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Rotation of Cytochrome P-450 
COMPLEX  FORMATION  OF  CYTOCHROME  P-450  WITH  NADPH-CYTOCHROME  P-450  REDUCTASE  IN 
LIPOSOMES  DEMONSTRATED BY COMBINING  PROTEIN  ROTATION  WITH  ANTIBODY-INDUCED  CROSS- 
LINKING* 
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Purified rat liver microsomal  cytochrome P-450  and 
NADPH-cytochrome P-450  reductase  were co-recon- 
stituted  in phosphatidylcholine-phosphatidylethanol- 
amine-phosphatidylserine vesicles by a cholate  dialysis 
technique.  Rotational  diffusion of cytochrome P-450 
was measured by detecting  the  decay of absorption 
anisotropy r(t) ,  after photolysis of the heme*CO com- 
plex by a  vertically  polarized  laser  flash. All cyto- 
chrome  P-450  was found  to  be  rotationally mobile 
when  co-reconstituted  with  equimolar  amounts of 
NADPH-cytochrome P-450 reductase  in  lipid  to  cyto- 
chrome  P-450 ((L/p450) = 1 (w/w)) vesicles. Antibodies 
against NADPH-cytochrome P-450  reductase  were 
raised.  Their  specificity  was  demonstrated by Ouchter- 
lony  double  diffusion  analysis.  Antireductase Fab  frag- 
ments  were  prepared  from  antireductase IgG by papain 
digestion. TheN-demethylation of benzphetamine, cat- 
alyzed by the proteoliposomes, was  significantly  inhib- 
ited by antireductase IgG and by antireductase  Fab 
fragments.  Cross-linking of NADPH-cytochrome P- 
450  reductase by antireductase IgG resulted  in com- 
plete  immobilization of cytochrome P-450  in L/P450 = 
1 vesicles. Antireductase IgG also immobilized cyto- 
chrome  P-450  in LIP450 = 5 vesicles, although the 
degree of immobilization was  slightly smaller. No im- 
mobilization of cytochrome P-450  in L/P450 = 1 vesicles 
was  detected  in  the  presence of antireductase  Fab  frag- 
ments or preimmune IgG. These  results  further  support 
the proposal of the  formation of monomolecular com- 
plexes  between  cytochrome P-450  and NADPH-cyto- 
chrome P-450 reductase  in liposomal membranes  (Gut, 
J., Richter, C., Cherry, R. J., Winterhalter, K. H., and 
Kawato, S .  (1982) J. Biol. Chem. 257,7030-7036). 

Cytochrome P-450  and  NADPH-cytochrome  P-450 reduc- 
tase  are key enzymes of the  hepatic microsomal  monooxygen- 
ase  system catalyzing the oxidative  metabolism of various 
xenobiotics and endogenous substrates (1-3). These enzymes 
are also  involved  in the  biotransformation of physiologically 
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important  compounds  such as fatty acids, prostaglandins, 
leukotrienes, and steroids.  Cytochrome P-450  is deeply  imbed- 
ded  in  the microsomal membrane  (4) while NADPH-cyto- 
chrome  P-450 reductase (M,  - 78,000) is  anchored  to  this 
membrane by a small hydrophobic segment (Mr - 6,000- 
10,000) (5).  The hydrophilic part of the reductase molecule 
protrudes from the  membrane  into  the cytoplasm. 

The odd stoichiometry  (up  to 20-30 cytochrome P-450 
molecules per 1 reductase molecule) and  the topology of the 
two  enzymes within  the  membrane  both raised questions 
concerning  the  mechanism of electron  transfer  from  NADPH 
via the  reductase  to  the cytochrome and  the  functional  inter- 
action of the two proteins  in  the monooxygenase  system. 
Essentially two mechanisms of electron  transfer between 
NADPH-cytochrome  P-450  reductase  and cytochrome P-450 
can be envisaged: one is transfer  within a stable complex, the 
other  is  electron  transfer by random collisions of rotationally 
and  laterally diffusing proteins.  In  recent years,  several  dif- 
ferent models have  been  proposed for  the mode of interaction 
of NADPH-cytochrome  P-450 reductase and cytochrome P- 
450 in  the microsomal membrane. Based on  the  kinetics  and 
extent of cytochrome reduction  in microsomes, in which the 
reductase  activity  had been partially  inhibited or stimulated, 
Franklin  and  Estabrook (6) postulated a rigid arrangement of 
reductase  and cytochrome (“cluster”)  in  the  membrane, 
whereas Yang’s group (7 )  proposed an  interaction by random 
collisions. Based on  temperature-dependent biphasic  reduc- 
tion  kinetics,  Peterson et al. (8)  postulated a modified “cluster 
model” where  a number of cytochrome molecules were 
grouped around a centrally located reductase molecule. Rapid 
phase reduction  was thought  to reflect clustered cytochrome 
molecules, whereas slow phase reduction was thought  to  result 
from reduction of unaggregated satellite cytochrome mole- 
cules  upon lateral diffusion and collision. Measurements of 
reduction kinetics  and  substrate hydroxylation in  reconsti- 
tuted  systems led Sat0  and co-workers (9) to suggest that 
random collision of cytochrome P-450  and  reductase is re- 
sponsible for  their  functional  interaction.  This view was sup- 
ported by Ingelmann-Sundberg  and  Johansson  (10). 

