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Summary 

Glutathione reductase (NAD(P)H:oxidized-glutathione oxidoreductase, EC 
1.6.4.2) has been purified 1000-fold from the cytoplasmic fraction of human 
platelets. Salts, including the heretofore unreported effect of sodium citrate, 
activate the NADPH-dependent reduction of oxidized glutathione. Sodium 
citrate and monovalent salt activation appears to involve multiple sites having 
different binding affinities. At sub-saturating sodium phosphate, non-linear 
double reciprocal plots indicative of substrate activation by oxidized glutathione 
were observed. Initial velocity double reciprocal plots at sub-saturating and 
saturating concentrations of phosphate generate a family of converging lines. 
NADP ÷ is a partial inhibitor, indicating that the reduction of oxidized gluta- 

• thione can proceed by more than one pathway. FMN, FAD, and riboflavin 
inhibit platelet glutathione reductase by influencing only the V while nitro- 
furantoin inhibition is associated with an increase Koxidized glutathione and a 
decreased V. 

Introduction 

Glutathione reductase (NAD(P)H:oxidized-glutathione oxidoreductase, 
EC 1.6.4.2) catalyzes the pyridine nucleotide-dependent reduction of oxidized 
glutathione to reduced glutathione and accordingly maintains a high reduced 
glutathione/oxidized glutatione ratio in cells. Although the glutathione reduc- 
;tase isolated from various sources has been studied in depth [1--15], little 
information is available about the properties of the enzyme present in human 
blood platelets. 

Abbreviat ion:  Nbs2, 5,5'-dithio-bis-(2-nitrobenzoic acid). 
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Materials and Methods 

Oxidized glutathione, NADPH, bovine serum albumin (fatty-acid-free), 
FAD, FMN, riboflavin and nitrofurantoin were obtained from Sigma Chemical 
Co. Ammonium sulfate (special enzyme grade) was purchased from Schwarz/ 
Mann. DEAE-cellulose (DE-52) was obtained from Whatman. Hydroxyapat i te  
was purchased from Bio-Rad. 

Assay of glutathione reductase activity 
NADPH utilization was measured spectrophotometrically at 340 nm using a 

Cary 118 spectrophotometer  temperature-controlled at 30°C. Concentrations 
of NADPH solutions were determined using an extinction coefficient of  6220 
M -1. cm -1 at 340 nm [16].  Protein concentrations were determined by the 
method of  Warburg and Christian [17]. 

The standard assay system consisted of  60 mM sodium phosphate (pH 7.4), 
100 mM NaC1, 1 mM EDTA, 2 mM oxidized glutathione and 0.08 mM NADPH 
in a final volume of 1 ml. Oxidized glutathione and EDTA solutions were 
adjusted to pH 7.4 with NaOH. NADPH solutions were prepared fresh daily in 
0.001 M sodium phosphate (pH 8.0). 

The assay system used in the steady-state kinetic experiments consisted of 
10 or 100 mM sodium phosphate (pH 7.4), 1 mM EDTA and variable concen- 
trations of oxidized glutathione and NADPH. Reactions were initiated with 
0.05 ml of an enzyme solution. Stock enzyme solutions were diluted with 
10 mM sodium phosphate, 0.5 mM EDTA (pH 7.4) and 1 mg/ml fatty-acid-free 
bovine serum albumin (previously dialyzed against 10 mM sodium phosphate, 
0.5 mM EDTA, pH 7.4). Bovine serum albumin prevented a loss of  glutathione 
reductase activity. 

