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SUMMARY 

The mitochondrial NADH dehydrogenase catalyzes a one-electron reduction 
of quinones. Semiquinones thus formed have the hyperfine structures of their free 
anion radicals and are suggested to be detached from the enzyme. In the presence 
of suitable electron acceptors electron transfer occurs from the semiquinone to the 
acceptor. The mechanism of quinone reduction by  spinach ferredoxin-NADP 
reductase is the same as that  by  the NADH dehydrogenase. 

On the other hand, the NAD(P)H dehydrogenase (DT-diaphorase) prepared 
from liver soluble fraction catalyzes a typical two-electron reduction of quinones 
such as p-benzoquinone and 2-methyl-I,4-naphthoquinone. The mechanisms of 
one-electron and two-electron reduction of quinones are readily distinguishable by 
the use of an electron spin resonance spectrometer equipped with a flow apparatus 
and also by  the use of an appropriate set of electron acceptors. 

I t  is concluded that  the reduction of quinones and oxygen by flavoproteins 
falls into three mechanistic categories: one-electron, two-electron and mixed-type 
reactions. 

INTRODUCTION 

The function of quinones in the electron transport  systems is probably to act 
as an electron carrier. I t  is well known that  many  flavoproteins catalyze the reduction 
of quinones. I t  is of pr imary importance to differentiate two mechanisms whether 
the reduction of quinones by flavoproteins occurs by  way of a one-electron or a 
two-electron transfer. 

In our laboratory it has been confirmed that  microsomal flavoproteins, cyto- 
chrome b 5 reductase (EC 1.6.2.2) and NADPH-cytochrome c reductase, catalyze 
a typical one-electron reduction of quinones 1, and that  xanthine oxidase catalyzes 

Abbreviations: ESR, electron spin resonance; MK, MKt t  and MKH 2, 2-methyl-I, 4- 
naphthoquinone (menaquinone-o), its semiquinone and its fully reduced form (quinol), respectively. 
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one-electron and two-electron reduction of p-benzoquinone or oxygen, both at the 
same time, the ratio of the two mechanisms being dependent on the acceptor concen- 
tration 2. 

I t  is the purpose of the present paper to summarize mechanisms for electron 
transfer from flavoproteins to electron acceptors. Three more enzymes we have 
studied for this purpose are mitochondrial NADH dehydrogenase (EC 1.6.99.3) , 
spinach ferredoxin-NADP reductase (EC 1.6.99.4) , and NAD(P)H dehydrogenase 
(EC 1.6.99.2, DT-diaphorase) prepared from the soluble fraction of pig liver. 

MATERIALS AND METHODS 

The optical and electron spin resonance (ESR) spectrometers used were the 
same as described in the previous paper 1°. 

Mitochondria were prepared from beef heart according to PHARO et al. 3. The 
NADH dehydrogenase was extracted from sonicated mitochondria with lO% 
ethanol by the method of PHARO et al. 2s and was precipitated from the solution, 
without the procedure of lyophilization, by ammonium sulfate fractionation between 
30 and 7 ° % saturation. The precipitate was dissolved in IO mM potassium phosphate 
(pH 7.5) containing I mM EDTA and was chromatographed on a column of Sephadex 
G-Ioo equilibrated with the same buffer. The fraction containing the dehydrogenase 
activity was again fractionated by ammonium sulfate between 30 and 50 % saturation 
and was desalted with Sephadex G-25. The enzyme had a very similar absorption 
spectrum to that  reported by PHARO et al. 2s and was used without further purification. 
The concentration of the NADH dehydrogenase was determined from the difference 
in absorbance at 450 m# between oxidized and reduced (by NADH) enzymes. The 
A~mM used was lO.3. 

NAD(P)H dehydrogenase was partially purified by a slightly modified method 
of MARKI AND MARTIUS 5 from the soluble fraction of pig liver. The protein concen- 
tration was determined by the method of LOWRY et al. 6 with the use of serum albumin 
as standard. Ferredoxin-NADP reductase was prepared from spinach leaves by the 
method of SHIN et al. 7. The emM used was lO.3 at 458 m# (ref. 4)- NADH, NAD+, 
NADPH, alcohol dehydrogenase and cytochrome c were obtained from Boehringer, 
Mannheim. Bovine serum albumin was obtained from Daiichi Kagaku Yakuhin 
Co. Cytochrome b 5 reductase and cytochrome b 5 was prepared from pig liver 1. The 
emM used for reduced cytochrome b 5 and reduced cytochrome c were 28 at 557 m# 
and 27.2 at 550 m/z, respectively. 

