low GSH Merino GC-S are inhibited

by GSH, both investigations suggest that the diminished GSH feed¬

back inhibition in low GSH erythrocytes is insufficient to compensate

for their low GC-S activity.

In complete contrast to the situation in Merinos, the rate of

GC synthesis in the low GSH Finn freeze-thaw haemolysate was

substantially greater than that found in the high GSH Finn freeze-

thaw haemolysate. Since the mean dilute haeraolysate GC-S activities

of the 3 high GSH and 3 low GSH animals used in this experiment were

essentially identical (0.637 and O.67O/umol/gHb per min respectively)

the question arises as to why there is such a large difference in

freeze-thaw haemolysate activities. The differing rates of GC

synthesis can be mainly attributed to differing degrees of GSH

feedback inhibition, since low GSH Finn GC-S has a similar GSH

inhibition pattern to that described earlier for high and low GSH



Table 7.02

A comparison of the rates of GC synthesis in the freeze-thaw haemo-

The freez9-thaw haemolysate GC-S activities are those reported in
Part 3 of Chapter 7» The dilute haemolysate GC-S activities are

the mean GC-S activities of the animals used in the preparation of

the freeze-thaw haemolysates (equal volumes of erythrocytes from

3 animals of the same G3H type). The freeze-thaw haemolysate

assay GSH concentrations and the GC-S inhibition curves (Figs.
7.04 and 1.05) were used to correct the dilute haemolysate GC-S
activities for GSH inhibition. Values are /umol/gHb per min.

lysate and dilute haemolysate assay systems

dilute haemolysate dilute haemolysate freeze-thaw
GC-3 activity(-SHM) GC-S activity haemolysate

(corrected for GSH GC-S activity
inhibition)

High GSH 0.637 - O.O65 0.233 0.220

Finn

Low GSH 0.670 - 0.020 0.335 0.328

High GSH 0.620 - 0.093 0.295 0.192

fieri no

Low GSH 0.208 - 0.041 0.136 0.046
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Merino GC—3 (Fig. 7.O5). In the presence of 1.30 rnM GSH (the GSH

concentration of the low 037! Finn freeze-thaw haeraolysate incubation),

the low 03F Finn OC-S activity would be reduced to 50.Ox of its value

in the absence of GSH. Similarly, in the presence of 2.86 mM GSH

(the GSH concentration of the high GSH Finn freeze—thaw haemolysate

incubation), the high GSH Finn GC-S activity would be reduced to

36.5/' of its value in the absence of GSH (assuming a similar GSH

inhibition pattern to that for low GSH Finn GC-3). GSH inhibition

would therefore be expected to give rise to a GC-S (High GSH):

GC-S (Low GSH) ratio of O.69 • This compares favourably with the

observed freeze-thaw haemolysate ratio of O.67.

The rates of GC synthesis in freeze-thaw haemolysates are

substantially less than those observed in the dilute haemolysate

assay. Although a large number of factors may be expected to

influence the GC-3 activities in the two assay systems, the

differences can be largely attributed to the effect of GSH inhibition

(Table 7-02).

Although a diminished GSH feedback inhibition is insufficient

to compensate for the low GC-S activity in low GSH Merino erythrocytes,

it seems probable that GSH feedback inhibition is an important

regulatory mechanism for maintaining erythrocyte GSH concentrations,

particularly in view of the indications that GC-S and not GSH-S is

the rate limiting enzyme cf GSH biosynthesis in sheep erythrocytes.

In addition to an investigation of GC synthesis in freeze-thaw

haemolysates, the ability of high and low GSH Finn freeze-thaw

haemolysates to synthesise GSH from cysteine, glutamate and glycine



Table 7.03

A comparison of the rates of GSH synthesis in the frsgze-

thaw haemolysate and dilute haemolysate assay systems

The freeze-thaw haeraolysate GSH-3 activities are those

reported in Part 4 of Chapter ?• The dilute haeraolysate
GSH-3 activities are the mean GSH—3 activities of the animals

used in the preparation of the freeze-tha?* haeraolysates

(equal volumes of erythrocytes from 3 animals of the same

GSH type). Values are /umol/g Hb per min.

dilute haemolysate freeze-thaw haemo-
GSH-S activity(-SEM) lysate GSH-S activity

High GSH 0.080 - 0.004 0.148

Finn

Low GSH 0.070 - 0.001 0.157
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was also assessed (Part 4)- Under the experimental conditions

employed it would be expected that the GC synthesised during the 5

min preincubation period would be sufficient to saturate GSH-S with

respect to GC. This is indicated both by the rates of GO synthesis

found under similar conditions (Table 7*02), and by the absence of

any appreciable initial lag in GSH synthesis (Fig. 7.02). ' Therefore
-S

these freeze-thaw haemolysate incubations represent GSH/ assays at

saturating substrate concentrations. In agreement with the dilute

haemolysate GSH-S assays (Chapter 5» Part 3), the rates of GSH

synthesis in high and loxv GSH Finn freeze-thaw haemolysates were

virtually identical.

In contrast to GC-S, GSH-S appears to be more active in freeze-

thaw haemolysates than in the dilute haemolysate assay system (Table

7.03). The elevated GSH-3 act ivity in freeze-thaw haemolysates is
/—T 4 -7

not due to J_ C/ glycine exchange with preformed GSH since incubat¬

ions in the absence of added cysteine show/ only slow rates of /~^c7
glycine incorporation.

Since the activity of GC-S in freeze-thaw haemolysates is less

than that found in the dilute haemolysate assay system whereas the

converse is true for GSH—S, the ratio of GSH-S:GC-S activities in

freeze-thaw haemolysates is very much greater than that found by the

other assay system. For example, the dilute haemolysate assays give

a GSH—S:GC-S ratio of 0.13 for high GSH Finn erythrocytes (Tables

7.02 and 7.03), whereas the freeze-thaw haemolysate assays give a ratio

of O.67. Of the two assays, the freeze-thaw haemolysate system more

closely reflects the enzyme environment in the intact cell and there¬

fore the freeze-thaw haemolysate 0SH-S:GC-3 ratio is probably a truer

reflection of the relative enzyme capacities in the intact erythrocyte.
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This being the case, it is all the more clear that GC-3 and not

GSH-S is the rate limiting enzyme of GSH biosynthesis in sheep

erythrocytes, since the simulation studies described earlier

(Chapter 6) assumed the much lower dilute haemolysate assay

GSH-S:GC-3 ratios.

The possibility was considered that low GSH Finn erythrocytes

may contain an inhibitor of GC-S or G3H-S. Possible candidates

for such a role were those amino acids found in high concentrations

in low GSH Finn erythrocytes. The freeze-thaw haemolysate data

presented in Parts 3 and 4 offer no evidence of any such inhibition.

In addition, the amino acid inhibition studies (Part 6) indicate

that ornithine, lysine, alanine, serine and threonine have little

effect on the activity of sheep erythrocyte GC-S (low GSH Finn),

even when, in the case of ornithine and lysine, the substrate

concentrations were reduced to near physiological levels. It

would therefore seem unlikely that the low concentrations of

erythrocyte GSH in Finns can be attributed to an amino acid

inhibition of GC-S. It is interesting that whereas ornithine,

lysine, alanine, serine and threonine have little effect on sheep

erythrocyte GC-S activity, ct,-amino-n-butyric acid is an effective

inhibitor of the enzyme. Of particular interest is the relative

effectiveness of alanine, serins, threonine and ol—amino-n-butyric

acid, all of which can be regarded as cysteine analogues. The

ability of these amino acids to inhibit sheep erythrocyte GC-S

closely parallels their relative effectiveness as Jf-glutamyl

acceptors in dipeptide synthesis catalysed by GC-S from other
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sources (Strumeyer, 1999; Hathbun, 1967).

Ornithine and lysine are more effective inhibitors of GSH-S,

each inhibiting the enzyme by about 205? approximately physio-
i

logical substrate concentrat/ons. However, since GC-S and not

G3H-3 is probably the rate limiting enzyme of GSH biosynthesis in

sheep erythrocytes, this inhibition is of doubtful significance,

and would be expected to have little influence on erythrocyte

steady-state GSH concentrations.

The inabilityto detect GC synthesis in high and. low GSH Finn

and Merino freeze-thaw haemolysates in the absence of added cysteine

indicates that sheep erythrocytes probably do not have a significant

ability to degrade GSH since GSH degradation would generate cysteine

which in turn would support GC synthesis. Therefore it seems

unlikely that the low GSH concentrations in low GSH Finn erythrocytes

are the result of elevated GSH degradation.

The investigations presented in this Chapter confirm those

described earlier which suggested that low GSH Merino erythrocytes

have a diminished maximum activity of GC-S. Furthermore, it is

demonstrated that the diminished GSH feedback inhibition in low

GSH Merino erythrocytes is probably insufficient to compensate for

their low GC-S activity. The freeze-thaw haemolysate assays also

confirm that low GSH Finn erythrocytes have a normal activity of

both GC-S and GSH-S. In addition, no evidence was found for the

presence of an inhibitor of GSH biosynthesis in low GSH Finn cells.

Finally, the freeze-thaw haemolysate assays offer indirect evidence

that sheep erythrocytes of either breed or GSH type do not have any

significant ability to degrade GSH.



CHAPTER 8

GSH BIOSYNTHESIS IV: THE CONCENTRATIOK OF G5H AND THE ACTIVITY OP

GC-S IN RETICULOCYTES PROM HIGH AND LOW GSH 'MERINO-TYPE' SHEEP



! i-ut 1 x . INTRODUCTION

When sheep are subjected to a sudden anaemia, induced by

phlebotomy, there is a massive influx of immature erythrocytes and

reticulocytes into the circulation- Using the centrifugation

technique developed by Drury & Tucker (19^3), modified to reduce

leucocyte contamination (Tucker & Kilgour, 1973), it is possible to

collect a young cell fraction containing 20-40;/ reticulocytes from

the blood of these animals. Tucker & Kilgour (1973) examined the

GSH concentrations of such reticulocyte rich fractions from high

GSH (Clun Forest) and low GSH (Finn) sheep. These investigations

suggested that reticulocytes from both normal and low GSH Finn

sheep have very high GSH concentrations, and that the differentiation

into the two GSH types occurs some time during reticulocyte

maturation.

In this Chapter, these studies are extended to an investigation

of the GSH concentrations and GC-S activities of reticulocyte

fractions from normal and low GSH 'Merino-type' sheep. This

investigation was carried out in collaboration with Dr. E.M. Tucker

(Agricultural Research Council Institute of Animal Physiology,

Babraham, Cambridge). The animals used in this experiment (l high

and 1 low GSH) were not pure bred Tasmanian Merinos, but Tasmanian

Merino-Clun Forest crosses, and were maintained at Babraham. Both

sheep had stable erythrocyte GSH concentrations, were ornithine,/

lysine negative, and had dilute haemolysate GC-S activities typical

of their GSH types (0.511 and 0.126 /umol/g Hb per min for the high
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and low GSH animal respectively).

The experimental procedure employed was essentially the same as

that of Tucker & Kilgour (1973). Both animals were made anaemic

by phlebotomy (500 ml blood was withdrawn from each animal twice

daily for 3 days). This reduced the haernotocrit of both animals

from around 36;% to approximately 19$• Small blood samples were

removed at selected intervals during the anaemic episode, and the

erythrocytes fractionated into young and old populations. This

was carried out by dividing the packed column of washed centrifuged

cells into 4 fractions. Fraction 1, the top quarter, contained the

youngest cells including reticulocytes, and fraction 4, the bottom

quarter contained, the oldest cells (Drury & Tucker, 1963). To

reduce leucocyte and platelet contamination, the blood samples were

first filtered twice through glass wool, and the uppermost layer

of cells in Fraction 1 was discarded.

Leucocyte and reticulocyte counts (Archer, 1965) and estimates

of GSH concentration and GC-S activity were made for fractions 1

and 4* The phlebotomy, cell separations, cell counts and DTTIB GSH

estimations (Beutler ert _al., 1963) were performed by Dr. Tucker at

Babraham. A comparison of the estimates of GSH concentration by

the automated DTN3 and alloxan methods (Chapter 4, Part 2) and the

GC-3 assays (Chapter 55 Part 2) were performed by the author in

Edinburgh. Samples (on ice) were transported overnight from

Babraham to Edinburgh by train.



Table 6.01

GSH concentrations and GC-5 activities in high and low GSH

'lierino-type' sheep during anaemia induced by phlebotomy

DTNB GSH was estimated by the method of Beutler ed al. (1963).
GC-S was assayed as described in Chapter 5? Part 2.

High GSH Low GSH

Fraction 1 Fraction 4 Fraction 1 Fraction 4

Day 1 Day 7 Day 1 Day 7 Day 1 Day 7 Day 1 Day 7

DTNB GSH

(mmol/litre 2.9O 4.30 3.16 2.64 0.94 2.83 0.49 0.55
cells) * *

0C-o( /umol/
g Hb per min) 0.533 1-595 0.497 0,507 0.232 1.204 0,089 0.111

^ Reticu¬
locytes 0 29 0 2 0 32 0 0
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PART 2. THE CONCENTRATION CF GSH AND THE ACTIVITY OF GC-3 IN

RETICULOCYTES FROM HIGH AND LOT GSH'HBPJKO-TYPE' SHEEP

In the present study, the peak reticulocyte counts in both the

high and low GSH animals were observed on day 7 (phlebotomy

commencing on day l). The DTNB GSH concentrations, GC-S activities

and reticulocyte counts of fractions 1 and 4 on day 1 and day 7 for

both animals are given in Table 8.01. In both animals, the DTNB GSH

concentrations and GC-3 activities of fraction 1 rose dramatically

in parallel with the appearance of reticulocytes in that fraction,

whereas the fraction 4 DTNB GSH concentrations and GC-S activities

remained relatively constant. Virtually no reticulocytes were

apparent in fraction 4 of either animal throughout the experiment.

In both animals, the same pattern of events was obtained whether

the DTNB GSH concentrations and GC-S activities were related to the

haeraatocrit or haemoglobin concentration of the samples. The

possibility that the changes in GSH concentration and GC-S activity

just described were the result of leucocyte contamination was

eliminated by performing leucocyte counts. Erythrocyte:leucocyte

ratios were never less than 900:1.

To ascertain whether the elevated fraction 1 DTNB GSH concen¬

trations (day l) in both animals represented an elevated GSH

concentration or the presence of some other DTNB reactive thiol,

cell samples from day 7 were assayed for GSH by the automated DTNB

and alloxan methods (Chapter 4, Part 2). The data from these



Alloxan G3H

(mmol/litre cells)

DTNB G3H (mraol/litre cells)



Pig. 8.01

A comparison of DTNB and alloxan estimates of the concentration

of erythrocyte GSH in anaemic high and low GSH 'Merino-type' sheep

Whole blood (WB), fraction 1 (Pl)» and fraction 4 (F4) GSH

concentrations were estimated by the methods described in

Chapter 4> Part 2. • high GSH and o l°w GSH.
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analyses are presented in Fig. 8.01 and clearly indicate that the

differences in DTNB reactivity between fractions 1 and 4 are due to

different concentrations of GSH in both the high and low GSH animals.

However, in addition to an elevated GSH concentration, fraction 1

of both animals does appear to contain a lesser quantity of DTNB

reactive thiol which is not GSH, and which can be estimated from the

intercept on the abscissa to be approximately equal to 0.39 mmol/
litre cells.

This experiment demonstrates that considerable changes occur in

the GSH concentrations and GC-S activities of fraction 1 under

conditions of anaemia, the rise in GSH concentration and GC-S

activity in both the high and low GSH animals being associated with

the appearance of large numbers of reticulocytes. This suggests

that the reticulocytes produced by both animals in response to the

anaemic stress have substantially higher GSH concentrations and GC-S

activities than mature erythrocytes. Furthermore, the increase in

fraction 1 GSH concentration and GC-S activity is similar in both

animals, suggesting that reticulocytes from high GSH and low GSH

•Merino-type' sheep have the same GSH concentration and GC-S activity

(both animals produced the same number of reticulocytes).
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PART 3- DISCUSSION

The data presented in this Chapter suggest that reticulocytes

from both the high GSH and low GSH 'Merino-type' animals have

substantially the same GSH concentration and GC-S activity and that

these concentrations and enzyme activities are much higher than those

encountered in mature erythrocytes. Since GC-S appears to be the

rate-limiting enzyme of GSH biosynthesis in sheep erythrocytes, the

elevated GSH concentrations in reticulocytes may at least in part

result from the high GC-3 activity of these cells. An additional

factor may be an increased substrate availability, since a number

of reticulocyte amino acid transport systems are lost during

maturation (Christensen, 19^9 & 1975)*

If reticulocytes from both high GSH and low GSH 'Merino-type'

sheep have the same GSH concentration and GC-S activity, the

differentiation into high and low GSH 'Merino-type' cells must occur

at some stage during the reticulocyte maturation process. It may

be anticipated that the primary event in the process is a greater .

loss of GC-S activity in cells from low GSH animals ('Merino-type')

than in cells from high GSH individuals. Therefore, although the

biochemical mechanisms responsible for erythrocyte GSH deficiency

differ in Finns and Merinos, the differentiation into high and low

GSH cells seems to occur at the same stage of erythrocyte development.



CHAPTER 9

THE REGENERATION OF GSH FROM GSSG IN

HIGH AND LOW GSH FINN ERYTHROCYTES
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PART 1. INTRODUCTION

The investigations described in the preceeding Chapters suggest

that GSH^deficient Finn erythrocytes have an undiminished ability to

synthesise GSH. A further possible explanation for the low G3H

concentration of these cells is an inability to maintain glutathione

in the reduced state, since this might lead to a more rapid efflux of

GS3G from the cell (Fig. 1.02).

A diminished ability to maintain glutathione in the reduced state

could arise either from a diminished availability of a hydrogen donor

for glutathione reductase (GSSG-R), or from a reduced activity of

GSSG-R itself. The identity of the hydrogen donor for sheep

erythrocyte GSSG-R is not completely certain, but the balance of the

available evidence suggests that NADPH (generated by glucose-6-phosphate

dehydrogenase (G-6-PD) and 6-phosphogluconate dehydrogenase (6-PGD) of

the hexose monophosphate pathway) rather than NADH (generated by

glycolysis) is the preferred cofactor (see Chapter 1, Part 3 for a

discussion of this question).

