
INFORMATION TO USERS

This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted.

The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction.

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity.

2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete.

4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced.

5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received.

Xerox University Microfilms
300 North Zeeb Road
Ann Arbor, Michigan 48106



76-19,263

VERMILION, Janice Lynn, 1949-
LIVER MICROSOMAL NADPH-CYTOCHROME P-450 
REDUCTASE: PURIFICATION AND CHARACTERIZATION.

The University of Michigan, Ph.D., 1976 
Chemistry, biological

Xerox University Microfilms, Ann Arbor, Michigan 48iœ



LIVER MICROSOMAL NADPH-CYTOCHROME P-450 REDUCTASE 1 
PURIFICATION AND CHARACTERIZATION

by
Janice Lynn Vermilion

A dissertation submitted in partial fulfillment 
of the requirements for the degree of 

Doctor of Philosophy 
(Biological Chemistry)

in The University of Michigan
1976

Doctoral Committee:
Professor Minor J. Coon, Chairman 
Associate Professor Prasanta K. Datta 
Assistant Professor John T. Groves 
Professor Vincent Massey 
Professor Raymond W. Ruddon



To My Parents

ii



ACKNOWLE DGMENTS

I would like to express my gratitude to the numerous 
people who have aided me during these studies. I wish to 

thank my thesis advisor, Dr. Minor J. Coon, for 
encouragement throughout the course of this work, and 
especially for his expert advice and comments in regard 
to the preparation of the manuscript. To my coworkers, 
in Dr. Coon's laboratory, particularly Dr. Fred P. 
Guengerich and Dr. David A. Haugen, I wish to express my 
appreciation for invaluable aid contributed in the form 

of critical discussion and technical advice. I am 
especially indebted to Susan B. Krezoski for performing 
the SDS-polyacrylamide gel electrophoresis experiments. 

In addition, I would like to thank Dr. Vincent Massey 
and the members of his laboratory for numerous helpful 
suggestions and discussions, as well as for their 
generosity in regard to the use of equipment and reagents. 
I also extend my deepest gratitude to Dr. Eglis T. Lode, 
who has been a source of invaluable information concerning 
the study of electron transfer proteins, both for his 

interest in this work and many thoughtful suggestions.

iii



TABLE OF CONTENTS

Page

DEDICATION ............................................ ii
ACKNOWLEDGMENTS ....................................... iii
LIST OF TABLES ........................................ vi
LIST OF FIGURES ....................................... VÜ
ABBREVIATIONS ......................................... ix
INTRODUCTION .......................................... 1
EXPERIMENTAL PROCEDURES .............................. 9

Materials ........................................ 9
Reagents and Chemicals 
DEAE-cellulose
Calcium Phosphate Gel
Enzymes

Methods .......................................... 12
Preparation of Microsomes 
Protein Determination 
Assay for Cytochrome P-450 Reductase

Activity
Assay for Cytochrome c Reductase Activity 
Assays for Reduction of Other Electron

Acceptors 
Purification of Flavins 
Flavin Determination 
SDS-Polyacrylamide Gel Electrophoresis 
Absorption Spectra 
Purification Procedure 
Stabilization of Reductase 
Preparation of FMN-Depleted Enzyme



Page
RESULTS ................................................ 35

Purification of the Reductase
Absorption Spectrum
Estimation of Minimal Molecular Weight and 

Evidence for Two Forms of the Reductase
Native Molecular Weight
Flavin Content of the Reductase
Requirements for P-4 50 Reductase Activity
Dependence of Reductase Activity on the

Substrate for the Hydroxylation Reaction 
Dependence of Reductase Activity on pH and

Ionic Strength
Km of NADPH and Inhibition by NADP
Reduction of Other Electron Acceptors
Kinetic Analysis of the Reaction with Cytochrome 

c and Pyridine Nucleotide Specificity
Properties of the Air-Stable Semiquinone 

Form of the Reductase
Studies on FMN-Depleted Enzyme

DISCUSSION ............................................... 115
SUMMARY .................................................. 137
BIBLIOGRAPHY ............................................  140

v



LIST OF TABLES

Table Page
I Fluorescence Constants of Flavin

Standards in the Presence and Absence 
of Methanol .............................. 25

II Analysis of Enzyme Flavin by Two Methods 27
III Purification of NADPH-Cytochrome P-450

Reductase from Phenobarbital-Induced 
Rat Liver Microsomes .................... 37

IV Flavin Content of the Reductase........ 66
V Requirements for P-450 Reductase

Activity................................. ?0

VI Dependence of Reductase Activity on the
Substrate for the Hydroxylation Reaction 
and the Form of P—450 Used as the Electron 
Acceptor................................... 75

Vil Reduction of Other Electron Acceptors
by NADPH-Cytochrome P-450 Reductase .... 85

VIII Reduction of Cytochrome b^ by NADPH-
Cytochrome P-4 50 Reductase.............. 90

IX Effect of FMN Removal by KBr Treatment
of Reductase ............................ 109

X Effect of FMN Removal by Irradiation of
Reductase in the Presence of Ammonium 
Sulfate................................... Hl

Xi Comparison of Properties of Flavoproteins
Functioning in Electron Transfer ........ 135

vi



LIST OF FIGURES

Figure Page
1 Rate of NADPH oxidation as a function 

of P-45OL.M2 concentration ........... 15
2 Rate of NADPH oxidation as a function 

of reductase concentration .......... 16
3 Rate of cytochrome c reduction as a 

function of reductase added ......... 19
4 Rate of cytochrome c reduction in 0.1 M 

phosphate buffer as a function of pH . 20
5 Absorption spectrum of the reductase ..... 40
6 SDS-polyacrylamide gel electrophoresis

of purified reductase ..................... 42
7 Estimation of minimal molecular weight

of the reductase by SDS-polyacrylamide 
gel electrophoresis ....................... 45

