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SUMMARY 

I. Glutathione reductase (NAD(P)H:oxidized glutathione oxidoreductase, EC 
1.6.4.2 ) from the erythrocytes of a patient with a decreased activity of the enzyme was 
purified IO ooo times (specific activity, 20/,moles NADPH oxidized per min per mg 
protein) by  column chromatography; estimated purity, lO%. 

2. The K m  values for GSSG and NADPH were practically the same as those for 
the normal enzyme. The influence of ions on the reaction velocity and the pH opt imum 
were identical with the normal enzyme. 

3. The Kass value for FAD binding to the apoprotein was diminished. 
4. Consequently FAD protected the enzyme against denaturation during 

heating at 55 ° and diminished the losses during purification. Incubation of the holo- 
enzyme with FMN decreased the activity. 

INTRODUCTION 

CARSON et al. 1 were first to report a decreased activity of glutathione reductase 
in red blood cells. L6HR AND WALLER z reported on glutathione reductase (NAD(P)H : 
oxidized glutathione oxidoreductase, EC 1.6.4.2) deficiency associated with non- 
spherocytic hemolytic anemia. At this moment  several reports on glutathione re- 
ductase deficiencies have been published s-5. 

In order to explain the decreased activity of the enzyme from patients with 
glutathione reductase "deficiency", WALLER 6 purified the enzyme and investigated 
several enzymatic properties. With the partially purified enzyme, WALLER 6 found that  
the enzyme isolated from the erythrocytes of the patients, had a different pH optimum, 
a different K m  for GSSG and a normal K m  for NADPH with respect to the values 
obtained with the normal enzyme. LOFFLER et al. 3 was not able to demonstrate such 
differences. As pointed out by  KUBLER et al. 7, the differences found by WALLER 6 are 
not significant, and he concluded that  no differences could be detected between the 
normal enzyme and the enzyme of patients. 

In the foregoing papersS, 9 we have reported on the normal human erythrocyte 
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glutathione reductase and the enzyme characterized with respect to physical and 
enzymatic properties. This paper deals with the enzyme obtained from a patient with 
a decreased glutathione reductase activity in the erythrocytes (see ref. IO). 

M A T E R I A L S  A N D  M E T H O D S  

Chemicals 
NADPH, GSSG, FAD and FMN were obtained from Boehringer and Soehne. 

DEAE-Sephadex A-5o, capacity 3.5 ± 0.5 mequiv/g, particle size 4o-12o/~; and CM- 
Sephadex C-5o, capacity 4.5 :h 0.5 mequiv/g, particle size 4o-12o #, were purchased 
from Pharmacia, Uppsala. Calcium phosphate gel columns were prepared according 
to M A S S E Y  11. 

Determination of activity 
The assays were carried out as previously described 8. The protein content was 

determined by  the method of Lowry-Folin TM. The apoenzyme was prepared according 
to the method of WARBURG AND CHRISTIAN 1~. For the hematological data of the patient 
see ref. io. 

RESULTS 

The activity of the patient 's  enzyme in either the hemolysate or the purified 
state can be increased when the enzyme is preincubated with FAD in the reaction 
mixture prior to the assay. The reaction is started by  the addition of NADPH. There- 
fore the whole purification procedure was carried out in the presence of o.i  #M FAD. 
I t  is remarkable that  o.i  #M FAD protects the enzyme so well, since it will be shown 
later that  KD --  4/~M for the purified enzyme. An influence of other proteins and ions 
on this process cannot be excluded. 

The same purification method was used as previously s described except that  
the last two steps of the purification were omitted. Starting from 330 ml oferythrocytes 
with a specific activity in the hemolysate of 2" lO -3 #moles NADPH oxidized per rain 
per mg protein, an enzyme solution with a specific activity of 20/,moles NADPH 

T A B L E  I 

PURIFICATION OF ABNORMAL GLUTATHIONE REDUCTASE 

T h e  p u r i f i c a t i o n  s t e p s  c o r r e s p o n d  w i t h  t h o s e  g i v e n  i n  r e f .  8. 

Steps of Total Total Total Specific 
purifi- volume protein activity activity 
cation (ml) (rag) (units) (units/rag 

protein) 

Yield 
(%) 

Accumulative 
purification 
(-fold) 

I 7 0 0  98  " IO 3 2 0 0  2 ' 10 -3 
2 9 0 0  1-9 " IO3 194  I " 10 -1  
3 25O 2 6 0  131 5 ' 10--1 
4 3 ° 0  123 IOO 8 .2  • IO -1  

5 5 ° 46  92  2 
6 125 1 2 ' 5  54  4 
7 6 .5  1.5 3 ° 20  

I O O  

98  
65 
50  
46  
27  
15 

I 

5 ° 
2 5 0  

4 1 o  
I O O O  

2 000 

I0 000 
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Fig. I. (a) I/V vs. I / [ N A D P H ]  plots  at  different GSSG concentrat ions .  Top to b o t t o m :  2o, 4 o, 
ioo,  300 and i 5 o o / , M  GSSG. Buffer: 0. 3 M phosphate  (pH 7.o). (b) i /v vs. I/[GSSG] plots  at  
different N A D P H  concentrat ions .  O---O, 25; II--II ,  50; A - - A ,  ioo;  O - - O ,  I5o/*M; and 
x - - x ,  200 btM N A D P H .  Buffer: o. 3 M phosphate  (pH 7.0). v i n / * m o l e s  N A D P H  oxidized per 

min  per mg. 

oxidized per rain per mg protein was obtained which means that the enzyme prepa- 
ration was purified IO ooo times (Table I). 

