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Summary 

[ 7SSe]Glutathione peroxidase (glutathione:hydrogen-peroxide oxidoreduc- 
tase, EC 1.11.1.9) containing 4 mol selenium per mol was isolated in 33% yield 
using 10% ethanol to stabilize the purified enzyme. When reduced with GSH 
and rapidly separated from GSH by gel filtration chromatography, GSH peroxi- 
dase was eluted in a labile oxidized (iodoacetate-insensitive) form which was 
stable at 4°C but unstable at 25°C (form A). When GSH-reduced enzyme was 
allowed to oxidize in the course of dialysis a more stable oxidized form was 
obtained (form C) which was rapidly inactivated by cyanide. Using [3SS]GSH, 
form C was shown to contain tightly bound glutathione in approx, equimolar 
ratio with selenium. The cyanide sensitivity of GSH peroxidase is therefore 
correlated with the presence of a glutathione moiety in the enzyme. The isola- 
tion of GSH peroxidase containing bound glutathione suggests that intermedi- 
ates containing glutathione bound to selenium may be formed during the cata- 
lytic cycle. 

Glutathione peroxidase (glutathione:hydrogen-peroxide oxidoreductase, EC 
1.11.1.9), isolated from erythrocytes and other tissues, was the first naturally 
occurring selenoprotein to be identified [1] and, thus far is the only protein to 
be isolated from animal tissues with a stoichiometric amount of selenium and a 
well established biological function [2--5]. Despite considerable evidence that 
the selenium in GSH peroxidase is directly involved in catalysis, little progress 
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has been made in elucidating the chemical forms and redox states of  selenium 
in the enzyme. The GSH-reduced form of the enzyme has been reported to 
contain a selenocystein residue in a selenol (--Sell) form which is alkylated by 
iodoacetate [6].  As isolated, the enzyme is in an 'oxidized'  state and is not  
inhibited by  iodoacetate,  but  is inhibited after reduction with GSH and other  
reducing agents [3].  Conversely, the ' reduced'  enzyme is not  inhibited by 
cyanide, whereas cyanide inhibits oxidized GSH peroxidase [7]. Although 
these studies serve to define at least two forms of  the enzyme, we have noted 
variations in behavior of the enzyme during isolation and storage which indi- 
cate that  a more complex situation exists in regard to the redox state of  seleni- 
um in the enzyme. 

Methods 

Pure [TSSe]glutathione peroxidase was isolated from erythrocytes  of  a ram 
given [TSSe]sodium selenite (New England Nuclear) over 6 months  earlier, plus 
blood from unlabeled rams. A 3800-fold purification and a yield of  33% were 
obtained using a modification of  the method of  Awasthi et al. [8]. GSH perox- 
idase activity was assayed in a 2 ml volume by a coupled method [7],  at 25°C 
in 0.1 M potassium (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonate (Hepes)) 
buffer (pH 7.5) containing 3 mM EDTA, 1 mM GSH, 0.11 mM NADPH and 
4/~g glutathione reductase. After a 10 min preincubation, cumene hydroperox-  
ide (0.1 mM final concentration) was added to start the reaction (1 unit  (U) of  
enzyme activity = 1 pmol GSH oxidized/min.) 

The [3SS]GSH (27--44 mCi/mmol) was obtained from Schwarz-Mann and 
carrier-free solutions prepared in 50 mM potassium phosphate (pH 7.2). TLC 
on cellulose in isobutyric acid/H~O/28% NH4OH (66 : 33 : 1), followed by 
direct scanning of  the plate showed that  about  90% of  the radioactivity was 
associated with a ninhydrin-positive spot corresponding to GSH and the 
remainder with GSSG. For assay of  3sS in solutions, samples were dissolved in 
10 ml Aquasol (New England Nuclear) and counted by liquid scintillation 
spectrometry using the same settings as for 14C, and corrected for efficiency 
(89%) and decay. Total selenium was assayed by  a fluorimetric procedure [2],  
total protein by the Lowry method using bovine serum albumin as a standard 
[9],  and 7SSe by means of  a well-type scintillation counter.  For samples con- 
taining both 3sS and 7SSe a small correction was made for the ~s Se contr ibut ion 
to the apparent 3sS counting rate. 