8 SDS-polyacrylamide gel electrophoresis
of reductase prepared by different 
purification procedures ................... 47

9 SDS-polyacrylamide gel electrophoresis
of enzyme obtained at various stages in 
purification ............................... 50

10 SDS-polyacrylamide gel electrophoresis
of microsomes .............................. 52

11 Estimation of molecular weight of the 
reductase by gel filtration ........ 56

12 Identification of enzyme flavin by thin
layer chromatography on cellulose ........ 61

13 Identification of enzyme flavin by thin 
layer chromatography on silica gel . 63

14 Spectrophotometric determination of the 
flavin content of the reductase ... 67

vii



Figure
15

lb

17

18

19

20

21

22

23

2 4

Page

Rate of NADPH oxidation in 0.1 M 
phosphate buffer as a function of pH .... 78
Rate of NADPH oxidation as a function 
of phosphate buffer concentration ........ 80
Determination of the apparent K of
NADPH and inhibition by NADP ............. 8 3
Rate of DCPIP reduction as a function 
of phosphate buffer concentration ........ 87
Determination of the K of NADPH with 
cytochrome c as the electron acceptor .... 92
Determination of the apparent Km of
NADH with cytochrome c as the 
electron acceptor ......................... 95
Spectral intermediates observed upon 
aerobic reduction of the enzyme with
NADPli ...................................................................................................... 97

Spectrophotometric titration of oxidized 
enzyme with NADPH under aerobic con­
ditions .................................... 191
Spectrophotometric titration of the 
air-stable semiquinone form of the 
enzyme with ferricyanide under aerobic 
conditions ................................. 194
Reactivation of FMN—depleted enzyme with 
F MN or FAD ................................. UI



ABBREVIATIONS

Abbreviation
or 

Trivial Name Systematic Name

NADP Nicotinamide adenine dinu­
cleotide phosphate

NADPH Reduced nicotinamide adenine 
dinucleotide phosphate

NADH Reduced nicotinamide adenine 
dinucleotide

FAD Flavin adenine dinucleotide

F MN Riboflavin-5'-phosphate

EDTA Ethylenediaminetetraacetate

SDS Sodium dodecyl sulfate

BSA Bovine serum albumin

Tris Tris(hydroxymethyl)amino­
methane 1

DEAE-cellulose Diethylaminoethyl-cellulose

DCPIP 2,G-Dichlorophenolindophenol

Menadione 2-Methy1-1,4-napthoquinone

3-AcPyADP 3-Acetyl pyridine adenine 
dinucleotide phosphate

Dilauroyl-GPC Dilauroylglycerol-3-phosphoryl 
choline

Reductase, P-450 re­
ductase , or NADPH-cyto- 
chrome P-450 reductase

NADPH:ferricytochrome oxido- 
reductase (EC 1.6,2.4), deter­
gent-solubilized ; NADPH:ferri­
cytochrome P-450 oxidoreduc- 
tase

ix



Abbreviation
or 

Trivial Name Systematic Name

Cytochrome c reductase 
or NADPH-cytochrome ç 
reductase

NADPH:ferricytochrome oxido- 
reductase (EC 1.6.2.4), refers 
to preparations solubilized by 
protease or lipase treatment

P-450 Liver microsomal cytochrome 
P-450, unless otherwise noted

P-4 50LM2 Phenobarbital-induced form of 
rabbit liver microsomal P-450, 
designated (2) by SDS-polyacryl- 
amide gel electrophoretic 
mobility relative to that of 
other forms of rabbit liver 
microsomal P-450

P-4 50LM.4
B-Napthoflavone-induced form of 
rabbit liver microsomal cyto­
chrome P-450, designated (4) by 
SDS-polyacrylamide gel electro­
phoretic mobility relative to 
that of other forms of rabbit 
liver microsomal P-450

x



INTRODUCTION

The enzyme system responsible for the NADPH-dependent 
hydroxylation of a wide variety of compounds by liver 

microsomes has received attention from biochemists, pharma­
cologists, and toxicologists because of the diversity of 
the substrates oxidized and because of its important role 
in detoxification (1). As shown by Omura et al. (2) and 
Estabrook and associates (3,4), cytochrome P-450 is the 
component of the enzyme system which participates in the 
reaction of substrate with oxygen, in what is believed to 
be a typical mixed function oxidation reaction, as defined 

by Mason (5). The reducing equivalents required for the 
P-450-catalyzed hydroxylation reactions are supplied in­
directly from NADPH in a series of electron transfer steps. 
The research described in this thesis is concerned with 
the identification and characterization of the intermediate 

electron transfer protein, NADPH-cytochrome P-450 reductase.
Due to difficulty in solubilizing the membrane-bound 

system of liver microsomes, the identification of the essen­
tial components of similar P—450—containing enzyme systems 
from adrenocortical mitochondria and from the bacterium, 
Pseudomonas putida, preceded the resolution of the individ­
ual components of the liver microsomal system. In studies

1
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summarized by Gunsalas ejt al. (6) , the soluble bacterial 
enzyme system which is responsible for the hydroxylation of 

camphor was shown to require a flavoprotein and an iron— 
sulfur protein as intermediate electron carriers in the 
overall transfer of reducing equivalents from NADH to cyto­
chrome P-450. Similarly, the studies of Omura and co­
workers (2,7) and of Schleyer et al. (8), also showed the 
involvement of both a flavoprotein and an iron—sulfur 
protein in electron transfer from NADPH to cytochrome P-450 
in the 118-hydroxylation of steroids by adrenocortical 

mitochondria. The sequence of electron flow in adreno­

cortical mitochondria is as follows (2);

NADPH-- > flavoprotein iron-sulfur__ 
protein P-450

£2— SH

V s-°H»

(NADPH-adreno- (adrenodoxin) 
doxin reductase)

where S represents substrate.

