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1. Introduction 

Rapid oxidation of GSH by kidney extracts was 

recognized by Ames and Elvehem 30 years ago [ 11, 
but further investigation of this process did not 

proceed until it was recently rediscovered in studies 

of GSH metabolism by isolated kidney cells [2,3]. 
The reaction requires molecular oxygen [3] and has 
the stoichiometry: 

2GSH+02 + GSSG + H,Oz [4] 

The reaction was shown to be insensitive to inhibi- 
tion by 20 mM serine-borate [3], a complex that 
gives essentially complete inhibition of y-glutamyl 
transferase (?-CT) [5]. However, an apparent GSH 

oxidase activity can be obtained with purified rat 
renal y-GT [6], that both GSH oxidase activity and 
-/-GT are released in parallel during membrane diges- 
tion with bromelian [6], and that both activities are 
inhibited by the anti-tumor agent L-(ti,SS)-cr-amino- 
3-chloro_4,5dihydro-S-isoxazoleacetic acid (AT-125) 

[7,8]. These results indicate that both GSH oxidase 
activity and -/-GT activity are due to the same enzyme. 
We undertook fractionation of the enzyme activities 
in order to determine whether the GSH oxidase activ- 
ity of plasma membrane fragments was due to y-CT. 
The results demonstrate resolution of these activities 
and describe certain properties of the oxidase that 
will facilitate further purification and characteriza- 
tion. 

2. Materials and methods 

Male Sprague-Dawley rats (200-250 g) were sacri- 
ficed by CO* suffocation. The kidneys were perfused 
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with 0.9% NaCl (w/v) at O”C, decapsulated and 
homogenized in cold 0.08 M Tris-HCl (pH 7.6) con- 
taining 1 mM EDTA. The homogenate was centrifuged 

at 800 X g for 15 min. The supernatant was recentri- 
fuged at 100 000 X g for 2 h and the supernatant dis- 
carded. The precipitate was resuspended in 0.08 M 

Tris-HCl (pH 7.6) containing 1% Triton X-100 (v/v) 
and 1 mM DTT, and allowed to stand overnight at 
4°C. Samples (1 ml) were applied to a descending gel 
filtration column (Bio-Rad P-200, 1.5 X 35 cm) pre- 
equilibrated with 0.08 M Tris-HCl (pH 7.6) contain- 

ing 30% glycerol (v/v) at room temperature and eluted 
with the same buffer; active fractions were pooled. 

Sulfhydryl oxidation was measured as disappear- 

ance of free sulfhydryl according to (93 as modified 
[IO] or by the fluorometric method [I l] for GSH. 

GSSG was determined enzymatically using glutathione 

reductase [ 121. y-GT was assayed using y-glutamyl 
p-nitroanilide [ 131 with glycylglycine as an acceptor 

or by the Sullivan and Hess method as modified [ 141. 
Cysteinylglycine was determined by the modified 
Sullivan and Hess method [ 141. Protein was deter- 

mined as in [ 151 with bovine serum albumin as a 
standard. 

3. Results and discussion 

3.1. Resolution of a glutathione oxidase activity from 
r-glutamyl transferase 

Fractionation of plasma membranes that had been 
treated with 1% Triton X-100, was obtained by gel 
filtration (fig.1). Most of the protein and -/-GT activ- 
ity eluted with the void volume. Two GSH oxidase 
activity peaks were present, one associated with the 
trailing edge of the void volume protein and one 
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Fig.1. Gel filtration elution profile of GSH oxidase activity 
and -y-glutamyltransferase activity. Sample (1.0 ml 0.6 mg 
protein/ml Tris-HCl (pH 7.6) containing 1% Triton X-100 
(v/v)) was applied to a 1.5 X 40 cm P-200 (Bio-Rad) column 
equilibrated with Tris-HCl (pH 7.6) containing 30% glycerol 
(v/v) at room temperature and run at 3.8 ml/h. GSH oxida- 
tion was measured as GSH loss by the calorimetric assay [9 1, 
and r-GT activity was measured by the p-nitroanilide method 
[ 131. Data are given as rmol . min-’ . ml-’ sample for yGT 
and nmol . min-’ . ml-’ for oxidase. Protein determination 
was as in [15]. 

associated with a -60 ml elution vol. This latter peak 

was completely free from y-CT activity as measured 
by either the Sullivan and Hess method or the p-nitro- 
anilide method with glycylglycine as an acceptor. 

These results demonstrate the resolution of a GSH 

oxidase activity from -/-GT. 

