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SUMMARY 

In the presence of NADH, lipoanfide dehydrogenase (NADH:lipoamide 
oxidoreductase, EC 1.6.4.3) catalyzes reduction oi p-benzoquinone by way of a mixed 
mechanism involving one- and two-electron transfers. The ratio of rates of semi- 
quinone formation and NADH oxidation is 0.3, the two-electron transfer mechanism 
being dominant. When the enzyme is treated with cupric ions, phenylmercuric 
acetate, N-ethylmaleimide and NADH + arsenite the electron transfer mechanism 
is shifted to a one-electron transfer type accompanied with remarkable changes in 
the pH-act ivi ty  curve of diaphorase activity. Upon treatment of the enzyme with 
Cu 2+ a typical alkaline shift of pH optima for NADH-ferricyanide and NADH- 
benzoquinone reductase activities is observed. Changes taking place in the early 
phase of copper treatment can be mostly reversed by treatment with cysteine. It  
appears that the type of electron transfer mechanism is closely related to the extent 
of modification of lipoamide dehydrogenase by sulfhydryl reagents. 

INTRODUCTION 

The physiological role of lipoamide dehydrogenase (NADH:lipoamide oxi- 
doreductase, EC 1.6.4.3. ) is the catalysis of the reaction, 

Reduced ~-lipoic acid + NAD + ~- oxidized c~-lipoic acid + NADH + H + 

It has been shown by Massey 1, ~ and Searls and Sanadi 3 that this enzyme is identical 
with Straub's diaphorase which is known to catalyze an oxidation of NADH at the 
expense of artificial electron acceptors such as 2,6-dichloroindophenol (DCIP) and 
ferricyanide ~. It  has been also reported by Searls et al. 5, Casola et al. 6, 7 and Ide et al 8. 

that  the loss of the physiological activity by chemical modifications of protein sulfhy- 
dryl groups is accompanied by a large increase in the NADH-DCIP (diaphorase) 
activity. 

On the other hand, a series of experiments 9-n have indicated that when 
quinones and oxygen are reduced by flavoprotein catalysis it is of importance to 

Abbreviation: DCIP, 2,6-dichloroindophenoh 
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know whether the reduction occurs by way of a one-electron or two-electron transfer. 
Flavoproteins in electron transport  systems catalyze a typical one-electron reduction 
of quinones while DT-diaphorase (NAD(P)H: (aeeeptor)oxidoreductase, EC 1.6.99.2 ) 
catalyzes a typical two-electron one 11. In the case of xanthine oxidase (xanthine:O 2 
oxidoreductase, EC 1.2.3.2), one-electron and two-electron reductions of p-benzo- 
quinone or oxygen occur both at the same time, the ratio being dependent on the 
acceptor concentration 1°. This study is undertaken to determine the effect of sulfhy- 
dryl modification of lipoamide dehydrogenase upon the electron transfer mechanism 
of the diaphorase reaction. 

MATERIALS AND METHODS 

NADH and cytoehrome c were obtained from Boehringer, Mannheim; DCIP 
from Merck; bovine serum albumin from Sigma Chemical Co. CuSO 4 and phenyl- 
mercuric acetate wele purified by reerystallization from commercial supplies. 

Lipoamide dehydrogenase was prepared by a method of Massey I from pig 
heart muscle. The concentration of the purified enzyme was calculated from the 
absorbance at 455 nm, with the use of emM of I1.3. The copper-treated enzyme was 
prepared according to Casola et al. 6 by treatment  with 8 gatoms of cupric per mole 
of enzyme flavin in 0.03 M potassium phosphate (pH 7.6) at o °C. 

All enzyme assays were carried out at 25 °C in the presence of 0.67 mg bovine 
serum albumin per ml of reaction solutions. Buffers used were sodium acetate below 
pH 5.5, potassium phosphate between pH values 6.0 and 7.5, and Tris acetate above 
pH 8.0. 