By analogy to these two systems, electron flow in liver 
microsomes was assumed to occur in a similar sequence of 
electron transfer steps. At this time, there was already 
good evidence for the participation of the flavoprotein, 

NADPH-cytochrome c reductase,in the microsomal electron 
transport system; the role of this enzyme will be discussed 

shortly. The nature of the electron carrier, if any, 
between the flavoprotein and cytochrome P-450 was somewhat 
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uncertain. Immunochemical (9) and EPR studies (10,11) 
failed to provide evidence for the presence of an iron­
sulfur protein in microsomes analogous to the adrenodoxin 

of the mitochondrial system, or the putidaredoxin of the 
bacterial system. Therefore, the postulated sequence of 
electron transfer in liver microsomes was as follows (12,

13) : 

NADPH-- > flavoprotein P-450
SH
S-OH

where the identity of "X" was unknown.

In 1968, Lu and Coon (14) reported the solubilization 

of the NADPH-dependent hydroxylating system from liver 
microsomes by the use of detergent in the presence of pro­

tective agents. This system was separated by chromato- 
gisphic procedures into three fractions which contained 

P-450, an NADPH-specific reductase, and a heat-stable 
factor (15). The heat-stable factor was subsequently 
identified as phosphatidylcholine (16). When the two 
enzyme fractions and lipid were combined, this reconsti­
tuted system catalyzed the hydroxylation of fatty acids and 
a variety of drugs and hydrocarbons (15,17). Subsequently, 
similar techniques were used to study the hydroxylation 
reactions catalyzed by liver microsomal P-450 from several 
species, including rat (18), rabbit (19), mouse (20), and 

human (21), and by P-450 from a yeast (22), and in each case 
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a requirement for phospholipid and a reductase fraction was 
demonstrated.

More recently, the phenobarbital-induced P-450 from 
rabbit liver microsomes has been obtained in apparently 
homogeneous form (23-25). The enzyme was characterized by 
Coon and coworkers (23,26-30) in a series of studies, and 
is a single polypeptide chain of molecular weight 49,000, 
containing one molecule of heme. The enzyme has the spec­
tral properties of a low-spin hemeprotein and exhibits 
maximal absorbance as the reduced-CO complex at 452 nm. 
It is catalytically most active in drug demethylation and 
hydrocarbon hydroxylation. The midpoint oxidation-reduction 
potential at pH 7.0, which is not altered by substrate 
binding, is -0.330 V and the enzyme contains, in addition 
to the iron atom of the heme, an as yet unidentified elec­
tron acceptor with a similar potential (31,32) .

Previous evidence that suggested the presence of 
different forms of P-450 in liver microsomes (1,33-39) has 
been substantiated by the separation and purification of 
nonidentical forms of the enzyme from both rabbit (28) and 
rat (40,41) liver. The phenobarbital-induced form of P-450, 
described above, may be distinguished from other forms of 
P-450 by differences in molecular weight, pattern of induc­
tion, spectral and catalytic properties, and on the basis 
of immunochemical cross reactivity (28,30,42,43). The 
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existence of multiple forms of P-450 may, in part, account 

for the broad substrate specificity of the microsomal system.
The reductase fraction described by Lu et al. (15) , 

which was shown to catalyze the reduction of P-450, also 
exhibited cytochrome c reductase activity. The involvement 
of the microsomal flavoprotein, NADPH-cytochrome g reduc­
tase, in microsomal electron transport had been suggested 
earlier (1,44). This enzyme, first isolated from mammalian 
liver by Horecker in 1950 (45), was shown to be localized 
in the microsomal membrane by Williams and Kamin (46) and 

by Phillips and Langdon (47). Since cytochrome c is not a 

constituent of microsomes, the physiological electron accep­
tor for this reductase was unknown; however, several lines 
of evidence implicated this enzyme as a component of the 
electron transfer system leading to P-450-dependent hydrox­
ylation reactions. It was demonstrated that induction of 

P-450 and associated drug oxidation activities was also 
accompanied by an increase in the amount of microsomal 
cytochrome c reductase (4,48,49). Compounds which served 
as artificial electron acceptors for the enzyme were known 
to inhibit drug hydroxylation in microsomes (1,50) and, in 

addition, immunochemical studies established that anti­
bodies prepared against the purified reductase were effec­
tive inhibitors of microsomal oxidation reactions (9,51,52).

Although these experiments provided strong support for 
a role for NADPH-cytochrome c reductase in electron transfer 
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to P-450, the purified lipase - solubilized enzyme of 
Williams and Karnin (46) could not substitute for the deter­
gent-solubilized reductase fraction of the three-component 
system of Lu et al. (15). While several laboratories have 
reported the isolation of purified cytochrome c reductase 
(46,47,53-56), none of these preparations have been shown 
to function as a P-450 reductase. In each case, the enzyme 
was isolated by procedures which relied on protease or lipase 
treatment of the microsomes to solubilize the enzyme; 
therefore, as suggested by Lu e_t al.. (15) , it was possible 
that these methodsof solubilization somehow altered the 
enzyme so that it no longer functioned in P-450 reduction. 
Alternatively, it was possible that yet a fourth essential 
component of the system remained unresolved by the frac­

tionation procedure of Lu et al^ (15).
Support for the hypothesis that proteolytically solubil­