3.2. Characteristics of the oxidase activity 
GSH oxidase activity from peak II (elution vol. 

50-65 ml) was used for all the characterizations that 
follow. The purification by this procedure was -4OOO- 

fold; the resultant activity was heat labile and non- 

diaiizable. No difference in oxidase activity was 
detected by addition of 20 mM serine-borate. The 
stoichiometry of the reaction described in [4] was 
confirmed. Experiments with added t-butylhydroper- 
oxide showed that this fraction did not support a 
GSH peroxidase reaction; instead, t-butylhydroperox- 
ide is a potent inhibitor of the activity (table 1). 

The oxidase activity was also inhibited by one of 
its products, hydrogen peroxide (fig.2). The reaction 
was linear only up to 20 min, but upon the addition 
of catalase, the linearity continued to 40 min. More- 
over, the enzymatic activity was lost upon storage but 
was fully recovered upon the incubation with 1 mM 
DTT. Glutathione was also capable of reactivating the 

Table 1 
Effects of inhibitors on partially purified sulfydryl oxidase 

Inhibitor GSH oxidation rate 
(pm01 . min-r . mg 
protein“) 

% inhibi- 
tion 

None 11.7 
EDTA (1 mM) 8.3 

(3 mM) <O.lO 
Serine-borate (20 mM) 11.5 
t-Butylhydroperoxide 
(0.1 mM) <O.lO 
Streptozotocin (1.0 mM) <O.lO 
AT-125 (0.25 mM) <O.lO 

to.5 _ 

to.2 31 
>99 

kO.2 2 

>99 
>99 
>99 

Values are expressed as mean f standard error (n = 3) 

enzyme (fig.2) as was apparent from a lag phase in 
the time course of the reaction. The results indicate 
that the enzyme undergoes facile oxidation (auto-oxi- 

dation) to an inactive form that can be reactivated by 

reduction under mild conditions. 
Substrate specificity studies (table 2) revealed that 

although GSH and cysteine are good substrates, the 

oxidase is capable of oxidizing other thiol compounds; 

hence, the enzyme activity is that of a general sulfhydryl 
oxidase rather than a specific GSH oxidase. Other 

sulkydryl oxidases have been characterized from 

Fig.2. Time course for GSH oxidation. Incubations were 
performed at 18-20°C under air with 0.08 M Tris-HCl (pH 
7.6) and 2.6 mM GSH with 1 Fg protein/ml. GSH oxidized 
was measured as loss of GSH 191: (o) untreated, without 
catalase; (0) DTT-treated, without catalase; (A) DTT-treated, 
with catalase. No cysteinylglycine was formed in these incu- 
bations (0). 
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Table 2 
Characteristics of sulfhydryl oxidation by partially purified 

sulfhydryl oxidase 

Compound Km vmax 
(mM) (pm01 . min-’ . mg protein-‘) 

GSH 2.2 0.033 
Cysteine 1.0 0.045 
N-Acetylcysteine 0.6 0.015 
DTT 0.2 0.008 
Glycylglycylcysteine 0.8 0.020 

bovine milk [ 161 and seminal vesicles [ 171. In [4] 

the renal oxidase was found sensitive to EDTA and 

can be reconstituted by addition of CuS04, whereas 

in [ 161 the milk oxidase was reconstituted with FeS04, 
and in [ 171 the seminal vesicle oxidase was found to 

be a flavoprotein and insensitive to EDTA. As found 
in [4] with the crude plasma membrane fraction, we 

have found that the peak II oxidase activity is inhib- 
ited by EDTA (table 1) and can be reconstituted by 
copper but not iron (not shown). Recent studies by 
Ormstad and Orrenius using purified plasma mem- 
brane fragments has allowed detection of Cu2+ in 
parallel to loss of activity following addition of HzOz 

(S. Orrenius, personal communication). These results 
corroborate the characteristics described herein and 
provide the first strong evidence that the renal sulf- 
hydryl oxidase is a cuproenzyme. 

Incubation of the active oxidase fraction with the 
anti-tumor agent AT-125 resulted in loss of the activ- 

ity (table 1). Thus, although the activity is separable 
from y-CT, both activities are susceptible to inhibi- 

tion by the same alkylating agent. Streptozotocin, 
another alkylating agent that inhibits -/-GT (F. B., 
unpublished), also inhibits the oxidase activity (table 

1). 
The results presented here demonstrate that a 

renal sulfhydryl oxidase that accepts GSH as substrate 
can be resolved from y-GT. Moreover, the rapid loss 
of activity during purification can be overcome by 
reactivating the enzyme with a reducing agent. Inclu- 
sion of catalase in the assay medium improves the 
linearity of the assay by eliminating product inactiva- 
tion. Finally, the inhibition of the activity of EDTA 
and recovery of activity with copper suggests that 
this enzyme activity may be distinct from the milk 
and seminal vesicle sulfhydryl oxidases. 
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