Absorbance changes during assays were recorded with the use of a Hitachi 
Model 124 spectrophotometer. Semiquinone concentration at steady state of reactions 
was measured with a Varian V-45oo x-band instrument, utilizing Ioo kcycles field 
modulation and equipped with a flow apparatus. 

RESULTS 

Casola et al.  have performed extensive studies on the sulfhydryl modification 
of lipoamide dehydrogenase with Cu ~+ ~ or phenyhnercuric acetate 7. Using DCIP as 
an electron acceptor they reported an about I5-fold increase of the diaphorase activity 
when the enzyme was treated with Cu 2+. In their papers, however, the N A D H - D C I P  
reductase activity only at pH 7.6 is described. Fig. i shows pH dependence of the 
DCIP activity of native and sulfhydryl-inodified lipoamide dehydrogenases. As 
reported by Casola et al. 6,7 the increase in the activity depended on the amounts of 
Cu 2+ and mercurial compounds and on the time of exposure to them. So, in this 
experiment the modification was carried out under the best condition so as to obtain 
a maximum diaphorase activity. At neutral pH a large increase of tile diaphorase 
activity by sulfhydryl modification was observed, but at acidic pH the native enzyme 
itself exhibited a considerably high diaphorase activity and the extent of activation 
by the treatment with Cu 2+ was rather small. The diaphorase activity of this enzyme 
has been measured using DCIP or ferricyanide as an electron aeceptor. I t  was 
suggested 9-11 that  the use of p-benzoquinone is profitable for the analysis of 
electron transfer reactions between the flavoprotein and electron acceptor. When 
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p-benzoquinone was used as an acceptor pH dependence of the diaphorase activity 
of lipoamide dehydrogenase became quite different from the N A D H - D C I P  activity, 
as indicated in Fig. 2. A maximal activity was observed at pH 5.8. In this case a 
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Fig. I. Effect  of p H  on N A D H - D C I P  ac t iv i ty  of na t ive  and  modified l ipoamide dehydrogenases .  
D C I P  ac t iv i ty  was measu red  spec t ropho tomet r i ca l ly  a t  600 nm.  D C I P  concen t ra t ion  was calcu- 
la ted  f rom the  absorbance  a t  600 rim, wi th  the  use of emM of 21 a t  p H  7.°. E n z y m e s  are : na t ive  ( © ), 
p h e n y l m e r c u r i c  ace ta te - t r ea ted  (@; see Table II) and  copper- t rea ted  (4 t ;  described in Mater ia ls  
and  Methods) .  Concen t ra t ions :  o. i  t ,M enzymes ,  ioo /*M N A D H ,  4 ° / , M  D C I P  and  0.08 M buffers. 

Fig.  2. Effect  of p H  on N A D H - p - b e n z o q u i n o n e  ac t iv i ty  of na t ive  and  modified l ipoamide  de- 
hydrogenases .  N A D H - p - b e n z o q u i n o n e  ac t iv i ty  was measu red  spec t ropho tomet r i ca l ly  a t  34 ° n m .  
E n z y m e s  used are the  same  as in Fig. i. Concent ra t ions :  o . o 6 # M  enzymes ,  IOOMM N A D H ,  
46/*M p -benzoqu inone  and  0.04 M buffers. 

distinct shift of pH optimum of the NADH-p-benzoquinone reductase activity was 
caused by the t reatment  with Cu 2+ without any essential change in the diaphorase 
activity at each optimal pH. The results also indicated that  there is a great difference 
in pH-ac t iv i ty  curves between two artifactual enzymes formed by copper-induced 
oxidation of sulfhydryl groups and by reaction with phenylmercuric acetate. At 
neutral pH, p-benzoquinone was a faster electron acceptor than DCIP for both 
native and copper-treated enzymes. The difference in the diaphorase activities for 
DCIP and p-benzoquinone was also observed in the time course of their activity 
change after Cu 2+ was added to the lipoamide dehydrogenase solutions. The N A D H -  
p-benzoquinone reductase activity reached a steady value much faster as compared 
with the case of DCIP (Fig. 3)- 