ized enzymes represent altered forms of the native enzymes 
was provided by studies on microsomal cytochrome b$ and NADH- 
cytochrome b$ reductase by Sato and coworkers (57,58). It 
was subsequently established that proteolytic treatment of 
these proteins led to cleavage of the membrane-bound enzyme 
into two fragments (59,60) . The larger of the two fragments 
is a soluble protein and contains the bound cofactor, but it 
has catalytic properties significantly different from those 
of the detergent-solubilized enzyme (58,60) . The smaller 
fragment, lost in subsequent purification, contains a large 
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proportion of hydrophobic residues and is believed to be 
involved in binding of the native enzyme to the membrane 
(61,62). The possibility that solubilization of NADPH- 
cytochrome c reductase by proteolytic treatment of the 
microsomes also resulted from cleavage of a portion of the 
polypeptide chain received support from the work of Welton 
et al. (63). In experiments utilizing antibodies prepared 
against the bromelain-splubilized reductase (55) , it was 
found that the polypeptide chain precipitated from deter­
gent-solubilized microsomes by treatment with the antibody 
had a molecular weight of 79,000, significantly higher than 
that of 71,000 for the purified enzyme. These experiments 
left little doubt that the protease-solubilized reductase 
was a physically modified form of the native enzyme, and 
therefore might have altered catalytic properties as well. 
Clearly, a better understanding of the role of this enzyme 
in electron transfer to P-450 required isolation of the 
purified enzyme without the use of proteolytic agents.

While the early studies on the cytochrome c reductase 
indicated that the enzyme contained FAD (45,46) in the 
amount of two mol of flavin per mol of enzyme (64), lyanagi 
and Mason (56) recently reported that the enzyme contained 
equimolar quantities of FAD and FMN. Partial purification 
of the reductase by detergent procedures has been accom­
plished in several laboratories from liver (26,56,65-67) 
and kidney microsomes (68), and the presence of both 



8

flavins in these preparations has also been reported (26, 
56); however, the relationship between the P-450 reductase 
and cytochrome c reductase activities still remained some­
what uncertain. A satisfactory demonstration that these 
two activities are common to a single protein has only 
recently been made possible by the extensive purification 
of the detergent-solubilized enzyme (69-71) . The studies 
presented in this thesis with the purified detergent-solu­
bilized flavoprotein and purified P-450 establish the 
direct involvement of this enzyme in electron transfer to 
P-450 in the absence of the participation of other electron 
carriers. It is hoped that the purification and character­
ization of P-450 reductase will assist in a better under­
standing of the role of this important flavoprotein in 

microsomal electron transport.



EXPERIMENTAL PROCEDURES

Materials

Reagents and Chemicals; The following materials were 
obtained from Sigma: DEAE-cellulose (0.91 meg per gm), Tris 
base (reagent grade), di—sodium EDTA, dithiothreitol, cyto­
chrome c (horse heart, Type III and Type VI), NADPH, NADH, 
NADP, 3-AcPyADP, menadione, DCPIP, FAD, riboflavin, Naja 
naja venom, bovine serum albumin, glycine, N,N,N*,N'- 
tetramethylethylenediamine, acetylacetone, and phenyl­
methane sulfonyl fluoride. Potassium ferricyanide, nitro 
blue tétrazolium, formaldehyde solution, and methanol were 
obtained from the J. T. Baker Chemical Co. Ammonium per­
sulfate was purchased from Mallinckrodt and phenobarbital 
from Merck and Co. Acrylamide and N,N1—bis—methylene acryl­
amide (electrophoresis purity), and agarose (A-1.5m,100-200 
mesh) were from Biorad Laboratories. Sodium deoxycholate, 
guanidinium chloride and ammonium sulfate (ultra pure) 
were obtained from Schwarz-Mann. Benzphetamine hydro­
chloride was purchased from Upjohn Co., cyclohexane 
(spectral grade) and 2-mercaptoethanol from Eastman Organic 

Chemicals, potassium bromide from Matheson, Coleman, and 
Bell, and SDS from BDH Chemicals, Ltd. Perchloric acid was 

9
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a product of the G. Frederick Smith Chemical Co. and Coo- 
massie Blue R-250 of Canalco, Inc. Ethylmorphine hydro­
chloride was obtained from The University of Michigan 
Hospital stores, and aniline-C^(U^-hydrochloride (9.55 me 

per mmol) from New England Nuclear. MN-polygram Cel 300 and 
MN-polygram Sil S-HR precoated thin layer plates were 
purchased from Brinkmann Instruments. Renex 690 was ob­
tained from ICI, America. Chromatographically pure FAD and 
a sample of FMN prepared from flavodoxin were kindly 
furnished by Dr. Vincent Massey. Dilauroyl-GPC was obtained 
as a solution in chloroform from Serdary Research Labora­
tories . Prior to use, the solvent was removed under a 
stream of nitrogen,and a 1 mg per ml aqueous suspension was 

prepared by sonication.
DEAE-cellulose : DEAE-cellulose was thoroughly washed 

before use by the following procedure: Six hundred grams 
of the cellulose were suspended in 16 liters of water and 
defined several times. Sodium hydroxide was added to a 
final concentration of 0.5 N, the suspension was stirred 
for 10 min, and was then filtered on a large Buchner funnel. 
The wet cake was resuspended in water and then stirred and 
filtered as described above. This process was repeated with 

16 liters each of 0.1 N HC1, water, 0.5 N NaOH, and water. 
The material was defined several more times before use.