All reactions were carried out at 25 °. 

RESULTS 

Cytochrome c is a very slow electron acceptor for the NADH dehydrogenase 
used in this experiment. Fig. IA shows that  the reduction of cytochrome c is stimulated 
by  the addition of p-benzoquinone but not of benzohydroquinone. The active molecule 
which reduces cytochrome c is probably p-benzosemiquinone formed in the enzymic 
reaction. Similar reactions have been reported in the systems of microsomal flavo- 
proteins 1 and xanthine oxidase 2. On the contrary, the NAD (P)H dehydrogenase cannot 
reduce cytochrome c even in the presence of p-benzoquinone (Fig. IB). Since the 

Biochim. Biophys. Acta, 216 (197o) 282-294 



284 T. IYANAGI, I. YAMAZAKI 

reduction of p-benzoquinone proceeds rapidly in tile presence of tile NAD(P)H 
dehydrogenase, it is suggested that the semiquinone does not occur during the 
reaction by the enzyme. 

Fig. 2 shows that in tile presence of 2-methyl-I,4-naphthoquinone (menaqui- 
none-o) (MK) the NADH dehydrogenase can reduce cytochrome b 5. The reduction 
is more effective in the presence of MK than in the presence of 2-methyl-I,4-naphtho- 
quinone (quinol) (MKH2). Therefore, the reactive species which causes the rapid 
reduction of cytochrome b, in the presence of MK appears to be 2-methyl-I, 4- 
naphthoquinone (semiquinone) (MKH), as was reported in the reaction of microsomal 

A B 
{~ NADH OxidOfion ~*~NAD~I Oxidation 

~ (at 340my) I "~a t  340m~) 
p-Benzoquinone ~ p-Benzoquinon'~ =',~-- 

NADH Oxidation 
~ I' ~ a, 340 m~) ~r 

~01 
~ j .  / _ . j -  p- Benzoqulnone § I u~ MK 

/ Cytochrome c Reduction Cytochrome c ~ " 
Reduction (at 550 rap) p- Ber,~'oq~none / ( ot 550rn, u) < ° Oil MK °r M K H ~  

or B e n z o h y d r o - ~  .o I / Cytochrome b 5 Reduction 
q u i n o n e / ~  p-Bemoquinone ,~ [ ~ot 556 m.u ) 
Enz ,~ ~ or Benzohydroquir~e 

0 30 60  90  sec 0 30  sec 0 30 60  90  sec 

Fig. I. p - B e n z o q u i n o n e - m e d i a t e d  reduc t ion  of cy t och rome  c in the  N A D H  dehydrogenase  (A) 
a n d  t h e  N A D ( P ) H  dehydrogenase  (B) sys t ems .  Reac t ions  were s t a r t ed  b y  t he  add i t ion  of p -  
benzoquinone .  Concen t ra t ions :  20 ffM p -benzoqu i none  (or benzohydroquinone) ,  28 ffM cy to-  
ch rome  c a n d  o. i  M p o t a s s i u m  p h o s p h a t e  (pH 6.5). A, o. i  #M N A D H  dehydrogenase ;  and  B, 
22 #g  N A D ( P ) H  dehydrogenase /ml .  N A D H  oxida t ions  were m e a s u r e d  a t  34 ° m #  in the  absence  
of cy toch rome  c. I n  A, ve ry  slow reduc t ion  of cy t och rome  c was observed on ly  b y  t he  add i t ion  
of t he  e n z y m e  and  in B, no r educ t ion  of cy t och rome  c was observed  by  the  addi t ion  of p-benzo-  
qu inone  or benzohydroqu inone .  

Fig. 2. M K - m e d i a t e d  r educ t ion  of c y t o c h r o m e  b 5 in t he  N A D H  dehydrogenase .  Reac t ions  weIe 
s t a r t ed  anaerobica l ly  by  t he  add i t ion  of M K  (or MKH~).  Concen t ra t ions :  o.I #M NADFI  dehy-  
drogenase ,  ioo /~M N A D H ,  20 #M  M K  (or MKFI2), 20 #M cy toch rome  b 5 and  o. i  M p o t a s s i u m  
p h o s p h a t e  (pH 6.0). N A D H  oxida t ion  was  m e a s u r e d  a t  34 ° mff in t he  absence  of cy toch rome  b 5. 