Results 

GSH peroxidase was isolated in a highly active form containing 3761 pg Se/ 
mg of protein (4 mol Se per 84 000 g of  protein), with a specific activity of  
1670 units/mg protein, or 440 units/p~ Se (Table I). The inclusion of  10% 
ethanol during final purification or storage has been an important  advance, 
since the lability of  oxidized GSH peroxidase is well known [10,11].  Yields of  
only 2--13% have been reported previously [8,12,13],  whereas we obtained 
33% yield. 

It became apparent during the course of  our studies that  purified GSH per- 
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T A B L E  I 

P U R I F I C A T I O N  OF G L U T A T H I O N E  P E R O X I D A S E  

A m o d i f i c a t i o n  of  the  p r o c e d u r e  o f  A w a s t h i  e t  al. [ 8 ]  was  e m p l o y e d .  All  o p e r a t i o n s  w e r e  at  5- -10°C.  
H y d r o x y a p a t i t e  c h r o m a t o g r a p h y  was  used  to  c o n c e n t r a t e  and further  puri fy  the  e n z y m e ;  ul ixaf i l trat ion 
was  n o t  e m p l o y e d .  GSH (0 .5  m M )  was  inc luded  in all c h r o m a t o g r a p h i c  s teps ,  e x c e p t  final c h r o m a t o g -  
r a p h y .  Ethanol ,  at  a c o n c e n t r a t i o n  of  10%, was  used  in a buf fer  c o m p o s e d  of  50 m M  po ta s s ium phos-  
phate  (pH 7.2),  to  s tabi l ize  the  e n z y m e  [ 1 0 ]  during f inal  c h r o m a t o g r a p h y  on  S e p h a d e x  G - 1 5 0  and 
s torage .  

Procedure  Prote in  E n z y m e  Spec i f i c  Puri f icat ion E n z y m e  
(mg)  act iv i ty  ac t iv i ty  ( - fo ld)  y ie ld  

(uni ts )  (units /rag (%) 
prote in )  

H e m o l y s a t e  269 625  118 165  0 .44  1 100  

1. ( N H 4 ) 2 S O 4  
(20 - -55% sa tn . )  4 830  79 261 16.4  37 67.1 

2. CM-ceUulose 1 992  68 482  34 .4  78 57.9 
3. DEAE-ce l lu loss  74 57 685  780 1773  48 .8  
4. S e p h a d e x  G-150  40 42 521 1064  2418  36 .0  
5. H y d r o x y a p a t i t e  * 28.1 43 159 1536  3491  36 .5  
6. S e p h a d e x  G-150  ** 23.3 38  877 1670  3 7 9 5  32.9 

* The  e n z y m e  e luted  f r o m  step 4 in 10 m M  p o t a s s i u m  p h o s p h a t e  (pH 6 .9)  con ta in ing  0 .5  m M  GSH and 
1 #M E D T A  w as  appl ied  d irect ly  to  a 2.5 X 3 .5  c m  c o l u m n  of h y d r o x y a p a t i t e  and e lu ted  w i t h  a l inear 
gradient  (100  m l  each)  of  1 0 - - 2 0 0  m M  p o t a s s i u m  p h o s p h a t e  (pH 6.9)  con ta in ing  0.5 m M  GSH and 
1 pM E D T A .  T he  e luted  e n z y m e  was  d ia lyzed  against  50 mM p o t a s s i u m  p h o s p h a t e  (pH 7.2) conta in ing  
5% e t h a n o l  and t h e n  against  the  s a m e  buf fer  c o n t a i n i n g  10% e thano l .  