Calcium Phosphate Gel : The preparation of calcium 
phosphate gel was carried out as described by Swingle and 
Tiselius (72). The concentration of the final suspension 
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was determined by the dry weight of evaporated samples and 

adjusted to 30 mg per ml. Freshly prepared gel was no less 
effective in the enzyme purification than material aged for 

over a year.
Enzymes : P-450LMz, purified by the method of van der 

Hoeven et al. (23,26) was provided by Ms. Sylvia B. Dahl. 
P-450 concentrations were determined using an extinction 
coefficient of 91 mM for A.cn .Qn for the CO-difference 
spectrum of the reduced hemeprotein (73). The preparations 
used for the majority of this work were homogeneous as 
judged by their electrophoretic properties when submitted 
to SDS-polyacrylamide gel electrophoresis and contained 
14.5 to 16.9 nmol of P-450 per mg of protein. P-450LM^, 
purified from 8-napthoflavone-induced rabbit liver micro­
somes (28), was provided by Dr. D. A. Haugen and contained 

14.8 nmol per mg of protein.
Partially purified detergent-solubilized rabbit liver 

cytochrome b^ was generously supplied by Dr. F. P. 
Guengerich. The concentration of cytochrome b^ was deter­

. . -1 -1 mined using an extinction coefficient of 185 mM cm for 
A,_, Ann for the reduced difference spectrum (73). Brome- 424-409 
lain-solubilized NADPH-cytochrome c reductase, purified by 
the method of Pederson et a^. (55), was also furnished by 
Dr. Guengerich. The enzyme preparation catalyzed the reduc­
tion of 54 pmol cytochrome c per min per mg of protein and 
contained 49% of the total flavin as FMN.
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Methods

Preparation of Microsomes; Phenobarbital was admin­
istered to 150-g male rats (Sprague Dawley strain) as a 
0.1% solution in their drinking water for 3 1/2 days. 
Animals received no food during the 16-hr period prior to 
sacrifice and were killed by decapitation. Excised livers 
were immediately chilled and rinsed with 0.05 M Tris, pH 
7.4, containing 1.15% KC1 and 1.0 mM EDTA. Tris-chloride 
buffers were used throughout the entire procedure and 
subsequent operations were performed at 4°. The livers 
were minced with scissors and homogenized in a Waring 
blendor with 4 volumes of the above buffer for two 40-sec 
intervals. The homogenate was centrifuged at 10,000 x g 
for 30 min, and the resulting supernatant solution was then 
centrifuged in a Beckman Type 35 preparative rotor for 70 
min at 35,000 rpm to pellet the microsomal fraction. The 
microsomes were carefully removed, leaving behind the small 
glycogen-containing portion of the pellet, and resuspended 
in 0.05 M Tris, pH 7.7, containing 1.0 mM EDTA, by use of a 
Potter-Elvehjem glass homogenizer with a teflon pestle. 
The total volume was adjusted to that of the 10,000 x g 

supernatant solution and centrifugation was repeated. The 
microsomes were then resuspended as described above in 0.05 
M Tris, pH 7.7, containing 1.0 mM EDTA and 20% (v/v)
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glycerol at a protein concentration of 25 to 35 mg per ml, 

and stored at -200 for periods not exceeding 2 weeks.
Protein Determination : Protein was estimated by the 

method of Lowry et al. (74) using bovine serum albumin as 

a standard, and absorbance readings were taken at 750 nm. 
The concentration of albumin was determined independently 
using of 6.67 (75) . Each determination included a 
series of samples and standards, all containing an equiva­

lent amount of sample buffer.
Assay for Cytochrome P-450 Reductase Activity: NADPH 

oxidation in the presence of a saturating amount of

P-450LM2 and phospholipid, with benzphetamine as the sub 
strate, was routinely used as a measure of the ability of 
the reductase to transfer electrons to the cytochrome. The 
reaction mixture contained, in a final volume of 1.0 ml, 
the following components in the order of addition indicated: 

30 pg of dilauroyl-GPC, 0.5 nmol of P-450LM2, varying 
amounts of reductase, 100 pmol of potassium phosphate buffer 

pH 7.4,and 1.0 pmol of benzphetamine. The mixture was pre­
incubated at 30° for 3 min, and the reaction was initiated 
by the addition of 0.15 pmol of NADPH. The oxidation of 

NADPH was followed at 340 nm by use of a Beckman DU spec­
trophotometer equipped with a Gilford Model 2000 multiple 

sample absorbance recorder or by use of an Aminco DW-2 
spectrophotometer. Rates were determined using an extinc­
tion coefficient of 6.22 mM-1 cm"1. Preparations of 



14

purified P-450LM2 were free of detectable amounts of reduc­
tase activity; therefore, the control rates were determined 
in the absence of the cytochrome. This rate reflected the 
NADPH-oxidase activity of the flavoprotein and was gener­
ally undetectable under the assay conditions described 
above. The specific activity of the reductase was calcu­
lated on the basis of this spectral assay and expressed as 
nmol of NADPH oxidized per min per mg of protein.

The exact amount of P-4SOLMg required for maximal 
rates varied somewhat with the preparation of hemeprotein 
used. Fig. I shows a typical saturation curve obtained 
when the amount of reductase and phospholipid were held 
constant and P-450LM2 was increased to a nearly saturating 
level. At a concentration of about 0.5 yM of cytochrome, 
the rate of NADPH oxidation showed a linear dependence on 
added reductase up to 0.04 nmol, as shown in Fig. 2. It 
has been estimated that phenobarbital-induced liver micro­
somes contain approximately 0.1 nmol of reductase and 3 
nmol of total P-450 per mg of protein (13,56), giving a 
molar ratio of cytochrome to flavoprotein of about 30. It 
should be noted that the ratio of the two enzymes under the 

conditions of this assay is very similar.
When it was necessary to quantitate hydroxylated pro­

duct formed in the above reaction, formaldehyde liberation 
resulting from the N-demethylation of benzphetamine was 
determined by a colorimetric method. The reaction volume
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Fig. 1. Rate of NADPH oxidation as a function of 
P-450LM- concentration. The amount of dilauroyl-GPC 
(30 pg) and reductase (0.028 nmol of FMN) was held con­
stant and the concentration of P-45OhM^ was varied. 
Benzphetamine was used as the substrate.
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Fig. 2. Rate of NADPH oxidation as a function of 
reductase concentration. The amount of dilauroyl-GPC 
(30 pg) and P-4SOLM^ (0.53 nmol, 16.9 nmol per mg of pro­
tein) was held constant and the concentration of reductase 
was varied. Benzphetamine was used as the substrate. Reductase concentration is expressed as enzyme-bound FMN. 
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was increased to 1.5 ml, and the concentrations of the added 
components were the same as described in the spectral assay 
except that 0.5 pmol of NADPH was added. After a 3-min 
preincubâtion the reaction was initiated with NADPH and 
allowed to proceed for 10 min, at which time 0.5 ml of 
17.5% perchloric acid was added. Formaldehyde was deter­
mined by the method of Nash (76) as modified by Cochin and 
Axelrod (77). The experimentally determined extinction 