So far, few studies have  been performed for direct measure- 
ments of protein-protein  interactions between  enzymes of the 
hepatic monooxygenase system (11-14). We have recently 
reported  the  rotational diffusion of cytochrome P-450  in 
microsomal and liposomal membranes,  detected by measuring 
the decay of absorption  anisotropy  after photolysis of the 
heme- CO complex of cytochrome  P-450 (11, 15, 16). The 
rotational mobility of cytochrome  P-450  in proteoliposomes 
was shown to be dependent  on  the L/P450’ ratio. All cyto- 

The  abbreviations used  are: L/Pm, lipid to cytochrome P-450 (w/ 
w) ratio;  P-450/reductase,  cytochrome  P-450  to  reductase  (mol/mol) 
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chrome P-450 was  rapidly  rotating in lipid-rich  vesicles of L/ 
P450 = 30 having a mean rotational relaxation time -50 p s  
within the experimental time range of 500 ps.  Decreasing the 
lipid to protein ratio to L/P450 = 1 resulted in a significant 
decrease of the mobile  fraction of cytochrome P-450 presum- 
ably  due to aggregation of the cytochrome molecules in this 
lipid-poor  membrane. On  the other hand, co-reconstitution of 
an equimolar  amount of NADPH-cytochrome  P-450  reduc- 
tase with  cytochrome  P-450 in L/P450 = 1 proteoliposomes 
resulted  in  complete mobilization of cytochrome  P-450  with 
a mean  rotational  relaxation  time of about 50 ps .  These 
findings  suggested the formation of a monomolecular2 1:l 
complex  between  cytochrome  P-450 and reductase  in proteo- 
liposomes (16). 

Here, we present  further proof of the  existence of stable 
cytochrome P-450. reductase complexes. Rotational mobility 
of cytochrome P-450 in the presence and absence of specific 
antibodies  directed  against  NADPH-cytochrome  P-450 re- 
ductase  is  measured.  Immobilization of cytochrome P-450 
occurs  after  cross-linking of reductase  with  the  antireductase 
antibodies. It is  concluded that immobilization of cytochrome 
P-450  by  antireductase  antibodies  is caused by  cross-linking 
of pre-existing  monomolecular  cytochrome P-450. reductase 
complexes in the liposomal  membrane. 

EXPERIMENTAL  PROCEDURES 

Purification of Microsomal  Enzymes-Cytochrome P-450 and 
NADPH-cytochrome P-450 reductase were purified from phenobar- 
bital-treated rats according to West et al. (17) and Yasukochi and 
Masters (18). Minor modifications of the original method (17) were 
according to  Gut et al. (16). The specific contents were  14.5-17  nmol 
of cytochrome P-450/mg of protein and 50,000-60,000 units/mg of 
protein for the reductase. 

Preparation of Antibodies-Purified NADPH-cytochrome P-450 
reductase was used to immunize female New Zealand white rabbits. 
Six hundred pg  of the immunogen in Freund's complete adjuvant 
were injected at a few sites along their flanks every 7 days for 3 weeks. 
One week later, the rabbits were  bled and  the sera were  collected. 
Every 3 weeks thereafter, the animals were boosted with 100  pg of 
immunogen without Freund's adjuvant and bled 1 week later. The 
immunoglobulin fraction  G (IgG) was prepared according to Thomas 
et al. (19) and stored at -80 "C in 50 mM potassium phosphate buffer, 
pH 8.0. Preimmune IgG was prepared in  a similar manner. 

Preparation of Antireductme Fab Fragments from Antireductme 
IgC-In order to prepare  antireductase  Fab fragments, proteolysis of 
antireductase antibodies was carried out according to Mage (20), 
using CM-Sephadex C-25 in the ion exchange chromatography of the 
papain digest. Without  further purification, the eluted antireductase 
Fab  material (40 ml, about 300  mg  of protein) was  dialyzed against a 
100-fold volume of 50 mM potassium phosphate,  pH 8.0, concentrated 
by ultrafiltration to about 30 mg  of protein/ml, and stored at -80 "C. 
Prior to use in the experiments, antireductase antibody preparations 
were dialyzed overnight at 4 "C against the appropriate incubation 
buffers. 

Ouchterlony Double  Diffusion  Analysis-The immunodiffusion me- 
dia contained 0.9% agarose A, 80 mM sodium chloride, 15 mM sodium 
azide, and 1 M glycine; pH was adjusted to 7.4 with sodium hydroxide. 
The media  were poured into Petri dishes and wells  were punched 
with a  template resulting in center to center  distances of 10 mm. The 
wells  were filled with appropriate  amounts of protein and incubated 
at room temperature in a humid atmosphere for 1-2 days. For protein 
staining, the plates were washed 3 days with 300 mM sodium chloride 
in 50 mM potassium phosphate buffer, pH 8.4, then incubated over- 

ratio; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, 
phosphatidylserine; DPPC, L-a-phosphatidylcholine dipalmitoyl; 
Hepes, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid; p- 
4 5 0 ~ ~ 2 ,  rabbit liver cytochrome purified from phenobarbital-induced 
microsomes, designated according to  its electrophoretic property. 