Purification of glutathione reductase 
Preparation of platelet lysates. Human platelet concentrates (3--7 days old) 

in ci trate/phosphate/dextrose anticoagulant were obtained from the Washing- 
ton Regional Blood Program-American Red Cross. Contaminating leukocytes 
and erythrocytes  were removed from pooled concentrates by centrifugation 
(four times) at 1800 × g  in a Sorval GLC-1 centrifuge at room temperature. 
There was some loss of platelets by this procedure. Hemocytomete r  counting 
showed that a typical platelet suspension contained less than 0.2% of either 
leukocytes or erythrocytes.  Based on the data showing the relative amount  of 
glutathione reductase in human blood cells [18] this level of  contamination is 
not  significant. The platelet suspension, prepared from 50 to 75 units platelet 
concentrates was then lysed by the glycerol-lysis technique [19] and the cyto- 
plasmic fraction was used for the isolation of  the enzyme. 

Isolation of glutathione reductase. The protein precipitating between 45 and 
60% saturation of (NH4)2SO4 contained the glutathione reductase activity. 
Following dialysis against 5 mM sodium phosphate/0.5 mM EDTA, the sample 
was put  on a DEAE-cellulose column and eluted with the dialysis buffer. A 
protein peak containing glutathione reductase was detected after elution of the 
main protein peak. After dialysis and concentration by ultrafiltration, the 
enzyme fraction was applied to a hydroxyapat i te  column and one peak of 



329 

glutathione reductase was eluted with a linear gradient of  10--200 mM sodium 
phosphate (pH 7.4). After concentration and dialysis against 10 mM Tris-HC1/ 
0.5 mM EDTA (pH 8.7), the enzyme preparation was separated further by 
DEAE-cellulose chromatography. One peak of  glutathione reductase was eluted 
using a linear gradient of 0--200 mM NaC1 in the Tris-HC1 buffer. The enzyme 
was stored in 10 mM sodium phosphate/0.5 mM EDTA (pH 7.4). Approx. 
1000-fold purification was obtained with a 20--30% recovery. Due to the 
limited quanti ty of  human platelets available, the protein yield was less than 
1 mg. 

Polyacrylamide gel electrophoresis 
Discontinuous gel electrophoresis on 7.5% polyacrylamide gels was carried 

out  at pH 8.9 [20]. The gels were stained for activity with p-iodonitrotetra- 
zolium essentially by the procedure used to detect  rabbit erythrocyte  gluta- 
thione reductase [21]. Persulfate was removed prior to the addition of  the 
enzyme. 

Purification of flavin compounds 
FAD, FMN and riboflavin were purified on DEAE-cellulose at 4°C by linear 

gradient elution using the step-wise gradient elution procedure [22].  The proce- 
dures were carried ou t  with columns wrapped with aluminum foil to decrease 
light exposure. The fractions in the middle of  the flavin peaks were pooled and 
used within 72 h of  preparation. The concentration of  flavins were determined 
by their absorbance at 450 nm [22].  The 260 nm/450 nm and 375 nm/450 nm 
ratios of  the flavin were very similar to those of  Beinert [23].  

Results 

Characteristics of platelet glutathione reductase 
The specific activity of  the partially purified platelet glutathione reductase 

obtained from the cytoplasmic fraction ranged between 20 and 30 units/mg 
protein. Staining of  polyacrylamide gels for enzyme activity showed one broad 
band and a trailing band which by densi tometer  measurements amounts to 
7.5% of the major band. Since the staining procedure is based on reduced glu- 
tathione acting as the dye reductant,  the minor band cannot be due to an 
NADPH oxidase enzyme. Furthermore,  no NADPH oxidase activity could be 
detected in our preparations by spectrophotometr ic  assay. Highly purified 
human erythrocyte  glutathione reductase shows comparable electrophoretic 
heterogeneity under similar experimental conditions [ 5 ]. 

When 80 ~zM NADH is substi tuted for NADPH, utilizing the standard assay 
system, the rate is about  2% of that  observed with NADPH. It is probable that 
the NADH and NADPH activities are due to one enzyme as has been shown for 
the human erythrocyte  enzyme [24].  

Platelet glutathione reductase is considered to be a flavoprotein, on the basis 
of  its visible spectrum. No identification of  the flavin component  has been 
made, but  it should be noted that only FAD has been identified as the co- 
enzyme of other glutathione reductases [1,2,4,5,7,11,15].  