NADPH-cytochrome c reductase 1. The NAD(P)H dehydrogenase also catalyzes the 
MK-mediated reduction of cytochromes b 5 and c. However, as can be seen in Fig. 3, 
there are lag phases in the reduction that are not observed with the NADH dehy- 
drogenase. The appearance of the lag phase can be explained by assuming that the 
reduction of cytochromes occurs after accumulation of MKH2. Since MKH 2 reduces 
these cytochromes even at slightly acidic pH, the rates of cytochrome reduction 
increase with the increase of MKH 2 concentration where the formation of MKH is 
not involved. The rates of cytochrome reduction observed in Fig. 3 are consistent 
with those caused by MKH 2 itself. It is known 8,9 that nonenzymic reduction of 
cytoehromes c by ascorbate and benzohydroquinone increases with increasing pH. 
Fig. 4 shows the pH dependence of the rate of cytochrome b 5 reduction by MKH2. 
The rates of cytochrome reduction by their semiquinones are very fast. For instance, 
the rate constant of the reduction of cytochrome b 5 by MKH2 is 5.0" lO 2 M -1" sec -~ 
at pH 6.5 (Fig. 4) and that by MKH has been reported to be 3" lOS M-l"sec 1 and 
to be almost independent of pH (ref. IO). Thus, the difference in the quinone-mediated 
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reduction of cytochromes between the NADH dehydrogenase and the NAD(P)H 
dehydrogenase becomes distinct as the pH decreases. 

A similar difference in the reaction pattern arises between two enzymes when 
oxygen is used as a final electron acceptor. The oxygen-consuming oxidation of 
NADPH by microsomal NADPH-cytochrome c reductase has been observed in the 
presence of MK, and an active molecule which reduces oxygen has been assumed to 
be 3IKH by NISHIBAYASHI et al. 11, and IYANAGI AND YAMAZAKI 1. Fig. 5 shows that 
the addition of MK causes oxidation of a stoichiometric amount of NADH by the 

NADH Oxidoflon (dr :340 mJJ) L 5 

Redu/tion (ot550mp) "6 1,0 
§1 
< I o 

, / ~  , i i i 0 
0 30 60 90 120 sec 6 7 8 pH 

Fig. 3. M K - m e d i a t e d  r educ t ion  of cy toch romes  b s and  c in the  N A D ( P ) H  dehydrogenase  sy s t em.  
Reac t i ons  were s t a r t ed  anaerobica l ly  by  t he  add i t ion  of MK.  Concen t ra t ions :  42 /*g N A D ( P ) H  
dehyd rogenase /ml ,  ioo /*M N A D H ,  20 /zM M K,  28 /*M cy toch rome  b 5 or 28 # M  cy toeh rome  c 
a n d  o.I M p o t a s s i u m  p h o s p h a t e  (pH 6.o). N A D H  ox ida t ion  was measu red  a t  34 ° m/~ in t he  absence  
of cy tochromes .  

Fig. 4. The  p H  dependence  of cy t och rome  b 5 r educ t ion  by  MKH~.  Concent ra t ions :  I6/ziV[ cy to-  
ch rome  b~, 20 I*M M K H  2 and  o. i  M p o t a s s i u m  phospha te .  Reac t ions  were carr ied ou t  anaero-  
bically. 
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Fig. 5. M K - m e d i a t e d  aerobic ox ida t ion  of N A D H  in t he  N A D H  dehydrogenase  (A) and  t he  
N A D ( P ) H  dehydrogenase  (B) sys t ems .  Concen t ra t ions :  o.15 /*M N A D H  dehydrogenase  (A) or 
35/*g N A D ( P ) H  d e h y d r o g e n a s e / m l  (B), ioo t ,M N A D H ,  20/zM M K  and  o.I M p o t a s s i u m  p h o s p h a t e  
(pH 6.5). 