'The  term "monomolecular complex"  used in this  and previous 
publications (15, 16) is used to designate a heterodimeric complex 
between one reductase and one cytochrome molecule in membranes. 

night with 0.1% naphthol blue-black in 5% acetic acid and destained 
in 5% acetic acid. 

Incubation of Proteoliposomes  with Antibodies-Proteoliposomes 
were prepared as described previously (16) with L/P,m = 1 or 5 weight 
by weight ratios. The molar ratio between cytochrome and reductase 
was 1. Prior to rotational diffusion measurements, proteoliposomes 
were incubated with antireductase IgG, antireductase  Fab fragments, 
preimmune IgG,  or with equal amounts of buffer for 10 min at room 
temperature. After incubation of proteoliposomes with antireductase 
IgG, the proteoliposomes were pelleted at 40,000 X g for 20 min, 
resuspended in 20  mM Hepes, pH 8.0, containing 20% glycerol and 
0.1 mM EDTA, washed once, and resuspended again in the above 
medium. The incubation of proteoliposomes with antireductase Fab 
fragments, preimmune IgG, or buffer was  followed  by centrifugation 
at 160,000 x g for 3 h, one washing, and subsequent resuspension in 
the above  medium. No degradation of cytochrome P-450 was observed 
during this  treatment based on the amount of the cytochrome P-450. 
CO complex determined spectrophotometrically. 

Reduction of Cytochrome c by Purified NADPH-Cytochrome P-450 
Reductase in the Presence of Antireductme IgC-These measurements 
were carried out at 25 "C in 50 mM potassium phosphate, pH 7.4. 
Prior to use, protein  preparations were  dialyzed against this buffer. 
The  test cuvette contained, in  a final volume of 1 ml, 4 pg  of NADPH- 
cytochrome P-450 reductase, 40 p M  cytochrome c, and appropriate 
amounts of antireductase IgG, antireductase Fab fragments, or preim- 
mune IgG. After 10 min of preincubation at 25 "C, cytochrome c 
reduction was started with 1 mM NADPH  and assayed according to 
Strobel and Dignam (21). 

Hydroxylation  Actiuity of Proteoliposomes in the Presence of Anti- 
reductase IgC-The  monooxygenase activity of the proteoliposomes 
was measured in  a  final volume of 1 ml  of  20 mM Hepes, pH  7.4,20% 
glycerol, and 0.1 mM EDTA. The composition of the reconstituted 
system was L/P450 = 1 (w/w) and P-450/reductase = 5:l (mol/mol). 
The cytochrome P-450 concentration was 0.2 pM. Glucose 6-phos- 
phate (5 mM) and glucose-6-phosphate dehydrogenase (2.5 units) 
were included as a NADPH-regenerating system. Benzphetamine at 
1 mM was used as  the  substrate. When antireductase IgG, antire- 
ductase Fab fragments, or preimmune IgG was present, the samples 
were preincubated for 10 min at 37 "C. Hydroxylation was started by 
the addition of 0.5 mM NADPH and,  after 1 min, the formation of 
formaldehyde was measured according to Nash (22) .  

Other Methods-NADPH-cytochrome P-450 reductase was as- 
sayed according to Strobe1 and Dignam (21) at room temperature 
with cytochrome c as electron acceptor in 1 ml  of  0.3 M potassium 
phosphate,  pH 7.7. Cytochrome P-450 was measured spectrophoto- 
metrically according to Omura and  Sat0 (23). Sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis was carried out in the Laemmli 
system (24).  Protein  concentrations were determined by the method 
of Lowry et al. (25) with bovine serum albumin as  standard; samples 
containing  detergent were analyzed in the presence of 1% sodium 
dodecyl sulfate in Lowry's reagent to avoid overestimation of the 
protein  content due to  the presence of the detergent. 

Rotational Diffusion Measurements and Analysis-For rotational 
diffusion measurements, proteoliposomes were suspended in 80% (w/ 
w) glycerol to reduce vesicle tumbling and light scattering. The final 
heme concentration was 7-10 p ~ .  Samples were reduced by a few 
grains of dithionite and CO was  slowly bubbled through for 1 min. 
The sample cuvette was then sealed with a rubber cap to keep 
cytochrome P-450 saturated with CO. 

The flash photolysis apparatus used for rotation measurements is 
described in detail elsewhere (26). Briefly, the sample was excited at 
532  nm  by a vertically polarized flash of 10-ns  duration from a  Nd/ 
YAG laser (JK-laser HY 200, second harmonic). Absorbance changes 
due to photolysis of the  heme. CO complex  were measured at 450 nm. 
The signals were analyzed by calculating the absorption anisotropy, 
r(t),  and  the total absorbance change, A(t), given by 

r ( t )  = Adt)  - Adt)/Av(t) + 2 A ~ ( t )  (1) 

A(t) = Adt)  i- 2 A ~ ( t )  (2) 

where A d t )  and AH(t) are, respectively, the absorbance changes for 
vertical and horizontal polarization at time  t  after the flash. 

