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Adenosine triphosphate-dependent glutathione transport was characterized using inside-out vesicles made from
human erythrocytes. Kinetic analysis of the glutathione disulfide (GSSG) transport showed a biphasic Line-
weaver-Burk plot as a function of GSSG concentration suggesting the operation of two different processes. One
phase had a high affinity for GSSG and a low transport velocity. Most active at acidic pH and at 25°C, this trans-
port activity was easily lost during the storage of vesicles at 4°C. The K, for Mg-ATP was 0.63 mM; guanosine
triphosphate (GTP) substituted for ATP gave a 340% stimulation of transport activity. Neither dithiothreitol nor
thiol reagents affected this transport process. The other phase had a low affinity for GSSG and a high transport
velocity. Most active at pH 7.2 and 37°C, this transport activity was stable during storage of vesicles at 4°C for
several days. The K, for Mg-ATP was 1.25 mM; GTP substituted with no change in activity. Dithiothreitol
increased the V but did not alter the K, and thiol reagents inhibited the transport. These findings suggest that
there are two independent transfer processes for GSSG in human erythrocytes.

Introduction

Reduced glutathione (GSH) protects erythrocytes
against oxidative damage by its reaction with free
radicals and peroxides. In human erythrocytes gluta-
thione is synthesized and degraded with a halfdife of
4 days [1]; the degradation step is actually transport
of oxidized glutathione (GSSG) out of the cell.

The active transport of GSSG was first reported
from this laboratory using erythrocytes which were
subjected to oxidative reagents and, therefore, had
artificially high levels of GSSG [2—4]. Isotopic label-
ing of red cell GSH made possible demonstration. of
GSSG transport from erythrocytes under physiologi-
cal conditions [5].

* To whom correspondence should be sent.
Abbreviations: GSH, reduced glutathione; GSSG, oxidized
glutathione.

Recently, we have utilized inside-out vesicles from
human erythrocytes to further characterize GSSG
transport. The kinetics of this transport showed a
biphasic Lineweaver-Burk plot which suggested that
two different transport processes existed [6]. The
present report describes the characteristics of these
two GSSG transport systems.

Materials and Methods

Chemicals. L-[glycine-2-*H}glutathione was pur-
chased from New England Nuclear (Boston, MA).
Concanavalin A, o-cellulose, ATP, GTP, GSSG,
dithiothreitol, p-chloromercuribenzoic acid, N-ethyl-
maleimide and iodoacetamide were from Sigma Che-
mical Company (St. Louis, MO).

Preparation of oxidized glutathione. Oxidized glu-
tathione solutions were prepared from [H]GSH as
described previously [7].
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Purification of sealed inside-out vesicles. Fresh
blood from normal donors was collected in 1mg
ethylenediaminetetraacetic acid (EDTA) per ml blood
and was freed of leukocytes and most platelets by
passing through a column of a-cellulose and micro-
crystalline cellulose [8]. Erythrocyte membranes
were prepared according to the method of Dodge et
al. [9] with 10 mM Tris-HCl, pH 7.4. Sealed vesicles
were prepared from erythrocyte membranes as de-
scribed by Steck et al. [10]; inside-out vesicles were
purified using concanavalin A-cellulose as described
elsewhere [11].

Transport experiments with inside-out vesicles.
Unless otherwise indicated, the assay system for glu-
tathione transport consisted of 2 mM ATP, 10 mM
MgCl,, 20 uM or 5mM [*H]GSSG, and 50 ul of
inside-out vesicles in a final volume of 250 ul phos-
phate buffered saline, pH 7.4 (1 part 0.1 M KH,PO,4/
K,HPO,, pH 7.4, 9 parts 0.154 M NaCl). Other con-
ditions for the GSSG transport experiments were the
same as described previously [6].

In order to determine the effect of thiols or thiol
reagents, inside-out vesicles were incubated with the
effector in phosphate buffered saline, pH 7.4, for 30
min at 37°C, and were then washed three times with
30 vol. of phosphate buffered saline, pH 7 4.

Analytical methods. Protein concentrations were
estimated by the method of Lowry et al. [12] with
bovine serum albumin as a standard. GSSG was deter-
mined as previously reported [13].