Kinetics of the enzyme 
Fig. I shows the effects on the enzyme activity by varying the concentrations 

of both GSSG and N A D P H  in 0.3 M sodium phosphate buffer (pH 7.0). At low GSSG 
concentrations, a substrate inhibition by N A D P H  is found. The noninhibitory parts 
of  the plots are parallel. By  plotting i/v vs. I/[GSSG ] only at the lower N A D P H  
concentrations the plots are parallel. From these results a Km for GSSG of 82/zM 

T A B L E  II 

K m V A L U E S  F O R  T H E  N O R M A L  A N D  A B N O R M A L  E N Z Y M E  AT TWO D I F F E R E N T  S O D I U M  P H O S P H A T E  

C O N C E N T R A T I O N S  

Sodium Km (GSSG) ( # M )  Krn ( N A D P H )  (I~M) 
phosphate 
( M )  Normal A bnormal Normal A bnormal 

0. 3 125 82 13. 3 8 
0.03 19 22 9.5 5 .o 

Biochim. Biophys. Acta, 185 (I969) 63-69 



66 G. :E. J. STAAL et al. 

io 
9 

_ _ m ~ _  4P-  . . . . .  o - -  - - - . . . .  4 

~, b 

7 

o lO 20  30  4 0  50  
~[NADPH] (mM'l) Y[GSSG] (raM-') 

Fig. 2. (a) i[v vs. I / [NADPH] plots at  di f ferent  G S S G  c o n c e n t r a t i o n s .  Top to bot tom:  2o, 4 o, 
15oo , ioo and 3 o o f M  GSSG. Buffer: o.o3 M phosphate (pH 7.0). (b) I/V vs. I/[GSSG] plots at  
di f ferent  N A D P H  c o n c e n t r a t i o n s .  O---O, 25; at--at, 5o; A ~ ,  IOO; [ ] - - [~ ,  15o; and O - - O ,  
200/*M NADPH. Buffer: o.03 M phosphate pH (7.0). v in/ ,moles  NADPH oxidized per rain per  
mg. 

(Fig. 3a) and a Km for NADPH of 8 #M (Fig. 3b) were calculated. These values differ 
only slightly from the values obtained with the normal enzyme (Table II). 

The same investigations were carried out in 0.03 M of sodium phosphate buffer 
(pH 7.0). Fig. 2 shows the effect of varying the concentrations of both GSSG and 
NADPH. From these results an apparent Km for GSSG of 22 jaM (Fig. 3a) and a Km 
for NADPH of 5.0 ffM (Fig. 3b) were calculated; again these values differ only slightly 
from the values obtained with the normal enzyme (Table II). Furthermore the 

o 

b 

P 

# 
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~/[NADPH] (raM-') 

f 
0 10 20 30 4 0  50  

Fig. 3. (a) The plot I / V  (NADPH) vs. I/[GSSG]. T h e s e  v a l u e s  are  ca l cu la ted  from Fig. ia  (9~---Q) 
a n d  Fig. 2a ( O - - O ) .  (b) The plot I / V  (GSSG) vs. I/[NADF'H]. T h e s e  v a l u e s  are  ca l cu la t ed  from 
Fig. Ib (O---O) and Fig. 2b ( O - - O ) .  V in/*moles NADPH oxidized per rain per mg. 
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influence of  Na  + on the  reac t ion  ve loc i ty  and the  inhibi t ion b y  GSSG and  N A D P H  at 
high concent ra t ions  are ident ica l  as those  found for the  normal  enzyme.  Therefore  we 
conclude t h a t  the  k inet ic  behav io r  of  the  pa t i en t ' s  enzyme is ident ica l  wi th  the  nor-  
mal  enzyme which is in agreement  wi th  the  resul ts  r epor ted  b y  KUBLER et al. 7 and  
LOFFLER et al. 3 bu t  differs from the  resul ts  ob ta ined  b y  WALLER 6. 

Stability of the enzyme 
Gluta th ione  reduc tase  is ve ry  hea t  s tabi le  even at  low concent ra t ions  s. Hea t ing  

the  no rma l  enzyme for I h at  60 ° in o . I  M sodium phospha te  buffer (pH 7.2) does not  
decrease ac t iv i t y ;  however,  when the  pa t i en t ' s  enzyme (protein concn., 3.8#g/ml) 
was hea ted  for 30 rain a t  55 °, abou t  30% of  the  ac t i v i t y  was lost ; in the  presence of i o  
/zM F A D  no loss of a c t i v i t y  could be demons t ra t ed .  

p H  optimum 
WALLER s found wi th  the  enzyme from his pa t i en t s  a p H  6.4 o p t i m u m  for g luta-  

th ione reduc tase  which differs from the  va lue  for the  normal  enzyme (6.8). Therefore  
we have  s tud ied  the  p H  o p t i m u m  in the  p H  range from 5.0 to 8.6. The p H  o p t i m u m  
was found to be 6.8 which is ident ica l  wi th  the  value  ob ta ined  for the  normal  enzyme.  
This  resul t  is in agreement  wi th  the  resul ts  r epor ted  b y  L6FFLER et al. 3 and  K/2BLER 
et al.7. 