In each experiment, 4096 signals were averaged using a Datalab 
DL  102 A signal averager. A further improvement in the signal to 
noise ratio was obtained by averaging the  data of several experiments. 
The unchanged amount of the cytochrome P-45O.CO  complex deter- 
mined spectrophotometrically excluded degradation of cytochrome 
P-450 during the experiment. 
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Analysis of r ( t )  is based on a model of rotation of cytochrome P- 
450 about  the  membrane  normal (15, 27). When  there  is a  single 
rotating species of cytochrome  P-450  with  the  rotational  relaxation 
time, @ll, r ( t )  is given by: 

r ( t ) / r (o )  = 3sin2B~os28~xp(- t /@ll)  
(3) + 3/~in‘B~exp(-4t/@~~) + ‘/(3cos28N - 1)’ 

where ON is  the  tilt  angle of the  heme  plane from the  plane of the 
membrane.  Multiple  rotating species of cytochrome  P-450  with dif- 
ferent  are  considered by analyzing  the  data by the following 
equation: 

r ( t )  = r,exp(-t/@) + r*xp(-4t/@) + r3 (4) 

where @ is  the  average  rotational  relaxation time. Here  it  should be 
noted that r3 = L/r(3cos2B~ - 1)’ when  all  cytochrome P-450 molecules 
are  rotating, even in  the  presence of multiple  rotating species. 

Because of a good signal  to noise ratio  using a Nd/YAG laser, r( t )  
curves  were measured  with a 2-ms  time range. When  all cytochrome 
P-450  was  rotating  in  L/PIM = 30 vesicles, the  anisotropy decayed to 
zero within 1 ms (i.e. r3 = 0). This  indicates  that  the  heme  plane  is 
tilted by -55” from the  membrane  plane  (see Fig. 5, curve B) .  When 
samples  contain  both mobile and immobile populations of cytochrome 
P-450, the immobile fraction, f im ,  can  be calculated  from the  normal- 
ized residual anisotropy r(m)/r(O) = r3/r(0) by 

d r ( 0 )  = f im ( 5 )  

Materials-Phosphatidylcholine, phosphatidylethanolamine,  both 
from egg yolk, and  phosphatidylserine  from bovine spinal cord,  all 
grade I, were purchased from  Lipid Products, Nutfield, U. K. Cyto- 
chrome c  from horse  heart,  type 111, mercuripapain,  and glucose-6- 
phosphate  dehydrogenase were obtained from  Sigma. Benzphetamine 
was obtained from Applied Science Laboratories. 

RESULTS AND ANALYSIS 

Specificity of Antireductase IgG as Judged  from Ouchterlony 
Double Diffusion Experiments 

In  Ouchterlony double  diffusion analysis,  antireductase IgG 
precipitated  the  antigen (i.e. purified NADPH-cytochrome P- 
450 reductase)  as a  single sharp band. No  cross-reactivity was 
detected  against purified cytochrome P-450. A  single band 
formed also  when proteoliposomes  (L/P450 = 1 (w/w),  P-450/ 
reductase = 1:1 (mol/mol)), solubilized by 2%  sodium cholate 
(w/w)  were  used  in immuno-double diffusion (Fig. lA). No 
precipitate formed  when antireductase IgG was replaced by 
preimmune IgG. On  the  other  hand,  antireductase  Fab frag- 
ments,  prepared from antireductase IgG by papain digestion, 
significantly inhibited  the  formation of the  precipitate ob- 
tained from reacting  antireductase IgG with  its  antigen (Fig. 
lB) ,  indicating  competitive  binding of monovalent  and  diva- 
lent  antibodies  to  the  antigenic  determinations of reductase. 

Influence of Antireductase IgG on Cytochrome c Reduction by 
Purified  NADPH-cytochrome  P-450 Reductase 

Fig. 2.4 shows a significant  inhibition of cytochrome  c 
reducing activity by NADPH-cytochrome  P-450 reductase in 
the  presence of antireductase IgG. A 75-fold excess of anti- 
reductase IgG over reductase (w/w)  resulted in  an  inhibition 
of the  initial  reductase  activity  to  about 50%. The lowest 
reductase activity was achieved a t  a weight ratio of 200. 
Addition of the  same  amount  (by weight) of antireductase 
Fab  fragments  resulted  in a similar  extent of inhibition.  In 
spite of the  absence of detectable  precipitation of reductase 
by preimmune I g G  in  the  Ouchterlony double  diffusion anal- 
ysis, the  reductase  activity  was slightly  inhibited. 

Inhibition of Hydroxylation  Actiuity in Proteoliposomes by 
Antibodies 

The  N-demethylation of benzphetamine was  measured  for 
1 min in control proteoliposomes  with L/P4W = 1 (w/w) and 

Flc. 1. Ouchterlony double diffusion analysis. Preparation of 
the immunodiffusion plates was as described under  “Experimental 
Procedures.” All wells were filled with 10 pl of the indicated protein 
preparations  containing  the given amounts of protein. A: the  center 
well contained  antireductase I g G  (200 pg) and wells 2-7 contained,  in 
this sequence, preimmune IgG (200  pg),  purified NADPH-cytochrome 
P-450  reductase  (2  pg), solubilized rat liver microsomes  (50  pg), 
purified  cytochrome P-450 (10  pg),  proteoliposomes  (solubilized in 
1% sodium cholate  solution,  P-450/reductase = 1:1, 5 pg of protein 
total),  and  reductase  (2 pg),  respectively. B: the  center well contained 
antireductase I g G  (200  pg), wells 2 and 5 contained purified NADPH- 
cytochrome P-450  reductase  (2 pg), wells 4 and 6 contained  antire- 
ductase  Fab  fragments (200  pg), and wells 3 and 7 contained 50 mM 
potassium  phosphate buffer, pH 8.0. 