Results

A Lineweaver-Burk analysis of GSSG transport as
a function of GSSG concentration resulted in a
biphasic plot as shown in Fig. 1, with apparent K,
values of 0.1 mM and 7.3 mM GSSG. In order to
characterize the putative separate transport mecha-
nisms, 20 uM and 5 mM GSSG concentrations were
used to represent the low K, and high K, phases of
the transport, respectively. The characteristics of the

two active GSSG transport systems in purified inside-’

out vesicles from human erythrocytes were analyzed
as outlined below and are summarized in Table I.
Substrate specificity. We previously demonstrated
that GSSG transport is dependent on Mg-ATP with a
K of 0.63 mM at 20 uM GSSG and 1.25 mM at §
mM GSSG [6]. Guanosine triphosphate (GTP) sub-
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Fig. 1. A Lineweaver-Burk plot of GSSG transport. Vesicles
were incubated with various concentrations of GSSG. 2 mM
ATP, and 10 mM MgCl, in 250 ul phosphate-buffered saline,
pH 7.4, for 2 h at 37°C. Vesicles without ATP served as a
blank. The insert is an expanded scale drawing to better illu-
strate the high Ky, process. This insert corresponds to the
boxed area centered around the origin of the large graph.
Line 1: K =7.3 mM and V =210 nmol/ml per h. Line 2:
Km =0.1 mMand ¥V =20 nmol/mi per h.

stituted for ATP as an energy source for GSSG trans-
port; in fact, at 20 uM GSSG 340% of the activity
observed with ATP occurred with GTP while at 5 mM
GSSG GTP manifested an activity which was 118% of
that observed with ATP (Table I).

Effect of pH. The effect of pH on the transport
was examined in the range from pH 6.5 to pH 8.2 in
phosphate-buffered saline (Fig. 2). At 20 uM GSSG
the transport was most active at an acidic pH and at
5mM GSSG the pH profile showed a symmetrical
curve with a maximal activity at pH 7.2.

Effect of temperature. The effect of temperature
on transport was studied from 0°C to 37°C, At 5 mM
GSSG the transport rate increased linearly with the
increase of temperature (Fig. 2). However, at 20 uM
GSSG the transport rate increased up to 25°C where
it reached a plateau.

Effect of storage. Purified inside-out vesicles were
stored with phosphate-buffered saline at 4°C for vari-
ous periods to analyze the stability of the transport
activities. The transport activity at 20 uM GSSG was
decreased by 62% during 5 days of storage; however,
the transport activity at 5 mM GSSG was stable to
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TABLE I

COMPARISON OF TWO DIFFERENT GSSG TRANSPORT PROCESSES IN HUMAN ERYTHROCYTES
The low K, process and the high K, process were monitored with 20 uM GSSG and 5 mM GSSG, respectively. See Methods for

details of individual reactions.

Property or assay condition Unit Low K, process High K, process
Apparent K o, (GSSG) mM 0.1 7.3
vV nmol/ml vesicles/h 20 210
Km (Mg ATP) mM 0.63 1.25
Transport rate nmol/ml/h 3.90+1.20(20) * 71.0£9.70 (20)
pH optimum <6.5 pH 7.2
Temperature Plateau at Maximal activity
25°C-37°C at 37°C

Erythrocyte age

Top fraction (young cells) nmol/ml/h 3.82+0.84 (4) 708+1.8 (4)

Bottom fraction (old cells) nmol/ml/h 2.84+0.37 (4) 735425 (&)
Nucleotide requirement

2 mM ATP nmol/ml/h 31 £11 4 75.1+6.3 (4)

2 mM GTP nmol/ml/h 105 +33 @ 88.6+74 (4)
Stability

0 day nmol/ml/h 3.89+0.17 (4 71.2+14 @)

2 days nmol/ml/h 250+0.76 (4 73.1£33 (4

5 days nmol/ml/h 1.51+0.05 &) 67.5+38 (4)
Effect of thiols and
thiol reagents (%)

1  mM dithiothreitol 94 ** 170

0.1 mM p-chloromercuribenzoate 101 49

1 mM N-ethylmaleimide 94 75

I mM iodoacetamide 81 66

Control 100 100

* These values are mean + 1 S.D. (number of determinations).

*# Averages of two experiments.

storage (Table I). Addition of bovine serum albumin
as a stabilizer had no effect on the loss in transport
activity for 20 uM GSSG (data not shown).

Effect of magnesium. When vesicles were incu-
bated with 2 mM ATP without the addition of Mg**,
about 40% residual transport activity was observed.
To prevent the effect of contaminating cations, 2 mM
EDTA was added to the incubation mixture; this
resulted in a total loss of the transport activity.

