
42 

Biochimica et  Biophysica Acta, 526 ( 1 9 7 8 )  42- -51  
© E l sev ie r /Nor th -Hol l and  Biomedica l  Press 

BBA 6 8 5 2 4  

SOLUBLE NADH-CYTOCHROME bs REDUCTASE FROM RABBIT LIVER 
CYTOSOL: PARTIAL PURIFICATION AND CHARACTERIZATION 

D. L O S T A N L E N ,  A. V I E I R A  DE B A R R O S ,  A. L E R O U X  * and  J.C. K A P L A N  

C.H.U. Cochin-Port Royal, Inst i tut  de Pathologie Moldculaire, INSERM U. 129, 75674 
Paris Cedex 14 (France) 

( R e c e i v e d  J a n u a r y  17 th ,  1978)  

Summary 

A soluble form of NADH-cytochrome bs reductase (NADH:ferricytochrome 
bs oxidoreductase, EC 1.6.2.2) was found in the cytosolic fraction of rabbit 
liver. The partially purified enzyme was strictly specific for NADH. It catalyzed 
the reduction of several substrates such as the methemoglobin • ferrocyanide 
complex (Hegesh, E. and Avron, M. (1967) Biochim. Biophys. Acta 146, 
91--101) (apparent Kin: 8 pM), potassium ferricyanide (apparent Kin: 10 pM) 
and ferricytochrome b5 (apparent Km: 15 pM). Upon acrylamide gel isoelectro- 
focusing followed by specific staining, the enzyme was resolved into four bands 
(isoelectric pH: 7.05, 6.70, 6.50 and 6.30). The optimum pH of activity with 
ferricytochrome bs as a substrate was 6.5. The estimated molecular weight was 
25 000--30 000. The enzyme was unsensitive to cyanide. It was strongly inhib- 
ited by p-hydroxymercuribenzoate. The cytosolic liver cytochrome b5 reduc- 
tase was immunologically related to the soluble cytochrome bs reductase from 
human and rabbit red-cells, and to the microsomal cytochrome bs reductase 
from rabbit liver. 

Introduction 

It was recently demonstrated in man [1,2] and other animals [3,4] that the 
enzyme which promotes the reduction of methemoglobin in the erythrocytes: 
methemoglobin reductase, or NADH-diaphorase [5] is actually a soluble 
NADH-cytochrome bs reductase (NADH:ferricytochrome bs oxidoreductase, 
EC 1.6.2.2). It was also shown that the soluble cytochrome bs reductase iso- 
lated from human and animal red cells and human placenta cytosol was immu- 
nologically related to the enzyme isolated from animal liver microsomes and 
human placenta microsomes [2--4]. 

* Present address: Department of  Biology, M.I.T., Cambridge, Mass. 02139, U.S.A. 
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Therefore there are at least two subcellular 10calizations of  NADH-cyto- 
chrome bs reductase: one is microsomal [6],  the::other is soluble and present in 
the cytosol.  Both forms are ubiquitous ['7] arid coded by  a single gene [8--10].  
In the present s tudy we report  on the isolation and characterization of  the 
soluble NADH-cytochrome bs reductase in the cytosolic fraction of rabbit  liver. 

Materials 

Phenylmethyl  sulfonyl fluoride, NADH, NADPH, 2,6-dichlorophenol indo- 
phenol, 3-(4,5<iimethyl thiazolyl-2)-2,5 diphenyl tetrazolium bromide, Triton 
X-100, dicumarol, para-hydroxymercuribenzoate were purchased from Sigma. 

DEAE-cellulose 52, Biogel P 60 and Hypati te  C were respectively obtained 
from Whatman, Biorad and Clarkson Chemical Company. 

Methods 

Preparation of cytochrome bs. Cytochrome bs was purified to homogenei ty  
from rabbit liver microsomes after solubilization by  trypsin according to  the 
method of  Omura and Takesue [11].  

