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Yeast glutathione reductase (E.C. 1.6.4.2) catalyzes the oxidation of NADPH by p-quinones and ferricyanide with a 
maximal turnover number (TNm~) of 4 -5  s - I .  NADP + stimulates the reaction and the T N m , . . , / K  m value of acceptors 
is reached at NADP + / N A D P H  >I 100. TNm, x is increased up to 30-33 s -  i. The stimulatory effect of NADP + may be 
associated with its complexation with the NADPH-binding site in the reduced enzyme (K d = 40-60 #M). It is 
suggested that NADP + shifts the electron density towards FAD in the two-electron-reduced enzyme and, evidently, 
changes its one-electron-reduction potentials, while quinones oxidize an equilibrium form of glutathione reductase 
containing reduced FAD. In the absence of NADP + the reduction of quinones by glutathione reductase proceeds mainly 
in a two-electron manner. At NADP + / N A D P H  = 100 a one-electron reduction makes up 44% of the total process. At 
pH 6.0-7.0 the reduced forms of naphthoquinones undergo cyclic redox conversions. A hyperbolic dependence exists of 
the log T N / K  m of quinones on their one-electron-reduction potentials. 

Introduction 

Glutathione reductase (E.C. 1.6.4.2) catalyzes the 
oxidation of NADPH by glutathione and contains FAD 
and redox-active disulfide in the active centre [1-6]. 
During the reaction, NADPH reduces FAD which 
transfers the electrons to disulfide. A two-electron-re- 
duced enzyme, containing the charge-transfer complex 
of FAD and reduced disulfide is further oxidized by 
glutathione [1-6]. The steady-state kinetics of gluta- 
thione reductase is described by a 'hybrid ping-pong' 
scheme [3] and the reductive half-reaction is a rate- 
limiting step [5]. According to the X-ray data, the 
NADPH and glutathione binding sites are separated by 
the isoalloxazine ring of FAD [7]. It was found that the 
two-electron-reduced enzyme, oxidized by glutathione, 
contains tightly bound NADPH repeatedly attached to 
the active centre [3]. 

According to the classification of Hemmerich and 
Massey [8] glutathione reductase is characterized as 
flavin dehydrogenase-transhydrogenase and catalyzes a 

Abbreviations: TNBS, 2,4,6-trinitrobenzenesulfonate; TN, turnover 
number. 
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one-step transfer of two redox equivalents to its physio- 
logical oxidizer. However, one-electron reactions are 
also characteristic of glutathione reductase. The enzyme 
is efficiently by the cation radical of methyl viologen [9] 
and oxidized by ferricyanide [10,11]. Recently, it has 
been found that glutathione reductase reduces 2,4,6-tri- 
nitrobenzenesulfonate (TNBS) in a one-electron manner 
[12]. Contrary to glutathione reduction, the reactions 
involving artificial oxidizers are stimulated by NADP + 
[12]. 

Quinones are widely used as substrates in the study 
of flavoprotein redox reactions. With the use of quinones 
Yamazaki et al. [13-15] estimated a quantitative rela- 
tionship between one- and two-electron transfers in the 
reactions of NADPH oxidizing flavoenzymes. Among 
the advantages of quinones, the well-characterized ther- 
modynamics of their one- and two-electron reduction 
[16,17] may be mentioned, as well as the applicability of 
the outer spherical electron transfer model to their 
redox reactions [16,18,19]. Another major consideration 
when studying the reactions of quinones with 
flavoproteins is the toxicity of quinoidal xenobiotics - 
the products of pollution [20] and various drugs [21,22], 
caused by their one-electron reduction with low-poten- 
tial dehydrogenases. Semiquinones, formed in this reac- 
tion, undergo cyclic redox conversion leading to some 
'oxidative stress' - the formation of superoxide and 
hydroxyl radicals. 
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The aim of the present work, was to study the 
relationship between one- and two-electron transfers in 
the oxidation of glutathione reductase by p-quinones 
and to elucidate the role of N A D P  + as effector in these 
reactions. 