-1 -1 coefficient of 3.25 mM cm for the resulting chromophore 
at 412 nm was used in calculating the amount of formaldehyde 
formed. The control reaction in this case contained no 
reductase.

Assay for Cytochrome ç Reductase Activity : Reduction 
of cytochrome c was used as a convenient measure of reduc­
tase act i ' y during purification of the enzyme and in 
mechanistic studies. Reaction rates were routinely meas­
ured in a high ionic strength buffer, as described by 
Phillips and Langdon (47). The 1.0- ml assay mixture con­
tained the following components at the indicated concentra­
tions : potassium phosphate buffer, pH 7.7, 0.3 M; cyto­
chrome c, 40 pM; EDTA, 0.1 mM; and NADPH, 0.1 mM. The mix­
ture was preincubated for 3 min at 30 ° and the reaction was 
initiated by the addition of enzyme. The rate of cyto­
chrome c reduction was calculated from the absorbance change 

-1 -1 at 550 nm using an extinction coefficient of 21 mM cm 
(78) for the conversion of oxidized cytochrome to the reduced 
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form. A linear dependence of the initial reduction rate on 
added reductase was observed, as shown in Fig. 3. Potassium 
cyanide at a concentration of 1.0 mM was found to have no 
significant effect on the rate of cytochrome c reduction 
by microsomes and was not included during measurement of 
microsomal reductase activity.

Although the specific activity of the enzyme, expressed 
as ymol of cytochrome c reduced per min per mg of protein, 
was always determined in 0.3 M phosphate, the use of lower 
ionic strength buffers in kinetic and some other studies 
will be indicated where appropriate. Both Sigma Type III 
and Type VI cytochrome c were used in routine measurements 
at saturating levels of acceptor. Type VI was used in 

studies since it contains a smaller amount of high 
molecular weight polymers and a negligible amount of the 
reduced form.

Cytochrome c reduction is practically insensitive to 
the presence of detergents in the reaction mixture and has 
served as the most reliable method for location and quanti­
tation of the reductase in fractions from column chromato­
graphy during purification of the enzyme. Concentrations 
of Renex 690 up to 0.1% in the final reaction mixture 
did not inhibit reduction, and deoxycholate at the same 
level produced only about 15% inhibition.

The pH profile for cytochrome c reduction in 0.1 M 
phosphate buffer is shown in Figure 4. Maximum activity 
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was observed above pH 7.6; the dependence of the rate of 
reduction on pH is similar to that observed by others for 
NADPH-cytochrome c reductase (46,47). The rate of reduc­
tion at pH 6.8 was not enhanced when enzyme and FMN were in­
cluded during the preincubation and the reaction was 
initiated with NADPH.

Assays for Reduction of Other Electron Acceptors; 
Reduction of various other electron acceptors was measured 
at pH 7.7 at 30° in a manner similar to that described for 
assay of cytochrome c reduction at the following final con­
centrations : DCPIP, 50 yM; ferricyanide, 0.5 mM; mena­
dione , 50 PM; nitro blue tétrazolium, 20 pM; and 
3-AcPyADP, 0.2 mM. Menadione was added as 0.05 ml of a 
1.0 mM solution in 20% ethanol. For assay of ferri­

cyanide and 3-AcPyADP reduction, the concentration of NADPH 
was increased to 0.2 mM, and for menadione reduction, to 
0.15 mM. A 0.3 M potassium phosphate buffer was used unless 
stated otherwise. Nitro blue tétrazolium assay mixtures 
contained 250 pg of dilauroyl-GPC and 0.1 M phosphate 
buffer. The rate of DCPIP reduction was determined by the 
decrease in absorbance at 600 nm using an extinction coef­
ficient of 21 mM-1 cm-1 (79) and the rate of ferricyanide 

reduction by the decrease at 420 nm using an extinction 
-1 -1 coefficient of 1.02 mM cm (80), with appropriate correc­

tion in both cases for the nonenzymatic rates. Nitro blue 
tétrazolium and 3-AcPyADP reduction were determined by the 
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increase in absorbance at 550 and 363 nm, respectively, 
using extinction coefficients of 28.6 mM (81) and 5.6 
mM-1 cm”1 (82). The transhydrogenase-type activity was 

measured in a Cary 14 recording spectrophotometer with an 
identical reaction mixture containing no enzyme in the 
reference cell. Menadione reduction was monitored indirect­

ly following NADPH oxidation at 340 nm. No NADPH oxida- 
oxic'c.ticn in 1% ethanol in the absence of menadione was 
observed. The linearity of reaction rates with added 

reductase was verified in each case.
Purification of Flavins : FAD was purified by chro­

matography on DEAE-cellulose as described by Massey and 
Swoboda (83). FMN was purified in a similar manner by the 
method of Mayhew (84) after enzymatic hydrolysis of FAD. 
Individual fractions were examined for purity by thin layer 

chromatography on silica gel with n-butanol-acetic acid­
water (4:3:3) , as developing solvent (85) and compared to 
authentic samples of FMN and FAD. Flavins were visualized 
by their fluorescence under long wavelength ultraviolet 
light. Peak fractions from column chromatography were 
reserved for use as standards in the fluorometric deter­
minations. Flavin samples were stored at -200 and care 
was taken in handling the solutions to exclude light.