Part 2 of this Chapter describes the combined activities of

G-6-PD and 6-PGD in high and low GSH Finn erythrocytes. In addition,
NADPH and

the activity of GSSG-R (^TADH dependant) in the two cell types was

measured. The ability of intact high and low GSH Finn erythrocytes

to regenerate GSH from GSSG after oxidative challenge was also

investigated (Part 3).

The investigations described in this Chapter were carried out in

collaboration with Miss S.A. Thompson. The enzyme assays described

in Part 2 were performed by the author, while the regeneration
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experiments (Part 3) were carried out by Miss Thompson as part of

an Honours Degree Biochemistry Project (Edinburgh University, 1974)-
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PART 2. THE ACTIVITY OF (G-6-PP + 6-PGD) AND GSSG-R IN HIGH

AMD LOW GSH FINN ERYTHROCYTES

Section 2.01. Introduction

G-6-PD catalyses the oxidation of glucose-6-phosphate (G-6-P)

to 6-phosphogluconolactone which hydrolyses spontaneously to

6-phosphogluconate (6-PGA):

G-6-P + NADP+ ► 6-PGA + NAPPH + H+

6-PGD catalyses the oxidation of 6-PGA to ribulose-5_Phosphate and C0£:

6-PGA + NADP+ ► Ribulose-5-phosphate + NADPH + H++ CO^

Addition of G-6-P to haemolysate in the presence of NADP+ will
therefore result in NADPH generation by both enzymes. This allows

an estimate of the combined activities of G-6-PD and 6-PGD. The

combined(G-6-PD + 6-PGD) assay used in the present study was that of

Beutler (1971)- The reduction of NADP+ was followed
r

spectrophotometfrcally at 340 nm.

GSSG-R catalyses the reduction of GSSG by NADPH and NADH:

NAD(P)H + H+ + GSSG ► NAD(P)+ + 2G3H.

The GSSG-R assay used in the present study was also that of

Beutler (l97l). Both the NADPH and NADH dependent GSSG-R activities

were determined. The activity of the enzyme was measured by

following the oxidation of NADPH or NADH at 340 nm.
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Section 2.02, The assay of sheep erythrocyte (G-6-PD + 6-PGD)

and GSSG-R

For the assay of (G-6-PD + 6-PGD), 0.2 ml of packed NaCl-washed

erythrocytes was added to 3.8 ml of a solution containing 2.7 mM

EDTA (disodium), lO^uM NADP+ and 0.05$ (v/v) p -mercaptoethanol.
The resulting haemolysate was kept on ice until required.

The reaction mixture for the combined (G-6-PD + 6-PGD) assay

contained lOO^uraol Tris-HCl buffer pH 8.0, lOyumol MgClp? 0,2yumol
NADP+, 0.6yumol G-6-P, and 50yul haemolysate in a total volume of
1.00 ml. Reaction mixtures minus haemolysate were preincubated at

37°C for 15 min in 1 ml cuvettes in the water-jacketed cuvette holder

of a Unicam SP800 recording spectrophotometer. The reaction was

initiated by adding the haemolysate, and the extinction was monitored

at 340 nm using a Servoscribe I flat-bed recorder (full scale

extinction 0.1 units. The reaction was linear for at least 30 min.

Blanks were performed by omitting G-6-P from the incubation medium.

Enzyme activities were expressed as /umol NADPH formed/gHb per min.

For the assay of GSSG-R, 0.2 ml of packed NaCl-washed

erythrocytes was added to 3.8 ml of water. The resulting haemolysate

was kept on ice until required.

The reaction mixture for the assay of GSSG-R contained 50yumol
Tris-HCl buffer pH 8.0, 2^umol EDTA (disodiura), 3.3yumol GSSG,
O.lyumol NADPH or NADH (spectro^photometrically standardised), and
50/ul haemolysate in a total volume of 1.00 ml. The subsequent

experimental proce dure was as described for the assay of (G-6-PD +

6-PGD). The reaction was linear for at least 30 min. Blanks were



G3H

(mmol/litre cells)

5.0 r

4.0 U *

3.0

2.0

1.0

0

•: >

0 2.0 4.0

(G-6-PD + 6-PGD)(yumol/gHb per min)



Fig. 9»01

The activity of (G-6-PD + 6-PGD) in high and low GSH Finn erythrocytes

The (G-6-FD + 6-PGD) assay is described in Chapter 9» Part 2.

GSH was estimated by the automated dialysis method (Chapter 3,

Part 2).



Table 9.01

(G-6-PD + 6-PGD) activities in high and low GSH Finn erythrocytes

(G-6-PD + G-PGD) were assayed by the method described in Chapter $,

Part 2. Values are (mean - SEM)yumol/gHb per min. Means are
compared by Student's t-test.

(G-6-PD + 6-PGD) No. of animals

High GSH 1.96 - 0.10 6

Low GSH 2.48 — 0.08 10

< 0.05



Table 9.02

GSSG-R activities In high and low GSH Finn erythrocytes

GSSG-R was assayed by the method described in Chapter 9> Part 2.

Values are (mean - SEM(3))^umol/gHb per min. Means are not
significantly different by Student's t-test.

NADFH

activity

High GSH

Low GSH

2.06 - 0.18

2.19 ~ 0.10

NADH

activity

NADPH:NADH

0.39 - 0.03

0.46 - 0.10

5-3

4.8
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performed by omitting G33G from the incubation medium. Enzyme

activities were expressed as ^/umol NAD(P)+ formed/gHb per rain.

Section 2.03. The activity of (G-6-PD + 6-PGD) and GSSG-R in high

and low G3H Finn erythrocytes

In Fig. 9»01, the erythrocyte (G-6-PD + 6-PGD) activities of

6 high GSH and 10 low GSH Finns are plotted against their respective

erythrocyte GSH concentrations. These data are summarised in

Table 9»01» L°w GSH animals have a significantly higher erythrocyte

(G-6-PD + 6-PGD) activity than high GSH animals. This may be

explained by the observations that in Finns,low GSH erythrocytes

have a shorter lifespan and are therefore on average younger than

high GSH cells (Tucker, 1974), and that G-6-PD activity decreases as

the sheep erythrocyte ages (Maronpot, 1972).

The activity of GSSG-R (NADPH and NADH dependent) in high and

low GSH Finn erythrocytes is given in Table 9*02. There is no

significant difference in GSSG-R activity (NADPH or NADH dependent)

between the two GSH classes. The ratio of NADPH dependent activity/

NADH dependent activity is approximately equal to 5 for both high

and low GSH animals.
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PART 3. THE REGENERATION OF GSH FROM GSSG IN PIAMIDE-TREATED

INTACT HIGH AND LOW GSH FINN ERYTHROCYTES

Section 3.01. Introduction

To measure the ability of intact high and low OSH Finn erythrocyt

to regenerate GSH from GSSG, erythrocyte GSH was partially oxidised

with diamide (diazenedicarboxylic acid bis (N,N-dimethylamide))

(Kosower et al., 1969). Diamide reacts with GSH rapidly and

stoichiometrically as follows:

(CH3)2-NC0N=NC0N-(CH3)2+ 2GSH ► (CH3)2-NCONHNHCON-(CH3)2+ GSSG

After treatment with diamide at 0°C, the cells were incubated at 37°C
in the presence of glucose, and aliquots were removed at regular

intervals for GSH estimation by the automated DTNB method described in

Part 2 of Chapter 4-

Diamide has the advantage over azoester (methyl phenylazoformate)

formerly used in GSH regeneration studies, that, unlike the latter, it

does not undergo other reactions forming free radicals (Kosower et al.

1969). Thus artifacts due to non-specific cell damage may be

avoided.

The GSH specificity claimed for diamide has recently been

challenged: studies with Ehrlich ascites tumour cells have demon¬

strated that diamide reacts with protein thiol groups, NADH, and

NADPH, although the rates of reaction are at least an order of

magnitude less than with GSH (Harris & Biaglow, 1972). In the
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present study, small fixed amounts of diamide causing only partial

oxidation of GSH were employed. Under these conditions it may be

anticipated that diamide will react preferentially with GSH.

There are several additional advantages of using small fixed

amounts of diamide, causing only partial GSH oxidation, rather than

large amounts of diamide causing complete GSH oxidation. First,

with total GSH oxidation, high intracellular concentrations of GSH

would be converted into high concentrations of GSSG, low concentrations

of GSH to low concentrations of GSSG. Therefore high and low GSH

sheep erythrocytes would have vastly different initial GSSG concen¬

trations. The use of small fixed amounts of diamide however, results

in high and low GSH cells having the same initial GSSG concentration.

Second, it is always possible to add inadvertently a slight excess of

diamide while attempting total GSH oxidation. Excess diamide, in

addition to encouraging non-specific reactions, also precludes the

accurate measurement of the initial rate of GSH regeneration, since

reoxidation of GSH by excess diamide will continue during the initial

period of regeneration. This is particularly likely to occur in

low GSH erythrocytes. The use of small carefully controlled fixed

amounts of diamide overcomes this difficulty.

The incubation system and subsequent sample treatment are given

in Section 3.02. The ability of intact high and low GSH Finn

erythrocytes to regenerate GSH from GSSG is described in Section

3.03.
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Fig. 9.02

The regeneration of GSH by diamide-treated high and low GSH

Finn erythrocytes

The experimental procedure is described in Chapter $, Part 3.

Pooled erythrocytes (equal volumes of cells from 3 animals of the

same GSH type) were employed. In the presence of glucose:

• high GSH and ■ low GSH. In the absence of glucose: O high

GSH and □ low GSH.
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Section 3»02. The incubation system and subsequent sample treatment

Washed sheep erythrocytes were prepared as previously described

(Chapter 2, Part 2) except that the cells were washed in a buffered

salt solution containing 130 mil NaCl, 5 nil KC1, 1 mM MgClp, and 25 ml!
sodium phosphate (pH 7*4). To obtain sufficient material, equal volumes

of washed erythrocytes from 3 animals of the same GSH type were pooled.

The incubation medium for the regeneration experiments contained

130 mM NaCl, 5 nM KC1, 1 mil MgClp, 25 mM sodium phosphate (pH 7.4),
and 10 mM glucose. Erythrocytes were added to the incubation medium

at 0°C (incubation volume, 10 ml; haemotocrit, 40$), and rero-time

samples (l ml) were removed for GSH estimation (automated protein

precipitation DTNB method, Chapter 4» Part 2). To the remaining 9 nl

of cell suspension at 0°C was added 1 ml of 2 mM diamide (dissolved

in incubation medium). The diamide was added slowly, and with constant

mixing. After 1 min at 0°C, a further aliquot of the cell suspension

was removed for GSH estimation. The diamide-treated cells were then

incubated at 37°C for 60 min. Aliquots were removed at regular

intervals for GSH estimation. Additional incubations were performed

in the absence of added glucose.

Section 3.03. The regeneration of GSH from GSSG in diamide-treated

high and low GSH Finn erythrocytes

Pig. 9.02 shows typical GSH regeneration time courses for high

and low GSH Finn erythrocytes in the presence and absence of added

glucose. For both types of cells in the presence of glucose,
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Table 9»03

GSH regeneration in diamide-treated high arid low GSH

Finn erythrocytes

The experimental procedure is described in Chapter 9» Part 3.

Values are (mean - SEM) yflamol GSH regenerated/litre cells per
min. Means are not significantly different by Student's

t-test.

No. of
GSH regeneration rate experiments

High GSH 57 - 4-6 4

Low GSH 55 - 8.7 4
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regeneration was essentially completed by 20-30 min, and was linear

for the first 10 min. The mean initial regeneration rates for

high and low GSH Finn erythrocytes are given in Table 9-03. There

is no significant difference in regeneration rate between the tv/o

cell types.

In the absence of added glucose, slight but variable regener¬

ation of GSH did occur, the initial rate in every case being less

than lO^umol/litre cells per min. This regeneration was presumably
supported by endogenous substrates.
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PART 4- DISCUSSION

The investigations described in this Chapter indicate that low

GSH Finn erythrocytes have a normal activity of GSSG-R (NADPH and

NADH dependent), and a slightly elevated activity of(G-6-PD + 6-PGD).

In addition, intact high and low GSH Finn erythrocytes have a similar

ability to regenerate GSH from GSSG in the presence of extracellular

glucose. These studies suggest that low GSH Finn erythrocytes

have an undiminished ability to maintain glutathione in the reduced

state. Therefore it seems unlikely that an inability to reduce

GSSG is responsible for the erythrocyte GSH deficiency in Finns.

This is also suggested by the observation that low GSH Finn

erythrocytes have very low GSSG concentrations (Chapter 4? Part 3),

since G-6-PD deficiency in human erythrocytes is associated with

elevated GSSG concentrations (Srivastava & Beutler, 1968c).

The dilute haemolysate GSSG-R assays described in Part 2 of

this Chapter demonstrate that sheep erythrocyte GSSG-R can utilise

NADH as well as NADPH. However, the activity with NADPH is some

5 fold higher than the activity with NADH. This observation is

consistent with the suggestion that NADPH rather than NADH is the

prefered cofactor for sheep erythrocyte GSSG-R i_n vivo (Chapter 1,

Part 3).

Low GSH Finn erythrocytes were found to have a significantly

higher (G-6-PD + 6-PGD) activity than high GSH Finn erythrocytes.

Maronpot (1972) demonstrated that sheep erythrocyte G-6-PD activity
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decreases with cell age. This elevated enzyme activity may

therefore be a further indication that low GSH Finn erythrocytes

have a reduced life-span (see also Tucker, 1974).

In the whole cell regeneration experiments (Part 3), the recovery

of GSH from diamide-treated high and low GSH Finn erythrocytes was

approximately 100^. Therefore little GSSG was lost from the

cells during the course of GSH regeneration as a result of the GSSG

transport system. This is because the capacity of sheep

erythrocytes for GSH regeneration is greater than their capacity for

GSSG transport (Srivastava & Beutler, 1969b).



CHAPTER 10

GENERAL DISCUSSION
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PART 1. THE BIOCHEMICAL MECHANISMS RESPONSIBLE FOR GSH

DEFICIENCY IN SHEEP ERYTHROCYTES

Sheep with low concentrations of erythrocyte GSH were first

described by Smith & Osburn (1967) and later by Tucker & Kilgour

(1970) who suggested that the erythrocyte GSH deficiency in these

animals was genetically controlled. The objective of the present

investigation was to ascertain the biochemical mechanism(s)

responsible for GSH deficiency in sheep erythrocytes.

Whilst this project was in progress, independent investigations

suggested the existence of two distinct types of sheep erythrocyte

GSH deficiency. The first was found in Finnish Landrace sheep

(Finns) where low GSH was inherited in an autosomal recessive manner

(Tucker & Kilgour, 1970). This was in contrast to the situation in

Tasmanian Merino sheep (Merinos) where low GSH seemed to be inherited

in an autosomal dominant manner (Tucker & Kilgour, 1972). These

genetic differences were supported by the observation that low concen¬

trations of erythrocyte GSH in Finns were associated with high

intracellular concentrations of certain amino acids particularly

ornithine and lysine, a phenomenon which was not seen in Merinos

(Ellory et al., 1972).

Studies by the author demonstrated the existence of low GSH

animals in both the Finn and Merino flocks of the Agricultural

Research Council Animal Breeding Research Organisation, Edinburgh

(Chapter 3, Part 3). Although it was not possible to verify the

genetic studies of Tucker & Kilgour (1970 and 1972) for reasons
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already discussed (Chapter 3, Part 5), it was possible to screen these

animals for the presence of erythrocyte amino acids. In agreement

with the observations of Ellory et _al. (1972), only the low GSH Finns

were ornithine/lysine positive (Chapter 3, Part 4)- All the high

GSH Finns and high and low GSH Merinos tested were ornithine/lysine

negative. Subsequent investigations were carried out on both the

Finn and Merino GSH deficiencies.

One of the prominent features of the Finn and Merino population

distributions of erythrocyte GSH is the wide range of GSH concen¬

trations within a GSH class. It was therefore of Interest to assess

the influence of known animal variables on erythrocyte GSH concen¬

tration (Chapter 3, Part 6). Animal sex, age, haemoglobin type and

potassium type were found to have little influence on erythrocyte GSH

concentration. From the limited family data which was available

on the Animal Breeding Research Organisation flocks, it was possible

to identify a small number of Finn and Merino heterozygotes (Chapter 3,

Part 5). For both breeds the available evidence suggests that there

are no obvious differences between heterozygote and homozygote

erythrocyte GSH concentrations. Therefore most of the intra-type

variation in erythrocyte GSH concentration remains unexplained.

In this and other studies, sheep are classified as to GSH type

on the basis of their content of total non-protein reduced thiol as

determined by the non-specific thiol reagent BTNB. This raises two

questions: first, the accuracy with which total thiol is a measure

of GSH, since sheep erythrocytes may contain thiols other than GSH;

and second, whether low GSH erythrocytes have a normal GSSG

concentration. Investigations to answer both these questions are



118

described in Chapter 4. To assess the non-GSH thiol content of high

and low GSH erythrocytes, cells from selected animals were assayed

for GSH by both the non-specific DTNB method and also by a method

employing the GSH-specific chromogen alloxan. Alloxan is

particularly useful in this context since, unlike DTNB, it distin¬

guishes between GSH and its thiol precursors and degradation products

(cysteine, GC and cysteinyl glycine). A disadvantage of the existing

manual alloxan method (Patterson & Lazarow, 1955) is that it is

cumbersome and gives an unstable product. An automated version of

this method was therefore developed (Chapter 4> Part 2). In addition,

an automated DTNB method was also devised for estimating GSH in the

same erythrocyte extracts so that alloxan and DTNB values could be

directly compared with one another (Chapter 4? Part 2). These studies

demonstrated that more than 92$ of the non-protein thiol in high and

low GSH Finn and Merino erythrocytes is in fact GSH.

The automated DTNB and alloxan methods described in Chapter 4

may have other applications. Although it is accepted that in healthy

man erythrocytes contain a negligible concentration of non-GSH thiol,

so that it is valid to equate GSH with DTNB-reactive thiol (Beutler

et al., 1963), the same may not be true in abnormal states. Thus

claims that erythrocyte GSH is elevated in some patients with anaemias

(Macdougal, 1968; Hopkins & Tudhope, 1973), myelofibrosis (Goswitz
It

ejt _al., 1966) or leukaemia (Sabine, 1964; Ozsoylu, 1970) could be

criticised on the grounds that the assays measured total thiol and

not just GSH. The automated DTNB and alloxan methods may prove

useful in these and other similar situations.
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Sheep erythrocytes were found to have very low concentrations of

GSSG (less than 0.5^ of the GSH concentration). Furthermore, low GSH

erythrocytes of both breeds were found to have a lower than normal

GSSG content. Therefore Finn and Merino low GSH erythrocytes have

a low content of total glutathione (GSH + 2GSSG).