Materials and Methods 

Yeast glutathione reductase (Sigma, grade III) was 
additionally purified according to the method of Mas- 
sey and Williams [2]. The enzyme had the ratio 
A280/A460 = 7.7-7.9. The concentration of the enzyme 
was determined spectrophotometrically with the use of 
~460=11.3 mM -~ .cm -1. Cytochrome c from horse 
heart (Serva), NADPH,  NADP ÷ and N A D H  (Boeh- 
ringer), tetramethyl-l ,4-benzoquinone (Sigma), 2,5-di- 
methyl-l ,4-benzoquinone (Aldrich), 5,8-dioxy-l,4-naph- 
thoquinone (Fluka AG) and glutathione (Chemapol, 
Czechoslovakia) were used as received. 1,4-Benzo- 
quinone, 2-methyl-l,4-benzoquinone, 1,4-naphthoqui- 
none and 2-methyl- l ,4-naphthoquinone (Reachim, 
U.S.S.R.) were purified by sublimation in vacuum or 
were recrystallized twice from benzol or ethanol. Potas- 
sium ferricyanide (Reachim) was recrystallized from 
water. 

The reaction rate was determined by the decrease in 
the N A D P H  absorption at 340 nm. N A D P H  concentra- 
tion was 10-150/~M and that of glutathione was 20-500 
#M, of quinone and ferricyanide was 20-150 ~M, and 
of enzyme was 1-500 nM. The benzosemiquinone-medi- 
ated cytochrome c reduction rate during the enzymatic 
oxidation of N A D P H  by benzoquinone was monitored 
at 550 nm (A%so= 20 mM -1 . cm-1) .  The concentra- 
tion of cytochrome c was 35-40 #M, the rate of N A D P H  
oxidation did not exceed 0.3 ~ M .  s -~. An Hitachi-557 
spectrophotometer was used. Measurements were made 
under aerobic conditions at 25 + 0.1°C in 0.1 M potas- 
sium-phosphate-citrate buffer solutions (pH 5.0-8.0) 
prepared from a 0.1 M solution of K2HPO 4 and citric 
acid containing 1 mM EDTA. 

The steady-state kinetic parameters of the reactions 
(Kin, turnover number (TN) and bimolecular rate con- 
stants ( T N / K m )  , were determined using Lineweaver- 
Burk coordinates at constant concentrations of one 
substrate and changing another one. The maximal 
turnover number (TNmax) was estimated from the de- 
pendence of TN on fixed substrate concentrations fol- 
lowing the method of Cornish-Bowden [23]. TN  corre- 
sponds to the number of N A D P H  oxidized by FAD per 
l s .  

Results 

N A D P  + as effector of  diaphorase reactions 
At pH 7.0 the oxidation of N A D P H  by glutathione, 

catalyzed by glutathione reductase, follows a 'ping-pong'  

mechanism, as judged from the series of parallel lines in 
Lineweaver-Burk coordinates. The TNma x value makes 
up 240 s -  1 and T N / K  m of N A D P H  is 2 . 1 0  v M -  ~ • s -  1. 
N A D P  + acts as a competitive inhibitor for N A D P H  
( K  i = 60 / IM)  and is uncompetitive for glutathione. 

A study of diaphorase reactions of glutathione re- 
ductase revealed that at fixed N A D P H  concentrations 
and variable concentrations of a nonphysiological 
oxidizer the data on the initial rates linearize well in 
Lineweaver-Burk coordinates (Fig. 1). The TN value of 
the reaction does not depend on the N A D P H  con- 
centration (10-150/~M) and is equal to 4 -5  s-~ for the 
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Fig. 1. The  ef fect  o f  N A D P  + on the d iaphorase ac t iv i ty  o f  g lu ta th ione 

reductase at pH 7.0. (A) N A D P H  concentration,  l0  /.tM, N A D P  +, 0 
(1), 0.2 (2), 0.3 (3), 2.0 (4) and 4.0 mM (5); electron acceptor, 
1,4-benzoquinone. (B) N A D P  + concentration,  100 /tM; NADPH,  31 
(1), 19 (2), 14 (3) and 10 # M  (4); electron acceptor, ferricyanide. (C) 
N A D P  ÷ concentrat ion,  4.0 mM; NADPH,  10 (1), 15 (2), 24 (3) and 

35 p.M (4); electron acceptor, ferricyanide. 
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TABLE I 