Enzyme assays. NADH-methemoglobin • ferrocyanide reductase activity was 
assayed according to the method of  Hegesh et al. [12] using the methemoglo- 
bin • ferrocyanide complex as electron acceptor [13].  NADH-diaphorase activ- 
ity was measured according to the method of  Scot t  and McGraw [5],  using 
2,6<lichlorophenol indophenol as a final electron acceptor. NADH-ferricyanide 
reductase activity was assayed according to the method of  Zamudio and Ca- 
nessa [14],  using potassium ferricyanide as electron acceptor. NADH-cyto- 
chrome bs reductase activity was assayed according to Leroux et al. [2]. The 
velocity was defined as the apparent first order rate constant  k (min-i). Results 
are expressed as k • mg protein -l. 

DT diaphorase was assayed according to the method of Ernster [15],  based 
on the complete  inhibition of  t h e e n z y m e  by 1 pM dicumarol. NADPH-cyto- 
chrome c reductase was assayed according to Yasukochi and Masters [16].  

Polyacrylamide gel electrophoresis. This was carried out  according to the 
method of  Ornstein [17],  using a 7.5% acrylamide gel with 2 mA per tube for 
2 h at 4°C. The cathode buffer  contained 0.05 M Tris/glycine buffer  (pH 9.2) 
and the anode buffer  contained 0.1 M Tris/HCl buffer  (9.2). The NADH- 
diaphorase was located by  specific staining according to the method of Kaplan 
and Beutler [18] using a mixture composed of  1.2 mM 3-(4,5-dimethyl 
thiazoyl-2)-2,5-diphenyl tetrazolium-bromide, 0.06 mM 2,6-dichlorophenol 
indophenol and 1.3 mM NADH in a 0.25 M Tris • HC1 buffer  pH 8.4. Proteins 
were stained with Coomassie Blue. 

Isoelectric focusing. This was carried out  according to the method of Drys- 
dale et  al. [19].  The electrophoresis was performed at 4°C for 4 h with a con- 
stant voltage of  400 V using 2% ampholine carrier in the 3.5--10 pH range. The 
gels were stained for NADH-diaphorase activity as described above. 

Immunological methods. Chicken anti-human-red-cell NADH-methemoglo- 
bin reductase was prepared as described previously [7]. Baseline activities of  
the enzymes were made equal before incubation with antiserum. The samples 
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were preincubated with varying amounts of antibody in the incubation mixture 
(the final volume brought to 60 ~1 with saline) for 30 min at 37°C and 12 h at 
4°C. Residual activities were assayed according to the method of Hegesh et al. 
[12]. In control experiments, antiserum was replaced by serum from a non- 
immunized chicken. 

Molecular weight determination. Two methods were employed to estimate 
the molecular weight of the cytosolic enzyme. The purified enzyme was sub- 
jected to Biogel P-60 chromatography on a column (93 ; 3 cm)equi l ibrated 
with 10 mM potassium phosphate buffer pH 6.4. Hemoglobin (mol. wt. 
64 000), ovalbumin (mol. wt. 45 000), cytochrome c (mol. wt. 12 500) were 
used as reference compounds.  The void volume was determined with Blue 
Dextran. Linear plots of Ve/Vo vs. log mol. wt. were obtained. The molecular 
weight of the enzyme was also determined by sucrose density centrifugation, 
as described by Martin and Ames [20] in a linear 5--20% sucrose gradient. 
Glucose oxidase (mol. wt 153 000), hemoglobin and cytochrome c were used 
as marker proteins. 

Partial purification of soluble NADH-cytochrome bs reductase. Livers from 
overnight fasted rabbits were perfused with 0.9% NaC1 containing 0.25 mM 
phenylmethyl  sulfonyl fluoride. About 400 g liver were homogenized in 0.25 M 
saccharose in a 1 mM Tris • HCI buffer (pH 7.0)/1 mM EDTA/1 mM phenyl- 
methyl  sulfonyl fluoride, and centrifuged at 800 ~ g to discard nuclei and cellu- 
lar debris. The supernatant was subsequently centrifuged at 8000 :<g for 15 
min and the pellet was discarded. The supernatant was then submitted to cen- 
trifugation at 105 000 X g for 90 min. All experiments were carried out at 4°C. 
The supernatant,  devoid of NADPH-cytochrome c reductase activity, was used 
as starting material for the purification procedure which comprised the follow- 
ing steps: 

(NH4)~SO4 was added to the cytosol to 40% saturation (240 g/l); the mixture 
was stirred for 60 min, then centrifuged for 20 min at 30 000 ~ g. The superna- 
tant  was collected and (NH4)~SO4 was added to 75% saturation (245 g/l). The 
mixture was stirred overnight; the precipitate collected by centrifugation was 
suspended in a minimal volume of buffer and extensively dialysed against 10 
mM potassium phosphate buffer (pH 6.4). 