** The d ia lyzed  e n z y m e  f r o m  s tep  5 was  appl ied  to  a 2.5 X 82 c m  c o l u m n  of  S e p h a d e x  G-150  and e i n t e d  
w i t h  50 m M  p o t a s s i u m  p h o s p h a t e  (pH 7.2) con ta in ing  10% e thano l .  

oxidase underwent changes in its stability, as well as its susceptibility, to 
cyanide during handling. The results of  a systematic investigation of  these phe- 
nomena are summarized in Table II and Fig. 1. Freshly isolated GSH peroxi- 
dase was not inhibited (less than 10% loss of  activity) by iodoacetate, but was 
rapidly inactivated by cyanide. After the addition of  GSH, the reduced enzyme 
(sample I) was completely {over 90%) inhibited by iodoacetate (Table II), but 
was not inhibited by cyanide (Fig. 1, panel A, I). Aliquots of  reduced enzyme 
were then treated so that oxidation took place under three different condi- 
tions. Sample I was immediately subjected to gel filtration chromatography so 
that GSH would be separated rapidly from the reduced enzyme and the 
enzyme would undergo autooxidation under conditions where little or no GSH 
was present. Sample II was oxidized with substrate levels of  H202. Sample III 
was dialyzed against buffer containing 10% ethanol, so that GSH was gradually 
removed under aerobic conditions (this procedure is similar to that employed 
during isolation). Following these treatments all three samples of  GSH peroxi- 
dase were insensitive to iodoacetate, indicating that oxidation had taken place 
(Table II). After the gel filtration treatment, sample I showed rapid loss of  
activity when incubated at 25°C with cyanide (Fig. 1, panel B, I); however, the 
sample I control incubated with potassium chloride at 25°C also showed rapid 
loss of  activity (see below). Sample II (oxidized with H20~) was inactivated 
slowly by incubation with cyanide (Fig. 1, panel A, II). Sample III (dialyzed) 
was rapidly and completely inactivated by incubation with cyanide (Fig. 1, 
panel A, III). Samples II and III were also subjected to gel filtration and then 
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T A B L E  II  

P R O P E R T I E S  OF V A R I O U S  FORMS OF G L U T A T H I O N E  P E R O X I D A S E  

T h e  inh ib i t ions  of  GSH perox idase  b y  c ya n ide  a n d  i o d o a c e t a t e  was  d e t e r m i n e d  as fol lows.  Samples  of  
e n z y m e  were  d i lu ted  a b o u t  10 to 100-fo ld  ( to  a p p r o x .  2 • 10 -7 M Se) in 20 m M  Hepes  buf fe r ,  pH 7.5,  
con ta in ing  bovine  s e rum a l b u m i n  (50 /~g /ml )  a nd  i nc uba t e d  a t  25°C in sealed tubes  wi th  (a) 1 mM s o d i u m  
iodoace t a t e ,  pH 7.5,  or  1 m M  sod ium ace ta t e  ( con t ro l )  for  20 ra in;  (b) 10 m M  KCN,  pH 7.5, or  10 m M  
KCi (con t ro l )  for  up  to  250  rain.  Smal l  a l iquots  t a ke n  a t  zero  t ime  and  subsequen t  intervals  were  assayed 
for  GSH perox idase  and  the  ac t iv i ty  r e ma in ing  in the  samples  ca lcula ted .  Inh ib i t ion  by  i o d o ace t a t e  was  
de f ined  as a loss of  90% or m o r e  of  the  ac t iv i ty  wi th in  20 ra in .  Inh ib i t i on  by  cyan ide  ind ica tes  80% or 
m o r e  loss of  ac t iv i ty  wi th in  2 h (see Fig. 1 for  m o r e  c o m p l e t e  i n f o r m a t i o n ) .  