The relation between T N / K  m of glutathione reductase nonphysiologicat electron acceptors and their one- (E~) and two-electron (E°7) reduction potentials 
(standard) and 'hydride-transfer potentials" (E~ -) at pH 7.0 

Acceptor TN/ Km (M- '. s - ' )  E71, V E °, V EVa-, V c 

NADP + = 0 NADP+/NADPH = 100 [16,17] [16,30] [31-33] 

1,4-Benzoquinone 2.4.10 4 

2-Methyl-l,4-benzoquinone 4.0-103 
5,8-Dioxy-l,4-naphthoquinone _ a 
1,4-Naphthoquinone 1.05-103 
2,5-Dimethyl-l,4-benzoquinone 1.5.103 
2-Methyl-l,4-naphthoquinone 3.6.10 2 

b Tetramethyl-l,4-benzoquinone 
Ferricyanide 1.1.104 

5.8-104 0.09 0.29 0.19 
1.6-104 0.01 0.21 0.13 
2.7-104 -0.11 -0.06 -0.12 
2.8-103 -0.15 0.04 -0.03 
3.0-103 - 0.08 0.16 0.07 
6.1-10 2 -0.20 -0.03 -0.13 
8.5-10 - 0.26 0.04 - 0.08 
7.8.104 0.41 - - 

a Not determined due to high activation by NADP + formed. 
b Not determined due to low reaction rate. 
c Determined according to E7 a -  = E ° -0.03 (PKQH:/QH-- 7), when P K Q H 2 / Q H -  > 7.0 [31]. 

mos t  active c o m p o u n d s  ox id iz ing  g lu t a th ione  r educ ta se  
- 1 ,4 -benzoquinone ,  fe r r icyanide ,  2 - m e t h y l - l , 4 - b e n z o -  
quinone .  T N / K r ,  of oxid izers  p resen ted  in T a b l e  I do  

no t  d e p e n d  on  the N A D P H  concen t r a t i on .  The  T N / K  m 

values  for 1 ,4 -benzoqu inone  and  2 - m e t h y l - l , 4 - b e n z o -  
qu i none  do  not  change  when N A D H  is used  as sub-  

s t rate .  In  this case, T N  of  the reac t ion  is 0.3 s -1 when 

50 ~ M  of N A D H  is used. 
N A D P  + increases  the ra te  of  the d i a p h o r a s e  react ion ,  

bu t  the reac t ion  p a r a m e t e r s  show a complex  depen -  
dence  on the N A D P  + and  N A D P H  concen t ra t ions .  
W i t h  fixed N A D P H  concen t ra t ions ,  an increase  in the 

N A D P  + concen t r a t i on  up to 0 .5 -0 .8  m M  increases  the 
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concentration was 4 mM (2). The electron acceptors were ferricyanide 
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T N  and  T N / K  m values.  However ,  a fur ther  increase  in 
the N A D P  + c o n c e n t r a t i o n  decreases  T N  (Fig.  1A). A n  
increase  in the N A D P H  concen t r a t i on  at low fixed 

c o n c e n t r a t i o n s  o f  N A D P  + ( 2 0 - 5 0 0  /zM) leads  to a 
negl ig ib le  increase  of  T N  and  decrease  of  T N / K m  (Fig.  
1B). However ,  at  m i l l imo la r  concen t r a t i ons  of N A D P  +, 

the N A D P H  c o n c e n t r a t i o n  increase  shows a lmos t  no 
effect  on the T N / K  m value,  and  the d a t a  are p resen ted  
as a series of  pa ra l l e l  l ines in L ineweaver -Burk  coord i -  

na tes  (Fig.  1C). Thus,  T N / K  m for e lec t ron  accep to rs  
acqui res  a c o n s t a n t  va lue  bo th  in the absence  of  N A D P  + 
and  at a high N A D P + / N A D P H  rat io.  N A D P H  inhib i -  

t ion,  wi th  respec t  to an acceptor ,  takes  p lace  at in ter -  
me d i a t e  c o n c e n t r a t i o n s  of  N A D P  +. As  fol lows f rom 
Fig. 2, the m a x i m a l  T N / K  m value for fe r r i cyan ide  and  