The preparation (3020 mg protein) was layered onto a DEAE-cellulose 52 
column (93 < 3 cm) equilibrated with 10 mM phosphate buffer (pH 6.4). The 
column was washed with the same buffer at a flow rate of 38 ml/h. The 
enzyme was eluted with a linear 10--300 mM gradient of phosphate buffer (pH 
6.4). Active fractions were collected and concentrated by ultrafiltration. 

The preparation (464 mg protein) was applied to a Biogel P-60 column 
(90 Y 3 cm) equilibrated with 10 mM phosphate buffer (pH 6.4). The active 
fractions were pooled and concentrated. 

The enzyme preparation was layered on a Hypatite C column (15 :< 1.3 cm) 
equilibrated with the same buffer. The column was washed, and the enzyme 
was eluted stepwise with a 40, 70 ,100  mM gradient. The active fraction was in 
the 70 mM buffer. 

Throughout  the whole procedure, the presence of enzyme was monitored by 
the NADH-methemoglobin • ferrocyanide reductase assay [ 12 ], • 

Other methods. Microsomal cytochrome bs reductase was studied after solu- 
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bilization of  rabbit  liver 105 000 ×g pellet with Triton X-100 (0.1% final). The 
soluble cytochrome bs reductase from rabbit erythrocytes  was studied in a 
destromatized 1 : 10 hemolysate.  

The protein concentrat ion was determined by the method of Lowry using 
bovine serum albumin as a standard [21] .  

Results 

1. Purification of soluble NADH-cytochrome bs reductase 
In the final preparation, the specific activity of  the cytosolic liver enzyme 

was 1.69 units/mg protein with the methemoglob in ,  ferrocyanide reductase 
assay and 46.0 (k) per mg protein with the cytochrome bs reductase assay 
(Tables I and II). Only slight contamination by other proteins was found after 
disc electrophoresis in 7.5% polyacrylamide gel. The final enzymatic prepara- 
tion was devoid of  DT Diaphorase (Table I), a dicumarol-sensitive enzyme 
which represented about  half of the total NADH-diaphorase activity in the 
starting cytosol.  

The purified enzyme could be kept  frozen at --20°C for several months with- 
out  any loss of activity. 

Properties 
(a) Substrate specificity and kinetic data. As shown in Table II, purified 

cytochrome bs reductase catalyses the reduction of the methemoglobin • ferro- 
cyanide complex of Hegesh et al. [13],  ferricyanide, 2,6-dichlorophenol indo- 
phenol and cytochrome bs. The enzyme exhibited strict specificity for NADH. 

The apparent K m for the methemoglobin • ferrocyanide complex of Hegesh, 
potassium ferricyanide and cytochrome bs were 8, 10 and 15 tiM respectively 
(Table III). 

(b) Effect of  inhibitors. The effect  of several inhibitors on the cytosolic 
cytochrome bs reductase was examined (Table IV). The enzyme was inhibited 
by  para-hydroxymercuribenzoate. Potassium cyanide and atebrine had no 
effect  on the rate of reduction of  the methemoglobin • ferrocyanide complex 
or of  2,6<lichlorophenol indophenol.  

(c) Molecular weight estimation. The molecular weight of  the cytosolic 
reductase was estimated to about  30 000 by Bi0gel P-60 chromatography and 
25 000 on a linear (5--20%) sucrose density gradient. 

(d) pH curve. The pH activity dependence was studied in three different buf- 
fers (Fig. 1): 50 mM triethanolamine hydrochloride/NaOH, 50 mM Tris/bis 
Tris.  HC1, and 50 mM potassium phosphate. The pH curve of the reductase 
with cytochrome bs as a substrate showed an optimal pH at 6.5 with Tris/bis 
Tris buffer and phosphate buffer.  With triethanolamine the maximum was 
shifted to pH 7.0. 