I t  has been pointed outl], 12 that  in order to measure the ratio of one-electron 
and two-electron reductions of p-benzoquinone in the enzymic catalysis the use of 
cytochrome c as a scavenger of intermediate semiquinone is the most accurate method 
unless cytochrome c receives an electron directly from the enzyme. Fig. 4 shows 
p-benzoquinone-mediated reductions of cytochrome c during NADH-p-benzoquinone 
reductase reactions catalyzed by native and copper-treated enzymes. The native 
lipoamide dehydrogenase catalyzed a p-benzoquinone-mediated reduction of cyto- 
chrome c but the reduction was accelerated markedly by treatment of the enzyme 
with cupric ions. The involvement of one-electron reduction of p-benzoquinone was 
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thus clearly indicated in both reactions. A parameter, K has been introduced in 
order to analyze the electron transfer mechanism quantitatively12,1~. The parameter 
has been defined as a ratio of the rate of cytochrome c reduction to the rate of overall 
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Fig. 3. T ime  course of changes  in ac t iv i ty  of N A D H - D C I P  and  N A D H - p - b e n z o q u i n o n e  r educ t a se  
reac t ions  af ter  Cu e* was  added.  L ipoamide  dehydrogenase  (8 yM) was incuba ted  wi th  64/~M Cu e+ 
in 0.03 M po t a s s ium  p h o s p h a t e  (pH 7.6) a t  o °C. Al iquots  were w i thd rawn  at  desired t imes  and  
t he  reac t ion  was s topped  by  addi t ion  of excess E DTA.  Diaphorase  ac t iv i ty  was m e a s u r e d  as 
follows: 0.053 yM enzyme,  IOO #M N A D H ,  4 ° #M DCIP  ( © ) or 50 yM p-benzoqu iuone  (BQ, t ) ,  
and  o.04 M po t a s s ium p h o s p h a t e  (pH 7.2). 

Fig. 4- p -Benzoqu inone -med ia t ed  reduct ion  of cy toch rome  c by  na t ive  and  copper - t rea ted  lipo- 
amide  dehydrogenases .  Reac t ions  were s ta r ted  by  addi t ion  of p-benzoquinone .  N A D H  oxida t ion  
was measu red  in the  absence of cy toch rome  c. Upper  and  b o t t o m  d i ag rams  indicate  N A D H  
oxida t ion  and  cy tochrome  c reduct ion,  respect ively.  Concent ra t ions :  o. i  /zM na t ive  (left) or 
copper - t rea ted  (right) enzyme,  ioo y M  N A D H ,  18 / ,M p-benzoquinone ,  4 ° #M cy toch rome  c and  
o.05 M p o t a s s i u m  p h o s p h a t e  (pH 7.2). 

reaction (NADH oxidation in this case) for a particular reaction system11,1~. The 
values of K were calculated from the data in Fig. 4 to be 0.3 for the native enzyme 
and 1.94 for the copper-treated enzyme. The latter value indicates that the reduction 
of p-benzoquinone proceeds by way of a typical one-electron transfer. On the other 
hand, the value of 0.3 implies that the mechanism is a mixed type, the two-electron 
transfer mechanism being predominant. The results could be confirmed directly by 
the use of electron spin resonance (ESR) technique, which are shown in Fig. 5. 
Assuming that semiquinones formed as a consequence of one-electron transfer reaction 
decay only by disproportionation with rate constant, ka, the value of ~ can be esti- 
mated from the following equation, 