An NADPH-Nbs2 reductase activity cochromatographs with NADPH-depen- 
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dent platelet glutathione reductase activity on both hydroxyapatite and DEAE- 
cellulose. The ratio of  the Nbs2 to oxidized glutathione activity was 0.015 after 
each of the column treatments indicating that the reduction of Nbs2 is catal- 
yzed by glutathione reductase and not by an impurity. The yeast and rat liver 
glutathione reductase also have activity with Nbs2 [1,25]. 

Platelet glutathione reductase has a broad pH optimum between pH 6.8 and 
7.6. 

Effect of  salts on glutathione reductase activity 
Inorganic salts increase platelet glutathione reductase activity. Sodium phos- 

phate activation follows saturation kinetics with a KA of 13 mM (Fig. 1A). 
Monovalent salts at non-saturating sodium phosphate concentrations also 
activate. In contrast to sodium phosphate the activation by NaC1, NaBr and 
sodium acetate does not give linear double reciprocal plots. The activation by 
NaBr and NaC1 in the presence of 5 mM sodium phosphate is shown in Fig. lB. 
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Fig.  1 .  The in f luence  o f  salts o n  g lutath ione  reductase  act iv i ty .  The  reac t ion  m i x t u r e  conta ined:  S0 #M 
N A D P H ,  2 m M  o x i d i z e d  g lu ta th ione ,  1 m M  E D T A ,  a n d  1 . 6  • 1 0  - 3  r o u t s  o f  e n z y m e .  (A)  E f f e c t  o f  s o d i u m  
p h o s p h a t e ,  p H  7 .4 .  (B) e f f e c t  o f  N a B r  (o)  a n d  NaCI  (A) in the  presence  of  5 m M  s o d i u m  pho spha te  ( p H  
7 .4 ) .  Data  expres sed  as the  increase  in act iv i ty  above  that  observed  w i t h  s o d i u m  pho spha te  a lone .  V 1 is 
v e l o c i t y  w i t h  s o d i u m  p h osp h ate  a lone ,  V 2 is v e l o c i t y  on  addi t ion  o f  m o n o v a i e n t  salt.  (C) E f f e c t  o f  
s o d i u m  citrate  in the  presence  o f  5 m M  s o d i u m  p h o s p h a t e  ( p H  7 .4) .  

F ig .  2. The i n f l uence  o f  s o d i u m  l~hosphate o n  the  init ial  v e l o c i t y .  Ox id i zed  g lu ta th ione  ( G S S G )  wa s  the 
varied substrate .  The  reac t ion  m i x t u r e  conta ined:  8 0  ~M N A D P H ,  1 m M  E D T A  a n d  1 . 6  • 1 0  -3  u n i t s  o f  
e n z y m e .  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  was:  (o)  1 0 0  raM;  (~) 3 0  r aM;  (o)  1 0  raM.  
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Sodium citrate also activates in a non-linear manner (Fig. 1C), indicating the 
involvement of  at least two sites having different binding constants. Potassium 
phosphate and sodium phosphate gave the same activation profile while iden- 
tical reaction rates are seen with NaC1, KC1 and LiC1. Inhibition of glutathione 
reductase occurs at concentrations of  NaBr greater than 0.2 M (Fig. 1B). 

The activation by sodium phosphate as a function of  oxidized glutathione 
concentration is shown in Fig. 2. As the sodium phosphate concentration is 
increased from 30 to 100 mM the goxidized glutathione (apparent) increases 
from 40 to 77 ~zM and the V increases about  2-fold. Similar results have been 
obtained with the yeast  and erythrocyte  enzymes [3,9].  The KNADP H is not  
affected by changes in the sodium phosphate concentration. Non-linear kinetics 
indicative of  substrate activation by oxidized glutathione are observed only at 
non-optimal sodium phosphate concentration (10 mM). 