As discussed in detail earlier (Chapter 1, Part 3), the major

role of GSH in the erythrocyte is thought to be the protection of the

cell against oxidative damage, the GSH-GSSG couple acting as a redox

buffering system. Consequently it is the redox potential of the

GSH-GSSG couple as well as the actual GSH concentration which is

important in assessing whether this role can be adequately performed

in GSH-deficient erythrocytes. The redox potential of the GSH-GSSG

couple in high and low GSH Finn and Merino erythrocytes was therefore

calculated from their respective GSH (determined by alloxan) and

GSSG concentrations (Chapter 4> Part 4)« It was found that despite

their wide divergence in GSH and GSSG concentrations, high and low

GSH erythrocytes of both breeds have remarkably similar redox

potentials. The significance of these observations is discussed in

the second part of this Chapter.

One possible explanation for the low concentrations of total

glutathione in low GSH erythrocytes is a diminished ability to

synthesise GSH. The ability of sheep erythrocytes to synthesise

GSH was therefore examined. Initially, OC-S and GSH-S assays were

carried out on dilute haemolysates (Chapter 5? Part 3). These studies

clearly demonstrate that mature sheep erythrocytes have the enzymic

capacity to synthesise GSH from its precursor amino acids glutamate,

cysteine and glycine. Indeed high GSH erythrocytes have sufficient
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enzymic activity to synthesize their entire complement of GSH in

less than 100 min.

Low GSH Merino erythrocytes were found to have a markedly

diminished maximum activity of GC-S (48$ of normal), and a normal

activity of GSH-S. The association between low GSH and a diminished

capacity for GC synthesis suggests that this reduced enzymic activity

is responsible for the GSH deficiency in Merinos. Computer

simulation studies described in Chapter 6 indicate that GC-S is the

rate limiting enzyme of GSH biosynthesis in sheep erythrocytes.

GSH was found to be a potent inhibitor of sheep erythrocyte

GC-S (Chapter 7» Part 5)« This GSH feedback inhibition may be an

important regulatory mechanism for maintaining erythrocyte GSH

concentrations. The possibility was therefore considered that the

low GC-S activity in GSH-deficient Merino erythrocytes might be

partially or completely compensated by a diminished GSH feedback

inhibition resulting from the lower GSH concentration in these cells.

GSH inhibition studies (Chapter 7> Part 5) demonstrate that this

diminished feedback inhibition is insufficient to compensate for the

reduced GC-S activity.

A complete genetic analysis of the animals used in the present

study was not possible for reasons already discussed (Chapter 3,

Part 5). However of the 13 low GSH Merinos whose GC-S activity was

measured, 6 could be identified as heterozygotes (Ll). The

remaining 7 unclassified low GSH Merinos also probably contained a

number of unidentified heterozygotes as well as homozygotes (LL).

Therefore, the GC-S activity reported here for low GSH Merinos (48^
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of normal) represents the heterozygote rather than the homozygote

CC-S activity. Further investigations will be required to ascertain

whether homozygote (LL) and heterozygote (Ll) GC-S activities differ.

The dilute haemolysate GC-3 and GSH-S assays therefore suggest

that low GSH Merino erythrocytes have a diminished GC-S activity and

that this is responsible for the GSH deficiency in these cells. The

validity of this argument depends on whether the relative activities

of high and low GSH Merino GC-S as measured in dilute haemolysates

are similar to those encountered in the intact cell. The possibility

of GSH feedback inhibition affecting the relative GC-S activities

has already been considered. However.it is possible that other

factors may influence the relative activities of high and low GSH

Merino GC-S. It was therefore desirable to measure sheep erythrocyte

GC-S activities under more physiological conditions than those

encountered in the dilute haemolysate assay system. Consequently,

the ability of high and low GSH Merino freeze-thaw haemolysates to

synthesise GC was determined under assay conditions where the cell

constituents were virtually undiluted (compared with a 30-50 fold

dilution in the other assay system) (Chapter 7j Part 3). In

agreement with the dilute haemolysate GC-S assays, low GSH Merino

freeze-thaw haemolysates were found to have a markedly diminished

ability to synthesise GC (25^ of normal). The freeze-thaw

haemolysate investigations also demonstrate that high and low GSH

Merino erythrocytes do not seem to have any significant ability to

degrade GSH.

Evidence is presented in Part 2 of Chapter 8 which suggests that

sheep reticulocytes have much higher GSH concentrations and GC—S
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activities than mature erythrocytes, and that reticulocytes from high

and low GSH 'Merino-type' sheep have essentially identical GSH

concentrations and GC-S activities. Thus the differentiation into

high and low GSH cells occurs at some stage during reticulocyte

maturation. The primary event in this differentiation may be a more

rapid loss of GC-S activity in low GSH cells. Since the reticulocyte-

mature erythrocyte transition is also associated with a cessation of

protein synthesis, it is tempting to speculate that reticulocytes

from low GSH animals may contain a species of GC-S which is inherently

more unstable than the native enzyme. One unanswered question is

whether the residual GC-S in low GSH erythrocytes is the same as the

GC-S found in high GSH cells. It is perhaps suggestive that the

enzymes from both cell types have very similar GSH inhibition patterns

(Chapter 75 Part 5)» However, more detailed kinetic analyses and

possibly electrophoretic mobility studies are required.

The situation in GSH-deficient Merinos is similar to that

encountered in one type of erythrocyte GSH deficiency in man, where

a diminished GC-S activity has also been implicated (Konrad et_ al^,

1972)' A second type of GSH deficiency, associated with a diminished

GSH-S activity, has also been described in human erythrocytes

(Boivin & Galand, 19&5; Minnich et al., 197l)« This type of GSH

deficiency shows an interesting anomaly which may provide further

insights into erythrocyte GSH metabolism, GSH-S deficient

erythrocytes have a normal complement of GC-S, yet their non-protein

reduced thiol content is negligible. This is surprising since it

might be anticipated that these cells would accumulate GC in place
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of GSH. Sines GC, at least in sheep erythrocytes, does not seem to

inhibit its own formation (Chapter 7, Part 3), there must be a

mechanism in human erythrocytes for the removal of this thiol. One

possibility is GC oxidation (GSSG-R cannot utilise ( V -glutamyl-)p-
cystine (icen, 1967)) with either disulphide accumulation in the

cell or efflux by the GSSG transport system. GC or ( # -glutamyl-)^-
cystine degradation is another possibility.

Although a decreased maximum activity of GC-S may be responsible

for the GSH deficiency in Merinos, the low concentrations of GSH in

Finns cannot be explained in this way since high and low GSH Finn

erythrocytes have essentially identical GC-S activities (dilute

haemolysate assay system) (Chapter 5> Part 3). Low GSH Finn

erythrocytes were also found to have normal GSH-S activities (Chapter

5, Part 3). These observations therefore suggest that the biochemical

mechanisms responsible for GSH deficiency differ in Finns and Merinos.

As discussed earlier, this suggestion is supported by other independent

studies (Tucker & Kilgour, 1970 and 1972; Ellory et al., 1972).

The normal GC-S activity of low GSH Finn cells indicates that the

diminished GC-S activity of low GSH Merino erythrocytes is not a

consequence of their low GSH status.

The GC-S and GSH-S assays employed in the present study were

performed at what were probably saturating substrate concentrations

(Majerus et al., 1971). Therefore these investigations do not rule

out the possibility that low GSH Finn erythrocytes contain a species

of GC-S or GSH-S with a normal V but with an elevated K for one
max m

or more of its substrates. However, if this were the case, it would
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be difficult to explain the association between low GSH and high

intracellular amino acid concentrations. On the other hand, it is

possible that low GSH Finn erythrocytes contain an inhibitor of GSH

biosynthesis. Obvious candidates for this role are those amino

acids found in low GSH Finn cells, particularly ornithine and lysine.

The presence of such an inhibitor would not necessarily be detected

in the dilute haemolysate assay systems (cell constituents diluted

30-50 fold). The development of freeze-thaw haemolysate GC-S and

GSH-S assays, where the cell constituents are virtually undiluted,

allowed this possibility to be tested (Chapter 7> Parts 3 and 4).

No evidence of any inhibition of GSH biosynthesis (other than by GSH)

in low GSH Finn freeze-thaw haemolysates was found. The freeze-thaw

haemolysate studies also indicate that high and low GSH Finn

erythrocytes do not have any significant ability to degrade GSH.

This is particularly interesting in the case of low GSH Finn

erythrocytes since these cells contain high concentrations of amino

acids which are potential V-glutamy1 acceptors (see Chapter 1,

Part 3). The freeze-thaw haemolysate investigations were extended

to a study of amino acid inhibition of GC-S and G3H-S under dilute

haemolysate assay conditions (Chapter 7, Part 6). Ornithine, lysine,

alanine, serine and threonine (10 mM) were found to have little effect

on low GSH Finn GC-S even when, in the case of ornithine and lysine,

the substrate concentrations were reduced to near physiological

levels. Ornithine and lysine (10 mM) were more effective inhibitors

of low GSH Finn GSH-S, each inhibiting the enzyme by about 20% at

approximately physiological substrate concentrations. However, since

GC-S and not GSH-S is probably the rate limiting enzyme of GSH

biosynthesis in sheep erythrocytes, this inhibition is of doubtful
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significance and. may be expected to have only a marginal influence

on erythrocyte steady-state GSH concentrations. Both the freeze-

thaw haemolysate and dilute haemolysate studies therefore indicate

that low GSH Finn erythrocytes do not contain an inhibitor of GSH

biosynthesis. Further investigations revealed that low GSH Finn

erythrocytes have a normal AT? content (Chapter 5> Part 4), and that

their ability to reduce GSSG both in dilute hasmolysates and intact

cells is unimpaired (Chapter 9? Parts 2 and 3).

One remaining possible explanation for the low concentrations of

erythrocyte GSH in Finns is a diminished amino acid availability for

GSH biosynthesis. Subsequent investigations by the author, carried

out at Babraham in collaboration with Drs. E.M. Tucker and J.C. Ellory,

have revealed that this is indeed the case (Young et al., 1975)» In

these studies, the permeability of high and low GSH Finn erythrocytes

to the GSH-precursor amino acids glutamate, cysteine and glycine was

measured, and results compared with those obtained for high and low

GSH Merino cells.

The data are presented in Table 10.01 together with values for
a-amino-n~butyric acid

glutamine, /(«AAB), cystine and lysine uptake by high and low GSH Finn

cells. The uptake of cysteine by Finn erythrocytes was rapid, and

6 fold greater in high GSH cells than in low GSH ones. In contrast,

the uptake of cysteine by high and low GSH Merino erythrocytes was

the same, and not significantly different from that found in high

GSH Finn cells. As with cysteine, glycine uptake was significantly

lower in low GSH Finn erythrocytes although both the absolute fluxes

and the difference between the GSH types were smaller. There was



Table 10.01
G-vy;V.

GSH concentrations/amino acid uptake rates in high and low GSH

Finn and Merino erythrocytes

High
GSH Finn

Low
GSH Finn

Significance
level for
difference

P

No. of animals

GSH

(mmol/litre cells) 2.97 - 0.24 1.25 - 0.08

Amino acid uptake

(yumol/litre cells per h)
cysteine 236

+
21 38.7

+
4.0 < 0.001

glycine 12.7
+
1.8 7.3

+
0.4 < 0.002

glutamate <1 < 1 NS

glutamine 11.9
+
1.3 13.5

+
3.1 NS

<*.-ami no-n-butyrat e 656
+

69 56.4
+
8.6 < 0.001

cystine 8.6
+
0.4 9.9

+
0.5 NS

lysine 19.4
+
3.0 6.4

+
0.8 < 0.01

High Low
GSH Merino GSH Merino

No. of animals 6 6

GSH

(mmol/litre cells) 3.19~ 0.04 0.87 - 0,04

Amino acid uptake

(yumol/litre cells per h)
cysteine 298 — 12 242 - 20 NS

glycine 10.4 ~ 0.8 11.7 _ 0.6 NS
Data presented as mean ± S.E.M. NS, not significant.



Table 10.01. Washed sheep erythrocytes were incubated, at 10$

haemotocrit in a medium containing (mM) NaCl 135> KC1 5? tris-
lXrr\Cu

NCI (pH 7.1 at 37°C) 15, MgClg 3.1, EDTA 0.1,/amino acid 0.2
(containing amino acid at 0.2^uCi/ml). Since cysteine
oxidises rapidly in solution at neutral pH, cysteine uptake was

measured in the presence of 10 mM dithiothreitol. Control

experiments showed no effect of 10 mM dithiothreitol on ttAB influx

or efflux. At fixed time intervals (10-30 min for glycine, «kAB,

lysine, cysteine; 30-90 min for cystine, glutamine, glutamate)

1 ml aliquots were taken and the cells washed 4 times in 10 volumes

of a medium containing (mil) MgCl^ 106, tris|-|Cl (pH 7-4 at 4°C) 10,
by centrifugation (10 s, 10,000 g) in an Eppendorf 3200 micro¬

centrifuge. Finally, the packed cells were lysed in 0.5$ (v/v)

Triton X-100 in water (0.5 ml), 33$ (w/v) trichloracetic acid

added (0.5 ml), and the precipitate removed by centrifugation.

An aliquot of supernatant (0.9 ml) was transferred into Bray's

fluid (10 ml) and counted in a ^--Scintillation spectrometer with
quench correction.
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no significant difference in glycine permeability between high and

low GSH Merino erythrocytes. Attempts to demonstrate glutamate

uptake by sheep erythrocytes gave very low values, not linear with

time. The impermeability of sheep erythrocytes t glutamate is

consistent with observations on human erythrocytes (Winter &

Christensen, 1964). Glutamine may act as a GSH precursor (Prins

_et _al., 1966), and measurements of glutamine uptake showed fluxes of

the same order as for glycine, but with no significant difference

between Finn GSH types.

In certain reactions including that catalysed by GC-S, o<AB

can substitute for cysteine (Strumeyer, 1959? Rathbun, 1967) may

therefore provide a convenient alternative to cysteine for uptake

studies. The uptake of this amino acid by Finn cells was therefore

measured, and found to be rapid, with the flux in high GSH cells some

10 fold greater than that encountered in low GSH cells. In contrast

to the situation with cysteine and <*AB, cystine showed a slow rate

of uptake with no significant difference between high and low GSH

Finn cells.

Finally, the uptake of lysine by high and low GSH Finn

erythrocytes was measured. High GSH cells showed a 3 fold greater

lysine permeability than low GSH cells.

The above results show that differences in amino acid permea¬

bility, particularly for cysteine, **,AB and lysine exist between

high and low GSH Finn erythrocytes. In contrast to glutamate and

glycine, the concentration of cysteine in sheep erythrocytes is very

low (l3ggiol/litre cells) (Smith, 1973). Thus a diminished cysteine

availability may be responsible for the low concentrations of GSH

in low GSH Finns.
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The reduced amino acid transport in low GSH Finn erythrocytes is

not a direct consequence of a low intracellular GSH concentration

since low GSH Merino erythrocytes show normal amino acid uptake

values. Further experiments were designed to determine whether the

diminished uptake by low GSH Finn cells resulted from a membrane

transport defect or whether it was a function of the high lysine and

ornithine content of these cells. Uptake of <* AB (0.2 mM) by high

GSH Finn erythrocytes was unaffected by the presence of extracellular

lysine or ornithine (10 mM). Similarly, ctAB efflux from the same

cells (pre-loaded by incubation in the presence of 1 mM ctAB for

2 h at 37°C) was unaffected by extracellular lysine or ornithine at

a concentration of 5 mM. In contrast, 10 mM cysteine inhibited ci AB

uptake by <jCffa and stimulated otAB efflux by 30/J under equivalent

conditions. Finally, high GSH Finn erythrocytes were pre-loaded

with lysine by incubation in the presence of 10 mM lysine for 20 h

at 20°C. Uptake of o(AB by these cells (intracellular lysine

concentration 3.0 mraol/litre cells) was identical to that of control

high GSH cell3 which had been incubated for the same length of time

in the absence of lysine (intracellular lysine concentration 0.1 mmol/
litre cells).

It is therefore concluded that the diminished amino acid uptake

of low GSH Finn erythrocytes represents a membrane transport defect

which is not a consequence of the diminished GSH or elevated lysine

and ornithine concentrations in these cells. It further seems

likely that diminished availability of cysteine is responsible for

the low concentrations of erythrocyte GSH in these animals, and that
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the accumulation of lysine and ornithine is a further reflection of

reduced amino acid transport.

Amino acid transport in mammalian erythrocytes is carrier

mediated and non-concentrative (Winter & Christensen, 1964 and 1965;

Yunis & Arimura, 1965; Antonioli & Christensen, 1969; Gardner & Levy,

1972; Hoare, 1972a and b). A number of possibly distinct transport

systems with differing specificities have been described: two for

neutral amino acids (one specific for glycine and alanine, and the

other for larger members of the group) and one for the dibasic amino

acids ornithine, lysine and arginine. In contrast to the situation

in some other tissues, cystine does not seem to share the dibasic

transport system (Gardner & Levy, 1972). Further investigations will

be required to define the amino acid transport systems in sheep

erythrocytes and to ascertain how many of these are impaired in low

GSH Finns.

Recently, the studies of Palekar _et _al. (1974) have provided

evidence that rabbit erythrocytes have the enzymic ability to degrade

GSH, the GSH degradation and biosynthesis enzymes forming an almost

complete -glutamyl cycle (see Chapter 1, Part 3 and Fig, l.Ol).

It has been suggested that the -glutamyl cycle may play a role in

amino acid transport in erythrocytes (Agar et _al., 1974; Palekar et al.,

1974)- This postulate offers an additional explanation for the

relationship between low GSH concentrations and defective amino

transport in Finn erythrocytes. However, as discussed earlier,

sheep erythrocytes do not seem to have an active GSH degradation

system. Furthermore, the normal amino acid transport of low GSH

Merino erythrocytes indicates that defective amino acid transport is
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not a direct consequence of GSH deficiency. Additional studies of

amino acid transport in sheep erythrocytes should provide further

insights into amino acid transport mechanisms.