Flc. 2. Effect of antireductase IgG on the enzymatic activ- 
ity of NADPH-cytochrome P-450 reductase. A, the reduction of 
cytochrome c by purified NADPH-cytochrome  P-450 reductase was 
measured in presence of antireductase IgG (U), antireductase 
Fab  fragments (M), and  preimmune I& (A-A). Control 
activity  is  taken as 100%. The test tube  contained, in a final volume 
of 1 ml, 4  pg of NADPH-cytochrome P-450  reductase and 40 pM 
cytochrome  c in  50 mM potassium  phosphate, pH 7.4. The reaction 
was started with 1 mM NADPH. B, the  N-demethylation of benz- 
phetamine was  measured in  control proteoliposomes ( L / P u  = 1:1, 
P-450/reductase = 5:l) by determination of the  amount of formal- 
dehyde formed per nmol of cytochrome  P-450  per  min (= 100% 
activity). Residual activity was determined in the presence of antire- 
ductase I g G  (U), antireductase  Fab  fragment (M), and 
preimmune IgG (A-A). Experimental  conditions  are given under 
“Experimental Procedures.” 

P-450/reductase = 5:l (mol/mol).  About 100 nmol of formal- 
dehyde were formed per  nmol of P-450 per min. When a 75- 
fold excess  (w/w) of antireductase IgG over  reductase was 
present  in  the  system, only 11% residual activity was ob- 
served. No  further  inhibition was obtained by increasing the 
amounts of antireductase IgG up  to a 200-fold excess (Fig. 
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2B). Addition of antireductase Fab fragments at  the same 
weight ratio  resulted in similar  inhibition. In  contrast, nearly 
no  inhibition was observed in  the presence of an equal amount 
of preimmune IgG (Fig. 2B) .  

Rotational Diffusion of Cytochrome P-450 Co-reconstituted 
with Reductase in Proteoliposomes 

Effect of Antireductme IgC on Rotational Mobility of Cyto- 
chrome P-450"Cytochrome P-450 and NADPH cytochrome 
P-450  reductase were co-reconstituted in liposomes of a com- 
position closely resembling that of the microsomal membrane 
fie. PC/PE/PS = 10:5:1 (wfw))  with varying L/P,,o ratios. 
Rotational diffusion measurements were performed at  20 "C. 
Fig. 3 shows the time-dependent  absorption  anisotropy r ( t )  
of cytochrome P-450  in proteoliposomes with L/P450 = 1 and 
P-450/reductase = 1. As shown previously (16), in  the absence 
of antireductase IgG, the absorption  anisotropy decays (Fig. 
3, curue B )  due to rotational motion of cytochrome P-450 
about the normal to  the membrane plane. The presence of a 
100-fold excess (w/w) of antireductase IgG over reductase 
abolishes the decay in r ( t )  (Fig. 3, curue A ) ,  indicating the 
complete immobilization of cytochrome P-450. Cross-linking 
of reductase, which is suggested to be the  partner in  a cyto- 
chrome P-450. reductase complex, by antireductase IgG could 
explain the observed immobilization of cytochrome P-450. 

Effect of Antireductme Fab Fragments on Rotational Diffu- 
sion of Cytochrome P-450"Monovalent antireductase Fab 
fragments  directed  against the reductase  inhibited the enzy- 
matic  activity of the purified reductase  both  in  solution and 
in proteoliposomes, but did not decrease the rotational mo- 
bility of cytochrome P-450 (Fig. 3, curue C ) .  The observed 
immobilization of cytochrome P-450 by antireductase IgG is 
therefore not due to a  steric  hindrance of the P-450  rotation 
by reductase-antibody complexes and is in keeping with the 
concept that  the immobilization of cytochrome P-450 by the 
divalent antireductase IgG is a consequence of cross-linking 
individual reductase molecules. 

Similar  experiments were performed with preimmune IgG 
in order to rule out nonspecific effects on cytochrome P-450 