Initial velocity studies 
Initial velocity studies were carried out  at both  10 and 100 mM sodium 

phosphate. A plot of  reciprocal velocity against the reciprocal concentration 
of  NADPH at various fixed concentrations of  oxidized glutathione in the pres- 
ence of  100 mM sodium phosphate gave a family of  lines which intersect at a 
common point  (Fig. 3). A similar situation occurred when oxidized glutathione 
was the variable substrate. Replots of  the slopes and the intercepts of the pri- 
mary data were linear (Insert, Fig. 3). A KNADPH of 4 uM and a Koxtdized 
g l u t a t h i o n e  of 66 #M were calculated. 

In the presence of  10 mM sodium phosphate similar primary plots were 
obtained. In the case of  replots of  the slopes and intercepts as a function of  
oxidized glutathione concentration non-linear secondary plots were obtained in 
agreement with the oxidized glutathione activation shown in Fig. 2. goxidized 
glutathione (apparent) of  11 pM is obtained by extrapolating the linear segment 
in the low oxidized glutathione concentration range. The KNADP H is 3 pM. 
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Fig. 3. Double reciprocal p lot  of the in i t ia l  ve]o~Ues w i th  NADPH as the viLned sul~trete at pH 7.4. The 
react ion mixture  conta ined:  1 0 0  m M  s o d i u m  phosphate ,  ( p H  7 .4)  1 m M  E D T A  a n d  1 .6  • 1 0  -3 u n i t s  of  
e n z y m e .  Oxid ized  glutathione (GSSG)  concentra t ion  was: (o)  8 0 0 / ~ M ;  (A) 8 0  /JM; (O) 3 4 / z M ;  (o)  2 3 . 5  
/~M. The inset  represents  a replot  o f  the  s lopes  (A) and intercepts  (o)  vs.  the corresponding  reciprocal  of  
the o x i d i z e d  g lutathione  concentrat ion .  
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N A D P  ÷ product  inhibition 
NADP ÷ is a competit ive inhibitor with respect to NADPH and a non-com- 

petitive inhibitor with respect to oxidized glutathione at both 10 and 100 mM 
sodium phosphate. The data obtained with 100 mM sodium phosphate are 
shown in Fig. 4. A replot of  the slopes of  Fig. 4A vs. NADP + is linear while 
replots of  the slopes and intercepts of  Fig. 4B vs. NADP ÷ are hyperbolic with 
non-horizontal asymptotes.  This type  of  replot is a 2/1 function as defined by 
Cleland [26] and is indicative of  alternate reaction pathways in the mechanism. 
Plots of  the reciprocal of  the velocity vs. NADP ÷ concentration at various fixed 
levels of  oxidized glutathione (Dixon plots} are also 2/1 functions. The NADP ÷ 
inhibition patterns obtained in the presence of  10 mM sodium phosphate are 
shown in Fig. 5. The non-linearity of  the 1/v vs. 1/[oxidized glutathione] plot 
observed at low phosphate persists in the presence of NADP ÷. The replot of  the 
slopes of  Fig. 5A is linear and a replot of  the primary data of  Fig. 5B, in terms 
of the reciprocal of  the velocity vs. NADP ÷ concentration at various fixed levels 
of  oxidized glutathione, is linear at 20 ~M oxidized glutathione and above and 
hyperbolic below 20 ~M oxidized glutathione. The K i , N A D P  ÷ determined from 
a replot of  the slopes of  the reciprocal plot versus NADPH was 60 uM with 100 
mM sodium phosphate and 28 ~M with 10 mM sodium phosphate (Table I). 