Fig. 6. T ime  courses  of NADFI ox ida t ion  (t3) and  p -benzosemiqu inone  decay  (A) in t he  N A D H  
dehydrogenase .  In  A, t he  m a g n e t i c  field was  ad j u s t ed  so as to ob ta in  t he  m a x i m u m  of t he  
der iva t ive  curve  of E S R  absorp t ion ,  and  t he  reac t ion  was s t a r t ed  by  mix ing  t he  solut ion of 
N A D H  and  p - b e n z o q u i n o n e  wi th  t he  solut ion of t he  NADF[  dehydrogenase  I. F ina l  concen t ra t ions :  
0,2 /~M N A D t t  dehydrogenase ,  200 #lV[ N A D H ,  ioo  ,aM p -benzoqu inone  and  o. i  M p o t a s s i u m  
p h o s p h a t e  (pH 6.5). In  B, N A D H  ox ida t ion  was m e a s u r e d  in a different  cell unde r  the  s ame  
condit ions•  
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T A B L E  I 

ESTIMATION OF K BY ESI~ AND OPTICAL SPECTROSCOPIC M~-TIIODS 

E S R  m e t h o d  : Reac t ion  ra tes  and  semiquinone  concen t ra t ions  were m e a s u r e d  under  the  condi t ions  
descr ibed for Fig.  6. E a c h  va lue  is the  average  of 3. The va lues  of K were ca lcu la ted  f rom Eqn .  3 
a s suming  t h a t  ka is 7 '  l°7 M-l"sec-1  (ref. 32). Opt ica l  m e t h o d :  E x p t .  i was  carr ied  ou t  under  
s imi la r  condi t ions  to  those  descr ibed in Fig. 8. Values  are averages  of 4; E x p t .  2, refers to  Fig. 8 ; 
E x p t .  3, va lues  are a t  p H  7.5 in Fig. 9; E x p t .  4, refers to  Fig. IB. 

Enzyme ESR Expt. Optical 
No. 

Rate of Semiquinone ~¢ Rate of Rate of 
quinone conch, at cytochrome quinone 
reduction steady state c reduction reduction 
(uM.sec -1) (l,M) (f,M.sec 1) (F,M.sec-1) 

Cytochrome  b s 
r educ tase  14. 3 0.47 2.2 i I, i8  0.59 2.00 

N A D H  dehydrogenase  13.8 o.46 2.1 2 o.7o o.36 1.95 
F e r r e d o x i n - N A D P  

reduc tase  3 o.9o o.46 r .96 
N A D ( P ) H  

dehydrogenase  13.2 <o .o2  < 0 . o 0 4  4 o.oo o.71 o.oo 

* The ra t io  of the  ra te  of cy toch rome  c r educ t ion  to  the  ra te  of qu inone  reduct ion .  

NAD(P)H dehydrogenase but that  MK acts as an electron carrier in the 02-consuming 
oxidation of NADH by the NADH dehydrogenase. The result is in accord with the 
observation by NISHIBAYASHI et al. 1~ that  an addition of MK causes oxidation of a 
stoichiometric amount of NADPH in the presence of the NAD(P)H dehydrogenase. 

I t  is now clear that  there is an essential difference of the reaction mechanism 
between the NADH dehydrogenase and the NAD(P)H dehydrogenase. The difference 
is confirmed directly by  the use of an ESR spectrometer as shown in Table I. Fig. 6 
shows the time courses of NADH oxidation and of p-benzosemiquinone formation 
in the reaction of the NADH dehydrogenase. No ESR signal can be observed in the 
reaction of the NAD(P)H dehydrogenase at pH 6, 5 though the rate of quinone re- 
duction is the same as illustrated in Fig. 6. However, the ESR signal of p-benzosemi- 
quinone appears during the reduction of p-benzoquinone by the NAD(P)H dehv- 
drogenase when the reaction is carried out at slightly alkaline pH. Fig. 7 shows the 
time courses of the apparent formation and decay of p-benzosemiquinone at pH 8.o. 
I t  can be seen from the figure that  the concentration of p-benzosemiquinone is almost 
equal to (K)lJ2(Q)l/2(QH) lj2 at any time of the reaction, where K is the semiquinone 
formation constant defined by MICHAELIS 13. Accordingly, p-benzosemiquinone will 
not disappear when p-benzoquinone remains after the reaction is over. However, 
it remains unsolved why p-benzosemiquinone appears beyond the calculated value 
during the flow (reaction time corresponds to about o.I sec). 