It was suggested earlier (Chapter 1, Part 3) that cysteine for

GSH biosynthesis might enter the erythrocyte as cystine. The present

data suggest that this is not the case for sheep erythrocytes which

are relatively impermeable to cystine. At an amino acid concentration

of 0.2 mM, high GSH Finn erythrocytes are 30 fold more permeable to

cysteine than they are to cystine.

The defective amino acid transport in low GSH Finn erythrocytes

is unique. All investigated instances of congenital erythrocyte

GSH deficiency in man have been attributed to a diminished activity

of either GC-S (similar to the situation in Merinos) or GSH-S. No

case of erythrocyte GSH deficiency associated with defective amino

acid transport has been reported. Indeed, although a variety of

amino acid transport defects have been described for other tissues

(Scriver, ljSj), this may be the first documented instance of defective

amino acid transport of any kind in mammalian erythrocytes. Of

special note in this regard is the metabolic disorder cystinuria

which is attributed to a defective common transport system for

dibasic amino acids and cystine in the kidney and intestine (Rosenberg

_et al., 1966). Erythrocytes from cystinuric patients exhibit normal

ornithine, lysine and cystine transport (Gardner & Levy, 1972).
To summarise, there are two distinct types of erythrocyte GSH

deficiency in sheep. The first is found in the Tasmanian Merino

breed where low concentrations of erythrocyte GSH are inherited in

an autosomal dominant manner. In these animals, low GSH is a



Table10,02

ComparisonofFinnishLandraceandTasmanianMerinoerythrocyteGSHdeficiences
GSHconcentration(Na++K+)Ornithine/LysineErythrocyteInheritanceGC-SactivityAminoacid ($ofhighGSH)Life-spantransport 39.6diminishedpresentdiminishedrecessivenormaldiminished 37.8normalabsentnormaldominantdiminishednormal
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consequence of a diminished activity of the first enzyme of GSH

biosynthesis (GC-S). The second type of GSH deficiency is found in

Finnish Landrace sheep where low GSH is inherited in an autosomal

recessive manner. Low GSH Finn cells have high concentrations of

certain amino acids particularly ornithine and lysine, a phenomenon

not observed in Tasmanian Merino sheep. In Finns, low erythrocyte

GSH and high ornithine and lysine concentrations are a consequence

of defective amino acid transport. The differences between the

Finn and Merino types of erythrocyte GSH deficiency are summarised

in Table 10.02.

Recently, Board et _al. (1974) reported that erythrocyte GSH

deficiency in Australian Merino sheep is inherited in an autosomal

recessive manner. Erythrocytes from these animals are not ornithine

lysine positive. This raises the interesting possibility of the

existence of a third type of erythrocyte GSH deficiency in sheep.
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PART 2. THE BIOCHEMICAL AND PHYSIOLOGICAL IMPLICATIONS

OF SHEEP ERYTHROCYTE GSH DEFICIENCY

Numerous studies have indicated that GSH is important for

erythrocyte integrity (see General Introduction, Part 3). This

section is devoted to an evaluation of the biochemical and physio¬

logical implications of sheep erythrocyte GSH deficiency.

A number of biochemical differences between high and low GSH

erythrocytes have been described. The most dramatic difference is

the presence of high concentrations of certain amino acids, particu¬

larly ornithine and lysine in Finn GSH-deficient erythrocytes (Ellory

j^t _al., 1972). As discussed earlier (Part 1 of this Chapter), this
is attributed to defective amino acid transport and is presumably a

reflection of the same biochemical lesion as that causing defective

cysteine transport and hence low GSH concentrations. Low GSH Finn

erythrocytes also have a diminished (Na+ + K+) content (Tucker &■

Ellory, 197l). This phenomenon is not observed in Merinos and

therefore probably reflects the presence of ornithine and lysine in

these cells. An increased passive permeability to K may also be a

contributory factor (Tucker & Ellory, 1971 )• Investigations described

in this Thesis suggest that low GSH Finn erythrocytes have a higher

(G-6-PD + 6-PGD) activity than high GSH erythrocytes. Maronpot (1972)
demonstrated that sheep erythrocyte G-6-PD activity decreases markedly

with cell age so that the elevated enzymic activity is probably a

reflection of the diminished lifespan of low GSH Finn erythrocytes.

In Australian Merino sheep (with an unknown biochemical lesion),
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2+
low GSH erythrocytes were found to have elevated membrane Mg and

Na+/K+ ATPase activities (Agar et al., 1973). It was suggested that

these increased activities were caused by the lower than normal

erythrocyte GSSG concentration in low GSH cells since GSSG has been

reported to be an inhibitor of Na+/K+ATPase (Dick_et al., ljGj).
However, this explanation is unlikely because the minimum concentration

of GSSG employed by Dick et al. was some 100 fold in excess of that

encountered in sheep erythrocytes under normal circumstances (see

Chapter 4> Part 3).

Agar & Smith (1973a) conducted an extensive survey of 19 different

enzymes and 16 glycolytic intermediates and nucleotides in high and

low GSH (GC-S deficient) erythrocytes. Of the various parameters

studied, only glutathione peroxidase activity showed any significant

difference between the two cell types, with high GSH erythrocytes

having the higher activity. Even this one difference may not be

meaningful since the number of "significant differences" expected

by chance at P<0.05 is 1 in 20.

One of the most important criteria for evaluating the biochemical

and physiological implications of sheep erythrocyte G3H deficiency

is the erythrocyte life-span. Low GSH individuals in all breeds

do not show any clinical symptoms of haemolytic anaemia; however,

the study of Tucker (1974) demonstrated that low GSH Finn erythrocytes

have a markedly diminished life-span. This is not the case in

Merinos (Tasmanian) where low GSH cells have a normal life-span

(Tucker, 1975). Agar & Smith (1973a) also suggested that GC-S

deficient low GSH erythrocytes have a normal life-span.

The major role of GSH in the erythrocyte is thought to be the
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protection of the cell against oxidative damage, the GSH-GSSG couple

acting as a redox buffering system. Consequently it is the redox

potential of the GSH-GSSG couple as well as the actual G3H concen¬

tration which is important in assessing whether this role can be

adequately performed in low GSH erythrocytes. In Part 4 of Chapter 4

the redox potential of the GSH-GSSG couple was calculated for high

and low GSH Finn and Merino erythrocytes from their respective alloxan

GSH and GSSG concentrations. These analyses indicate that high and

low GSH erythrocytes of both breeds have remarkably similar redox

potentials. In Merinos the difference in redox potential between

high and low GSH animals was only - 0.019 volts. The corresponding

figure in Finns was - 0.016 volts. Therefore it would seem that from

a thermodynamic standpoint, low GSH cells of both types are at little

disadvantage. Consequently it is not surprising that low GSH Merino

erythrocytes have a normal life-span (Tucker, 1974). Furthermore,

since low GSH Finn and Merino erythrocytes have similar redox

potentials and GSH concentrations, it is possible that the diminished

life-span of GSH-deficient Finn cells is not a direct consequence of

their GSH status. There is therefore no evidence to suggest that
per se

the GSH status of low GSH cells/has any significant influence on

erythrocyte viability under normal circumstances.

The situation in sheep is in contrast to that encountered in

congenital erythrocyte GSH deficiency in man. There, low concen¬

trations of erythrocyte GSH are associated with clinical symptoms

of haemolytic anaemia which are attributed to a markedly diminished

erythrocyte life-span (Prins _et al., 1966). However, erythrocyte

GSH concentrations in human erythrocyte GSH deficiency are



135

generally less than those encountered in sheep. This may well account

for the differences between the two species.

One type of human erythrocyte GSH deficiency, like that encountered

in Tasmanian Merinos, is attributed to a diminished activity of GC-S

(Konrad _et _al., 1972). Recent studies have demonstrated that the

enzyme deficiency in man is not restricted to the erythrocyte. The

GSH content of leucocytes and muscle is also markedly diminished.

These patients also exhibit evidence of central nervous system disease

(mental retardation, psychosis, spinocerebellar degeneration) and

aminoaciduria (Meister, 1973). It will be of interest to investigate

whether the sheep GSH deficiency is restricted to the erythrocyte.

In man, GSH deficient erythrocytes are more susceptible to the

haemolytic action of oxidant drugs or fava beans (see Chapter 1,

Part 3). GC-S deficient sheep erythrocytes on the other hand do not

seem to be more susceptible to oxidant drugs or to the toxic effects

of copper (Agar & Smith, 1973b; Smith _et _al., 1973). However, low

GSH Finns are more prone to haemolytic anaemia induced by eating kale

(Tucker & Kilgour, 1973). No information is available on the effects

of haemolytic drugs or copper on low GSH Finns or the effect of kale

on Merinos so that it is not possible to draw any overall conclusions

particularly in view of the differences in erythrocyte life-span in

the two types of sheep erythrocyte GSH deficiency.

In the General Introduction it was suggested that an investigation

of low GSH sheep erythrocytes might provide valuable insights into

the role of GSH in mammalian erythrocytes. The overall conclusion

of this section must be that under normal circumstances GSH-deficient

Finn and Merino erythrocytes have sufficient G3K to maintain



Fig. 10.01

Breeding programme for the production of "double" low GSH sheep

Low GSH Finn

(bh 11)

Low GSH Merino

(HH1L or HHL1)

"Merino-type" + High GSH
Low GSH

(HhlL) (Hhll)

"Double" + "Merino-type" + "Finn-type" + High GSH

Low GSH Low GSH Low GSH

(hh 1L) (hH 1L) (hh 11) (hH 11)
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erythrocyte viability. Therefore the GSH concentration in normal

sheep erythrocytes is probably substantially in excess of that required

for normal erythrocyte function. The demonstration of two distinct

types of sheep erythrocyte GSH deficiency with two different

biochemical lesions, one associated with a diminished membrane

permeability to cysteine, and the other with a diminished activity of

the first enzyme of GSH biosynthesis, raises the possibility of

finding animals with both lesions present together. These animals

may occur naturally in the Awassi breed (see Chapter 1, Part 2).

However it should also be possible to produce such "double" low GSH

animals by back-crossing the low GSH progeny of low GSH Finns and low

Merinos with low GSH Finns (Fig. 10.01). If the effects of the

"Finn-type" and "Merino-type" lesions are in any way additive, then

"double"low GSH animals may have an erythrocyte GSH concentration

below that encountered in normal low GSH animals. If this were the

case, these animals would provide further valuable information on

erythrocyte GSH metabolism, and would be useful models for human

erythrocyte GSH deficiency.



APPENDIX

TOE OXIDATION OF GSH BY A PREPARATION OF GLUCOSE OXIDASE

PROM ASPERGILLUS NIGER
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PART 1. INTRODUCTION

The coupled enzymic reactions catalysed by glucose oxidase

(EC 1.1.3.4) and peroxidase. (EC 1.11.1.7) are commonly used to assay

glucose in biological samples. (llucose js first oxidised by

molecular oxygen to 8-gluconolactone with the concomitant formation

of H^Cy, which is used to oxidise a suitable chrcmcgen (XH^):

Glucose oxidase

Q
p -T-glucose + 2 ► 8 -gluconolactone +

peroxidase

H202 + XH2 ► X + 2H20

It is generally supposed that GSH causes an underestimate of

glucose concentration by competing with the chromogen for H2C>2 (Fades
et al., 1961; Hjelm & Verdier, 1963* Morley et al., 1968). However

the glucose oxidase/peroxidase assay system used routinely in this

laboratory (gum guaiacum as chromogen; O'Brien, 1969) did not behave

in this manner. Instead of inhibiting the system, GSH was found to

cause a marked overestimate of glucose concentration. This

observation is explained by the finding that the commercial preparation

of glucose oxidase from Aspergillus niger (Fermcozyme 653 AM, lot no.

1917; Hughes & Hughes Ltd., Romford, Essex, U.K.) contained an

enzymic contaminant ("GSH oxidase") which catalyses the reaction;

"GSH oxidase"

2G3H + 02 ► GSSG + HgOg
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This Appendix describes the experiments which were carried out

to characterise the enzyndc activity. A brief account of the work

has already been published (Young & Nimmo, 1972).
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PART 2. CHARACTER!3ATIOK C? THE "GSH OXIDASE" ACTIVITY

Measurements with an oxygen electrode demonstrated that the

addition of Permcozyme (2Cyul/ml) to phosphate-citrate buffer, pH 5-6
(20 mM Na2HP04) containing 50 mM SETA and 0.5 mM GSH at 37°C resulted
in a rapid consumption of O^.iJo 0^ disappearance was observed in the
absence of GSH, and in the presence of excess catalase (EC 1.11.1,6)

(50yug/ml; Boehringer) 0.25 m°l of 0^ was consumed per mol of GSH
added. The consumption of 0^ was associated with the disappearance
of free thiol (estimated using 515-<ii"t!ii0!)is-(2-nitrobenzoate)) •

All the added GSH was recoverable as GS3G as assayed by a modification

of the glutathione reductase method of Srivastava & Beutler (19684.

H^O^ production was demonstrated by the peroxidase/gum guaiacum assay
of O'Brien (1969). In the presence of peroxidasesPermcozyme

catalysed the oxidation of gum guaiacum by GSH. The maximum

extinction of the resulting blue compound at 610 nm was 40/- of that

given by an equimolar amount of glucose. These findings are

consistent with the suggestion that Permcozyme catalyses the reaction:

2 GSH + 02 ^ G33G + H^

The catalytic activity was unaffected by dialysis or the presence

of EBTA, but was abolished by heating at 90°C for 10 rain,

The apparent Michaelis-Menten parameters of Permcozyme for GSH,

estimated by the procedure of Wilkinson (1961) from the initial rates

of 0^ uptake (37°C) in the presence of excess catalase, phosphate-
citrate buffer, pll 5.6 (20 mM Na^IPO^), 50 ml.! EDTA and approximately
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230 Aitt 0o are: K O.97 t 0.04 (l0) wM; V 16.3 - 0.3 (10)/ £ ffi max x '

^umol Oj/tnl of Fermcozyme per rain. In these conditions the rate of
uptake with 5 mL! cysteine was less than 10y of that with an equiraolar

concentration of GSH. Glutamate and glycine (both 5 nfl) gave no 0^
uptake.

7,'hen Fermcozyme was saturated with glucose (110 mil) or G3H

(5 mli) the. ratio of the initial rate of oxygen uptake in the presence

of glucose to that in the presence of G3H was 11. The corresponding

ratio for a purer preparation of glucose oxidase from Aspergillus niger

(Glucose oxidase 2p0, lot 6X; Hughes & Hughes Ltd.) was 440. These

observations suggest that Fermcozyme contains an enzyme ("G3H oxidase")

which specifically oxidises GSH and is not glucose oxidase.

The "GSH oxidase" and glucose oxidase activities of Fermcozyme

were separated by DEAE ion-exchange chromatography. To a 50 ml

column of Whatman microgranular DE 52 resin (w. & R, Salston Ltd.,

Maidstone, Kent, U.K.) equilibrated with 0,01 M sodium acetate buffer,

pH 5*6j was added 15 ml of Fermcozyme which had been extensively

dialysed against the same buffer. Eighty per cent of the applied

"GSH oxidase" activity was eluted in one peak with 0.1 M sodium

acetate buffer, pH 5«6. This "GSH oxidase" fraction did not contain

any significant glucose oxidase activity. Glucose oxidase was

eluted from the column with 1 M sodium acetate buffer, also pH ^.6,
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PART 3. DISCUSSION

The experiments described in this Appendix demonstrate that

Hermcozyme, a commercial preparation of glucose oxidase from

Aspergillus niger, contains an additional enzyme which specifically

catalyses the oxidation of G3H by 0o. The evidence is consistent

with the equation:

"GSH oxidase"

2GSH + 02 ► G33G + HgO

This enz.ymic activity does not seem to have been previously

described in the literature (see for example Jccelyn, 1972). A

more detailed investigation of "GSH oxidase" may therefore provide

further insights into the biochemical roles of GSH.

Cysteine was found to be a poor substrate for the enzyme, This

together with the development of a simple DPAH ion-exchange

purification procedure which eliminates glucose oxidase activity

raises the possibility of using "GSH oxidase" for the specific

estimation of GSH.

One further implication of these findings is that the glucose

oxidase/peroxidase assay cannot be regarded, as specific for glucose

unless a "GSH oxidase"-free glucose oxidase preparation is used.
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The Oxidation of Glutathione by a Preparation
of Glucose Oxidase from Aspergillus niger

By James D. Young and Ian A. Nimmo (Department
of Biochemistry, University of Edinburgh Medical
School, Teviot Place, Edinburgh EH8 9AG, U.K.)

A commercial preparation of glucose oxidase from
Aspergillus niger (Fermcozyme 653AM, lot no. 1917;
Hughes and Hughes Ltd., Romford, Essex, U.K.)
catalyses the reaction:

2 GSH + 02 -> GSSG + H202
The catalytic activity is unaffected by dialysis or the
presence of 50mM-EDTA, but is abolished by heating
at 90°C for lOmin.
Measurements with an oxygen electrode show

that in phosphate-citrate buffer, pH5.6 (20mM-
Na2HP04), containing 1.6% (v/v) of Fermcozyme,
50mM-EDTA and 0.005 % (w/v) of catalase, 0.25mol
of 02 is consumed/mol of GSH added. The con¬
comitant disappearance of free thiol can be demon¬
strated by using 5,5'-dithiobis-(2-nitrobenzoate)
(Roberts & Agar, 1971). All the added GSH is
recoverable as GSSG, as assayed by a modification
of the method of Srivastava & Beutler (1968). The
evidence for H202 as another reaction product is that
in the presence of Fermcozyme and peroxidase GSH
oxidizes gum guaiacum to a blue compound, the
maximum extinction at 610nm being 40% of that

given by an equimolar amount of glucose. These
findings are consistent with the equation given above.
The apparent Michaelis-Menten parameters of

Fermcozyme for GSH, estimated by the procedure of
Wilkinson (1961) from initial rates of02 uptake in the
presence of excess of catalase and 50uim-EDTA at
pH5.6, 37°C and about 230pM-O2, are: Km=
0.97±0.04 (10)itim; F=16.3±0.3 (10)/xmol of 02/min
perml of Fermcozyme. In these conditions, the rate of
02 uptake with 5mM-cysteine is less than 10% of that
with an equimolar concentration of GSH.
When Fermcozyme is saturated with glucose

(llOmM) or GSH (5mM), the ratio v (glucose)/t>
(GSH) is 11. The corresponding ratio for a purer
preparation of glucose oxidase from Aspergillus niger
(Glucose Oxidase 250, lot no. 6X; Hughes and
Hughes Ltd.) is 440. Therefore Fermcozyme may
contain an enzyme that oxidizes GSH and is not
glucose oxidase.
One implication of our finding that may be of

practical importance is that, when glucose in the
diffusate from a typical haemolysate is measured by
using Fermcozyme-peroxidase-gum guaiacum, the
GSH also present raises the estimate by about 5%.