(e) Electrophoretic studies. Fig. 2 shows the electrophoresis pattern of cyto- 
solic and microsomal cy tochrome b s reductase from liver and erythrocyte  
soluble enzyme stained as NADH-diaphorase. The two soluble enzymes exhib- 
ited two common bands (A and B). An additional more cathodic band (C) was 
found for the erythrocyte  enzyme. A single slow-moving band (D) was 
observed for the microsomal enzyme solubilized by  Triton X-100 which hardly 
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T A B L E  II  

SPECIFIC  A C T I V I T Y  OF P U R I F I E D  E N Z Y M E  F O R  E L E C T R O N  D O N O R S  A N D  A C C E P T O R S  

Cond i t ions  were  those  desc r ibed  in Methods .  Each  assay s y s t e m  co n t a in ed  8 /zg o f  pur i f ied  e n z y m e  in a 

final v o l u m e  o f  1 ml.  

A c c e p t o r  Concen-  D o n o r  Concen-  

t r a t i o n  t r a t i o n  
( m M )  ( m M )  

Specific ac t iv i ty  

(bLmol s u b s t r a t e / m i n  p e r  m g  p ro t e in )  

M e t h e m o g l o b i n  • 0 . 018  N A D H  0 .15  1.69 
fe r rocy  anide c o m p l e x  N A D P H  0 .15  0 

Ferr icy  anide 0 .33  N A D H  0 .20  0 .11  

N A D P H  0 .20  0 

2,6 d i c h l o r o p h e n o l  0 .10  N A D H  0 .10  0 .73  
i n d o p h e n o l  N A D P H  0 .10  0 

C y t o c h r o m e  b 5 0.01 N A D H  0.10 46 .0  * 
N A D P H  0 .10  0 

* Act iv i ty  expressed  as first ra te  o r d e r  cons t an t  (k)  pe r  m g  p ro te in .  

T A B L E  I I I  

K m D E T E R M I N A T I O N  

Assay cond i t i ons  were  desc r ibed  in Methods .  The  a m o u n t  o f  e n z y m e  was  8 #g in 1 ml  final v o l u m e .  
A p p a r e n t  K m was  o b t a i n e d  f r o m  L ine we a ve r -Burk  p lo ts ,  w i th  m e t h e m o g l o b i n  • f e r r o e y a n i d e  c o m p l e x  an d  
p o t a s s i u m  fe r r i eyan ide  as e l ec t ron  a c e e p to r ;  the  c o n c e n t r a t i o n  range  was  f r o m  0 .007  to 0 . 0 3 0  m M  wi th  
the  m e t h e m o g l o b i n  • f e r r o c y a n i d e  c o m p l e x  and  f r o m  0 . 0 5  to 0 .60  m M  w i t h  p o t a s s i u m  fer r ieyanide .  The  
c o n c e n t r a t i o n  o f  c y t o e h r o m e  b 5 was  10/~M and the  K m value was  ca lcu la ted  using the  i n t eg ra t ed  f o r m  o f  
the  Michaelis equa t i on .  

E l ec t ron  a e c e p t o r  E l ec t ron  d o n o r  A p p a r e n t  K m for  a c c e p t o r  M 

N A D H  (raM) 

M e t h e m o g l o b i n  • f e r r o c y a n i d e  c o m p l e x  0 .15  8 • 10 -6 
Po tass ium fe r r i cyan ide  0 .20  10 • 10 -6 

C y t o c h r o m e  b 5 0 .10  1.5 • 10  -s  

T A B L E  IV 

E F F E C T S  OF I N H I B I T O R S  ON L I V E R  C Y T O S O L I C  C Y T O C H R O M E  b S R E D U C T A S E  

I n c u b a t i o n  o f  the  e n z y m e  wi th  each o f  the  c o m p o u n d s  l is ted was  car r ied  o u t  for  15 m i n  in the  s t anda rd  
assay m i x t u r e .  The  a m o u n t  o f  e n z y m e  a dde d  was  8 /~g in a final v o l u m e  o f  1 ml.  The  ~ffect  of  cy an id e  
cou ld  n o t  be  inves t iga ted  wi th  the  m e t h e m o g l o b i n  • f e r r o c y a n i d e  c o m p l e x  as a subs t ra t e  because  o f  t h e  
f o r m a t i o n  o f  c y a n m e t h e m o g l o b i n .  