GSH-perox idase  sample  Inh ib i to r  Stabi l i ty  

I o d o a c e t a t e  KCN 
(1 m M )  (10 raM) 

Des igna ted  
f o r m  of  
e n z y m e  

Freshly  isola ted e n z y m e  a No inhib i t ion  Inh ib i t i on  Stable  

R e d u c e d  wi th  GSH (Sample  I,  Fig. 1) 
Before  gel f i l t ra t ion  Inh ib i t ion  No inhib i t ion  Stable  
Af t e r  gel f i l t ra t ion  No inhib i t ion  b Inh ib i t i on  c Uns tab le  

R e d u c e d  wi th  GSH,  ox id ized  wi th  H O O H  (Sample  II ,  Fig. 1) 
Before  and  a f t e r  gel f i l t ra t ion  No inhib i t ion  Part ia l  inh ib i t ion  Stable  d 

R e d u c e d  wi th  GSH and  d ia lyzed  (Sample  I l l ,  Fig. 1) 
Before  and  a f te r  gel f i l t ra t ion  No inhib i t ion  Inh ib i t i on  Stable  d 

S to red  in 10% e t hano l  e No inhib i t ion  No inhib i t ion  Stable 

Oxid ized  C 

R e d u c e d  
Oxid ized  A 

Oxid ized  B 

Oxid ized  C 

a E lu ted  f r o m  S e p h a d e x  G-150  c o l u m n  (Tab le  I) ,  t r e a t e d  w i th  0.5 m M  GSH,  t h e n  d ia lyzed  against  10% 
e thano l  in 50 m M  po t a s s ium p h o s p h a t e  (PH 7) and  s tored  a t  4°C.  

b No d i f fe rence  b e t w e e n  t r e a t m e n t  wi th  s o d i u m  indoa c e t a t e  vs. s o d i u m  ace t a t e ;  h o w e v e r ,  this f o r m  of the  
e n z y m e  is uns tab le  a t  25°C.  

c Cont ro l s  i n c u b a t e d  wi th  10 mM KCI also lost  ac t iv i ty ,  bu t  t r e a t m e n t  wi th  cyan ide  resu l t ed  in a some-  
w h a t  m o r e  rap id  loss of  ac t iv i ty .  

d S o m e  loss of  ac t iv i ty  a f te r  long i n c u b a t i o n  b u t  no t  exceeding ,  20% of the  initial ac t iv i ty  (See Fig. 1). 
e Freshly  isola ted e n z y m e  (see above )  was  s to red  for  5 weeks  a t  4°C in 50 m M  po ta s s ium p h o s p h a t e  (pH 

7) plus 10% e thano l ;  70% of the  ac t iv i ty  was re ta ined .  

assayed for cyanide sensitivity as a control for sample I; gel filtration did not  
alter the cyanide sensitivity of  these samples (Fig. 1, panels B, II and III). 

The control samples of GSH peroxidase (incubated with KC1 or sodium 
acetate rather than KCN or sodium iodoacetate) revealed marked differences in 
the stability of  GSH peroxidase following the various treatments.  The enzyme 
reduced with GSH was very stable (Fig. 1, panel A, I). However, after gel filtra- 
tion, the same sample of enzyme rapidly lost activity under the same condi- 
tions (Fig. 1, panel B, I), and retained only about  30% of its activity after 150 
min incubation at 25~C. This indicates that  autooxidation of reduced GSH per- 
oxidase in the absence of GSH tends to produce a temperature-labile form. This 
form, however, could be stored for several days at 4°C without  appreciable loss 
of activity. Sample II showed excellent stability (Fig. 1, panels A, II and B, II). 
Sample III showed some loss of activity at 25°C after long incubation times 
(Fig. 1, panel A, III and B, III), but  showed little loss of  activity during the first 
30 min during which cyanide inactivation took place. 