Recombination of the apoenzyme with F A D  and the influence of F M N  
3 ml of an enzyme solut ion were 55% sa tu r a t ed  with  (NH4)2SO 4 and b rough t  

to  p H  3.1 wi th  i M HC1 (ref. 13). Af te r  s t and ing  for IO rain in an ice-bath,  the  apoenzyme  
was col lected b y  cent r i fuga t ion  and  was dissolved in i ml  of  0.2 M phospha te  buffer 
(pH 7.0) (concentra t ion  of  the  p a r t i a l l y  purif ied apoenzyme,  0.33 mg/ml).  Fig.  4 shows 
the  effect of  the  F A D  concent ra t ion  on the  reac t iva t ion  of  the  apoenzyme b y  F A D .  
F r o m  these da ta ,  an appa ren t  Km for F A D  of 3.7/zM (normal  0.55 #M) and  a Kass for 
F A D  of 2. 7 • lO 5 M -1 (normal  enzyme 1.8- i o  e M -I) were calculated.  F r o m  these d a t a  
i t  can be concluded t ha t  the  F A D  of  the  abnorma l  enzyme shows less affinity for the  
apoenzyme.  

Though FMN is not  capable  of  res tor ing the  ca ta ly t i c  ac t iv i ty  upon incuba t ion  

o 

? 
o 

Y[.FAO] C~M -~) 
Fig. 4. Effect of FAD concentration on the reactivation of the apoenzyme by FAD. The apoen- 
zyme was prepared as described in the text. After a 5-min incubation (33/~g protein in o.2 ml 
buffer) with the concentration of FAD indicated, samples were withdrawn and activities measured 
in the standard assay medium without added extra FAD .v in/*moles NADPH oxidized per rain 
per mg. 
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with the apoenzyme, we have demonstrated that the apoenzyme has affinity for this 
flavin compound 8. When the holoenzyme of the patient was incubated for 12 h in the 
presence of IO/~M FMN, there was about 3o% loss of activity, while enzyme incubated 
without added FMN showed no decrease in activity. The normal holoenzyme shows, 
under identical conditions, no diminished activity after incubation with FMN. 

DISCUSSION 

The glutathione reductase purified from the patient's erythrocytes has a specific 
activity of 2o/,moles NADPH oxidized per min per mg protein, corresponding to a 
purification of io ooo times. WALLER 6 obtained a specific activity of 3.8 /,moles 
NADPH oxidized per min per mg protein for the normal enzyme, but he gives no values 
for the abnormal enzyme. Assuming an identical activity of the pure enzymes, our 
preparation is about lO% pure. 

WALLER 6 obtained different Km values for GSSG but normal values for NADPH. 
Our Km values show no significant difference with respect to those of the normal 
enzyme (Table II), a result also obtained by Kt~BLER et al.L Furthermore WALLER 6 
estimated the Km by varying the concentration of one of the substrates ; however for 
a two-substrate reaction, the Km value for one substrate is dependent on the concen- 
tration of the other substrate and, therefore, the concentrations of both substrates 
must be varied to determine the actual Km values. Furthermore the Km values given 
in the literature are determined at different buffer concentrations with or without 
other additions (see refs. 3-6). Since the Km values are dependent on the Na +, K+ 
and NH4+ concentrations used 9, it is difficult to compare the Km values given by the 
different investigators. 

Several explanations are possible for the observation that the dissociation 
constant of the abnormal apoenzyme-FAD complex (3-7/~M) is so much larger than 
the FAD concentration (o.I #M) which protects fully the corresponding holoenzyme. 
The most likely one is that the abnormal apoenzyme-FAD complex differs slightly 
from the corresponding holoenzyme a difference also observed between the normal 
apoenzyme-FAD complex and the normal holoenzyme s. The normal apoenzyme 
shows a diminished affinity for FAD, as can be concluded from the inactivation 
following the addition of FMN to the reactivated enzyme, an effect which does not 
occur with the holoenzyme as isolated. The abnormal holoenzyme is inactivated to 
some extent by FMN and needs FAD during purification for stabilization which allows 
the conclusion that here the flavin moiety is much less tightly bound than in the normal 
holoenzyme. About the nature of the different affinities for FAD one can only speculate. 
In view of the stimulating effect of FAD on the abnormal enzyme, we administered a 
flavin preparation as a "therapeutic" agent to the patient (IO mg FMN per day). 
After a few weeks the enzyme activity had increased to an almost normal level. When 
this treatment was stopped, the glutathione reductase activity started to decline 
again. These experiments which will be published elsewhere will also include the effect 
of administered FAD. 
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