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Studies on the turnover of reduced glutathione in
the blood of several species in vivo have indicated
that this tripeptide is in a dynamic state (Burwell,
Brickley & Finch, 1953; Dimant, Landsberg &
London, 1955; Grinstein, Kamen & Moore, 1949;
Jope, 1946; London, Shemin, West & Rittenberg,
1949; Mortensen, Haley & Elder, 1956; Shemin &
Rittenberg, 1946). The half-life of glutathione, as
determined from a disappearance of the label in

glutathione after a single injection of [*N]glycine,
has been shown to be much shorter in comparison
with the time for 50 9, survival of the erythrocytes,
as evaluated from the 1*N concentration in haemin
(Dimant et al. 1955). These observations raised
speculation about the origin of glutathione in
mammalian erythrocytes.

Anderson & Mosher (1951) detected %S in
erythrocyte glutathione after administration of
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labelled cystine to rats by stomach intubation and
suggested that glutathione is synthesized in the
liver and subsequently incorporated into erythro-
cytes during the circulation of blood through the
liver. Glutathione in mammalian blood, however,
is known to be exclusively in the erythrocytes
(Ling & Chow, 1953; Woodward & Fry, 1932) and
leucocytes (McKinney, 1953); there is no measur-
able amount of glutathione present in plasma, nor
is there any evidence for the permeability of the
erythrocyte membrane to glutathione of the sur-
rounding medium. The suggested hepatic origin for
erythrocyte glutathione is therefore unlikely. Other
workers have suggested that glutathione may be
formed in the immature cells, and that it may
subsequently undergo turnover in the circulating
erythrocytes as a result of exchange of one or
more of the constituents of glutathione (Lemberg &
Legge, 1949). However, the variation in gluta-
thione levels of erythrocytes after supplementation
or withdrawal of dietary methionine (Mortensen,
1953) strongly suggested the possibility of synthesis
of glutathione afresh in erythrocytes.

Incorporation of labelled glycine into human and
duck erythrocytes has been demonstrated in vitro
by Dimant et al. (1955). Elder & Mortensen (1956)
made similar observations with rat erythrocytes.
However, mere incorporation of the label into
glutathione is no direct evidence for synthesis of
this metabolite afresh, as has already been sug-
gested by these workers; the label in glutathione
could arise entirely by an exchange of the com-
ponent amino acids with preformed glutathione.
This paper includes more direct evidence for the
presence in rat erythrocytes of an enzyme system
which catalyses the synthesis of glutathione from
its constituent amino acids. An attempt has been
made to determine the conditions required for
maximal activity of the enzyme(s). Finally, the
effect of folic acid and vitamin B,, deficiency on
synthesis of glutathione in vitro has been investi-
gated.

EXPERIMENTAL

Albino rats (Wistar strain) weighing 200-250 g. and fed
on a laboratory stock diet (Kasbekar, Lavate, Rege &
Sreenivasan, 1959) were used for the studies on glutathione
synthesis.

Folic acid-deficient animals were obtained as follows
(Fatterpaker, Marfatia & Sreenivasan, 1955): young
growing rats, 80-100 g., were fed on the following synthetic
diet (in percentages): ethanol-extracted casein 15, sesame
oil 8, vitamin A preparation 1-8 (5000 i.u.), salt mixture
(U.S. Pharmacopoeia IV) 4-0, sucrose 9-0, vitamin mixture
1-0 and starch to 100. The diet contained (mg./kg.) the
following vitamins: thiamine hydrochloride 6, riboflavin 10,
nicotinic acid 30, pyridoxine hydrochloride 6, caleium
pantothenate 20, biotin 1, p-aminobenzoic acid 100,
inositol 500, choline chloride 500, vitamin K 10, vitamin
E 50 and vitamin B,, 0-150. Iodinated casein (0-159%) was
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incorporated into the diet during the first 10 days to deplete
the animals of their folic acid reserves. After this period,
succinyl sulphathiazole (1-59,) was substituted for iodi-
nated casein for about 5 weeks until the animals showed
signs of folic acid deficiency, including reduced blood-cell
counts. The folic acid-supplemented group was fed on an
identical diet supplemented with 20 mg. of folic acid/kg. of
diet.

Vitamin B,, deficiency was produced similarly by
omission of the vitamin in the basal diet and substitution
of folic acid (5 mg./kg.). Vitamin B,,-protected animals
received intraperitoneally 10ug. of the vitamin/animal
every alternate day.

Blood was obtained from the animals by venepuncture
under ether anaesthesia. It was immediately heparinized to
prevent clotting. Incubation was carried out either with
whole blood or with separated erythrocytes; for the latter,
the blood was immediately centrifuged at 8500g for
15 min. in an International refrigerated centrifuge, and the
plasma and whitish buffy coat covering the erythrocyte
sediment were discarded. The cells were finally washed and
dispersed in the same suspension media as were used for
incubation. 3

Assay of glutathione. All incubations were carried out in
Warburg vessels at 37° in & final volume of 4 ml. of isotonic
media (composition described in Results). At the beginning
as well as at the end of incubation for 3 hr., unless other-
wise stated, portions (1 ml.) were withdrawn, the cells were
centrifuged at 85600 g and washed with suspension medium
until the washings were free of cysteine, as determined by
the nitroprusside colour reaction. This was essential to
eliminate the small interference by cysteine. To the cell
sediment was then added 4 ml. of water, and haemolysis
was allowed to proceed to completion at 0°. The haemo-
lysate was deproteinized with 1 ml. of 25 9%, metaphosphoric
acid, Sufficient sodium chloride (B.P. quality) was added
to saturate the solution. The resulting protein precipitate
was centrifuged and portions (1 ml.) of the clear supernatant
were used for determinations of glutathione by the alloxan
‘305’ method (Kasbekar et al. 1959). The difference between
the initial and final values was taken as a measure of net
synthesis of glutathione by the cells.