2kd(SQ) 2 
/) 

where v is the rate of overall reaction at steady state and (SQ)s is a steady state 
concentration of the semiquinone. The calculated ratio of K between native and copper- 
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treated enzymes was o.27:2 and was in good agreement with the result obtained by 
the scavenger method with the use of cytochrome c as a final electron acceptor. I t  was 
reported TM that  when p-benzoquinone is reduced by xanthine oxidase systems the 
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Fig. 5- E S R  spec t ra  of p -benzosemiqu inone  formed ill t h e  s t e ady  s t a t e  of N A D H - p - b e n z o q u i n o n e  
r educ t a se  reac t ion  by  na t ive  and  copper - t rea ted  l ipoamide  dehydrogenases .  Spect ra  were t a k e n  
du r ing  con t inuous  flow (1.2 ml/sec). The  p -benzoqu inone  solut ion was  mixed  wi th  t he  solut ion 
of e n z y m e  and  NADI-I. The  t i me  a t  t he  center  of t he  cav i ty  was a b o u t  o . i  s af ter  t he  solut ions  
were mixed.  The  ra te  of N A D H  oxida t ion  was measu red  in different  cells unde r  t he  s ame  con- 
di t ions  as E S R  expe r i men t s  and  was e s t ima ted  a t  12 ffM/s for t he  na t ive  e n z y m e  a n d  a t  16 ffM/s 
for  t h e  copper - t rea ted  enzyme.  Concen t ra t ions  (final): 0.9 # M  na t ive  or 0.6 #M copper - t rea ted  
enzyme ,  IOO/,IV[ lXIADH, 4 ° #M  p-benzoquinone ,  and  o.I M p o t a s s i u m  p h o s p h a t e  (pH 7.0). 

Fig. 6. Dependence  of K va lue  upon  p -benzoqu inone  and  hyd rogen  ion concen t ra t ions .  The  va lue  
of K was measu red  as a rat io of t h e  ra te  of cy toch rome  c reduct ion  to t h a t  of N A D H  oxidat ion.  
Concen t ra t ions :  o. i  ffM na t ive  (©) or copper - t rea ted  ( • )  ] ipoamide dehydrogenase ,  ioo ffM 
N A D H  and  4 o # M  cy toch rome  c. Lef t :  0.05 M po t a s s ium p h o s p h a t e  (pH 7.2). R igh t :  18 ffM 
p -benzoqu inone  and  0.05 M buffers.  

value of ~ depends greatly upon the concentration of p-benzoquinone. In the case of 
lipoamide dehydrogenase, however, changes in the concentration of p-benzoquinone or 
in the pH caused no essential effect upon the K value in the NADH-p-benzoquinone 
reductase reaction catalyzed by a native or copper-treated enzyme. The results are 
shown in Fig. 6. Independence of the K value upon the pH is of particular interest 
because the NADH-ferricyanide reductase activity of these enzymes which is a 
compulsory one-electron transfer from the enzyme to an acceptor was markedly 
affected by the pH (Fig. 7). The shift of optimal pH caused by the sulfhydryl modifi- 
cation with Cu 2+ was 1. 3 for ferricyanide reaction and was slightly greater than in 
the case of NADH-p-benzoquinone activity. I t  should be noted that  the specific 
activity for ferricyanide was about 5 times faster than for p-benzoquinone at each 
optimal pH. 

Effect of cysteine on the copper-treated lipoanlide dehydrogenase was studied 
by Casola et al. 6. From Table I it can be seen that  the changes in the electron transfer 
mechanism brought about by the reaction with Cu ~+ was reversed to a large extent 
by  t reatment  with cysteine, being accompanied with a decrease in the N A D H - D C I P  
activity. Correlation between the N A D H - D C I P  activity and the value of K was also 
observed when the elhzyme was treated with phenylmercuric acetate, N-ethyl- 
maleimide and NADH + arsenite. The results are summarized in Table II.  
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Fig. 7. Effect of p H  on NADH-fer r icyanide  reductase activity of native and copper-treated lipo- 
amide dehydrogenases.  NADH-fer r icyanide  activity was measured spectrophotometr ical ly at 
24o nm, with the use of emM of 1.O 5 for ferricyanide. Concentrat ions:  o.o 5/~M native (@) or 
copper- treated ( 0 )  enzyme, 2oo ~uM NADH,  7o0 FM ferricyanide and o.o8 M buffers. 