Changes in cell aging. Erythrocytes were separated
into age groups on the basis of specific gravity accord-
ing to the method described by Murphy [14]. Inside-
out vesicles of young cells were prepared from the
top 20% of the fractionated cells and the bottom 20%
were used to make vesicles from old cells. A slight de-

crease in GSSG transport was observed at 20 uM
GSSG during cell aging, but the transport at 5 mM
GSSG did not change during cell aging (Table I).
Effect of thiols and thiol reagents. Preincubation
of vesicles with 1 mM dithiothreitol followed by
washing three times with 30 vol. of phosphate-buf-
fered saline, pH 7.4 resulted in an activation of the
transport rate at 5 mM GSSG but had no effect at
20 uM GSSG. This increase changed maximal trans-
port velocity from 190 nmol/ml vesicles per h to 320
nmol/ml vesicles per h but did not change the Ky,.
Effects of thiol reagents such as p~chloromercuri-
benzoate, N-ethylmaleimide or iodoacetamide were
examined. They showed an inhibition of transport at
5 mM GSSG but no effect was seen on the transport
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Fig. 2. A. Effect of temperature on GSSG transport. The
incubation mixture was the same as for panel B, but the pH
was fixed at pH 7.4. B. Effect of pH on GSSG transport.
Vesicles were incubated with 5§ mM or 20 uM GSSG..2 mM
ATP and 10 mM MgCl, in 250 ul phosphate-buffered saline
at different pHs, for 2 h at 37°C.

at 20 uM (Table I). These results suggest that a sul-
fydryl group may be involved in the high X, trans-
port process.

Discussion

Glutathione transport out of erythrocytes is the
sole process by which these cells can turn over gluta-
thione; the y-glutamyl cycle [15] which may play a
role in glutathione catabolism in some tissues does
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not appear to operate in red blood cells [16-—-18].
Glutathione transport, which requires ATP, has been
difficult to study in whole red cells or resealed ery-
throcytes due to the technical problems of manipulat-
ing the internal environment of these cells. However,
the introduction of inside-out vesicles prepared from
erythrocytes as a means of studying glutathione trans-
port has facilitated the analysis of this transport pro-
cess. We have previously reported that a Lineweaver-
Burk analysis of the transport rate as a function of
GSSG concentration shows a biphasic plot [6]. One
interpretation of this kinetic plot is that two different
transport processes are functioning. We have now
further characterized GSSG transport by selecting
two concentrations of GSSG which fall into different
regions of this biphasic plot and have examined the
properties of the transport processes represented by
these two extreme GSSG concentrations.

The high K, transport process, as represented by a
GSSG concentration of 5 mM, as well as the low K,
process, as represented by 20 uM GSSG, both require
a nucleoside triphosphate. A dramatic difference in
the nucleotide requirement for these two transport
processes is demonstrated when GTP is substituted
for ATP in the transport. At 5 mM GSSG, GTP sub-
stitutes with little effect on the transport rate. How-
ever, at 20 uM GSSG GTP causes transport to occur
at a rate 3.4 times as great as is observed with ATP.

A further difference in the two transport processes
is the pH profile. At 5 mM GSSG the pH optimum is
7.2 while at 20 uM GSSG the optimum is more
acidic. In addition, the transport system active at 20
1M GSSG seems to be considerably more labile than
that at 5 mM GSSG. Over a 5-day storage period at
4°C transport with 5 mM GSSG was stable; however,
the 20 uM GSSG transport process lost 62% of its
activity during this same storage. To investigate the
possibility that the low K, transport process was
more labile, in vivo, and to explore the idea that per-
haps the high K, systems represented a degraded
form of the low K, system, erythrocytes were frac-
tionated as a function of age and inside-out vesicles
were prepared from young cells and old cells. As
shown in Table I, the specific activity for 5 mM
GSSG transport was the same in the young cells as in
the old cells; the transport process as represented by
20 uM GSSG was considerably decreased in the older
cell population. Since the loss of capability to trans-
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port at 20uM GSSG was not associated with increase
of the transport rate at 5 mM GSSG, it seems unlikely
that the 5 mM transport system is a degradation pro-
duct of the low K, system.

A difference was also noted between the suscep-
tibility of these two transport processes to thiols or
thiol reagents. Preincubation of the inside-out vesicles
with 1 mM dithiothreitol caused a 70% stimulation of
the transport rate at S mM GSSG while incubation of
the inside-out vesicles with thiol reagents such as
p-<hloromercuribenzoate or iodoacetamide caused
inactivation up to 50% of the transport rate. How-
ever, with 20 M GSSG neither thiols or thiol rea-
gents had any appreciable effect on the transport
activity.

These data support rather strongly the possibility
that two separate GSSG transport processes exist in
the human erythrocyte. While we have no direct evi-
dence concerning the role of these two different pro-
cesses, it seems clear that only the transport rate with
the lIow K, value would be active under physiological
concentrations of GSSG, which are approx. 4 uM
[19] and this transport may be responsible for the
turnover of glutathione observed under physiological
conditions. On the other hand, the GSSG transport
process with the high K, value may not function un-
der normal conditions but may be an emergency me-
chanism for the elimination of very high levels of
GSSG which might develop during oxidative stress of
the erythrocyte. The deleterious effects of high GSSG
concentrations are well documented and the need for
an emergency transport process with a high velocity
rate is quite feasible.
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