In each case, the cell count of the incubation mixture was
determined on a haemocytometer after the usual dilutions
with Hayem’s solution. Since the glutathione in blood is
entirely in the cells, the values are expressed as ug. of
glutathione synthesized in 3 hr./flask and calculated to
10¢ cells/mm.? of medium.

RESULTS

In preliminary experiments, whole blood (0-5 ml.)
or erythrocytes (equivalent volume) separated by
centrifuging were incubated in isotonic saline
(0-154M) containing 100 mg. of glucose/100 ml.,
both aerobically (air as the gas phase) and anaero-
bically (nitrogen as the gas phase) for 3 hr. at 37°
in a Warburg assembly. The systern consisted of
0-025m-glycine, 0-01m-glutamate and 0-01M-cys-
teine hydrochloride, dissolved in sodium chloride
solution and adjusted to pH 7-4, which was also the
PH of the incubation mixture. Tobtal volume was
4 ml. The results are given in Table 1.
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No synthesis of glutathione was observed with
whole blood under aerobic conditions, and with
erythrocytes the synthesis was small. It is possible
that the synthesis is masked by destruction of
reduced glutathione in the presence of air (Lyman
& Barron, 1937). Under anaerobic conditions a
definite though small synthesis was evident. There
was a slight inhibition of synthesis with whole
blood; similar inhibition in the incorporation of
labelled glycine into erythroeyte glutathione in the
presence of plasma has been reported by Elder &
Mortensen (1956). These observations are, however,
in contrast with the accelerating effect of plasma
on incorporation of amino acid into reticulocyte
proteins (Borsook, Deasy, Haagen-Smit, Keighley
& Lowy, 1952).

Effect of potassium and magnesium 1ions on
formation of glutathione. A distinct stimulation of

Table 1. Glutathione synthesis by erythrocytes
incubated in sodium chloride solution
Whole blood (0-5 ml.) or equivalent of erythrocytes was
incubated for 3 hr. in isotonic (0-154M) NaCl soln. con-
taining 0-025m-glycine, 0-01M-glutamate and 0-01m-
cysteine hydrochloride. Total volume was 4 ml. and the
pH was adjusted to 7-4. Glutathione values (ranges in
four experiments) are per flask, caleulated to 10° cells/mm.?

Glutathione synthesized (ug.)
A

" Aerobic Anaerobic
Whole blood Negligible 12:5-16-56
Erythrocytes <7 16-0-21-5

Table 2. Effect of potassium and magnesium ions
on glutathione synthesis by rat erythrocytes

For details, see Table 1 and text. Krebs—Ringer solution
was used instead of isotonic (0-154n) NaCl soln. and incu-
bation was under anaerobic conditions.

Composition of Glutathione
suspension medium synthesized (pg.)
Krebs-Ringer solution 29-0-34-0
NaCl omitted 32-5-37-5
CaCl, omitted 29-5-35-0
KCl and KH,PO, omitted 21-0-24-5
MgSO, omitted 17-5-22:0

Table 3. Effect of modified Krebs—Ringer solution
on glutathione synthesis

For details see Table 2 and text. The modified Krebs—
Ringer phosphate soln. contained only KCl, KH,PO, and
MgSO0, together with phosphate buffer, pH 7-4.

Glutathione
synthesized (ug.)
Original Krebs—Ringer soln. 29-5-33-5
Modified Krebs-Ringer phosphate soln. 39-0-42-5
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the conjugating ability was observed with Krebs—
Ringer solution (Umbreit, Burris & Stauffer, 1949)
a8 the incubation medium (Table 2). Omitting either
sodium chloride or caleium chloride had no effect on
glutathione formation, but there was a sharp
decline in the synthetic activity when either
potassium chloride or magnesium sulphate was
omitted.

The composition of Krebs-Ringer solution was
therefore modified so as to contain 100 parts of
KCl (0-154 M), 7 parts of MgSO,,7H,0 (0-154M) and
1 part of KH,PO, (0-1564M). A fivefold concen-
trated stock solution was prepared; 20 ml. of this
was diluted to 100 ml. together with 10 ml. of
0-1M-phosphate buffer, pH 7-4, and used in sub-
sequent experiments. Comparative data obtained
with the original and modified Krebs-Ringer
solutions on the synthesis of glutathione are given
in Table 3.

Effect of pH. The effect of pH on glutathione
synthesis by erythrocytes was studied by incubat-
ing the cells in the modified Krebs-Ringer solution
containing 0-1m-phosphate buffers from pH 5-8 to
7-8. The cells were isolated and washed with the
respective suspension medium. The amino acids
were dissolved in the Krebs-Ringer solution and
their final H* ion concentrations adjusted to those
of incubation mixtures. A fairly sharp pH maxi-
mum is observed at pH 6-8 (Fig. 1).
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Fig. 1. Effect of pH on synthesis of glutathione. Incuba-
tion conditions were as described in Table 3 with modified
Krebs-Ringer phosphate solution with 0-1m-phosphate
buffers of appropriate pH.