During purification of  GSH peroxidase by hydroxyapat i te  chromatography 
in the presence of 0.5 mM GSH, the eluted enzyme was found to have a rela- 
tively high A2ss/A2go ratio. The elevated A2ss was due in part to GSSG (assayed 
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Fig.  1. E f f e c t  o f  1 0  m M  c y a n i d e  o n  G S H  p e r o x i d a s e  a c t i v i t y  o f  s a m p l e s  a s s a y e d  b e f o r e  o r  a f t e r  c h r o m a -  
t o g r a p h y  o n  S e p h a d e x  G - 1 5 0 .  G S H  p e r o x i d a s e  (4 .5  ml ,  0 .2  /~mol Se)  in  b u f f e r  ( 5 0  m M  p o t a s s i u m  p h o s -  
p h a t e  ( p H  7 .2 )  p lu s  10% e t h a n o l )  w a s  t r e a t e d  w i t h  4 0  ~tl o f  2 0  m M  [3 S S ] G S  H ( 0 . 8  Izmol)  f o r  2 0  r a in  a t  
2 5 ° C  a n d  a s s a y e d  f o r  i o d o a c e t a t e  a n d  c y a n i d e  sens i t iv i ty ,  t h e n  d iv ided  i n t o  t h r e e  p a r t s :  o n e  a l i q u o t  o f  t he  
r e d u c e d  e n z y m e  ( s a m p l e  I) w a s  c h r o m a t o g r a p h e d  i m m e d i a t e l y  (see Fig.  2) w i t h o u t  f u r t h e r  t r e a t m e n t ;  
s a m p l e  II ( 0 . 0 4 4  # t o o l  Se)  w a s  t r e a t e d  w i t h  excess  p e r o x i d e  (5 #1 o f  0 . 5  M H 2 0 2 )  (2 .5  Izmol)  f o r  2 0  r a in  
a t  2 5 ° C  a n d  t h e n  c h r o m a t o g r a p h e d  o n  a s e c o n d  c o l u m n ;  s a m p l e  III  w a s  e x h a u s t i v e l y  d i a l y z e d  f o r  3 d a y s  
a t  4 ° C  aga in s t  t h e  b u f f e r  (see a b o v e ) ,  t h e n  c h r o m a t o g r a p h e d .  S a m p l e s  we re  i n c u b a t e d  w i t h  1 0  m M  K C N  
(o o) o r  KCI (¢ - ' ) ,  as well  as i o d o a c e t a t e  (see T a b l e  II) ,  b e f o r e  (A)  a n d  a f t e r  (B)  c h r o m a t o g -  
r a p h y  (See Fig .  2) .  

with glutathione reductase) that  was coeluted with the enzyme, but  dialyzed 
enzyme still had a higher A2ss/A28o ratio compared to reduced enzyme. Studies 
were therefore undertaken with [35S]GSH, in conjunction with the studies 
described above, to determine if a form of  GSH peroxidase containing bound 
glutathione might be isolated. When enzyme was reduced with [3sS]GSH and 
immediately chromatographed on Sephadex G-150 (sample I), only a little 35S 
was eluted with the enzyme (S/Se = 0.128 -* 0.004), and most  was eluted as a 
peak of  low molecular weight (Fig. 2). Similarly, enzyme reduced with GSH 
and then oxidized with excess H20~ (sample II) contained little enzyme-bound 
3sS (S/Se = 0.123 -* 0.10). In contrast,  sample III, which had been reduced with 
[35S]GSH, then dialyzed prior to chromatography,  showed a major peak of  35S 
eluting with the 7SSe and enzyme activity (S/Se -- 1.188-+ 0.028) and only a 
minor 3sS peak of  lower molecular weight. Subtracting the S/Se ratio of  sample 
I from sample III gives a net  value of  1.06 tool S bound per tool Se. 