TABLE I 

E F F E C T  O F  C Y S T E I N E  ON C O P P E R - T R E A T E D  L I P O A M I D E  D E H Y D R O G E N A S E  

Copper- t rea tment  and cysteine dialysis were performed according to Casola et al. 6. The enzyme 
was treated wi th  Cu 2+ as described in Materials and Methods and the reaction was s topped by  
addition of excess EDTA. The copper-treated enzyme was dialyzed against o.o3 M potass ium 
phosphate  (pH 7.6) containing 3 mM EDTA and 3 ° mM cysteine, and finally against the same 
solution wi thout  cysteine. 

DCIP  activity* NADH-p-benzo- Cytochrome c t~** 
quinone activity reduction 
(moles~FAD per s) (moles~FAD per s) 

Expt • 

Native i 65o 6. 9 2.4o o.35 
Copper-treated (25 rain) 18 700 15.o 26.o 1.73 

Cysteine dialysis 3 320 9.9 5.56 0.56 

Expt 2 

Native I 88o 7.4 2.25 o.3 ° 
Copper-treated (5 ° rain) 21 ooo i4.o 25.o 1.78 

Cysteine dialysis 9 15o i i. 7 9.7 0.83 

* The uni t  of activity was defined by  Savage 21 as a change in absorbance at 6oo nm of 
o.oi  per min. DCIP  activity used here was units  per ml of enzyme divided by  the absorbance of 
the enzyme at  455 nm6. 

" ~a t io  of the rate of cytochrome c reduction to t ha t  of N A D H  oxidation (see Fig. 4)- 
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T A B L E  I I  

E F F E C T  OF V A R I O U S  S U L F H Y D R Y L  R E A G E N T S  ON D C I P  A C T I V I T Y  A N D  K V A L U E  

255 

Treatment  D C I P  aclvity* K value 

Nat ive  enzyme i 5oo o.31 
E n z y m e  incuba ted  wi th  2 equ iv  pheny lmercur i c  ace ta te  

in o. 3 mM E D T A - o . o  3 M phospha te  (pH 7.6) a t  c °C for 2 h 16 50o 1.65 
E n z y m e  incuba ted  wi th  4 equiv  N -e thy lm a le im ide  

in o.1 M phospha t e  (pH 6.5) a t  o °C for 2 h z6 ooo 1.6o 
E n z y m e  incuba t ed  wi th  o. 4 mM N A D H  + i mM arseni te  

in o.o 3 M phospha te  (pH 6.3) a t  o ~'C 21 ooo 1.75 
Copper- t rea ted  enzyme prepared  as described 

in Mater ia ls  and Methods 25 ooo 2.o 

" See first footnote  of Table  I. 

DISCUSSION 

I t  has been reported ~-: that  there is correlation between the loss of N A D H -  
lipoamide reductase activity and the emergence of N A D H - D C I P  reductase activity 
when the enzyme is modified with sulfhydlyl reagents. The treatment of lipoamide 
dehydrogenase with Cu 2+ causes striking changes in its diaphorase activity. These 
changes can be measured in terms of the N A D H - D C I P  activity at neutral pH, but 
it is evident from the present results that  the changes should not be called, in the 
strict sense, the emergence of diaphorase activity. The typical alkaline shift of pH- 
activity curves does occur when sulfhydryl groups of the enzyme are oxidized in the 
presence of Cu 2+ though this may not he the case for other sulfhydryl modifications. 
A characteristic and common change caused by the modification of sulfhydryl and 
functional disulfide groups is a shift of electron transfer mechanism. This change can 
be measured in terms of K value. From the data shown in Tables I and II, it would be 
concluded that  for all modified enzymes there is rough correlation between the value 
of K and the rate of N A D H - D C I P  reductase reaction measured at neutral pH. 