The value of ~, defined by the ratio of the velocity of free radical formation to 
the velocity of p-quinone disappearance at the steady state, can be calculated from 
the experiment, as shown in Table I. The details of K estimation have been described 
in the previous papers 1°,~4 These values will contain at least IO % error, mostly due 
to the determination of spin concentration by ESR. More accurate estimation of K 
can be made by trapping an electron of the semiquinone with a suitable electron 
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acceptor. When the rate of p-semiquinone formation is slow and in the presence of a 
large amount of cytochrome c, a stoichiometric relationship is observed between the 
rates of NADH oxidation and cytochrome c reduction in the NADH dehydrogenase 
system as well as in the cytochrome b 5 reductase system, which is shown in Fig. 8. 
The result obtained in the experiment of Fig. 8 suggests the following reaction 
mechanism, giving 2.o for the value of K. 

05)JM 
i~- F ~  Tu I. 5 

!1 
o ~o 20 "30,ec .~ 

80.5 
~-0.2 :=' ADH Oxidotion 

- 0.6~- ~ 0 0 

c y 

NADH~0xidotlon 

tO 20 
p-Benzocluinone,./JM 

Fig. 7. A p p a r e n t  fo rma t ion  and  decay  of p -benzosemiqu inone  du r ing  the  reac t ion  of t he  N A D  (P)I-I 
dehydrogenase .  F ina l  concen t ra t ions :  35 /~g N A D ( P ) H  dehydrogenase /ml ,  200 /~M N A D H ,  
ioo ,uM p -benzoqu inone  and  o. i  M p o t a s s i u m  p h o s p h a t e  (pH 8.o). E x p e r i m e n t a l  p rocedures  were 
t he  same  as for Fig. 6. 

Fig. 8. Re la t ionsh ip  be tween  t he  ra tes  of N A D H  oxida t ion  and  of p -benzoqu inone -med ia t ed  
c y t o c h r o m e  c r educ t ion  in t he  presence of var ious  p -benzoqu inone  concen t ra t ions .  The  ra te  of 
N A D H  oxida t ion  was m e a s u r e d  in the  absence  of cy t och rome  c. Concen t ra t ions :  o.I t ,M N A D H  
dehydrogenase ,  ioo/~M N A D H ,  28 ¢,M cy t och rome  c and  o.I M p o t a s s i u m  p h o s p h a t e  (pH 6.5). 

1.5 

5: 

~I.0. 

o = 

p.BeUCtion of 
nzoquinone 

Cytochrome (-Cyt.c) 

J~t=,rom* c R~oc.o. 
Ar / ( at 550rap) 

i i , = = 
Oxidation 

-~ ~oH o 3o 6o 90 , , ~  

Fig. 9. The  p H  dependence  of the  ra tes  of NADPt-I  ox ida t ion  and  of p - b e n z o q u i n o n e - m e d i a t e d  
reduc t ion  of cy toch rome  c in the  reac t ion  of sp inach  f e r r e d o x i n - N A D P  reductase .  The  ra te  of 
N A D P H  ox ida t ion  was measu red  in t he  absence  of cy toch rome  c. Concen t ra t ions :  o.o 4 /ibl 
f e r r e d o x i n - N A D P  reductase ,  ioo /~M N A D P H ,  io  #M p-benzoquinone ,  35 /~M cy toeh rome  c 
and  o. i  M p o t a s s i u m  phospha te .  The  rat io  of t he  two reac t ion  ra tes  was ca lcula ted  to be 2.o 
a round  t he  p H  tes ted .  

Fig. io. O x i d a t i o n - r e d u c t i o n  s t a t e  of p -benzoqu i none  du r ing  the  rap id  reduc t ion  of cy toch rome  c 
by  t he  cy toch rome  b 5 r educ t a se  sys t em.  N A D H  was  suppl ied  a t  a c o n s t a n t  ra te  us ing  an  alcohol 
dehydrogenase  sy s t em .  Concen t ra t ions :  o.I /~M cy t och rome  b s redue tase ,  2 pM N A D  +, alcohol 
dehydrogenase ,  i % e thanol ,  2o FM p-benzoqu inone ,  28 pM c y t o c h r o m e  c and  o. i  M p o t a s s i u m  
p h o s p h a t e  (pH 6.5). The  reac t ion  was  s t a r t ed  by  t he  add i t ion  of alcohol dehydrogenase  (ADH) 
and  tile r educ t ion  of p - b e n z o q u i n o n e  was m e a s u r e d  a t  259 m #  in t he  presence (A) and  absence  
(B) of cy toch rome  c. 
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N A D H  dehydrogenase 
N A D H  + 2Q > NAD + + 2Q- + H + 