Fig. 2. The dependence of TN/K m of ferricyanide (1) and 1,4-benzo- 
quinone (2) on the NADP+/NADPH ratio at pH 7.0. 
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N A D P  + and 10-40 ~tM N A D P H  is 30-33 s - t  and 
coincides for ferricyanide, 1,4-benzoquinone, 2-methyl- 
1,4-benzoquinone. The TN/Kr ,  values for electron 
acceptors, determined at N A D P + / N A D P H  = 100, are 
presented in Table I. In the presence of 4 mM N A D P  +, 
the T N / K  m value of N A D P H  in the diaphorase reac- 
tion is 2.8-105 M - t .  s - t  that is close to the values of 
the same parameter of the NADPH:  glutathione re- 
ductase reaction determined at the same N A D P  + con- 
centration. A decrease in pH decreases the stimulatory 
effect of NADP ÷ in the diaphorase reaction (Fig. 3). 

Relationship between one- and two-electron transfer in the 
reduction of quinones 

When the N A D P + / N A D P H  ratio exceeds 10, 
naphthoquinones, reduced by glutathione reductase, un- 
dergo cyclic redox conversions in an aerobic medium at 
pH 6.0-7.0. This is evident from the amount  of oxidized 
N A D P H  which greatly exceeds the initial amount  of 
naphthoquinone. This shows that napthoquinones are 
reduced in a one-electron way, since at pH 6.0 
semiquinones formed in this reaction are reoxidized 
rapidly by oxigen and luther take part in cyclic conver- 
sions [24]. In contrast to this, the oxidation of 
naphthohydroquinones under the same conditions is 
rather slow [24]. 

A quantitative relation between one- and two-elec- 
tron transfers has been estimated by the method of 
Yamazaki et al. [13-15]. It is based on the fact that at 
pH < 7.2 the rate of cytochrome c reduction by benzo- 
hydroquinone is negligible and benzosemiquinone 
formed in a one-electron process reduces cytochrome c 
at a high rate (k = 1.5 • 106 M -1 • s-~). The reaction is 
not related to the formation of superoxide due to a high 
redox potential of benzosemiquinone [17]. As is judged 
from the experiments with DT-diaphorase, reducing 
quinones in a two-electron way [14], the reaction be- 
tween benzoquinone and benzohydroquinone formed is 
not responsible for cytochrome c reduction, since the 
equilibrium constant of semiquinone formation is too 
low. So, at high concentrations of cytochrome c and low 
rates of N A D P H  oxidation, the percentage of one-elec- 
tron flux is expressed as the ratio between the rate of 
cytochrome redution and the double rate of N A D P H  
oxidation in the presence of benzoquinone. 

At pH 6.5 in the absence of N A D P  ÷, a one-electron 
transfer comprises up merely 3.6% of an overall reduc- 
tion rate of benzoquinone (Fig. 4A). The efficiency of 
the process does not depend on the benzoquinone con- 
centration and does not change when N A D H  is used as 
substrate. However, when N A D P + / N A D P H  = 100 a 
one-electron process comprises 44% of the total rate 
(Fig. 4A). The reaction proceeds without any lag period. 
It was found that under the conditions mentioned in the 
absence of benzoquinone, glutathione reductase does 
not reduce cytochrome c. The general pattern of change 
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Fig. 4. One- and two-electron reduction of 1,4-benzoquinone by 
glutatkione reductase at pH 6.5. (A) The dependence of a one-electron 
flux on the benzoquinone concentration in the absence of NADP ÷ (1) 
and at NADP÷/NADPH = 100 (2). (B) The dependence of the ef- 
ficiency of one-electron transfer on the NADP+/NADPH ratio. The 

NADPH concentration was 30/.tM. 

in the efficiency of the process with respect to the 
N A D P ÷ / N A D P H  ratio (Fig. 4B) is similar to the data 
of Fig. 2. 

Discussion 

The data presented here show that the reduction of 
quinones and ferricyanide by yeast glutathione re- 
ductase proceeds in a similar way as the TNBS reduc- 
tion by the enzyme from erythrocytes [12]. The reaction 
is stimulated by N A D P  +, and the efficiency of activa- 
tion increases with an increase in pH (Figs. 1-3). It is 
possible that some existing differences may be 
determined by structural features of TNBS , which 
binds specifically to glutathione reductase [26]. In our 
case, the reaction rate did not depend sigmoidally on 
the oxidizer concentrat ion and was not inhibited by 
N A D P H  in the absence of N A D P  ÷ which is character- 
istic of the TNBS reduction [12]. This enables the 
proposition of a less sophisticated mechanism of the 
reduction of nonphysiological electron acceptors by 
glutathione reductase. 