Roberts, J. & Agar, N. S. (1971) Clin. Chim. Acta 34,
475^180

Srivastava, S. K. & Beutler, E. (1968) Anal. Biochem. 25,
70-76

Wilkinson, G. N. (1961) Biochem. J. 80, 324-332
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Table1.Metabolismoftestosteronebyadenocarcinoma Resultsaregivenasmeans±s.E.M.fortentumours,exceptfor*meanforeighttumoursandfmeanforsixtumours.%5a-reductioniscalculated
ascombinedproductionof5a-dihydrotestosteroneand5a-androstandiol. %testosterone%5a-dihydrotestosterone%5a-androstandiol%A-4-androstenedione metabolizedproducedproduced%5a-reductionproduced

Dimethylbenzanthracene34.06±3.8110.54±2.424.00±1.1714.55±2.910.42±0.10* alone Dimethylbenzanthracene48.58±4.3315.58±2.2715.32±2.4331.90±3.971.84±0.37f+perphenazine SignificanceP=0.01R=0.10P<0.0005P<0.0025P=0.05
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By combining the production of 5a-dihydrotestosterone and 5a-androstandiol and ex¬

pressing the result as % 5a-reduction, an estimate of total 5a-reductase activity was
obtained. This was significantly higher in the perphenazine-treated group as compared
with the control group.
The conversion of testosterone into A-4-androstenedione was also investigated. Al¬

though themean amount of oxidation into A-4-androstenedione was significantly higher
in the perphenazine group, this was accounted for by two tumours, in which the amount
of oxidation was markedly raised. These two tumours had the lowest 5a-reductase acti¬
vity of the perphenazine group.
It is possible that the increased 5a-reductase activity demonstrated in tumours from

perphenazine-treated animals is caused by differences in tumour cellularity. The findings
of similar metabolism of another C-19 steroid precursor, dehydroepiandrosterone, and
the similarconversion of testosterone intoA-4-androstenedione in both groupsof tumours
would, however, indicate that the effects on 5a-reduction of testosterone are relatively
specific. Further evidence for this has come from preliminary studies in which ovine pro¬
lactin (50/^g/ml) has been added to incubation mixtures of dimethylbenzanthracene
adenocarcinomas in vitro with similar effects on testosterone metabolism.
Prolactin has been shown to influence the metabolism of testosterone in other steroid-

metabolizing organs. For example, Boyns et al. (1972) have demonstrated that prolactin
not only increased uptake of testosterone in rat prostatic cultures but changed the ratio
of 5a-dihydrotestosterone to testosterone in favour of the non-reduced form. This effect
upon 5a-reduction in the prostate is opposite to that demonstrated in the present study
of rat mammary tissue.

Boyns, A. R., Cole, E. N., Golder, M. P., Danutra, V., Harper, M. E., Brownsey, B., Cowley, T.,
Jones, G. E. & Griffiths, K. (1972) in Prolactin and Caranogenesis (Boyns, A. R. & Griffiths,
K., eds.), pp. 207-216, Alpha, Omega, Alpha Publishing Co., Cardiff

Fahmy, D., Griffiths, K., Turnbull, A. C. & Symington, T. (1968) J. Endocrinol. 41, 61-68
Jones, D., Cameron, E. El. D., Griffiths, K., Gleave, E. N. & Forrest, A. P. M. (1970) Biochem. J.

116, 919-921
King, R. J. B., Gordon, J. & Heffenstein, J. E. (1964) J. Endocrinol. 29, 103-110
King, R. J. B., Panattoni, M., Gordon, J. & Baker, R. (1965) J. Endocrinol. 33, 127-132

Glutathione Metabolism in Sheep Erythrocytes with High and Low
Concentrations of Reduced Glutathione

JAMES D. YOUNG and IAN A. NIMMO

Department ofBiochemistry, University ofEdinburgh Medical School,
Teviot Place, Edinburgh EH8 9AG, U.K.

and JOHN G. HALL

Agricultural Research Council Animal Breeding Research Organisation,
The King's Buildings, West Mains Road, Edinburgh EH9 3JQ, U.K.

Sheep with low levels of erythrocyte GSH were first found by Smith & Osburn (1967)
and later by Tucker & Kilgour (1970). Animals with less than 55mg of GSH/lOOml of
cells (1.79mmol/litre of cells) have been termed low GSH and the rest high GSH.
Tucker & Kilgour (1970) suggested that in Finnish Landrace sheep (Fins), GSH
concentration is controlled by a single pair of autosomal alleles, the gene for high
concentrations of GSH being dominant to that for low GSH. These animals do not
appear to be affected by their low concentrations of erythrocyte GSH although
they may be more susceptible to kale anaemia (Tucker & Kilgour, 1970). In contrast,
in man, haemolytic disorders are generally associated with low concentrations of
erythrocyte GSH (Beutler, 1972).

1974
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Sheep are usually allotted their GSH class on the basis of their content of erythrocyte
total non-protein reduced thiol as determined by the non-specific thiol reagent 5,5'-
dithiobis-(2-nitrobenzoate) (Smith & Osburn, 1967; Tucker & Kilgour, 1970; Agar
et al., 1972). This raises two questions: firstly, the accuracy with which total thiol is a
measure ofGSH; and secondly, whether a low concentration of GSH is paralleled by a
low concentration of GSSG. We attempt to answer these questions and also describe
observations on GSH metabolism in erythrocytes with high and low GSH from two
breeds, Finns and Tasmanian Merinos, which are relevant to the biochemical mecha¬
nisms responsible for the GSH polymorphism seen in these animals.
Whole blood was drawn from selected sheep into heparinized Vacutainers, immedi¬

ately chilled, deproteinized with metaphosphoric acid and assayed for GSH by the
5,5'-dithiobis-(2-nitrobenzoate) method (Beutler et al., 1963) and also by the GSH-
specific Alloxan '305'method (Patterson &Lazarow, 1955). Fig. 1 compares the estimates
of GSH concentration given by these two methods for 16 animals representing both
breeds and classes. It can be seen that for either breed, the high and low values ofGSH
lie on the same straight line (correlation coefficient=0.999 in both instances). Therefore
the difference in 5,5'-dithiobis-(2-nitrobenzoate) reactivity between the two cell types is
in fact due to different concentrations ofGSH. Further, both classes of cell have the same
concentration of non-GSH thiol, estimated from the intercept on the abscissa as 0.11
and O.29mmol/litre of cells for Merinos and Finns respectively.
Blood samples from the same 16 animals were assayed for erythrocyte GSSG

GSH from 5,5'-dithiobis-(2-nitrobenzoate) method (mg/lOOml of cells)

Fig. 1. A comparison of the estimates ofGSH concentration in erythrocytes with high and
low GSHfrom Finn andMerino sheep by the 5,5'-dithiobis-(2.-nitrobenzoate) and Alloxan
'305' methods

The lines represent linear regressions ofGSH from the Alloxan method on that from the
5,5'-dithiobis-(2-nitrobenzoate) method. Finns, ■; Merinos, •.

Vol. 2
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Table 1. Activities of the enzymes ofGSH biosynthesis in erythrocytes with high and low
GSH from Finn and Merino sheep

Values are (mean±s.E.m. with no. of animals in parentheses)/xmol of product formed/
min per g of haemoglobin as assayed by the method of Paniker & Beutler (1972).

y-Glutamyl cysteine synthetase GSH synthetase
0.595 ±0.063 0.073 ±0.002 (12)
0.555 ±0.033 0.070 ±0.002 (10)
0.776±0.065 0.069 ±0.003 (11)
0.375 ±0.063 0.066 ±0.002 (13)

(Srivastava & Beutler, 1968). GSSG concentrations were 7.23 ±0.95 and 2.15 ±0.92/xrnol/
litre of cells for Finns with high and low GSH respectively and 11.38± 1.08 and
2.86±1.19/amol/litre of cells for Merinos with high and low GSH respectively [mean
±s.e.m. (4)]. Thus for both breeds animals with low GSH have a lower concentration of
GSSG and therefore of total glutathione. Their value of the ratio [GSSG]/[GSH]2,
which influences the redox potential of the glutathione couple, is about four times that
of the animals with high GSH.
One possible explanation for the low values of total glutathione found in animals

with low GSH is a diminished ability to synthesize GSH. Consequently the capacity of
erythrocytes from Finn and Merino sheep to synthesize GSH was examined. Synthesis
of erythrocyte GSH is known to occur in two enzymic steps (Minnich et a/., 1971):

y-glutamyl cysteine
synthetase

ATP ± glutamic acid ± cysteine > y-glutamyl cysteine ±ADP± Pi
GSH synthetase

ATP± y-glutamyl cysteine + glycine —> GSH±ADP±Pi

The first reaction is catalysed by y-glutamyl cysteine synthetase (EC 6.3.2.2) and the
second by GSH synthetase (EC 6.3.2.3).
Sheep erythrocyte y-glutamyl cysteine synthetase and GSH synthetase were

measured in haemolysates by the method of Paniker & Beutler (1972). In Merinos, low
values of erythrocyte GSH were associated with a markedly diminished capacity to
synthesize y-glutamyl cysteine, the mean activity of animals with low GSH being only
48% that of ones with high GSH (Table 1). In marked contrast, erythrocytes with low
and high GSH from Finn sheep had the same y-glutamyl cysteine synthetase activity.
For both breeds, there were no class differences in GSH synthetase activity. The associa¬
tion between erythrocytes with low GSH and a diminished activity ofy-glutamyl cysteine
synthetase suggests that this diminished enzymic capacity is responsible for the GSH
polymorphism seen in Merinos. In this connexion it is noteworthy that a decreased
ability to synthesize GSH has also been implicated in a number of instances of erythro¬
cytes with low GSH in man. Decreased activities of both y-glutamyl cysteine synthetase
and GSH synthetase have been described (Beutler, 1972).
Although a decreased capacity to synthesize y-glutamyl cysteine may be responsible

for the low amounts oferythrocyte GSH found in Merinos, the low GSH concentrations
in Finns cannot be explained in this way. That the biochemical mechanisms responsible
for GSH polymorphism may differ between Finns and Merinos is further supported by
the observation that Finns erythrocytes with low GSH have high intracellular con¬
centrations of certain amino acids, particularly ornithine and lysine, a phenomenon
which is not observed in Merinos (Ellory et al., 1972). The precise nature of the
association between low concentrations of erythrocyte GSH and high concentrations
of intracellular amino acids remains to be elucidated.

f High GSHF,nn {Low GSH

,, . f High GSHMerino I T „C[Tl Low GSH
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Increased Hepatotoxicity of Paracetamol in Rats Fed on Low-Protein
Diets or Phenobarbital, and Protection by Selenate
ANDRE E. M. McLEAN and PAULINE DAY

Department ofExperimental Pathology, University College Hospital Medical School,
University Street, London WCIE 6JJ, U.K.

Paracetamol, like carbon tetrachloride and many other toxins, seems to require activa¬
tion in the mixed-function oxidase system centred on cytochrome P-450 before it can
exert its toxic effects (Mitchell et al., 1973; McLean & McLean, 1966, 1969; Garner &
McLean, 1969).
Mitchell et al. (1973) have suggested that the toxic metabolite reacts first with gluta¬

thione, and only when glutathione has been exhausted are other nucleophilic groups
attacked with resulting cell damage.
We find that paracetamol has an unusual dose-response relation. As the dose is in¬

creased, there is not a gradual increase in the amount of liver injury, but rather there is an
increase in the proportion of animals that show massive necrosis of the liver. Sometimes
small patches of injury or single damaged lobes are seen, but the response is much more of
an 'all-or-none' situation than is found with hepatotoxins like carbon tetrachloride,
dimethylnitrosamine or pyrrolizidine alkaloids, where amount of injury is closely related
to dose.
This 'all-or-none' situation has some resemblance to dietary liver necrosis (Schwarz,

1962; McLean, 1960), which is a combined selenium and a-tocopherol deficiency.

Table 1. Effect of diet and phenobarbital on the lethal effects ofparacetamol
Paracetamol was given by gastric intubation as a 20% suspension. LD50 was determined
by the method ofWeil (1952) on five to eight groups containing four rats each. The 95 %
confidence limits are between 10 and 20% either side of the LD50 value. Low-protein
(3 % Casein) diets were made as described by McLean & McLean (1966). Phenobarbital
was given for 1 week in the drinking water as a lmg/ml solution (Marshall & McLean,
1971).

Diet

Stock pellets
Stock pellets
Stock pellets
Low-protein, 7 days
Low-protein, 7 days

Treatment

Starvation, 18h
Phenobarbital

Phenobarbital

LDjo (g/kg)
5.2
2.8
2.0
2.1
0,9

-Vol. 2
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Table 2. Effect ofphenobarbital and selenate on liver injury after oral administration of
paracetamol (1 g/kg)
Rats were given paracetamol (lg/kg) orally as a 20% suspension. Sodium selenate
(10/xmol/kg) was given intraperitoneally at the same time (a-tocopherol acetate, 40mg,
was given orally 24h before paracetamol). Rats were killed 24h later and liver injury
assessed as previously described (McLean & McLean, 1966). Deaths are the proportion
of dosed rats dead at 24h. Necrosis means visible necrosis in any part of the liver as
assessed by eye and checked by histological examination. In normal control rats plasma
isocitrate dehydrogenase was less than 5nmol/min per ml of plasma and liver water was
2.61 ±0.1 g/g of fat-free dry weight.

Proportion of surviving rats showing signs of
liver injury

Isocitrate dehydrogenase Liver water
Treatment Deaths Necrosis >15nmol/min per ml >3 g/g

Stock rats 0/10 3/10 2/10 3/10
-hPhenobarbital 5/23 16/18 15/18 12/18
+Phenobarbital 0/13 3/13 2/13 2/13
Eselenate

+Phenobarbital 0/4 4/4 4/4 3/4
+a-tocopherol

Table 1 shows that starvation, low-protein diets and phenobarbital all increase the
lethal effects of paracetamol, perhaps because phenobarbital increases the rate ofmeta¬
bolism to a rate faster than the detoxication pathway can manage, and because in protein
deficiency the fall in glutathione levels makes the detoxication pathway unavailable (Leaf
&Neuberger, 1947). Starvation could be effective because an increased rate ofabsorption
leads to higher plasma amounts (Nimmo et al., 1973).
Table 2 shows that in the phenobarbital-treated animal, selenate (10/xmol/kg) gives a

very considerable protection against paracetamol liver injury, but a-tocopherol does
not.

The sole known biochemical role of selenium is as part of the enzyme glutathione
peroxidase (Rotruck et al., 1973). It is possible that where rapid metabolism of paracet¬
amol is taking place, a detoxication pathway involving glutathione peroxidase becomes
rate-limiting. Giving selenium can then increase the rate at which the detoxication path¬
way can trap the toxic metabolites. In the absence of glutathione, such a pathway would
not be effective. As predicted animals fed on low-protein diets are not protected by
selenium. Another possibility is that the selenate blocks metabolism of paracetamol,
since this dose of selenate causes a fall in the amount of cytochrome P-450 in the liver
of phenobarbital-treated rats.
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Marshall, W. G. & McLean, A. E. M. (1971) Biochem. J. 122, 569-573
McLean, A. E. M. (1960) Nature (London) 185, 936-937
McLean, A. E. M. & McLean, E. K. (1966) Biochem. J. 100, 564-571
McLean, A. E. M. & McLean, E. K. (1969) Brit. Med. Bull. 25, 278-281
Mitchell, J. R., Jollow, D. J., Gillette, J. R. & Brodie, B. B. (1973) Drug. Metab. Disposition 1,
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Summary

1. Two automated colorimetric methods have been developed for assaying
the GSH and total thiol in protein-free extracts of erythrocytes. They employ
as chromogens 5,5'-dithiobis-(2-nitrobenzoate) (DTNB) and alloxan.

2. The concentrations of GSH, GSSG and total non-protein thiol have
been estimated in high and low GSH erythrocytes from Finnish Landrace and
Tasmanian Merino sheep.

3. In both breeds of sheep low GSH cells were found to have low concen¬
trations of total non-protein thiol and GSSG as well as of GSH.

4. Nevertheless high and low GSH cells have similar values for the oxida¬
tion-reduction potential of the GSH : GSSG couple.

Introduction

Sheep exhibit genetic polymorphism in erythrocyte GSH [1—5]. At least
two distinct sorts of GSH deficiency have been described. In Finnish Landrace
sheep (Finns), low GSH is inherited as an autosomal recessive trait, and is
associated with a markedly diminished erythrocyte life-span and the presence
of unusually high concentrations of some erythrocyte amino acids, notably
ornithine and lysine [2,6,7]. In contrast, in Tasmanian Merino sheep (Merinos),
the low GSH characteristic is probably inherited in an autosomal dominant
manner and both the erythrocyte life-span and the concentrations of amino

* Present address: Agricultural Research Council Institute of Animal Physiology, Babraham, Cam¬
bridge, CB2 4AT, U.K.
Abbreviation: DTNB, 5,5'-dithiobis-(2-nitrobenzoate).
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aicds are normal [3,6,8]. Australian Merino sheep may exhibit a third type of
GSH deficiency. In this breed, low GSH seems to be inherited in an autosomal
recessive manner, and yet is associated with normal erythrocyte ornithine and
lysine concentrations [9].

The assays used to classify sheep as to GSH type can be criticised because
they employ the non-specific thiol reagent 5,5'-dithiobis-(2-nitrobenzoate)
(DTNB) [10,11]. It is therefore possible that the observed differences are due
to some thiol other than GSH. Furthermore, since erythrocyte glutathione is
also present in the oxidised form (GSSG), a diminished concentration of GSH
does not necessarily mean total glutathione (GSH + 2 GSSG) is also diminished.