, Nonenzvmic 
Q-  + eyt. c a+. ~ Q t cyt. c 2+ 

{i) 

(2) 

Under these conditions the p-benzosemiquinone anion (Q-) is reoxidized to p- 
benzoquinone (Q) only by the reaction with cytochrome c hut not by dismutation. 
Similar results are obtained in the reaction of cytochrome b 5 reductase (Table I) and 
of ferredoxin-NADP reductase (Fig. 9 and Table I). Fig. Io shows that  the formation 
of benzohydroquinone is not observed in the early stage of the reaction where the 
rapid reduction of cytochrome c occurs in the reaction of cytochrome b 5 reductase. 
Under the experimental conditions described in Figs. 8 and 9 the rate of cytochrome c 
reduction is proportional to the enzyme concentration. However, when the rate of 
semiquinone formation is fast and a small amount of cytochrome c is present, the 
semiquinones disappear mostly by dismutation, and the rate of cytochrome c 
reduction is proportional to the square root of the rate of quinone reduction at the 
steady stateS, la. This relationship can be observed in the reaction of the NADH 
dehydrogenase as well as cytochrome bs reductase, as shown in Fig. I I .  This means 
that  the steady state concentration of p-benzosemiquinone is proportional to the 
square root of the rate of quinone reduction and is not disturbed by  the presence of a 
small amount of elctron acceptorl, 8,10,1,. 

A 

i 0.50 

~ 0.2~ 

~°°o , 4 ; 

E3 

._~ I O  

u 

u 

o 

0 4 16 36 

Rote of p-Benzoquinone Reduct ion, pMsec  -~ 

Fig. I I. Relat ionship between the rate of cytochrome c reduction and the square root  of the rate 
of N A D H  oxidat ion (or p-benzoquinone reduction) when the acceptor concentrat ion is low and 
the  enzyme concentrat ion is high. The reaction rates were measured by  the s topped flow method 1°. 
The rates  of N A D H  oxidation were measured by  changing the enzyme concentrat ions.  Concen- 
t ra t ions :  200 /,M (A) or IOO /~M (B) N A D H ,  ioo /~M p-benzoquinone,  i #M cytochrome c and 
o. I M potass ium phospha te  (pH 6.5). A, the N A D H  dehydrogenase and B, cytochrome b~ reductase. 

DISCUSSION 

Several flavoproteins are characterized by their catalytic ability to transfer 
electrons from reduced pyridine nucleotides to suitable quinones, mostly benzo- 
quinones or 1,4-naphthoquinones. These are named quinone reductases by  MARTIUS 16 
and have been prepared from plantsZT, is, animals z9-21 and microorganisms ~2-2~. 
ERNSTER et al .  19 studied the enzyme from liver and called it DT-diaphorase. In this 
paper we have called it the NAD(P)H dehydrogenase according to the Enzyme 
Commission's nomenclature 26. The enzyme catalyzes the reduction of quinones and 
dyes but  not the reduction of cytochromes and lipoic acid. ERNSTER et al .  19 reported 
that  the enzyme could catalyze the reduction of cytochrome c in the presence of 
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naphthoquinone derivatives but not of benzoquinone derivatives. It  was reported 
by MARKI AND MARTIUS ~ that the mammalian quinone reductase reduced MK very 
rapidly, and that the autoxidation of MKH 2 became rate-limiting after MK was 
consumed when the reaction was carried out under aerobic conditions. NISHIBAYASHI 
et al. 12 showed that the amount of NADPH oxidized was equivalent to that of the 
MK added, even under aerobic conditions. These results suggest that quinone-mediated 
electron transfer to cytochromes and oxygen is rather sluggish in the presence of the 
NAD(P)H dehydrogenase, but a clear explanation has not yet been offered. 

Several preparations of the NADH dehydrogenase were isolated from mito- 
chondria 27. The soluble NADH dehydrogenase behaves as a diaphorase and catalyzes 
the reduction of quinones such as MK and nbiquinones 2s-a1. In general it may be said 
that most of the flavoproteins are able to catalyze the electron transfer to two- 
electron aeceptors such as quinones, dyes or molecular oxygen. It  is important to 
know, quantitatively if possible, whether the enzymes catalyze one- or two-electron 
transfer to these acceptors. The ESR method seems best for the analysis of the 
mechanism. A parameter, K, has been introduced to distinguish the two mecha- 
nisms 1, 3,10,14. 