Inhibition by flavin compounds  
FMN is a non-competitive inhibitor with respect to both NADPH and 

oxidized glutathione (Fig. 6) at saturating salt concentration. Neither the 
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d e s c r i b e d  in  F i g .  3. (A) N A D P H  w a s  t h e  v a r i e d  s u b s t r a t e .  Oxidized glutathione (GSSG) c o n c e n t r a t i o n  w a s  
2 mM. NADP + c o n c e n t r a t i o n  w a s :  ( o )  n o  NADP+; (4) 0.05 mM; (o) 0.125 mM; (e) 0.25 raM; ( i )  0.5 mM; 
(1) 1.0 mM. (B) Oxidized g l u t a t h i o n e  w a s  t h e  v a r i e d  s u b s t r a t e .  N A D P H  c o n c e n t r a t i o n  w a s  80/~M. NADP + 
c o n c e n t r a t i o n  w a s :  (o) no NADP+; (~) 0.125 mM; (D) 0.25 raM; (e) 0.5 rnM; ( i )  1.0 mM; ( i )  2.0 raM. 
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Fig. 5. N A D P  + inhibit ion in the pxesence of  10 mM sodium phosphate. The reaction mixture contained 
1.0 mM E D T A  and 4.8 • 10 -3 units o f  enzyme. (A)  N A D P H  was the varied substmte. Oxidized gluta- 
thione (GSSG) concentrat ion was 80/JM.  NADP + concentrat ion was: (o) none; (z~) 0.05 raM; (o) 0 .125 
mM;  (e) 0 .25 raM; (&) 0.5 mM;  (m) 1.0 mM.  (B) Oxidized ¢lutathione was the vazied substrate. N A D P H  
concentration was 80/~M. NADP+ concentrat ion was: (o) none; (~) 0.25 raM; (o) 0.5 raM; (e) 1.0 mM;  
(&) 2.0 m M.  

KNADP H (apparent)nor the Koxidized glutathione (apparent) are altered by FMN. 
Similar results were obtained for riboflavin and FAD. Ki values for FAD, FMN 
and riboflavin, calculated from replots of the slopes of 1/v vs. 1/[NADPH] 
plots are given in Table I. Non-enzymatic reduction of the flavins [27] by 
NADPH was negligible. Quinacrine dihydrochloride, a flavin analog, does not 
inhibit glutathione reductase at a concentration of 0.3 raM. This is not due to 
non-enzymatic reduction of quinacrine dihydrochloride by NADPH. 

T A B L E  I 

I N H I B I T I O N  C O N S T A N T S  

Inhibi tor  S o d i u m  p h o s p h a t e  K i 
(mM) (#M) 

N A D P  + 100 60 
N A D P  + 10 28 
FMN 100  4 
F A D  100 50 
Ribof lav in  100 20 
N l t r o f u r a n t o i n  100 1 
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Fig. 6 .  Inhibi t ion by  FMN. The react ion mixture  contained:  1 0 0  mM s o d i u m  phosphate  (pH 7.4 ,  1 mM 
E D T A  and 1.6 • 10  -3 units o f  e n z y m e .  (A)  N A D P H  was  the varied substrate.  Oxidized glutat ione (GSSG)  
concentra t ion  was 2 raM. FMN concentrat ion  was: (o)  none;  (~)  1 .4  #M; ([]) 6.9 ~M; ( , )  13 .8  #M. (B) 
Oxid ized  glutat ione was the varied substrate.  N A D P H  concentrat ion  was 40  #M. FMN concentrat ion  was: 
(o)  none;  (A) 3 . 4 5  ~M; (o)  6.9 #M; (e )  13 .8 /~M.  