Qo1. 
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FIG. 3. Time-dependent absorption anisotropy of cyto- 
chrome P-460 in L/P460 = 1:l (w/w) proteoliposomes after 
binding of antireductase IgG. Photolysis of samples (7-10 p~ 
cytochrome P-450) was by a vertically polarized laser flash at 532  nm 
and r ( t )  recording at 450 nm. All measurements were performed in 
80% (w/w) glycerol at 20 "C (-0.6 poise). Solid lines were obtained 
by fitting the  data  to Equation 4. For clarity, data points of curue C 
are  omitted and curves are normalized to  the same initial anisotropy 
r(0).  A ,  L/Pm = 1, P-450/reductase = 1, in the presence of a 100- 
fold excess (w/w) of antireductase IgG over reductase; B, L/PAW = 1, 
P-450/reductase = 1, control experiment without  any  antireductase 
antibody; C, L/Pm = 1, P-450/reductase = 1, a 100-fold excess (w/ 
w)  of antireductase  Fab  fragments over reductase was present. 
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FIG. 4. Time-dependent absorption anisotropy of  cyto- 
chrome P-450 in L/P460 = 6:l (w/w) proteoliposomes follow- 
ing antireductase IgG binding. The following amounts of anti- 
bodies were added to L/PlsO = 5, P-45O/reductase = 1 proteolipo- 
somes. A ,  a 200-fold  excess  (w/w) of antireductase IgG over reductase; 
B, a 200-fold excess (w/w) of preimmune IgG over reductase; C ,  no 
addition. Other experimental conditions are the same as in Fig. 3. 
Curves are normalized to  the same initial anisotropy r(0).  Data  points 
of curue B are omitted for clarity. 
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FIG. 5. Time-dependent absorption anisotropy of cyto- 
chrome P-450 in proteoliposomes with different lipid com- 
positions. Experiments were carried out as described in the legend 
of Fig. 3. A, cytochrome P-450 alone in DPPC liposomes with DPPC/ 
P450 = 1, measured at 20 "C. Very similar results were obtained with 
DPPC/P, = 5 and 30. B, cytochrome P-450 alone in PC/PE/PS = 
105:l liposomes with L/P,M) = 30. Solid lines were obtained by fitting 
the  data  to Equation 4. 

rotation. In control proteoliposomes with L/P450 = 5 and P- 
450/reductase = 1, the r ( t )  curve decayed to zero (Fig. 4, curue 
C ) .  The presence of preimmune IgG did not affect the time 
course of the r ( t )  curve within experimental  error (Fig. 4, 
curue B )  indicating  no immobilization of cytochrome P-450 
by preimmune IgG in contrast  to what is observed with 
antireductase IgG. A  similar lack of immobilization by preim- 
mune IgG was also observed in proteoliposomes with  L/PIso 
= 1 and P-450/reductase = 1. In fact, depending on  prepara- 
tions, not only a slight immobilization but even a slight 
mobilization of cytochrome P-450 was observed in the pres- 
ence of preimmune IgG. 

Effect of Increased LipidlProtein Ratio-Fig. 4, curue A ,  
shows the time-dependent  absorption  anisotropy of proteoli- 
posomes with L/P450 = 5 and P-450/reductase = 1 in the 
presence of a 200-fold excess (w/w) of antireductase IgG. Not 
all cytochrome P-450 is immobilized by antireductase IgG in 
these vesicles. This is probably due to a nonequimolar distri- 
bution of cytochrome P-450 and reductase in individual pro- 
teoliposomes at  higher L/P450 ratios. 



8592 Monomolecular  Complexes  between  Cytochrome P-450 and Its Reductase 

I Ann  W , " - A - ~  
I 

FIG. 6. Model illustrating the  effects of antireductase anti- 
bodies on cytochrome P-450 rotational mobility in liposomal 
membranes. A ,  cytochrome  P-450 (hatched symbols) and  NADPH- 
cytochrome  P-450  reductase (open symbols) form  complexes  which 
are  cross-linked by antireductase IgG (dotted symbols). This aggre- 
gation  reduces the  rotational mobility of cytochrome  P-450.  reductase 
complexes. E ,  if cytochrome P-450  and  reductase would exist  inde- 
pendently  in  the  membrane,  cross-linking of reductase by antireduc- 
tase IgG would not affect the  rotational mobility of cytochrome P- 
450. C, monovalent  antireductase  Fab  fragments  cannot  cross-link 
reductase molecules. Therefore,  cytochrome  P-450  rotation  is  unaf- 
fected  even  when  complexed  with reductase. Cytochrome P-450  and 
reductase  are shown as  monomers,  although higher  aggregates may 
also  exist in the  membrane (16, 39). Antibodies are depicted as 
interacting exclusively with  antigenic  sites on the  membrane-pro- 
truding  part of the  reductase molecules. One  should  note, however, 
that  interaction  with  antigenic  sites on the  membrane-immersed  part 
of the  reductase molecule are also possible. 

Absence of Vesicle Tumbling 
Rotational diffusion of cytochrome P-450  in vesicles was 

measured in a viscous medium of 80% glycerol in  water (w/ 
w) (-0.6 poise a t  20 "C).  Nevertheless, vesicle tumbling might 
contribute  to  the observed decay in r(t) and  the observed 
immobilization of cytochrome P-450  in  antireductase IgG 
containing vesicles might be due  to a  simple cross-linking of 
vesicles. Vesicle tumbling was therefore  examined at 37 and 
20 "C with cytochrome P-450  incorporated  in  DPPC vesicles. 
Since at  this  temperature  DPPC  is in the gel phase,  protein 
rotation  should be absent  and  hence  any decay in  r(t) would 
reflect vesicle tumbling.  No decay in r ( t )  was observed within 
the  present  time  range of 2 ms,  indicating  that  neither vesicle 
tumbling  nor cytochrome P-450  rotation occurs (Fig. 5, curue 
A).  Since  no  significant difference  in vesicle size distribution 
between DPPC vesicles and  L/P4R0 = 1 or 5  proteoliposomes 
was  observed (16), we can exclude any  contribution of vesicle 
tumbling  to  the observed decay in  r(t)  in  our  experiments. 