In this paper we attempt to resolve both these criticisms for the Finn and
Tasmanian Merino types of GSH polymorphism. Erythrocyte GSH has been
estimated by novel automated versions of methods employing as chromogens
either DTNB or alloxan. Since both methods are precise, and since alloxan is
much more specific for GSH than is DTNB, the difference between the DTNB
and alloxan estimates is a measure of the amount of non-GSH thiol present.
GSSG has been determined enzymically. The data show that for both Finns
and Merinos the majority of the DTNB-reactive thiol in high and low GSH
erythrocytes is in fact GSH. Furthermore, low GSH erythrocytes of both
breeds have a diminished GSSG concentration. The alloxan GSH and GSSG
estimates have been used to calculate the redox potential of the GSH : GSSG
couple in high and low GSH Finn and Merino erythrocytes.

Some of these results have already appeared in preliminary form [12].

Methods and Materials

Animals
The Finnish Landrace and Tasmanian Merino sheep used in this study

were maintained by the Agricultural Research Council Animal Breeding Re¬
search Organisation, Edinburgh, U.K. The origins of these animals are described
in Eagleton et al. [13]. All sheep were at least 8 months old.

Whole blood was collected into heparinized Vacutainers by jugular vene¬
puncture and kept on ice. Erythrocyte GSH and GSSG were estimated within
6 h of bleeding.

GSH estimations
The population distributions of erythrocyte DTNB GSH were determined

on whole blood by an automated dialysis method [11] with minor modifica¬
tions.

To permit comparison of DTNB and alloxan GSH in a single protein-free
extract of whole blood, automated versions of existing manual methods
[10,14] were devised, employing similar arrangements of Technicon Auto-
Analyser equipment (see Fig. 1). The reagents for these methods were: meta-
phosphoric acid/EDTA: 2 vol. 25% (w/v) metaphosphoric acid + 7 vol. 14.3
mM EDTA (disodium salt) + 1 vol. water. Since a fine precipitate may form,
this reagent was prepared 12 h before use and filtered. Buffer: 0.5 M sodium
phosphate, pH 7.5. DTNB: 160 mg DTNB + 10 g sodium citrate per 1 water.
Alloxan: 16 g alloxan per 1 water (stored deep-frozen). NaOH {DTNB method):
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spectrophotometer
(Alloxan)

Fig. 1. The flow-diagrams for the automated DTNB and alloxan GSH methods. Both systems employ
standard Technicon AutoAnalyser equipment except for the Unicam SP1800 spectrophotometer and
AR25 recorder used with the alloxan manifold. The inclusion of a delay coil in the alloxan manifold is the
only other difference between the two systems. The reagents for both methods are described in the text.

approx. 1.0 M NaOH adjusted so that 1 vol. of it titrated 1 vol. metaphosphoric
acid/EDTA + 1 vol. DTNB to pH 7.5. NaOH (alloxan method): approx. 1.0 M
NaOH adjusted so that 1 vol. of it titrated 1 vol. metaphosphoric acid/EDTA +
1 vol. alloxan to pH 7.5. GSH standards: 0—0.2 mM GSH in metaphosphoric
acid/EDTA (stored at 4°C for not more than 2 weeks).

To prepare the protein-free extract, 1 ml blood was haemolysed by adding
7 ml ice-cold EDTA (14.3 mM), allowed to stand at 0°C for 5 min, and depro-
teinised with 2 vol. ice-cold 25% (w/v) metaphosphoric acid.

The flow diagram for the DTNB method is shown in Fig. 1. The wash
reservoir was filled from a constant-head bottle with metaphosphoric acid/
EDTA, the sampling rate was 40/h with a 2 : 1 sample : wash ratio, and the
extinction was measured at 420 nm. Because the sample itself may absorb at
420 nm, a second aliquot of it was run through the system with 1% (w/v)
sodium citrate in place of DTNB reagent, and this blank extinction (usually
0.01 0.03) was subtracted from that recorded with DTNB. Standards were not
re-run.

The alloxan method also has the flow diagram in Fig. 1. Since the reaction
product absorbs maximally at 305 nm, the Technicon colorimeter and recorder
were replaced with a Unicam SP1800 spectrophotometer fitted with a 0.5 cm
flow cell and a Unicam AR25 recorder. As in the DTNB method, the wash
reservoir contained metaphosphoric acid/EDTA, and the sampling rate was
40/h with a sample : wash ratio of 2 : 1. The transit time between points A and
B was 6 min. (This delay coil is the only difference between the DTNB and
alloxan manifolds). The samples absorb at 305 nm, so they were re-run with
water in place of alloxan reagent; this blank extinction was typically
0.01-0.02.

GSSG estimation

GSSG was estimated by a glutathione reductase method [15].
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Results

Fig. 2 shows the distribution of erythrocyte DTNB GSH in Merinos. The
distribution is distinctly biomodal, one group having a concentration in the
range 0.49—1.69 mmol/1 cells and the other a concentration in the range
1.95—3.65 mmol/1 cells. In accordance with the nomenclature of Tucker and
Kilgour [2], animals with a DTNB GSH concentration in the lower range were
termed low GSH, and those with one in the upper range, high GSH. The
distribution of erythrocyte DTNB GSH in Finns is also shown in Fig. 2. These
concentrations ranged from 1.07—4.30 mmol/1 cells. The existence of a small
group of animals with a concentration in the low GSH range is evident. The
mean erythrocyte DTNB GSH concentrations (in mmol/1 cells, ± S.D.) were
2.83 ± 0.45 (61) and 1.07 ± 0.26 (52) for high and low GSH Merinos, respec¬
tively, and 3.26 ± 0.54 (52) and 1.29 ± 0.11 (12) for high antl low GSH Finns,
respectively. Of the Merinos, 46% were low GSH compared with 19% of the
Finns. The erythrocyte DTNB GSH of a number of animals was monitored over
a period of 27 months in the case of Merinos and 17 months in the case of
Finns. All individuals of both breeds maintained their GSH type.

Selected animals (12 high GSH and 10 low GSH Finns, and 11 high GSH
and 13 low GSH Merinos) were screened for the presence of high erythrocyte
concentrations of ornithine and lysine [6]. Of the 46 animals tested, only the
10 low GSH Finns were amino acid positive.

Assuming the gene controlling low GSH to be recessive in Finns [2] and
dominant in Merinos [3] it was possible to identify a number of presumed
heterozygotes in both breeds from the limited breeding data available. In Finns,
a high GSH animal was presumed to be heterozygous if it had either a low
GSH parent or offspring. Conversely, in Merinos, a low GSH animal was pre¬
sumed to be heterozygous if it had either a high GSH parent or offspring. These

DTNB GSH (mmol/l cells) GSH (mM)
Fig. 2. The population distributions of erythrocyte DTNB GSH in Finn and Merino sheep. GSH was

assayed by an automated dialysis method f 11 ]. Presumed heterozygotes are identified as ■.

Fig. 3. Typical standard curves for the automated DTNB and alloxan GSH methods. The DTNB curve (•)
represents a linear regression of extinction on GSH concentration. The alloxan curve (o) represents a
third-order polynomial regression of extinction on GSH concentration.
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animals are shown in Fig. 2. Their mean DTNB GSH concentrations (+S.D.)
were 3.34 ± 0.20 [5] and 1.10 ± 0.26 [19] mmol/1 cells for Finns and Merinos
respectively. In Merinos, the range of heterozygote DTNB GSH concentrations
was essentially the same as that of the total low GSH population, and in Finns,
the heterozygotes lay in the middle of the high GSH range, showing that in
both breeds there are no obvious differences between heterozygote and homo-
zygote DTNB GSH concentrations.

The standard curve for the assay method using DTNB after metaphos-
phoric acid treatment was linear, whereas that using alloxan was not (see
Fig. 3). A third-order polynomial routinely fitted the alloxan standard data.
The coefficient of variation was 1—2% for both methods, and for neither of
them was there appreciable drift or interaction between successive samples. The
recovery of GSH, assessed by deproteinising blood from low GSH Finn sheep
with 25% (w/v) metaphosphoric acid containing GSH, was (mean ±S.E.M., 3)
91.3 ± 0.8% (DTNB method) and 92.2 ± 0.8% (alloxan method). These values
are less than 100%, but are so nearly equal to one another that it is valid to
compare DTNB GSH with alloxan GSH.

This comparison was made for 8 animals of each breed. These animals
were selected to be of the same sex (female), age (1 year), haemoglobin type
(AA in Finns and AB in Merinos) and potassium type (HK). The correspon¬
dence between the DTNB and alloxan estimates is shown in Fig. 4. For each
breed the high and low GSH values fall on a single straight line through the
origin. (Note that in Fig. 1 of Young et al. [12] the two lines do not pass
through the origin. This is because no allowance was made for the extinction of
the samples themselves at 420 nm, see above). The slopes of the lines (±S.E.),
calculated by the method of least squares, are: Finns, 0.923 ± 0.012 and
Merinos, 0.971 ± 0.012. These results show that for both breeds of sheep
almost all the non-protein thiol in the two types of cell is indeed GSH. How¬
ever, since for Finns in particular the slope of the line seems to be slightly less
than unity, there may be a small but constant percentage of the total non¬
protein thiol which is not GSH.

Fig. 4. A comparison of the DTNB and alloxan estimates of the concentration of GSH in high and low
GSH erythrocytes from Finns and Merinos. The lines represent linear regressions of alloxan GSH on DTNB
GSH. Both assays are described in the text. Finns: ■, high GSH and □, low GSH. Merinos: •, high GSH
and o, low GSH.
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TABLE I

THE CONCENTRATION OF GSSG IN HIGH AND LOW GSH FINN AND MERINO ERYTHROCYTES

Concentrations are mean ±S.E.M. [4] ^mol/1 cells as assayed by a glutathione reductase method [15].
Mean values are compared by Student's t-test.

GSSG concentration P

Finn High GSH
Low GSH

7.23 ± 0.95

2.15 ± 0.92
<0.01

Merino High GSH 11.38 ± 1.08
<0.01

Low GSH 2.86 ± 1.19

The estimates of erythrocyte GSSG for the same 16 animals are summa¬
rised in Table I. For both breeds low GSH individuals have significantly less
GSSG than do the high GSH individuals. Recovery experiments demonstrated
that extracts of low GSH erythrocytes did not interfere with the GSSG assay.
Consequently these low GSSG concentrations cannot be attributed to the pres¬
ence of a glutathione reductase inhibitor in low GSH cells.

Although in both Finns and Merinos, high and low GSH animals differ
widely in their erythrocyte GSH and GSSG concentrations and [GSSG] :
[GSH] 2 ratios, their values for the redox potential (E) of the GSH : GSSG
couple are remarkably similar (Table II). The absolute values of E given in
Table II can only be regarded as approximate because of the uncertainty of the
standard redox potential (E0') of this couple under physiological conditions.
However, when the redox state of high and low GSH erythrocytes are com¬
pared, the important parameter is AE (Ehi(,h gsh""^iow gsh) which is inde¬
pendent of E0'. The value of AE is - 16 mV in Finns and -19 mV in Merinos.

Discussion

These automated DTNB and alloxan methods allow the concentrations of
total non-protein thiol and GSH to be compared in the same erythrocyte
extract. Alloxan is a particularly useful chromogen since it distinguishes be¬
tween GSH and its thiol precursors (cysteine and 7-glutamyl-cysteine) and

table 11

the redox state of the gsh:gssg couple in high and low gsh finn and merino
erythrocytes

Concentrations are mean ±S.E.M. [4].

Alloxan GSH

(mmol/1 cells)

GSSG

(jumol/l cells)
[GSSG] : [GSH]2
(1/mol)

I?(V)* AE(V)
(High GSH —

Low GSH)

Finn High GSH
Low GSH

2.73 ± 0.25

0.78 ± 0.07

7.23 ± 0.95

2.15 ± 0.92
0.97

3.53

—0.240

—0.224
—0.016

Merino High GSH
Low GSH

2.34 ± 0.24

0.57 ± 0.06

11.38 ± 1.08
2.86 ± 1.19

2.08

8.94

—0.230

—0.211
—0.019

* Eq' = —0.24 V at 40°C and pH 7 [23].
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degradation products (cysteine and cysteinyl glucine) [14]. Although it is ac¬
cepted that in healthy man erythrocytes contain a negligible concentration of
non-protein non-GSH thiol, so that it is valid to equate GSH with DTNB-reac-
tive thiol [10], the same may not be true in abnormal states or in sheep. Thus
claims that erythrocyte GSH is elevated in some patients with anaemias
[16,17], myelofibrosis [18] or leukemia [19,20] could be criticised on the
grounds that the assays measured total thiol and not just GSH. The automated
DTNB and alloxan methods described here may prove useful in these and other
similar situations.

It is clear that in the high and low GSH Finn and Merino sheep we

examined, GSH accounts for most of the non-protein thiol, but perhaps not
quite all of it. It is possible that the residual thiol is 7-glutamyl cysteine as its
concentration might be expected to increase with that of GSH [21]. Since the
low GSH erythrocytes of both breeds also have a low concentration of GSSG,
they have a diminished concentration of total glutathione (GSH + 2 GSSG).

It is apparent from Fig. 2 that there is a wide variation in GSH concentra¬
tion within each GSH type, and that this cannot be accounted for by the
presence of heterozygotes with an intermediate concentration. It has been
suggested that erythrocyte GSH concentration in adult sheep may be influ¬
enced by an individual's age, haemoglobin type or potassium type [4,5]. How¬
ever, none of these variables has a marked effect on erythrocyte GSH concen¬
tration in the Finns and Merinos used in the present investigation [22], so that
most of the intra-type variation remains unexplained.

The redox potential data (Table II) indicate that high GSH cells have a
more reducing potential than do low GSH ones. However, in both breeds the
difference between the two cell types is small (less than 20 mV). If it is
accepted that the prime role of GSH in the erythrocyte is to act as a redox
buffer, it would seem that, from a thermodynamic standpoint at least, low
GSH cells are at little disadvantage. It is therefore not surprising that low GSH
Merino erythrocytes have a normal life-span [8]. In contrast, low GSH Finn
erythrocytes have a life-span shortened by some 30% [7]. Since the low GSH
erythrocytes from the two breeds have similar redox potentials and GSH con¬
centrations, it is possible that the diminished life-span of the Finn cells is not a
direct consequence of their low GSH status.
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Summary

1. The maximum activities of the enzymes for the biosynthesis of GSH
(7-glutamyl-cysteine synthetase and GSH synthetase) have been assayed in high
GSH and low GSH erythrocytes from Tasmanian Merino and Finnish Landrace
sheep.

2. For the Merinos, the activities (pmol product/g haemoglobin per min ±
S.E.M. (n)) in the high and low GSH erythrocytes respectively were: 7-gluta¬
myl-cysteine synthetase: 0.776 ± 0.065 (11) and 0.375 ± 0.063 (13); and GSH
synthetase: 0.069 ± 0.003 (11) and 0.066 ± 0.002 (13).

3. For the Finnish Landrace sheep the activities in the high and low GSH
erythrocytes respectively were: 7-glutamyl-cysteine synthetase: 0.595 ± 0.063
(12) and 0.555 ± 0.033 (10) and 7-glutamyl-cysteine synthetase: 0.073 ± 0.002
(12) and 0.070 ± 0.002 (10).

4. 7-Glutamyl-cysteine synthetase was markedly inhibited by physiologi¬
cal GSH concentrations. No evidence was found for the presence of an inhibi¬
tor of GSH biosynthesis (other than GSH) in low GSH erythrocytes from
Finnish Landrace sheep.

5. Although for the Merinos the low GSH trait can be explained in terms
of a diminished activity of 7-glutamyl-cysteine synthetase, no such explanation
is tenable for the Finnish Landrace sheep.

Introduction

The major role of GSH in the erythrocyte is thought to be the protection
of the cell against oxidative damage, the GSH:GSSG couple acting as a redox

* Present address: Agricultural Research Council Institute of Animal Physiology, Babraham, Cam¬
bridge, CB2 4AT, U.K.
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buffering system. GSH is continuously synthesised in the mammalian erythro¬
cyte from its constituent amino acids [1- 3] and removed from the cell by a
GSSG transport system [4]. The presence of an enzymic system in erythro¬
cytes for GSH degradation has also been suggested [2,5].

A number of instances of congenital erythrocyte GSH deficiency asso¬
ciated with non-spherocytic haemolytic anaemia have been described in man.
These low concentrations of erythrocyte GSH have been attributed to a dimin¬
ished ability of the cell to synthesise GSH, the reactions involved being [3] :

ATP + glutamate + cysteine -> 7-glutamyl-cysteine + ADP + Pj
ATP + 7-glutamyl-cysteine + glycine GSH + ADP + P;

The first reaction is catalysed by 7-glutamyl-cysteine synthetase and results in
the formation of 7-glutamyl-cysteine. The second reaction is catalysed by GSH
synthetase. Severe deficiencies of both enzymes have been reported [3,6,7].

The existence of sheep with low concentrations of erythrocyte GSH was
first described by Smith and Osburn [8]. Subsequent investigations have re¬
vealed that there are at least two distinct types of GSH deficiency. The first is
found in Finnish Landrace sheep (Finns) where low GSH is inherited in an
autosomal recessive manner and is associated with a diminished erythrocyte
life-span and elevated erythrocyte concentrations of certain amino acids, par¬
ticularly ornithine and lysine [9—11]. Tasmanian Merino sheep (Merinos) ex¬
hibit a second type of GSH deficiency. In these animals, low GSH is probably
inherited in an autosomal dominant manner and both the erythrocyte life-span
and amino acid concentrations are normal [10,12,13]. GSH deficiency in Aus¬
tralian Merino sheep is also associated with normal erythrocyte amino acid
concentrations but seems to be inherited as an autosomal recessive trait [14].
This breed may therefore exhibit a third type of GSH deficiency. In contrast to
the situation in man, low GSH individuals of all these breeds appear to be
clinically normal.

This paper describes an investigation of the biochemical mechanism(s)
responsible for the Finn and Tasmanian Merino types of erythrocyte GSH
deficiency. It is demonstrated that low GSH Merino erythrocytes have a dimin¬
ished maximum activity of 7-glutamyl-cysteine synthetase which could explain
their low GSH concentration. On the other hand, low GSH Finn erythrocytes
are shown to have normal activities of both 7-glutamyl-cysteine synthetase and
GSH synthetase, so the reason for their low GSH concentration has still to be
elucidated.