Diaphorase reactions of ghitathione reductase are 
associated with its rav in  cofactor, since no change or an 
increase in diaphorase activity is observed when the 
glutathione reduction activity is lost after modification 
of catalytic -SH groups [11,25]. Sometimes, an increase 
in diaphorase activity correlates with a disappearance of 
the FA D  and thiolate charge transfer complex and a 
complete reduction of FAD by N A D P H  [2]. However, 
the participation of a fully reduced native enzyme in the 
diaphorase reaction is unlikely, since the super reduc- 
tion is slow and is efficiently prevented by N A D P  ÷ [2]. 
For  this reason it is necessary to study the properties of 
various forms of the two-electron-reduced enzyme. 



The reduction of glutathione reductase by an excess 
of N A D P H  produces a complex of the reduced enzyme 
and repeatedly bound N A D P H  ( g  d ---- 2.1/~M [3]). Since 
the N A D P H  concentrations used markedly exceed this 
K d value, one can conclude that T N / K m  of an oxidizer 
in the absence of N A D P  + corresponds to the oxidation 
of the enzyme-NADPH complex. The data from Figs. 1 
and 2 indicate that NADP + converts glutathione re- 
ductase into a more reactive form competing for a 
N A D P H  binding site. It is known that N A D P  + at high 
concentrations can replace N A D P H  in the complex 
with the reduced enzyme [3]. The complex formed pos- 
sesses a lower absorption coefficient at 460 nm which 
indicates increased FAD reduction [1,3]. Thus, N A D P  + 
activation may be determined by a shift of the electron 
density towards FAD in the two-electron-reduced en- 
zyme. Since half the maximal activation of the acceptor 
is observed at N A D P + / N A D P H  = 20-30 (Fig. 2), the 
K d value of the complex formed must be 40-60 /~M. 
When N A D P + / N A D P H  >/100, T N / K m  of the accep- 
tor must correspond to the oxidation of the enzyme- 
N A D P  + complex. A decrease in TN at high N A D P  + 
concentrations is due to NADP + competit ion with 
respect to the N A D P H  binding site in the oxidized 
enzyme (Fig. 1) [3]. 

The data given can be expressed approximately by a 
simple 'ping-pong' scheme where glutathione~(GSSG) 
and a nonphysiological oxidizer (Q) oxidize various 
equilibrium forms of the reduced glutathione reductase 
(Er and E*) ,  whereas NADP + and N A D P H  do not 
compete for the binding sites of oxidizers, but affect the 
equilibrium constant between the two forms of the 
reduced enzyme ( k 3 / k _  3) 

K i k~S k2 k 3 

k_, I k_,  

k4GSSG 

k s Q  

(I) 

where E 0, E0P and ES are the oxidized enzyme, tis 
complex with N A D P  + and the enzyme-substrate com- 
plex, S and P are N A D P H  and N A D P  + and K i is the 
NADP + binding constant to the oxidized enzyme. The 
glutathione reduction rate (V 1) is expressed in the fol- 
lowing way 

/,'1 k 2 + ~ 1 + Ki ] + k4[GSSG------- ~ l + (2) 

and the reduction rate of the acceptor (V 2) 

--~-2 = k2 +k'~3 + klk2[S] \ -~-" ~ ) i )  .5[Q] k 
(3) 

As follows from Eqns. 2 and 3, the T N / K  m value for 
N A D P H  is identical both for glutathione reductase and 
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diaphorase activities (experimentally observed at high 
N A D P  + concentrations) and the diaphorase reaction 
proceeds according to a formal 'ping-pong'  scheme 
(Fig. 1C) with a limiting step, k 3. This seems reason- 
able, since TNma x of the diaphorase reaction does not 
depend on the nature of the electron acceptor (Fig. 3). 
An increase in the TNma x and T N / K  m values of the 
electron acceptors caused by N A D P  + should be attri- 
buted to the ratio k 3 / k _  3 increase (Eqn. 3). Evidently, 
the distribution of electrons in the active centre with 
bound N A D P H  differs insignificantly from that of a 
free state, since the use of NADH,  having a low affinity 
for reduced enzyme [3], does not change the T N / K  m 
value of quinones. A decrease in T N / K  m of glutathione 
with increasing k 3 (Eqn. 2) must be negligible, since 
k 3 / k _  3 << 1 (the content of reduced FAD in the two- 
electron-reduced enzyme is low [27]). Therefore, the 
model agrees satisfactorily with the data that N A D P  + 
does not influence the rate constant of glutathione 
reductase oxidation with glutathione [1]. 