DISCUSSION 

Reductase  Antibody-induced Immobilization of Cytochrome 
P-450"In  this  study, we present  direct evidence  for the 
existence of a stable cytochrome P-450.  reductase complex in 
liposomal membranes,  as  illustrated  in Fig. 6A. This evidence 
arises from experiments where the  rotational mobility of 
cytochrome P-450  is largely decreased by cross-linking of 
reductase by divalent  antireductase IgG (see Figs. 3 and 4). 

It  could be argued  that  the observed  reductase antibody- 
induced  immobilization of P-450 is due  to  steric  hindrance by 
antireductase IgG bound  to reductase or being  adsorbed by 
the lipid  bilayer.  However, it  appears very  unlikely that  this 
would be the  main  cause of the immobilization,  because 
monovalent  antireductase  Fab  fragments  and  preimmune IgG 
do  not significantly  affect the mobility of P-450 (see Figs. 3 
and 4), while binding of antireductase  Fab  fragments  to  the 
catalytic  site of reductase is confirmed by a strong  inhibition 
of hydroxylation activity  in proteoliposomes. Since  the  rota- 

tional mobility depends  mainly  on  the size of the  membrane- 
immersed part of the  protein  (16),  binding of Fab  fragments 
most probably to  the  membrane-protruding  catalytic  part of 
reductase (28) should  not significantly  affect the  rotational 
mobility of the  P-450.  reductase complex  (see Fig. 6). 

As judged from  the very slow decay of the  r(t)  curve  on  the 
present  time scale,  when proteins  are cross-linked by antire- 
ductase IgG, the  P-450.reductase complex  should  have  a 
lifetime  longer than 100 ms. 

Therefore,  this  P-450.reductase complex could exist  as a 
stable association within a  known electron  transfer  rate of 
about -85  ms/e-/P-450  (NADPH-NADPH-cytochrome P-  
450 reductase-ytochrome P-450) (9,29). Of course, it would 
be expected that  the above P-450.reductase complex could 
exchange  its  partner molecules over  a  long time  range (e.g. 
longer than 100 ms).  It  should be noted  that  the  present 
observation  alone does not give sufficient  information  about 
a stoichiometry of the two proteins in the complex. 

With  similar  experimental  techniques, Nigg et al. (30)  in- 
vestigated the  protein-protein  interaction of band 3  with 
glycophorin  A in  the  human  erythrocyte  membrane.  Rotation 
of band 3 was measured by observing the flash-induced ab- 
sorption  anisotropy of the probe  eosin bound  to  band 3. Cross- 
linking of glycophorin  A  by antiglycophorin A antibodies 
resulted in complete  immobilization of band 3. Thus,  the 
occurrence of pre-existing  band  3. glycophorin  A  complexes 
in a natural  membrane was  concluded. 

Monomolecular Complex of Cytochrome P-450 with Reduc- 
tase in Liposomes-A 1:l complex formation between cyto- 
chrome  P-450  and  reductase,  both  prepared from phenobar- 
bital-induced  rat liver  microsomes, has been inferred from 
steady  state  kinetics of substrate hydroxylation (31). Chang- 
ing the  P-450/reductase molar ratio  in  PC liposomes  only 
affected the  maximal velocity, Vmax, whereas K, remained 
unchanged. At  a given lipid to protein  ratio,  the maximal 
activity was  achieved at P-450/reductase = 1:1, implying that 
P-450  forms a binary  functional 1:l complex with reductase. 
Similar  steady  state  kinetics for substrate hydroxylation (32) 
were also obtained  in a reconstituted  nonmembranous  system 
of the  proteins,  supporting a  monomolecular complex of cy- 
tochrome  P-450  with reductase. 

We  have  observed the mobilization  effect of reductase on 
rotational diffusion of cytochrome P-450  in proteoliposomes 
(16).  The degree of mobilization correlates well with  the 
amount of reductase  added  and  is complete at P-450/reduc- 
tase = 1:I.  It  has been  concluded  from these  results  that 
cytochrome P-450  forms a  monomolecular  complex  with re- 
ductase (16). An alternative  interpretation could be that  re- 
ductase  might have a detergent-like effect, thereby fluidizing 
the  membrane  and mobilizing  cytochrome  P-450. However, if 
this were the case, antireductase IgG would not be expected 
to immobilize cytochrome  P-450. In  addition,  the fluorescence 
polarization  measurements of diphenylhexatriene showed  a 
slight decrease of the  membrane fluidity in  the presence of 
reductase  in  the liquid crystalline  state of the  membrane of 
cytochrome P-450  prote~liposomes.~ 

Taken  together,  the above results  and  the  present  finding 
of the  stable complex formation between these  proteins, we 
conclude that cytochrome P-450  forms a  monomolecular 1:1 
complex with  reductase  in liposomes. 