A number of mechanisms have been proposed for lipoamide dehydrogenase 
reaction 5,7,14-Is. These reaction schemes have been presented as working hypotheses 
to explain spectral and activity changes caused by the modification of disulfide and 
sulfhydryl groups of the enzyme. The hypotheses have some common features which 
can be very roughly summarized as shown in Fig. 8. An intermediate involving a 

--Modified Enzyme ~ N o t i v e  E n z y m e -  

O OH. O 

Eig. 8. T e n t a t i v e  scheme which  shows the  role of a func t iona l  disulfide group in the  d iaphorase  
reac t ion  of l ipoamide  dehydrogenase .  I n t e r m e d i a t e  I I  has  been supposed to  be a cha rge - t r ans f e r  
comp lex  or a d imer  of free radicals .  Cross signs i m p l y  t h a t  in te rac t ion  be tween  FAD and  disulfide 
group is lost. 
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specific interaction between the dithiol and flavin is considered to be responsible 
for the absorption peak at 53o-535 nm in a reduced form of the native enzyme. Since 
the kinetic study by Massey et al. 22 it has been confirmed by many workers that  this 
form is a catalytically active intermediate in the physiological reaction. Casola and 
Massey 7 have reported that  this spectral species disappears upon the modification 
not only of a functional disulfide group but also of sulfhydryl groups. Experimental  
evidence in support of the correlation between sulfhydryl and functional disulfide 
groups has not yet been obtained 7. 

Searls and Sanadi 3 suggested that  NADH reduces the enzyme to form Inter- 
mediates I I  and I I I  which are in equilibrium (Fig. 8), the tormer being responsible 
for the physiological reaction and the latter for the diaphorase reaction. The present 
results will suggest two types of the mechanism for diaphorase reaction of the native 
enzyme. Based on the scheme proposed by Searls and Sanadi 3, it might be concluded 
that  Intermediate I I  reduces p-benzoquinone by the two-electron mechanism while 
Intermediate I I I  reduces p-benzoquinone by the one-electron mechanism. This 
hypothesis seems very attractive but the possibility cannot be neglected that  Inter- 
mediate I f  is the sole intermediate for the physiological and diaphorase reactions. 
In this case Intermediate I I  will transfer electrons to p-benzoquinone by a mixed 
mechanism in which K = 0.3. Contrary to tile hypothesis of Searls and Sanadi, it 
would appear that  Intermediate I I  participates also in the diaphorase activity. For 
the phenylmercuric acetate-treated enzyme Casola and Massey 7 have shown that  the 
fully reduced form of flavin may be an intermediate that  reacts with DCIP. According 
to Veeger and Massey 23 in the case of the copper-treated enzyme, however, the for- 
mation of fully reduced flavin by NADH appears to be too slow to be involved in 
the diaphorase mechanism. The detail analysis needs further kinetic experiments 
which are now in progress in this laboratory. 

The typical one-electron transfer mechanism has been found to be involved 
in the diaphorase reactions catalyzed by flavoproteins present in electron transport 
particles n,12. The only flavoprotein dehydrogenase that  is known to catalyze a typical 
two-electron transfer from the enzyme to p-benzoquinone is DT-diaphorase. I t  was 
suggested 12 that  this might be most characteristic feature of the DT-diaphorase in 
comparison with many other flavoprotein dehydrogenases which catalyze the reduc- 
tion of quinones. Though the factors which differentiate such electron-transfer mecha- 
nisms are still hypothetical the present study will represent the following possibilities. 
The participation of sulfide in the reduced form of the flavin might facilitate two- 
electron transfer to p-benzoquinone by lowering the redox potential of the enzyme 
or by destabilizing a one-equivalent reduced form of the enzyme. Any changes in 
polarity which occur at the reaction site between flavin and acceptor might affect 
the mode of electron transfer reactions. A slight spectral shift of the flavin upon the 
t reatment  with Cu 2+ reported by Veeger et al. ~9,2~ and Casola et al. ~ might indicate 
that  the modified conformations have their FAD bound in a more polar environ- 
ment 20. 

Dramatic shifts of the pH-ae t iv i ty  curve by treatment with Cu ~+ might suggest 
an involvement of ionizable groups in the diaphorase activity. However, it seems 
unlikely that  there is direct correlation between changes in the pK of the ionizable 
group and the mechanism of electron transfer from the enzyme to p-benzoquinone. 
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