Flavin Determination: Fluorescence measurements were 

made on a recording ratio spectrofluorimeter assembled by 
Dr. David P. Ballou,which was available for use through the 
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courtesy of Dr. Vincent Massey. Determinations were made 

at 20° using exciting light of wavelength 450 nm, and 
emitted light was measured at 535 nm. Slit widths were 2.0 

and 2.5 mm for excitation and emission, respectively.
The amount of FAD and FMN present in mixtures of the 

two flavins was quantitated from fluorescence measurements 
made before and after hydrolysis with snake venom phospho­
diesterase (Naja naja), and from the relative fluores­
cence at pH 7.7 versus pH 2.6, employing a slight modifica­
tion of the method of Faeder and Siegel (86). Flavin was 
released from purified enzyme (200 pg in 0.2 ml) by boiling 

in the dark for 3 min, and the samples were immediately 
cooled in an ice-water bath. Under these conditions, the 

protein remained soluble, and determinations on these 
samples without further treatment to precipitate protein 

were not always reproducible. For more precise measure­
ments , protein was precipitated by the addition of 4 vol­
umes of cold methanol and removed by centrifugation for 10 
min at 10,000 x g,. An aliquot of the supernatant solution 
was diluted with an equal volume of 0.1 M potassium phos­
phate buffer, pH 7.7, containing 0.1 mM EDTA. Fluori- 
metric measurements on 0.1 to 0.4 ml aliquots in a total 
volume of 2.0 ml in the above buffer were made at pH 7.7, 

and again, after the addition of 0.2 ml of 0.1 N HC1, at 
pH 2.6. Alternatively, readings were made at pH 7.7 in the 
above buffer before and after addition of a few crystals 

of Naja naja venom.
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The concentration of the flavin solutions used as 
standards was determined using extinction coefficients for 
A450 of 11.3 mM^cm-1 (87) and of 12.2 mM~1cm~1 (88) for 

FAD and FMN, respectively. The relative fluorescence con­
stants obtained by the method of Faeder and Siegel (86) 
for the flavin standards used in this study are presented 
in Table I (methanol absent) and are in good agreement with 
the values for FMN at pH 7.7 of 1.000; for FMN at pH 2.6 
of 0.690 ; for FAD at pH 7.7 of 0.099; and for FAD at pH 2.6 
of 0.456; calculated from the data presented by the above 
authors. In addition, the fluorescence constants of the 
FMN standard were compared to those of an FMN sample pre­
pared from flavodoxin and were found to be within 5% 
of the values obtained with this authentic flavin.

To correct for changes in the fluorescence properties 
of flavin in the presence of a small amount of methanol, 
solutions of standards to be used in routine determinations 
were prepared in buffer containing 40% methanol at 

appropriate concentrations so that measurements could be 
made under conditions identical to those used for the 
reductase samples. The presence of methanol at 2 to 
8% during the measurement had little effect on the fluor­
escence of FMN at pH 7.7 and, as shown in Table I, little 
effect on the fluorescence of either flavin at pH 2.6. 

The fluorescence of FAD at pH 7.7 was enhanced about 

25%; therefore, these relative values were used in
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TABLE I 
FLUORESCENCE CONSTANTS OF FLAVIN STANDARDS IN 

THE PRESENCE AND ABSENCE OF METHANOL

The fluorescence of each flavin was measured at pH 
7.7 and pH 2.6 at 20° as described by Faeder and Siegel 
(86) and the fluorescence constants were calculated on the 
basis of the flavin concentration before the addition of 
HC1. The data are presented as relative values, assigning 
the fluorjscence constant for FMN at pH 7.7 as 1.000. When 
methanol was present, the final concentration during the 
measurement ranged from 2 to 8%. The values shown repre­
sent an average from at least 3 separate experiments.

Flavin pH
Fluorescence Constants
Methanol 
Absent

Methanol 
Present

FMN 7.7 1.000 1.000

FMN 2.6 0.678 0.670

FAD 7.7 0.103 0.125

FAD 2.6 0.456 0.490
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calculating the flavin concentration of methanol-treated 
reductase samples. In other experiments not shown, glycerol 

and deoxycholate at the concentrations present in enzyme 
samples had no significant effect on flavin fluorescence.

With the modification of the method of Faeder and 

Siegel (86) in sample preparation described above, agree­
ment between the values obtained by this procedure and by 
enzymatic hydrolysis was quite satisfactory. Table II 
summarizes an analysis on a single enzyme sample by both 

methods.
SDS-Polyacrylamide Gel Electrophoresis: Slab gel 

electrophoresis was performed using a slight modification 
of the discontinuous system of Laemmli (89) in a Hoefer 

Model SE-500 apparatus. The gels were prepared from a 
stock solution of 22.2% acrylamide and 0.6% N,N1-bis- 
methylene acrylamide. The separating gel contained 7.5% 
acrylamide, 0.375 M Tris-Cl, pH 8.4, and 0.1% SDS, and 
was polymerized by the addition of 0.033% ammonium persul­
fate and 0.025% N,N,N*,N'-tetramethylethylenediamine 

(TEMED). Slabs 9 cm in length and 0.75 mm in thickness 
were prepared one day in advance. The 1 cm stacking gel, 
prepared the day of the experiment, contained 3% acryla­
mide, 0.125 M Tris—Cl, pH 6.8, and 0.1% SDS, and was poly­

merized by the addition of 0.1% ammonium persulfate and 
0.05% TEMED. The electrode buffer, pH 8.3, contained 0.05