Complications in  Intact Microsomal Membranes-In the 
present  experiments, we have used  only one species of cyto- 
chrome  P-450, namely phenobarbital-induced  rat liver cyto- 
chrome  P-450,  reconstituted  in liposomes of a  defined com- 

J. Gut  and C. Richter,  unpublished results. 
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position. On  the  other  hand,  phenobarbital- or methylchol- 
anthrene-induced liver  microsomes contain 20-30 times more 
cytochrome  P-450  than reductase.  Moreover, multiple species 
of cytochrome  P-450  exist  in liver  microsomes, be it  in  respect 
to molecular  weight, substrate specificity, and/or  amino acid 
composition (33-35). Because of the complexity of the micro- 
somal  membranes,  any  extrapolation of our  results  with model 
membranes  should be treated  with  caution. 

When  reductase  forms a 1:1 complex with cytochrome P-  
450 in  microsomes as  has been  observed in  our proteoliposome 
study,  not all P-450  can  form a complex with  reductase, 
suggesting that  the  majority of P-450 will independently 
diffuse and receive electrons by lateral collisions. There  are 
investigations which support  this view. Phenobarbital-in- 
duced rabbit liver P-450LM2 was  suggested to  interact  with 
reductase  in a manner  controlled by lateral collision (10). 
Decreasing  the  phospholipid  content of liposomes  resulted  in 
an  increased  reduction  rate of cytochrome P - 4 5 0 ~ ~ ~  as well 
as  enhanced hydroxylation activity at a fixed molar  ratio of 
the two proteins.  The  same conclusion  was obtained for 
methylcholanthrene-induced  rat liver  cytochrome P-448  and 
reductase in  liposomes by measuring  the  rate of substrate 
hydroxylation  with varying protein  concentrations (31). 

On  the  basis of a different  experimental  approach,  Omura 
and colleagues showed only  about 5% of cytochrome P-450 
to be associated  with  reductase  in  phenobarbital-induced 
rat liver  microsome^.^ Microsomes cross-linked by glutaral- 
dehyde were solubilized and  applied  onto  an  anti-P-450  anti- 
body column  and  the  amount of trapped cytochrome P-450 
was estimated from the  reductase  activity  remaining  on  the 
column. This may indicate  the  existence of cytochrome  P- 
448.  reductase complexes in  the microsomal membrane  but 
questions  about  stoichiometry  and lifetime of such complexes 
still  remain open. Taken  together,  these  results  support  the 
possibility of at least two types of electron  transfer  mecha- 
nisms between cytochrome  P-450  and  its  reductase  in micro- 
somal  membranes,  namely 1) electron  transfer  within a stable 
binary complex and 2) lateral collision-controlled electron 
transport between independently diffusing component  pro- 
teins. 

Orientation of the  Heme  Plane of Cytochrome P-450"In 
the  present  study, we have  observed that r ( t )  decays to zero 
( i e .  r3 = 0 )  on  the  time scale of 2 ms  in proteoliposomes  with 
L/P450 2 5  regardless of whether  reductase  is  present or not. 
Based  on  the  rotation  about  membrane  normal model, this 
result  indicates  that  the  heme  plane of cytochrome P-450 is 
tilted by ON 2 55"  from the  plane of the  membrane.  The 
alternative  interpretation,  that r3 = 0 is  due  to a  possible 
isotropic rotation of cytochrome  P-450  across  the  membrane, 
appears unlikely. So far,  no  integral  membrane  protein  such 
as  cytochrome  P-450, cytochrome  oxidase,  bacteriorhodopsin, 
band 3 of human  erythrocyte  membrane,  and  (Ca2+, M$+)- 
ATPase of the  saroplasmic reticulum has been  observed to 
rotate isotropically across  the  membrane  within several  mil- 
liseconds (36-38). Moreover,  a  bulky  hydrophobic head of 
reductase molecule should  prevent  the  reductase.  P-450 com- 
plex  from rotating  across  the lipid  bilayer  when reductase is 
present.  In  our previous study  (15,16), we analyzed r ( t )  curves 
with  Equation 4 and got finite r, values for  the  data with  a 
0.5-ms time range.  Because the decay did not  finish  within 
0.5 ms, we obtained, by curve-fitting procedure  artificially, r3 
> 0 instead of the  true value of r3 = 0. A  significant contri- 
bution of lateral  diffusion-induced  depolarization of r ( t )  was 
excluded  by the  finding  that  in  control  experiments  bacteri- 
orhodopsin showed  a finite r3 when  examined  in  sonicated 

T .  Omura,  personal  communication. 

small  L-a-phosphatidylcholine dimyristoyl vesicles, in 80% 
glycerol solution. 

Conclusion-In our  experiments, we were able to show not 
only  functional,  but  also physical interaction between cyto- 
chrome  P-450  and reductase. Both  antireductase IgG and 
antireductase  Fab  fragments significantly inhibit  the hydrox- 
ylation  activity of proteoliposomes. The  rotational mobility 
of cytochrome P-450 is abolished after  cross-linking of 
NADPH-cytochrome  P-450  reductase via multivalent  antire- 
ductase-IgG while antireductase  Fab  fragments  against  the 
reductase do  not affect the  rotational mobility of cytochrome 
P-450. Taken  together,  the above results  and our previous 
finding of a specific complex formation between  cytochrome 
P-450  and  reductase  (16) suggest the  formation of a  mono- 
molecular  complex  between  cytochrome P-450  and  its reduc- 
tase in the liposomal membrane. 
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