Some of these results have already appeared in preliminary form [15].

Materials and Methods

Animals
The Tasmanian Merino and Finnish Landrace sheep used in this investiga¬

tion were maintained by the Agricultural Research Council Animal Breeding
Research Organisation, Edinburgh. Sheep were classified as to GSH type on the
basis of their erythrocyte concentrations of GSH and, for the Finns, of orni¬
thine and lysine [16]. All investigations except those involving more than 4
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animals of each GSH type were carried out with animals of the same sex

(female), age (2 years), haemoglobin type (AA in Finns and AB in Merinos) and
potassium type (HK).

Whole blood was drawn from sheep into heparinized Vacutainers and
immediately chilled. Erythrocytes were washed 3 times in ice-cold 0.9% (w/v)
NaCl. The buffy coat and upper layer of erythrocytes was removed. The eryth¬
rocyte: leucocyte ratio of the final cell preparation was never less than 1000 : 1.
Materials

[U-1 4 C] Glutamate and [U-' 4 C] glycine were obtained from the Radio¬
chemical Centre, Amersham, England. (7-Glutamyl)2 -cystine was purchased
from Cyclo Chemical Corporation, Los Angeles, California, U.S.A.

GSH biosynthesis
7-Clutamyl-cysteine synthetase and GSH synthetase were assayed in dilute

haemolysates by the method of Paniker and Beutler [17]. Blanks were per¬
formed by adding trichloroacetic acid and then haemolysate to the complete
incubation medium. Enzyme activity was expressed as pmol product formed/g
haemoglobin/min.

The ability of sheep erythrocytes to synthesise 7-glutamyl-cysteine and
GSH was also determined in freeze-thaw haemolysates under conditions where
the cell constituents were virtually undiluted (compared with a 30—50-fold
dilution in the other assay system). Freeze-thaw haemolysates were prepared
from packed NaCl-washed erythrocytes by freezing and thawing twice.

The incubation system for 7-glutamyl-cysteine synthesis contained 20
jumol MgCl2, 10 pmol each of ATP, cysteine, [U-1 4C] glutamate (0.1 Ci/mol)
and dithiothreitol, and 0.9 ml freeze-thaw haemolysate in a total volume of 1.0
ml. Due to its low solubility, glutamate was added to haemolysate as solid, and
the complete incubation system was assembled at 0°C. Incubations were at
37° C, and after 5 min pre-incubation, 0.2 ml aliquots were removed at 5-min
intervals and deproteinised with 1.8 ml of 5.6% (w/v) trichloroacetic acid con¬

taining 56 mM imidazole. 7-Glutamyl-cysteine in the trichloroacetic acid-imida-
zole supernatant was precipitated as the cadmium mercaptide, washed free of
['4 C] glutamate and counted by liquid scintillation spectrometry with quench
correction by the method of Paniker and Beutler [17].

The incubation system for GSH synthesis was identical to that for'7-gluta-
myl-cysteine except for the inclusion of glycine (10 mM). Glycine rather than
glutamate was isotopically labelled. Incubations and subsequent sample treat¬
ment were also as described for 7-glutamyl-cysteine. In both the incubation
systems with freeze-thaw haemolysates, blanks were performed by omitting
cysteine.
A TP estimation

The concentration of ATP in sheep erythrocytes was determined using the
Boehringer Test Combination (Diagnostics) UV method.

Results

GSH biosynthesis in dilute haemolysates
In Fig. 1, the erythrocyte 7-glutamyl-cysteine synthetase and GSH syn-
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Fig. 1. Activities of the enzymes of GSH biosynthesis in high and low GSH Merino erythrocytes. 7-Gluta-
myl-cysteine synthetase and GSH synthetase were assayed in dilute haemolysates [17]. Erythrocyte GSH
was estimated by the method of Roberts and Agar [18], with minor modifications. The 7-glutamyl-cys-
teine synthetase activities of presumed heterozygotes are shown as O.

thetase activities of 11 high GSH and 13 low GSH Merinos are plotted against
their respective erythrocyte GSH concentrations (as determined by the method
of Roberts and Agar [18], with minor modifications). The mean 7-glutamyl-
cysteine synthetase activity of the low GSH cells is 48% of that of the high
GSH cells, this difference being statistically significant (Student's t-test; P <
0.001). High GSH erythrocytes therefore have a greater maximum enzymic
capacity for 7-glutamyl cysteine synthesis than do low GSH erythrocytes. (Note
that one low GSH animal did not conform to the overall pattern. This individual
had a low GSH concentration (less than 1.0 mmol/1 cells) and no detectable
erythrocyte ornithine or lysine, but it had a high 7-glutamyl-cysteine synthetase
activity (1.01 pmol/g haemoglobin/min). It could have been misclassified as to
GSH type if additional factors had influenced its erythrocyte GSH concentration
(see refs 10 and 19). There is no significant correlation between 7-glutamyl-
cysteine synthetase activity and GSH concentration within either GSH type.
From the limited breeding data available, it was possible to identify 6 of the 13
low GSH Merinos as heterozygotes (see ref. 16). These animals are identified in
Fig. 1. Although they have different activities of 7-glutamyl-cysteine synthe¬
tase, high and low GSH Merino erythrocytes have the same activity of GSH
synthetase.

In Fig. 2, the erythrocyte 7-glutamyl-cysteine synthetase and GSH synthe¬
tase activities of 12 high GSH and 10 low GSH Finns are plotted against their
respective erythrocyte GSH concentrations. In marked contrast to the situation
in Merinos, these high and low GSH erythrocytes have the same 7-glutamyl-
cysteine synthetase activity. As with Merinos, no inter-type difference in GSH
synthetase activity is apparent. There is no significant correlation between
7-glutamyl-cysteine synthetase and GSH synthetase activity in either type of
cell or breed of sheep.

GSH biosynthesis in freeze-thaw haemolysates
Fig. 3 shows the time-course of 7-glutamyl-cysteine synthesis by high and
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Fig. 2. Activities of the enzymes of GSH biosynthesis in high and low GSH Finn erythrocytes. 7-Gluta-
myl-cysteine synthetase and GSH synthetase were assayed in dilute haemolysates [17]. Erythrocyte GSH
was estimated by the method of Roberts and Agar [18], with minor modifications.

low GSH Finn and Merino freeze-thaw haemolysates. As for the dilute haemo-
lysate assays, the rate of 7-glutamyl-cysteine synthesis is markedly diminished
in low GSH Merinos but not in low GSH Finns. Indeed, under these conditions,
low GSH Finns show a greater capacity for 7-glutamyl-cysteine synthesis than
do high GSH Finns. In no case was 7-glutamyl-cysteine synthesis observed in
the absence of added cysteine.

The time-course of GSH synthesis by high and low GSH Finn freeze-thaw
haemolysates is shown in Fig. 4. The rate of GSH synthesis is similar in the two
types of cell. There was a small amount of ['4 C] glycine incorporation into

Fig. 3. The synthesis of 7-glutamyl-cysteine by high and low GSH Finn and Merino freeze-thaw haemoly¬
sates. The incubation system and subsequent sample treatment are described in the text. Pooled freeze-
thaw haemolysates (equal volumes of erythrocytes from 3 animals of the same GSH type and breed) were
employed. Finns: high GSH, •; low GSH, o. Merinos: high GSH, ■; low GSH, □.

Fig. 4. The synthesis of GSH by high and low GSH Finn freeze-thaw haemolysates. The incubation system
and subsequent sample treatment are described in the text. Pooled freeze-thaw haemolysates (equal
volumes of erythrocytes from 3 animals of the same GSH type) were employed. High GSH, •; low GSH,
o.
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GSH in the absence of added cysteine. This was particularly noticeable in high
GSH haemolysates and presumably reflects an exchange reaction between gly¬
cine and preformed GSH [20]. Since this incorporation was less than 5% of
that recorded in the presence of cysteine, its effect on the latter has been
ignored.

The effect of GSH on sheep erythrocyte y-glutamyl-cysteine synthetase
The effect of physiological concentrations of GSH on 7-glutamyl-cysteine

synthetase from high and low GSH Merinos is shown in Fig. 5. GSH is a potent
inhibitor of 7-glutamyl-cysteine synthetase, and the plots of percentage inhibi¬
tion against GSH concentration demonstrate that the pattern of GSH inhibition
is similar for both types of cell.

It is possible to assess from these data the influence of cellular GSH
concentrations on the relative 7-glutamyl-cysteine synthetase activities of high
and low GSH Merino erythrocytes. In the presence of 2.37 mM GSH (the mean
erythrocyte GSH concentration of the three high GSH animals used in this
experiment), the 7-glutamyl-cysteine synthetase activity of the high GSH Me¬
rinos is reduced by 54% from 0.69 to 0.32 pmol/g haemoglobin/min. Similarly,
in the presence of 1.24 mM GSH (the mean GSH concentration of the three
low GSH animals used), the low GSH activity is reduced by 48% from 0.21 to
0.11 pmol/g haemoglobin/min. Therefore even allowing for the effect of in vivo
GSH concentrations, low GSH Merinos have substantially less 7-glutamyl-cys-
teine synthetase activity than high GSH Merinos.

GSH inhibition may explain why the activity of 7-glutamyl-cysteine syn¬
thetase in freeze-thaw haemolysates was substantially less than that found in
dilute haemolysates.

The effect of amino acids on sheep erythrocyte y-glutamyl-cysteine synthetase
and GSH synthetase activity

Ornithine, lysine, alanine, serine and threonine are amongst the amino
acids found in high concentration in 'Finn-type' low GSH erythrocytes [10,
21]. The effects of these amino acids on 7-glutamyl-cysteine synthetase and of

Fig. 5. The inhibition of high and low GSH Merino 7-glutamyl-cysteine synthetase by GSH. 7-Glutamyl-
cysteine synthetase was assayed in pooled dilute haemolysates (equal volumes of erythrocytes from 3
animals of the same GSH type) [17]. High GSH, •; low GSH, o. Hb, haemoglobin.



TABLEI THEINHIBITIONOFLOWGSHFINN7-glutamyl-cysteinesynthetaseANDGSHsynthetaseBYAMINOACIDS 7-Glutamvl-cysteinesynthetaseandGSHsynthetasewereassayedinpooleddilutehaemolysate(equalvolumesoferythrocytesfrom3ani¬ mals)(17).Bothassayswerelinearfor30minatallsubstrateconcentrations. Substrateconcentrations(mM)
Percentageinhibitioninthepresenceof10mMaminoacid

ATP

Cysteine

Glutamate

Ornithine

Lysine

AlanineSerineThreonine
a-Amino-

-n-butyric acid

4.0

1.0

10.0

7.0

0.12.33.9
—

7-glutamyl-

4.0

0.1

0.1

10.2

7.7

6.85.87.6
73.6

cysteine synthetase

0.89

0.018

0.089

10.4

9.0

———

—

ATP

7-glutamyl-

glycine

cysteine

GSH synthetase

0.89

0.018

0.089

20.6

18.5

———

—
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TABLE II

THE CONCENTRATION OF ATP IN HIGH AND LOW GSH FINN AND MERINO ERYTHROCYTES

Values are (mean + S.E.M. (3)) mmol/1 cells, as assayed by the Boehringer Test Combination (Diagnostics)
U.V. method. Means are compared by Student's t-test.

ATP concentration

High GSH 0.882 ± 0.040 . .* inn >0.05
Low GSH 0.833 ± 0.019

. High GSH 0.831 ± 0.036 . .

Merino >0.05
Low GSH 0.909 ± 0.125

ornithine and lysine on GSH synthetase from low GSH Finns are summarised in
Table I. The cysteine analogue a-aminon-butyric acid was also included in one
series of 7-glutamyl-cysteine synthetase inhibition studies.

When present at a concentration of 10 mM, none of the amino acids
tested with the exception of a-amino-n-butyric acid inhibited low GSH Finn
7-glutamyl-cysteine synthetase by more than 11% even when, in the case of
ornithine and lysine, the substrate concentrations were reduced to physiologi¬
cal levels. At approximately physiological substrate concentrations, 10 mM
ornithine and lysine inhibited low GSH Finn GSH synthetase by about 20%.

The concentration of ATP in high and low GSH Finn and Merino erythrocytes
There was no significant difference in erythrocyte ATP concentration

between the high and low GSH animals of either breed (Table II).

Discussion

In Merinos a low concentration of erythrocyte GSH is associated with a
diminished maximum activity of 7-glutamyl-cysteine synthetase. It is therefore
tempting to conclude that for these sheep a low concentration of GSH is
caused by a diminished activity of 7-glutamyl-cysteine synthetase. If this is
true, 7-glutamyl-cysteine synthetase rather than GSH synthetase must be the
rate limiting enzyme of GSH biosynthesis. However, the relative maximum
activities of 7-glutamyl-cysteine synthetase and GSH synthetase as measured in
dilute haemolysates suggest the opposite, for even in low GSH erythrocytes the
activity of 7-glutamyl-cysteine synthetase exceeds that of GSH synthetase. On
the other hand, in vivo both these enzymes operate at well below their maxi¬
mum capacities. Normal high GSH sheep erythrocytes have sufficient enzymic
capacity to synthesise their entire complement of GSH in approximately 2 h,
whereas it has been estimated that in sheep erythrocytes in vivo, GSH has a
half-life of 11 days [22], A similar situation exists in human erythrocytes, in
which control of GSH biosynthesis is thought to involve both substrate avail¬
ability and metabolic inhibition (particularly GSH inhibition of 7-glutamyl-
cysteine synthetase) [1—3].

A computer simulation study of GSH metabolism was therefore made, to
establish whether or not a change in the activity of 7-glutamyl-cysteine synthe¬
tase really could change the rate of synthesis of GSH, and hence its steady-state
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concentration. This study has been described in detail elsewhere [23], but its
relevant conclusions are as follows. First, the rate of GSH synthesis at physio¬
logical substrate concentrations and enzyme activities does indeed increase with
7-glutamyl-cysteine synthetase activity. Secondly, the concentration of 7-gluta-
myl-cysteine increases with that of GSH. 7-Glutamyl-cysteine may therefore be
the non-protein non-GSH thiol that Young et al. [16] found in sheep erythro¬
cytes.

If sheep erythrocyte 7-glutamyl-cysteine synthetase is similar to the hu¬
man enzyme with respect to GSH inhibition, it is possible that the diminished
7-glutamyl-cysteine synthetase activity of low GSH cells is partially or com¬
pletely compensated for by a diminished GSH feedback inhibition. The data in
Fig. 5 suggest that GSH is in fact a potent inhibitor of sheep erythrocyte
7-glutamyl-cysteine synthetase, but that the diminished GSH feedback inhibi¬
tion resulting from the low GSH concentration in low GSH erythrocytes is
insufficient to compensate for the diminished 7-glutamyl-cysteine synthetase
activity in these cells.

High and low GSH Merino 7-glutamyl-cysteine synthetase activities were
also measured in freeze-thaw haemolysates, under conditions which are more

physiological than those encountered in the other assay system. In particular,
the freeze-thaw system allowed 7-glutamyl-cysteine synthetase to be assayed in
the presence of virtually undiluted cell constituents, including GSH. As in the
dilute haemolysate assays, low GSH Merinos were found to have a markedly
diminished ability to synthesise 7-glutamyl-cysteine. We have therefore con¬
cluded that the low GSH characteristic of our Merinos can be explained in
these terms. Smith et al. [24] have also suggested that a diminished ability to
synthesise 7-glutamyl-cysteine is responsible for GSH deficiency in sheep. Un¬
fortunately, they specified neither the breed of sheep nor the type GSH defi¬
ciency they investigated.

Although a decreased activity of 7-glutamyl-cysteine synthetase may be
responsible for the GSH deficiency in Merinos, no such explanation is tenable
for the Finns, high and low GSH erythrocytes having the same 7-glutamyl-
cysteine synthetase activity. That the biochemical mechanisms responsible for
the GSH deficiency in Finns and Merinos are different is consistent with the
genetic and amino acid analyses summarised in the introduction. The normal
7-glutamyl-cysteine synthetase activity of low GSH Finn erythrocytes implies
that the diminished 7-glutamyl-cysteine synthetase activity in Merinos is not a
consequence of the low GSH status of these cells.

Low GSH Finn erythrocytes also have a normal GSH synthetase activity
and ATP concentration, and the freeze-thaw haemolysate assays offer no evi¬
dence for the presence of a 7-glutamyl-cysteine synthetase or GSH synthetase
inhibitor in these cells. Indeed, the ability of low GSH Finn freeze-thaw haemo¬
lysates to synthesise 7-glutamyl-cysteine was greater than that of high GSH
Finn haemolysates. This is in contrast to the dilute haemolysate assays where
both cell types had the same 7-glutamyl-cysteine synthetase activity. The dif¬
ferences between the two assay systems in this respect wall require further
investigation, although it is possible that the elevated activity of low GSH
freeze-thaw haemolysates is at least in part a consequence of diminished GSH
feedback inhibition.
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The amino acid inhibition studies also failed to provide evidence for the
presence of an inhibitor of GSH biosynthesis in low GSH Finn erythrocytes.
Ornithine, lysine, alanine, serine and threonine have little effect on low GSH
Finn 7-glutamyl-cysteine synthetase. This is in contrast to a-amino-n-butyric
acid which is an effective inhibitor of the enzyme. Ornithine and lysine are
more effective inhibitors of low GSH Finn GSH synthetase, each inhibiting the
enzyme by about 20% at approximately physiological substrate concentrations.
However, since 7-glutamyl-cysteine synthetase rather than GSH synthetase is
probably the rate limiting enzyme of GSH biosynthesis, this inhibition is of
doubtful significance and may be expected to have only a marginal influence
on the steady-state GSH concentration [23].