Inh ib i to r s  Conceno A c c e p t o r s  
t r a t i o n  
(mM)  M e t h e m o g l o b i n  • 

f e r r o c y a n i d e  c o m p l e x  
2,6 d i c h l o r o p h e n o l  
i n d o p h e n o l  

N o n e  100 100 

p - h y d r o x y m e r c u ~ i b e n z o a t e  0.1 0 0 
0 . 0 1  38  2 5  

Po ta s s ium cyan i de  1 - -  97  

A t e b r i n e  (qu inac r ine )  1 98  100 
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penetrated the gel. This may be explained by the tendency of  the detergent- 
treated enzyme to form aggregates. 

Isoelectric focusing of  the liver cytosolic purified enzyme showed four bands 
with an isoelectric pH of  7.05, 6.7, 6.5, 6.3; the major band had an isoelectric 
pH of  6.7. With the erythrocyte extract, the same bands were observed and an 
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F i g .  2.  P o l y a c r y l a m i d e  ge l  e l e c t r o p h o r e s i s  o f  s e m i - p u r i f i e d  c y t o s o l i c  c y t o c h r o m e  b 5 r e d u c t a s e  ( I ) ,  d e t e r -  
g e n t - s o l u b l l i z e d  m i c r o s o m a l  c y t o c h r o m e  b 5 r e d u c t a s e  ( I I )  f r o m  r a b b i t  l ive r ,  a n d  r a b b i t  r e d - c e l l  h e m o l y s -  
a t e  ( I I I ) .  T h e  e n z y m e  w a s  s t a i n e d  as  N A D H  d i a p h o r a s e  [ 1 8 ] .  P r i o r  t o  e l e c t r o p h o r e s i s ,  e a c h  e n z y m e  p r e -  
p a r a t i o n  w a s  p r e i n c u b a t e d  w i t h :  (a )  s a l i n e ,  (b )  n o r m a l  c h i c k e n  s e r u m ,  (c )  c h i c k e n  a n t i s e r u m  d i r e c t e d  
a g a i n s t  h u m a n  r e d - c e l l  m e t h e m o g l o b i n  r e d u c t a s e .  B a n d s  A,  C,  D a re  s p e c i f i c a l l y  e x t i n g u i s h e d  b y  p r e i n c u -  
b a t i o n  w i t h  t h e  a n t i s e r u m .  T h e  s i g n i f i c a n c e  o f  b a n d  B is  n o t  c l e a r  s i n c e  i t  w a s  a l so  i n h i b i t e d  b y  n o r m a l  
c h i c k e n  s e r u m .  
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10 15 p l  a n t i s e r u m  

Fig.  3. I n a c t i v a t i o n  of  cy toso l i c ,  m i c r o s o m a l  and  red-cell  e n z y m e s  by  c h i c k e n  a n t i s e r u m  p r e p a r e d  against 
h u m a n  red-cell  m e t h e m o g l o b i n  r e d u c t a s e .  Assay  c o n d i t i o n s  are d e s c r i b e d  in  Methods .  The  resu l t s  are 

expressed  as p e r c e n t a g e  of  the  ac t i v i t y  m e a s u r e d  in  c o n t r o l  e x p e r i m e n t s .  ~ v ,  cy toso l i c  c y t o c h r o m e  
b 5 r e d u c t a s e  f r o m  r a b b i t  l iver;  a . . . . . .  a,  d e t e r g e n t - s o l u b i l i z e d  m i c r o s o m a l  c y t o c h r o m e  b s r e d u c t a s e  
f r o m  r a b b i t  l iver;  o . . . . . .  o, r a b b i t  red-cel l  c y t o c h r o m e  b 5 r e duc t a se .  

additional band with isoelectric pH 8.0 was found. The microsomal enzyme 
exhibited isoelectric pH of  8.6 and traces at 6.7, 6.5 and 6.3. 

(f) Immunological studies. The effect  of antihuman red-cell methemoglobin 
reductase antiserum on cytosolic,  microsomal and red-cell enzymes was deter- 
mined. Fig. 3 shows that the inactivation curve obtained was nearly identical 
for these three enzymes. 

Upon polyacrylamide gel electrophoresis (Fig. 2), no bands with NADH dia- 
phorase activity were seen when the samples were preincubated with the anti- 
serum. 