2kd (semiquinone) s 2 
= ( 3 )  

where v is the rate of quinone reduction at the steady state and ko is the dismutation 
constant for semiquinones. The value of K can be estimated by measuring the steady 
state concentration of the semiquinone with the aid of ESR techniques. The value 
of K lies between 2 and o. The value is 2 for a typical one-electron transfer and is o for 
a typical two-electron transfer mechanism. In order to measure K according to Eqn. 3 
the experimental ~onditions must be selected so as to avoid nonenzymic formation 
of the semiquinones, for instance, from the reaction between quinone and quinol a2. 
This can be achieved by decreasing the pH of the reaction solution and the concen- 
tration of acceptors. It  is evident from Eqn. 3 that the value of ~ can be estimated 
only when ko is known, and failure to observe ESR signals during the reaction does 
not always mean that K = o. It can be said that, in general, the ESR method is not 
applicable when ko is markedly large or the reaction rate (v) is too slow. Even so, 
there are possibilities that the electron transfer mechanism can be analyzed. 

Let us consider the cases where flavoproteins catalyze the reduction of benzo- 
quinone, MK or oxygen. The ESR method is very useful for quantitative analysis 
of the mechanism when benzoquinone is an acceptor but not when MK or molecular 
oxygen is an acceptor because MKH and 0 3- have high dismutation constants. The 
oxygen radical, 02-, has been identified by ESR in the frozen state3a, z~, but it seems 
difficult to use the result for the estimation of K. Fig. 12 shows three reaction systems 
which may be used for the analysis of the electron transfer mechanism. The experi- 
mental conditions can always be so arranged that the electron flows from a flavo- 
protein to a final acceptor only when the flavoprotein catalyzes one-electron reduction 
of the carrier molecule. When cytochromes are used as final acceptors the estimation 
of K will become possible provided that;  (I) the pH of the reaction solution is low 
so as to avoid the reduction of cytochromes by benzohydroquinone or MKH 2 and 
(2) the formation of semiquinones or 0 2- is slow and the cytochrome is present in a 
large amount so that the disappearance of semiquinones or 02-  by dismutation 
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may be neglectedl. Typical examples are shown in Figs. 8 and 9. A clear distinction 
between the one- and two-electron mechanisms can be observed in the reaction system 
of MK and 0, (Fig. 5) but the system may not be used for K estimation since the 0, 
consumption is not stoichiometric. The value of K will be estimated when cytochrome 

c + e- 

MK- JLCytochrome b: 

C 
4 + e- 

0; l\ Cytochrome c” 

Fig. 12. Three sets of electron acceptors which can be used for the estimation of K. When the 
reduction of cytochromes is measured under optimal conditions (Figs. 8 and 9). K will be calculated 
as the ratio of the rate of cytochrome reduction to the rate of disappearance of quinone or 0, 
in the absence of cytochromes. 

b, is used as a final acceptor instead of 0,. For this purpose, however, the reaction 
must be carried out under strictly anaerobic conditions and the exact initial velocity 
of cytochrome b, reduction should be measured. It has been suggested by MCCORD 

ASD FRIDOVICH~~ that erythrocuprein is a potent O,- dismutase. With the use of 
erythrocuprein MASSEY et al. 36 have distinguished the reduction of cytochrome c 
caused by O,- from that by other pathways. Using cytochrome c as a final electron 
acceptor the accurate value of K will be estimated even when 0, is a direct acceptor 
for flavoproteins. The method of trapping O,- as Compound III by peroxidase can 
also be used for this purpose though under restricted conditions2. 