Inhibition by nitrofurantoin 
Nitrofurantoin is a non-competitive inhibitor with respect to both oxidized 

glutathione and NADPH (Fig. 7) and does not alter the KNADPH (apparent). 
Replots of the slopes and intercepts obtained from the 1/v vs. 1/[NADPH] 
plots are hyperbolic. The Koxidizedg]ntathione (apparent) is not affected at 
nitrofurantoin concentrations of 1 #M and below but is significantly increased 
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Fig. 7. Inhibi t ion b y  ni trofurantoin .  General  assay cond i t ions  were as described in Fig. 1. (A)  N A D P H  
was the raided substrate .  Oxid ized  glutathione (GSSG)  concentrat ion  was  2 .0  raM. Ni trofuranto in  con-  
centrat ion  was: (o)  none;  (~) 0 .27  #M; (o)  1 #M; (o)  4 #M. (B) Oxidized glutathione was  the varied 
substrate .  N A D P H  concentrat ion  was 80  #M. Ni trofuranto in  concentrat ion  was: (o) none;  (~) 0 .27  /zM; 
(o)  1 #M; (e )  2 #M; (A) 4 .3 /~M. 
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at concentrations above 1 #M. Replots of the intercepts obtained from the 1Iv 
vs. I/[oxidized glutathione] data are hyperbolic while the corresponding linear 
slope replot gives a Ki of 1 #M (Table I). Nitrofurantoin is a more effective 
inhibitor at 10 mM than at 100 mM sodium phosphate. The hyperbolic inhibi- 
tion persists at the lower phosphate concentration. Nitrofurantoin was not 
reduced enzymatically or non-enzymatically. 

Discussion 

The properties of glutathione reductase isolated from human blood plate- 
lets have been studied. This enzyme appears to have similar characteristics as 
glutathione reductase isolated from other sources. These similarities include a 
flavin prosthetic group [1,2,4,5,7,11,15], NADPH being preferred over NADH 
[1--3,6,7,12,15], activation by inorganic salts [2,3,7,9,15], and non-linear 
NADP ~ inhibition [1,13,14]. Furthermore, the values for Koxidizedglutathione 
(66 uM) and KNADPt t (4 uM) under saturating salt conditions, are similar to 
the kinetic parameters determined for other glutathione reductase enzymes. 
pH optimum data are also similar [1,2,7,8,11]. 

The platelet enzyme is activated by sodium citrate. Monovalent salt and 
sodium citrate activation appear to involve multiple sites, as judged by the 
curvature in Fig. 1. Neither of these observations have been reported previously 
for any form of glutathione reductase. 

The activation by salts appears to be due to the anion component and not 
just to changes in ionic strength, since the activation by NaBr is greater than 
the activation by NaC1. The activation by sodium citrate and sodium phosphate 
do not follow identical ionic strength profiles. 

The activation of glutathione reductase by oxidized glutathione is seen only 
at sub-saturating sodium phosphate concentrations. This phenomenon may 
reflect negative cooperativity or two non-interacting oxidized glutathione bind- 
ing sites. 

Qualitatively, salt concentration does not influence the general kinetic char- 
acteristics of the platelet enzyme. The non-linear NADP ÷ inhibition indicates 
that the mechanism by which platelet giutathione reductase catalyzes the 
reduction of oxidized glutathione appears to be of a complex nature. The sim- 
plest explanation for the hyperbolic inhibition is that the reaction flux pro- 
ceeds via two pathways [26] which differ in terms of their maximum velocity. 
Mannervik and co-workers [1,13,14] observed non-linear NADP ÷ inhibition 
with yeast and liver glutathione reductase and suggested an alternate pathway 
mechanism consisting of one ping-pong loop and one sequential loop. Further 
experimentation is needed to elucidate the details of the mechanism of the 
platelet glutathione reductase. 

Platelet glutathione reductase is inhibited by purified flavin compounds and 
nitrofurantoin. Inhibition of glutathione reductase by FAD in platelet lysates 
[28] and erythrocyte lysates [29,30] has been previously reported. Nitro- 
furantoin inhibition has also been observed with rat tissue [31] and yeast [32] 
glutathione reductase. The kinetics of those compounds, however, have not 
been previously delineated. The non-linear replots of the nitrofurantoin inhibi- 
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tion data indicate the existence of a complex pattern of interaction between 
glutathione reductase and this inhibitor. 
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