Discussion 

Preliminary studies from our laboratory had suggested, on electrophoretic 
and immunologic grounds, that  the NADH-dependent  enzyme which promotes  
methemoglobin reduction in the red cells (so-called methemoglobin reductase 
or NADH diaphorase) was actually ubiquitously distributed [7].  Since the red  
cell enzyme was identified by Passon and Hultquist  [1] as a soluble form of 
NADH-cytochrome bs reductase, it became evident that  the actual nature of 
this ubiquitous soluble enzyme was that  of  a soluble cy tochrome bs reductase. 

This was indeed proved by subsequent  studies showing that  the cytosolic 
fraction of  placenta contained a soluble enzyme which was indistinguishable 
from the red cell enzyme,  and very similar to the microsomal cy tochrome b5 
reductase from placenta [2].  These studies were conducted in human tissues. It 
was interesting to know whether  in animals the soluble enzyme could also be 
found.  
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Cytochrome bs and cytochrome bs reductase have already been described in 
different cellular compartments  such as endoplasmic reticulum, outer  mem- 
brane of  mitochondria,  Golgi apparatus and nuclear membranes [22]. In a pre- 
vious report  [23],  we found evidence that rat liver cytosol does contain soluble 
cytochrome bs reductase. This enzyme was now partially purified and charac- 
terized in rabbit liver cytosol.  That this enti ty is not  a mere artifact is indicated 
by the following results: 

(i) the cytosolic fraction was not  substantially contaminated by  microsomes 
since it was devoid of  NADPH-cytochrome c reductase activity; 

(ii) repeated washings of the microsomal pellet did not  release the microso- 
mal cytochrome b5 reductase which is known to be strongly attached to the 
endoplasmic reticulum; 

(iii) since it had been shown that microsomal cy tochrome bs reductase is 
selectively released by lysosomal cathepsin [24--26],  it was also imperative to 
check whether  this phenomenon could have occurred during the preparation of 
our cytosolic fraction. In control  experiments we incubated equal weights of 
microsomes and lysosomes (on a protein basis} in the same medium as that 
used for subcellular fractionation (see Materials and Methods}. After 1 h of 
incubation at 4°C there was no detectable release of cy tochrome b5 reductase 
in the 105 000 ×g supernatant.  This indicates that  the soluble cytochrome b5 
reductase which we isolated from liver cytosol  could not  result from an in vitro 
accidental lysosomal digestion. 

That this enti ty is not  DT Diaphorase, a soluble enzyme described by Ernster 
in liver cytosol  [15],  is indicated by its inability to accept electrons from 
NADPH, and its lack of  sensitivity towards dicumarol. Conversely DT Diaphor- 
ase is devoid of  cy tochrome bs reductase activity [15]. 

This enti ty might be identical to the enzyme from rabbit liver briefly 
reported by  Zinsmeyer et al. [27]. 

Its characteristics were strikingly similar to the rabbit  and human red cell 
enzyme and to the rabbit  liver microsomal cy tochrome bs reductase. It is likely 
that the soluble cytosolic cy tochrome bs reductase derives from the microso- 
mal enzyme. The in vitro proteolyt ic  processing of  this amphipathic molecule 
could result in a hydrophilic protein, with a mol. wt  of about  30 000, similar to 
the soluble protein obtained by  proteolyt ic  digestion of  the microsomal 
enzyme [28--30].  

The hypothesis  that  the cytosolic soluble cytochrome bs reductase is a post- 
translational product  of  the microsomal enzyme is also the only explanation of  
our finding of  a concomitant  defect  of  both  entities in congenital methemoglo- 
binemia type  I!, with severe encephalopathy [8,9].  Both entities are coded for 
by  a single gene, DIAl, which was recently localized on human chromosome 22 
[10,31].  We assume that  the soluble cy tochrome b5 reductase which we 
described here is identical to the DIAl gene product  (soluble NADH-diaphor- 
ase) which has already been described in the erythrocytes  and several different 
human tissues including fibroblasts [1,2,7,10,31,32].  Further studies are 
needed to provide insight on the mechanism of  post-translational maturation of 
the primary gene product ,  i.e. the microsomal cy tochrome bs reductase, into 
its soluble hydrophilic derivative. Another question, still unsolved, is the role 
of  such an enzyme in the cytosolic compar tment  of liver. 
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