It might be concluded from these observations that flavoproteins fall into three 
groups according to the mode of electron transfer to acceptors. One group (flavo- 
protein-r) catalyzes compulsory one-electron reduction of acceptors, forming free 
radicals of two-electron acceptors ( K = 2). The other group (flavoprotein-2) catalyzes 
two-electron reduction of quinones or oxygen, the primary products being the two- 
equivalent reduced form of the acceptor molecule (K = 0). One more group (flavo- 
protein-r,z) has a mixed mechanism and its K lies between o and 2. These are listed 
in Table II. Much attention has been given by many workers to the mechanism of 
electron transfer from flavoprotein to acceptor. The involvement of a one-electron 
transfer mechanism seems to be demonstrated in the following reactions of flavo- 
proteins. NISHIB,4YASHI et dl’ reported that microsomal NADPH cytochrome c 
reductase catalyzed the oxygen-consuming oxidation of NADPH in the presence of 
MK but not of MKH,. The reduction of cytochrome c by milk xanthine oxidase has 
been known to be dependent upon the presence of oxygen37-40. The formation of 
an oxygen-free radical during the xanthine oxidase reaction has been suggested by 
the initiation of sulfite autoxidation41 and by the induction of chemiluminescence42. 
KNOWLES et at.33 have confirmed the formation of the radical using an ESR technique. 
Aldehyde oxidase has properties similar to those of xanthine oxidase43. The relation 
between the reduction of cytochrome c and the formation of hydrogen peroxide has 
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been quantitatively investigated in the dihvdroorotate dehydrogenase reaction by 
lVIILLEn A~,'I) MASSEV a4, who suggest a mechanism involving an oxygen-free radical. 

Studying reduction of phenazinemethosulfate by the succinic dehydrogenase, 
KING 45 a n d  SINGER AND KEARNEY 46 suggested a one-electron transfer mechanism. 
The enzyme catalyzes the reduction of cvtochrome c in the presence of phenazine- 
methosulfate as carrier. I t  seems likely that  the enzyme belongs to flavoprotein-I 
though crucial evidence has not yet been obtained. There is a group of flavoproteins 
called oxidases. According to the recent study by MASSEY el al. 36 it is very likely 
that  glucose oxidase, D-amino-acid oxidase, L-amino-acid oxidase, glycollate oxidase, 
and lactate oxidase belong to flavoprotein-2. In the case of the old yellow enzyme 
the generation of O2- was clearly demonstrated by the ability to catalyze the 0 2- 
mediated reduction of cytochrome c and by the inhibition of this reduction bv 
erythrocuprein. However, judged by the low efficiency of cytochrome c reduction, 
02-  production seems to be only a side-reaction in the overall reaction of old yellow 
enzyme. The inability to form an oxygen radical by  flavoprotein oxidases may be 
manifest by the negative sign of the initiation of sulfite oxidation 41 and of the induction 
of chemiluminescence 42. 

Most of the flavoprotein dehydrogenases, such as NADH cytochrome b 5 
reductase 47, NADPH-cytochrome c reductase 48, succinic dehydrogenase ~9, N A D P H -  
cytochrome f reductase 5°, and NADPH-cytochrome c 2 reductase 51, have diaphorase 
activities but  they react with one-electron acceptors faster than with two-electron 
acceptors. MASSEV et al. 5~ discussed some correlative properties of flavoproteins and 
suggested that  with few exceptions the semiquinoid form of the oxidases is the red 
(or anionic) form, whereas with the dehydrogenases the blue (or neutral) form is the 
stable form produced on partial reduction. Table I I  shows that  the typical oxidases 
will belong to flavoprotein-2 while the dehydrogenases are classified as flavoprotein-i 
with the marked exception of the NAD(P)H dehydrogenase. However, further study 
is needed to discuss the relation between one-electron transfer mechanism of the 
flavoprotein dehydrogenases and their blue semiquinones as a possible intermediate. 
I t  is concluded that  quinones behave as a one-electron carrier rather than a two- 
electron carrier when they are in an electron transport  system. Accordingly, when 
the two-electron acceptor (A) reacts with the reduced flavoprotein (H ~FP) the reaction 
should be given by  the following equation: 

H2FP-I ~- cA---+ FP-I + 2 HA 

H~FP-2 + A--+ FP-2 + H2A 

KOMAI et al. 5a found that  the formation of 0 2- requires direct electron transfer 
from a reduced form of flavin to oxygen in the xanthine oxidase reaction. HATEFI 
et al.  3~ and PHARO et al. 28 suggested that  the labile sulfide-iron system might not be 
involved in the diaphorase activities of the soluble NADH dehydrogenase. IYANAGI 
AND YAMAZAKI 1 also reported that  microsomal flavoproteins, which Rave no essential 
metal ions, catalyze a typical one-electron transfer. From these observations it may  
be concluded that  a metal  ion is not necessarily needed for the flavoprotein to catalyze 
one-electron transfer to acceptors. The problem may  be solved by assuming that  the 
enzymes of flavoprotein-I do yield the stable semiquinones, probably of the flavin 
on reaction with electron acceptors, but the experimental data we have are not yet 
sufficient. 
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