The data presented here show that glutathione re- 
ductase reduces quinones according to a mixed mecha- 
nism. In the absence of N A D P +, the efficiency of 
one-electron reduction is low and it is by the order 
lower than the efficiency of one-electron transfer of 
lipoamide dehydrogenase, possessing an analogous cata- 
lytic mechanism (Fig. 4) [15]. Therefore, the efficiency 
of the two-electron reduction of quinones by glutath- 
ione reductase is close to that of DT-diaphorase [14], 
but the observed rates are too slow to be physiologically 
important.  

The data of the Table I indicate that at N A D P + /  
N A D P H  = 100 the the log T N / K  m of quinones exhibits 
a hyperbolic dependence on their one-electron-reduction 
potentials (E71) (Fig. 5A) and no correlations exist be- 
tween reactivity and two-electron (standard) potential 
( E  °)  or 'hydride-transfer  potential '  (E7 H-) [311, re- 
flecting the energetics of a Q / Q H -  couple. Since when 
N A D P + / N A D P H  = 100, a one-electron process makes 
up a significant part of the total reaction rate, it is 
possible to conclude that the data indicate the appli- 
cability of the outer-spherical electron-transfer model to 
the reactions of quinones [18,28,29]. The limiting value 
of T N / K  m reaching 105 M -1 .  s - I  (Fig. 5A) does not 
reveal such a low level of diffusion-controlled rate, since 
the quinone T N / K  m values determined experimentally 
are (1 + k_3/k3)- fo ld  lower (Eqn. 3) than that of actual 
flavin oxidation. The relation between reactivity and E~ 
is observed also in the absence of N A D P  + when the 
reaction follows mainly a two-electron mechanism (Fig. 
5B). However, according to these data one cannot pro- 
pose an unequivocal mechanism for two-electron (hy- 
dride) reduction of quinones, since the data employing 
E ° or E7 H- are less scattered than in Fig. 5A. A 
one-electron step in the two-electron reduction of 
quinones should not be excluded, since the relation 
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dimethyl-l,4-benzoquinone (4), 1,4-naphthoquinone (5), 2-methyl- 

1,4-naphthoquinone (6) and tetramethyl-l,4-benzoquinone (7). 

oxidat ion of N A D H  analogues by  qu inones  [30], where 

biradical  in termedia tes  of react ion are detected and  a 

three-step hydr ide  t ransfer  (e lec t ron-proton-e lec t ron)  is 

most  probable .  Thus,  one can suppose  that  the q u i n o n e  

reduct ion by g lu ta th ione  reductase in the absence  and  

in the presence of N A D P  ÷ may  posses a c o m m o n  

elect ron- t ransfer  step. Evidently,  N A D P  + b o u n d  to a 

reduced enzyme may  change the potent ia ls  of the one-  

electron reduct ion  of F A D  and  affect the rates of the 

subsequent  processes - the t ransfer  of a p ro ton  and  

second electron. The effect of the react ion p roduc t  on 

the one-elect ron reduc t ion  potent ia ls  of f lavins is well 

k n o w n  for N A D H :  cytochrome b 5 reductase [34] and  

f lavocytochrome b 2 [35]. Studies of g lu ta th ione  re- 

ductase show that  the reduced e n z y m e - N A D P  + com- 

plex undergoes a gradual  convers ion  to a product ,  char-  

acterized as the complex of N A D P  + and  an ion ic  

f l av insemiqu inone  possessing the 410 n m  abso rp t ion  

b a n d  [1]. It  would  be  in teres t ing to de te rmine  whether  

cy tochrome c accepts electrons from b o u n d  or free 

benzosemiqu inone .  However,  at present  it seems hardly  

possible in this case. 
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