In other  studies (data not  shown) it was found that  the 3sS bound to GSH 
peroxidase could be removed almost completely (S/Se of  the enzyme = 0.077) 
in a low molecular weight form by rechromatographing the labeled enzyme 
peak in the presence of  0.5 mM unlabeled GSH; when the low molecular weight 
35S peak was lyophilized and desalted by  thin-layer electrophoresis, followed 
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Fig. 2. Binding of [35 S]glutathione to  [ 75 Se] g luta th ione  perox idase .  Sa mple s  treated  in various w a y s  
af ter  r e d u c t i o n  o f  the  e n z y m e  w i t h  labe led  g lu ta th ione  (see Fig. 1) w e r e  c h r o m a t o g r a p h e d  on  2.5 X 42 or 
45 c m  c o l u m n s  o f  S e p h a d e x  G - 1 5 0 ,  and e lu ted  w i t h  50 mM p o t a s s i u m  p h o s p h a t e  (pH 7,2) conta in ing  
10% e thano l ,  at 4°C, 30 ml/h,  Fract ions  o f  approx .  3 ml w e r e  c o l l e c t e d  and assayed for  7SSe  (e o), 
3 5 S (o o), and GSH perox idase  act iv i ty  (4 A). The five fract ions  having the  h ighest  Se  c o n t e n t  
w e r e  averaged for  the  GSH perox idase  p e a k  and the  m o lar  S /Se  rat io  r e p o r t e d  in the  t e x t  as the  m e a n  _4 
S.D. 

by TLC and scanning, the 3sS was associated with ninhydrin-positive spots 
having the same mobility as GSH and GSSG. This result indicates that the 3sS 
bound is a glutathione moiety,  not  a radioactive impurity. The bound 3sS was 
also released by treatment with cyanide. 

Discussion 

The major significance of  the work reported here is the clear demonstration 
that GSH peroxidase can be prepared in a number of  different, oxidized forms, 
o f  widely varying properties. The description of  procedures for preparing these 
forms and differentiating them by means of  their.temperature stability, or their 
reactivity with cyanide and iodoacetate,  opens up opportunities for detailed 
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investigation of the form of selenium in the  enzyme in various oxidation states. 
Another important finding is the correlation of cyanide sensitivity with the 

presence of bound glutathione in GSH peroxidase. We had previously reported 
that cyanide inactivated the oxidized enzyme [ 7 ], and one other laboratory has 
recently confirmed this finding using a similar protocol [ 11 ]. However, we have 
observed (Table II) that oxidized (iodoacetate-insensitive) GSH peroxidase 
sometimes showed no reactivity with cyanide, as in the case of enzyme stored 
for long periods. Our discovery that cyanide sensitivity is correlated with the 
presence of bound glutathione in GSH peroxidase (form C) suggests that the 
mechanism of cyanide sensitivity may be related to the binding of glutathione 
to the active site of the enzyme, and that upon storage the enzyme releases the 
bound glutathione and becomes insensitive to cyanide. 

The observation that the glutathione-GSH peroxidase complex survives gel 
filtration chromatography indicates that the binding is fairly strong. Our study 
and that of Flohe et al. [14] show that no complex is formed when GSH per- 
oxidase is treated with labeled GSH and immediately subjected to gel filtration 
chromatography. This does not support the possibility that electrostatic inter- 
actions are the basis for the binding. We prefer to believe that binding of gluta- 
thione to GSH peroxidase involves the formation of a covalent Se-S or Se(O)-S 
bond at the active site of the enzyme. 

The fact that an oxidized form of GSH peroxidase can be isolated with gluta- 
thione bound to it provides support for a proposed mechanism [5,15] in which 
intermediates containing glutathione bound to Se, such as E-Se-SG or 
E-Se(O)SG, would be formed during the catalytic cycle. Also, formation of a 
glutathione complex may clarify some previously reported physicochemical 
properties of GSH peroxidase, such as divergent X-ray photoelectron spectros- 
copy measurements [16,17], ultraviolet spectra and electrophoretic mobility. 

The existence of multiple oxidized forms of GSH peroxidase emphasizes that 
the common practice of describing selenoenzymes as being 'oxidized' (or 
'reduced') is an oversimplification that may confuse experimentation and inter- 
pretation of results. The use of inhibitors such as iodoacetate and cyanide as 
chemical probes to help define the form of selenium, in conjunction with 
physicochemical and chemical studies of selenoenzymes, is strongly recom- 
mended. 
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