These investigations therefore suggest that the erythrocyte GSH deficien¬
cy in Tasmanian Merino sheep is a consequence of a diminished activity of the
first enzyme of GSH biosynthesis (7-glutamyl-cysteine synthetase). In contrast,
erythrocyte GSH deficiency in Finnish Landrace sheep is associated with nor¬
mal activities of both the enzymes of GSH biosynthesis. Furthermore, low GSH
Finn cells do not seem to contain an inhibitor of GSH biosynthesis (other than
GSH), and have a normal complement of ATP. Further studies will be required
to elucidate the biochemical mechanism responsible for this type of GSH
deficiency.
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Time (s)

Fig. 2. ATP synthesis in rat liver mitochondrial suspensionspreincubated anaerobicallyfor
3min or 20min at 30°C with or without the addition of DNa

Conditions were as in Fig. 1. : •, 3min preincubation; o, 3min preincubation
+30mg of DNa; : •. 20min preincubation; o, 20min preincubation+30mg
Of I^Na-

therefore the protonmotive force resides preponderantly in the electrical term, Ay/. It
has been estimated (Mitchell, 1968) that for a protonmotive force of 250mV an electro-
genic movement of 1 ng ofH+/mg ofmitochondrial protein is required; this corresponds
to amovement of 30ng ofH+ in our incubations, and this in turn to a—ApH of approx.
0.02 pH unit. This is a readily detectable change when it is not masked by a prior and
larger—ApH due to electroneutral proton movement; but when this condition is ful¬
filled, in mitochondrial systems given an oxygen pulse after a 3min anaerobic preincuba¬
tion in the presence of DNa, no spike of this size is found. We interpret this as further and
direct evidence that the electrogenicmovement of protons is nevermanifested in the bulk
phase, that it is confined to the p-zone by the opposite fixed charge on the membrane,
and that the bulk-phase parameters Ap, Ay/ and ApH have no validity in assessing the
functional protonmotive force through which the electrogenic proton pump is coupled
to phosphorylation.
When—ApH is 0.02pH unit the potential across the membrane caused by the pH term

would be about 5mV and therefore a very minor factor (2%) in the chemiosmotic equa¬
tion; this will also be true for the pH term in the 3min anaerobiosis studies without
DNa additions where, as shown in Fig. 1, synthesis may be taking place when the—ApH
curve shows alkalinization in the medium. In contrast, lOmin anaerobic preincubation

Vol. 3
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periods, for reasons already suggested, have given misleading ZApH values ranging
from 13 to 64% of Ap (Mitchell & Moyle, 1969).
We assume that with 3min anaerobic periods ZApHp will also be very small compared

with At//P. Since
A<j/p>Ay/

it follows that for the same proton movement

Ap"> Ap
and eqn. (1) indicates a more efficient energy-transduction process than the original
chemiosmotic equation. It also implies that no realistic measurement has yet been made
experimentally of the magnitude of the protonmotive force.
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Reduced Glutathione Regeneration in Glutathione-Deficient Erythrocytes
from Finnish Landrace Sheep
JAMES D. YOUNG,* SARAH A. THOMPSON and IAN A. NIMMO
Department ofBiochemistry, University ofEdinburgh Medical School, Teviot Place,
Edinburgh EH8 9AG, U.K.

Some breeds of sheep exhibit genetic polymorphism in their concentration oferythrocyte
reduced glutathione (GSH), animals with less than 55mg of GSH/lOOml of cells
(1.79mmol/litre of cells) being termed low-GSH and the rest high-GSH (Smith &
Osburn, 1967; Tucker & Kilgour, 1970,1972; Agar et al., 1972). In one breed, the Tas-
manian Merino, low-GSH erythrocytes have a diminished maximum activity of y-
glutamyl-cysteine synthetase (the first enzymeofGSH biosynthesis), which could account
for their low concentration of GSH. In contrast, low-GSH erythrocytes from Finnish
Landrace sheep have a normal maximum activity of both y-glutamyl-cysteine synthetase
and GSH synthetase (the other enzyme ofGSH biosynthesis), so their low GSH concen¬
tration presumably has another explanation (Young et al., 1974).
In erythrocytes, GSH is continuously being converted into its oxidized form, GSSG,

which can either be reduced back to GSH by glutathione reductase or be extruded from
the cell (Srivastava & Beutler, 1969). If low-GSH erythrocytes from Finnish Landrace
sheep have a decreased capacity to reduce GSSG back to GSH the rate at which they lose
GSSG could increase and their steady-state concentration ofGSH therefore fall.
To test this possibility, we have measured the activity of glutathione reductase (with

both NADPH and NADH as cofactor) and the combined activities of the NADPH-
generating enzymes glucose 6-phosphate dehydrogenase and 6-phosphogluconate
dehydrogenase in high- and low-GSH erythrocytes from Finnish Landrace sheep. Since
low-GSH erythrocytes from these animals contain unusually high concentrations of
* Present address: Department of Immunology, A.R.C. Institute of Animal Physiology,

Babraham, Cambridge CB2 4AT, U.K.
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some amino acids (Ellory et al., 1972) which could conceivably influence the activities of
the above enzymes in vivo, we have also compared the rates at which the two types of cell
regenerate GSH from GSSG after oxidative challenge.
The activities of glutathione reductase and of glucose 6-phosphate dehydrogenase+

6-phosphogluconate dehydrogenase, assayed by the methods of Beutler (1971), are
shown in Table 1. There is no difference in glutathione reductase activity between the
two types of cell, but the low-GSH ones have an elevated activity of the NADPH-
generating enzymes. This could be explained by the observations that in Finnish Land-
race sheep low-GSH erythrocytes have a shorter lifespan and are therefore on average
younger than high-GSH cells (Tucker, 1974), and that glucose 6-phosphate dehydro¬
genase activity decreases as the sheep erythrocyte ages (Maronpot, 1972).
The GSH-regeneration experiments were performed on pooled cells (from three

animals of the same GSH type) which had been washed three times with suspension
medium (130mM-NaCI, 5mM-KCl, lmM-MgCl2 and 25mM-sodium phosphate buffer,
pH7.4) and preincubated at a haematocrit of about 40% in suspension medium plus
lOmM-glucose. GSH was oxidized by adding 1 ml of incubation medium containing
2mM-diamide (Kosower et al., 1969) to 9ml of the cell suspension. This lowered the
GSH concentration in both cell types by about 0.9mmol/litre of cells. Regeneration
was followed at 37°C for the next 60min, the GSH being assayed by an automated
version of the method of Beutler et al. (1963). Regeneration was essentially completed
by 20-30min, and its rate was linear for the first lOmin in both types of cell.
The linear rates were 57 + 5 and 55 ± 9 //mol ofGSH/min per litre ofcells for high- and

low-GSH erythrocytes respectively (means ±s.e.m. of four experiments). In the absence
of added glucose, regeneration was low and variable. These data, together with those on
the enzyme activities, therefore show that high- and low-GSH erythrocytes from Finnish
Landrace sheep have almost the same capacities for reducing GSSG to GSH.
Consequently some other explanation must be sought for their difference in GSH
concentration.
That NADPH is the preferred coenzyme for glutathione reductase in sheep erythro¬

cytes is suggested by the data in Table 1 and by those ofSmith (1968). To test this notion,
the production of lactate and pyruvate by washed cells regenerating GSH was measured,
by themethod ofTfelt-Hansen & Siggaard-Andersen (1971). The rate of regeneration of
GSH was paralleled by the rate of production of lactate, but there was no detectable
production of pyruvate. This indicates that NADH generated via glycolysis was not
being used to reduce GSSG. The production of 14C'02 by washed cells incubated for
60min with 10mM-[U-,4C]glucose and with or without 0.2mM-diamide was also
measured essentially as described by Beutler & Guinto (1974). For both high- and low-
GSH cells, the presence of diamide increased the amount of 14CQ2 liberated by three-

Table 1. Glutathione reductase and glucose 6-phosphate dehydrogenase+6-phospho-
gluconate dehydrogenase (G6PDH+6PGDH) activities in high- and low-GSH erythro¬
cytes from Finnish Landrace sheep

Values are (means±slE.m. with numbers of animals in parentheses)//mol/min per g of
haemoglobin as assayed by the methods given in Beutler (1971). Mean values were
compared by Student's t test, n.s., Not significant.

Glutathione reductase

NADPH NADH G6PDH+6PGDH

High-GSH
Low-GSH
P

2.06 ±0.18 (3)
2.19±0.10 (3)

n.s.

0.39 ±0.03 (3)
0.46 ±0.01 (3)

n.s.

1.96±0.10 (6)
2.48 ±0.08 (10)

<0.05
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to four-fold. Thus it seems that diamide stimulated the hexose monophosphate pathway,
implying that it increased the demand for NADPH. We have therefore concluded that
NADPH is indeed the preferred coenzyme for glutathione reductase in intact erythro¬
cytes from Finnish Landrace sheep.

We thank Dr. J. G. Hall of the A.R.C. Animal Breeding Research Organisation, Edinburgh
for supplying us with blood samples. J. D. Y. thanks Edinburgh University Faculty of Medicine
for a Graduate Research Scholarship.
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The Effect of Ethylene on the Synthesis of Endoplasmic Reticulum in
Etiolated Pea Stems

ROBIN F. IRVINE and DAPHNE J. OSBORNE

Agricultural Research Council, Unit ofDevelopmental Botany, 181/1 Huntingdon Road,
Cambridge CB3 0DY, U.K.

We reported earlier that the application of the plant growth hormone ethylene (at 10/A/
litre) to shoots of etiolated pea plants decreases the incorporation of [l-14C]glycerol into
trichloroacetic acid-precipitable phospholipids and that an increase in endogenous
ethylene production can induce a similar response (Irvine & Osborne, 1973).
In view of the fact that we have observed structural changes induced by ethylene in the

endoplasmic reticulum under the electron microscope (J. A. Sargent & D. J. Osborne,
unpublished work) and in rough endoplasmic reticulum extracted from the tissue
(R. F. Irvine & D. J. Osborne, unpublished work), we considered it important to clearly
establish that this decrease in [l-14C]glycerol incorporation represents a real decrease in
phospholipid synthesis de novo in membranes, and in the rough endoplasmic reticulum
in particular.
Because the percentage lowering of [l-14C]gIycerol incorporation is the same in the

major phospholipid fractions (Irvine & Osborne, 1973), a decrease in the flux of mole¬
cules through the phospholipid-synthesis pathway should be reflected by an equal
percentage decrease in incorporation of other precursors, for example, choline. In
double-labelling experiments involving [methyl-^C]choline and [2-3H]glycerol this
was found to be so (Table 1).
That the decrease in incorporation is not due to a decrease in uptake was established

by direct measurement of precursor entering the tissue: with [merty/-14C]choline,
780c.p.m. was taken up per segment of which 78c.p.m. was in phospholipids. After
3 h treatment with ethylene, the corresponding values were 733 and 45 c.p.m. respectively.
Data for [l-14C]glycerol uptake have been published (Irvine & Osborne, 1973).
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(Reprinted from Nature, Vol. 254, No. 5496, pp. 156 — 157, March 13, 1975)

Amino acid transport defect in
glutathione-deficient sheep erythrocytes
The tripeptide, reduced glutathione (GSH), is present in high
concentration in mammalian red blood cells, where its major
role is thought to be the protection of the cell against oxidative
damage. Congenital red cell GSH deficiency has been reported
in man, and attributed to a decreased activity of either of the
two enzymes (y glutamyl cysteine synthetase (GCS) or GSH
synthetase (GSHS)) involved in GSH biosynthesis1. SuchGSH-
defieient red cells have a markedly diminished lifespan, and
an increased susceptibility to the haemolytic action of oxidant
drugs1.
Sheep with low concentrations of red cell GSH were first

found by Smith and Osburn2 and subsequent investigations
have revealed at least two distinct types of congenital sheep
red cell GSH deficiency3"5. The first is associated with a
diminished activity of the first enzyme of GSH biosynthesis
(GCS) and is found in Tasmanian Merino sheep ("Merino-
type")6- The second, found in Finnish Landrace sheep ("Finn-
type"), is characterised by normal activities of both GCS
and GSHS6, and results in a shortened red cell lifespan7,
and an increased susceptibility to kale poisoning8. Significantly,
in the latter, but not in the former type of deficiency, the red
cells contain high concentrations of certain amino acids,
particularly lysine and ornithine5. It is therefore possible that
the low concentrations of GSH in these animals may result
from a reduced amino acid permeability limiting the avail¬
ability of GSH precursors, or from a direct effect of the
accumulated amino acids on the enzymes of GSH biosyn¬
thesis.
To test the first possibility we have measured the permeability

of normal (high GSH) and GSH-deficient (low GSH) Finn
red cells to the GSH-precursor amino acids (cysteine, gluta-
mate, glycine) and compared the results obtained with those
for high and low GSH Merino cells. The data are presented
in Table 1 together with values for glutamine, a-amino-/;-
butyric acid (aAB), cystine and lysine uptake by high and low
GSH Finn red cells. The uptake of cysteine was rapid in Finn
red cells, and sixfold greater in high GSH cells than in low
GSH ones. In contrast, the uptake of cysteine by high and
low GSH Merino red cells was the same, and not significantly
different from that found in high GSH Finn cells. As with
cysteine, glycine uptake was significantly lower in low GSH
Finn red cells, although both the absolute fluxes and the
difference between the GSH types were smaller. There
was no significant difference in glycine permeability between
high and low GSH Merino red cells. Attempts to demonstrate
glutamate uptake by sheep red cells gave very low values,
which were not linear with time. The impermeability of sheep
red cells to glutamate is consistent with observations on human
red cells9. Glutamine may act as a GSH precursor10 and
measurements of glutamine uptake showed fluxes of the same
order as for glycine, but with no significant difference between
Finn GSH types.
In certain reactions (including that catalysed by GCS),

aAB can substitute for cysteine11,12 and may therefore provide
a convenient alternative to cysteine for uptake studies. The
uptake of this amino acid by Finn red cells was therefore
measured, and found to be rapid, with the flux in high GSH
cells some tenfold greater than that encountered in low GSH
cells. In contrast to the situation with cysteine and aAB,
cystine (the oxidised form of cysteine) showed a slow rate of
uptake, with no significant difference between high and low
GSH Finn cells. The uptake of lysine, which is found
at concentrations of up to 20 mmol per litre packed cells
in low GSH Finn red cells was measured in high and low GSH
Finn cells. High GSH cells showed a threefold greater lysine
permeability than low GSH cells.

Table 1 GSH levels and amino acid uptake rates in red cells from
high and low GSH Finnish Landrace and Tasmanian Merino Sheep

Significance
High Low level for

GSH Finn GSH Finn difference
5 5 (P)No. of animals

Red cell GSH (mmol
per 1 packed cells)

Amino acid uptake
(pmol per 1 packed
cells per h)
Cysteine
Glycine
Glutamic acid
Glutamine
a-amino-H-butyric acid
Cystine
Lysine

2.97- 0.24 1.25 — 0.08

236— 21
12.7- 1.
< 1
11.9 —

656-
8.6-
19.4 —

1.3
69
0.4
3.0

No. of animals
Red cell GSH (mmol
per 1 packed cells)

Amino acid uptake
(pmol per 1 packed
cells per h)
Cysteine
Glycine

High
GSH Merino

6

38.7 = 4.0
7.3±0.4

< 1
13.5-3.1
56.4-8.6
9.9-0.5
6.4 — 0.8

Low
GSH Merino

6

<0.001
< 0.002 :
NS
NS

<0.001
<0.1
<0.01

3.19- 0.04 0.87-0.04

298-12
10.4= 0.8

242±2
11.7-0.6

NS
NS

Data presented as mean ^s.e.ni.
NS, not significant.
Washed sheep red cells were incubated at 10% haematocrit in a

medium containing (mM): NaCI 135, KC1 5, Tris-HCl(pH 7.1 at
37 CC) 15, MgCI2 3.1, EDTA 0.1, amino acid 0.2 (containing 14C-
amino acid at 0.2 pCi ml-1). Since cysteine oxidises rapidly in
solution at neutral pH, cysteine uptake was measured in the presence
of lOniM dithiothreitol. Control experiments showed no effect of
10 mM dithiothreitol on aAB influx or efflux. At fixed time intervals
(10-30 min for Gly, aAB, Lys, Cys/'2; 30-90 min for Cys, Gin,
Glu), aliquots (1 ml) were taken and the cells washed four times in
ten volumes of a medium containing (mM): MgCl2106,Tris-HCl
(pH 7.4 at 4 C) 10, by centrifugation (10 s, 10,000^) in an Eppendorf
3200 microcentrifuge. Finally, the packed cells were lysed in 0.5%
Triton X-100 in water (0.5 ml), 33% trichloracetic acid added
(0.5 ml) and the precipitate removed by centrifugation. An aliquot
of supernatant (0.9 ml) was placed into Bray's solution14 (10 ml)
and counted in a P scintillation spectrometer with quench correction.

The above results show that differences in amino acid
transport, particularly for cysteine, aAB and lysine exist be¬
tween high and low GSH Finn red cells. In contrast to gluta¬
mate and glycine, the concentration of cysteine in sheep red
cells is very low (13 pmol per litre packed cells)13. Thus a
diminished cysteine availability may be responsible for the
low concentrations of GSH in low GSH Finns.
The reduced amino acid transport in low GSH Finn red

cells is not a direct consequence of a low intracellular GSH
concentration, since low GSH Merino red ceils show normal
amino acid uptake values. Further experiments were designed
to determine whether the diminished amino acid uptake by
low GSH Finn red cells resulted from a membrane transport
defect or whether it was a function of the high lysine and
ornithine content of these cells. Uptake of aAB (0.2 mM) by
high GSH Finn red cells was unaffected by the presence of
extracellular lysine or ornithine (10 mM). Similarly, aAB
efflux from the same cells (preloaded by incubation in the
presence of 1 mM aAB for 2 h at 37 °C) was unaffected by
extracellular lysine or ornithine at a concentration of 5 mM.
In contrast, 10 mM cysteine inhibited aAB uptake by 50%
and stimulated aAB efflux by 30% under equivalent conditions.
Finally, high GSH Finn red cells were preloaded with lysine
by incubation in the presence of 10 mM lysine for 20 h at
20 CC. Uptake of aAB (0.2 mM) by these cells (intracellular
lysine concentration 3.0 mmol per litre packed cells) wasidentical
to that of control high GSH cells which had been incubated



for the same length of time in the absence of lysine (intra¬
cellular lysine concentration 0.1 mmol per litre packed cells).
We therefore conclude that the diminished amino acid

uptake of low GSH Finn red cells represents a membrane
transport defect which is not a consequence of the low GSH
or elevated lysine and ornithine concentrations in these cells.
It further seems likely that diminished availability of cysteine
is responsible for the low concentrations of red cell GSH in
these animals, and that the accumulation of lysine and orni¬
thine is a further reflection of reduced amino acid transport.
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