27

a

Ï
Cw

cn 
co

o

in 
cn
o

AN
AL

YS
IS

 O
F 

EN
ZY

ME
 F

LA
VI

N 
BY
 T

WO
 M

ET
HO

DS

is

o
<D

in
CM

m 
tn 
a>

m
u c <d

QJ 
TJ
G
<0 

Cm



28

M Tris, 0.38 M glycine, and 0.1% SDS. Protein samples 
were diluted in 0.0625 M Tris-Cl, pH 6.8, containing 1% 
SDS, 10% glycerol, 5% 2-mercaptoethanol, and 0.001% brom­
phenol blue, and were then placed in a 100° water bath 
for 2 min. Twenty-microliter samples were placed in each 
well, and electrophoresis carried out using a Heathkit 
Model IP-17 regulated high voltage power supply with a 
current of 12 mA per gel during the stacking process, and 
of 20 mA per gel during the separation. The temperature 
was maintained at 10° by a circulating water bath and the 
run was terminated after approximately 3 hrs.

The gel was fixed for 1 hr in a solution of water- 
isopropanol-acetic acid (65:25:10), and stained for 1 hr 
with 0.05% Coomassie Blue R-250 in the same solvent. 
Diffusion destaining was carried out in a Hoefer Model 
SE-530 apparatus with a solution containing 10% acetic 
acid and 10% isopropanol. The gels were softened for 15 
to 30 min by treatment with 3% glycerol prior to drying, 
which was performed with a Hoefer Model SE-540 Slab Gel 

Dryer.
Absorption Spectra; All ultraviolet and visible 

spectra were obtained in spite of an Aminco DW-2 record­
ing spectrophotometer equipped with a Lauda K-2/R circu­

lating water bath.
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Purification Procedure: Solubilization of phenobar­
bital-induced rat liver microsomes was performed essen­
tially as described by Dignam and Strobel (71) except that 
protamine sulfate addition was omitted. Tris buffers were 
Tris-chloride and phosphate buffers were potassium phosphate. 

Microsomes (4.2 g of protein) were suspended in a final 
volume of 420 ml of a solution containing 0.1 M Tris, pH 
7.7, 1.0 mM EDTA, 0.5 mM dithiothreitol, 20% (v/v) glycerol 
and 1% (w/v) Renex 690. All components except detergent 
were stirred for 10 min, and Renex was then added dropwise 
as a 10% solution. Stirring was continued for an addi­
tional 20 min, and the microsomal extract was then centri­

fuged for one hour at 105,000 x g. The supernatant 
solution was diluted with an equal volume of water and 
applied to a column (4.5 x 40 cm) of DEAE-cellulose pre­
viously equilibrated with 0.05 M Tris, pH 7.7, containing 

0.1 mM EDTA, 10% glycerol, and 0.5% Renex. All buffers 
used in subsequent steps contained EDTA and glycerol at 
the above concentrations. The column was washed with 
one liter of the equilibrating buffer containing 0.1 M 
KC1, and the reductase was eluted with 2.5 liters of KC1 

solution in a linear gradient from 0.1 to 0.5 M in the same 
buffer. Under these conditions most of the microsomal 
hemeproteins were eluted with the 0.1 M wash and the more 
tightly bound reductase was not eluted until about midway 

through the gradient. Preliminary results indicate that 
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including a protamine sulfate precipitation step after 
detergent solubilization sharpens the reductase elution 
profile on DEAE-cellulose, as previously described by Dignam 
and Strobel (71) for a similar chromatographic step on DEAE- 
Sephadex A-25. A calcium phosphate suspension (2.0 g in 
67 ml) was added to the combined reductase fractions and 
the mixture was stirred for 10 min. After centrifugation 
at 8,000 x g for 10 min, the detergent-containing super­
natant solution was discarded. The gel, containing ad­
sorbed protein, was suspended in 45 ml of 0.15 M phosphate 
buffer, pH 7.4, stirred for 20 min, and again centrifuged. 
Elution was repeated with 25 ml of the same buffer, the 
mixture was centrifuged, and the supernatant solutions were 
combined. Recovery of reductase from calcium phosphate 
under these conditions was 90 % or better.

Prior to subsequent chromatography, Tris buffer and 
deoxycholate were added so that the final solution con­
tained 1 mg of protein per ml, 0.1 M phosphate, 0.1 M 

Tris, and 0.1% deoxycholate. The pH was adjusted to 7.2 
by the addition of dilute HC1. The sample was then applied 
to a column of DEAE-cellulose (2.2x30 cm) previously 
equilibrated with 0.1 M Tris, pH 7.2, containing 0.1% 
deoxycholate. The column was washed with 100 ml of equili­

brating buffer, also containing 0.1 M phosphate. At this 
point the reductase could be seen as a bright yellow band 
migrating ahead of dark colored impurities which were more 
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tightly bound at the top of the column. The 1 to 2 cm of 
DEAE-cellulose containing these impurities were removed, 
and the column was then washed with 250 ml of equilibrat­
ing buffer containing 0.15 M KC1. The reductase was eluted 

with a 500 ml linear gradient of KC1 in the same buffer 
with salt concentration increasing from 0.15 to 0.5 M. 
Active fractions were pooled, concentrated on calcium 
phosphate (360 mg), and eluted as described above, in a 

combined volume of 25 ml.
The sample was diluted 1.5-fold with 10% glycerol 

and the pH was adjusted to 7.2. Renex and deoxycholate 
were added to a final concentration of 0.1% of each, and 
the sample was applied to a small column of DEAE-cellulose 
(1.5 x 7 cm), previously equilibrated with 0.1 M phosphate 

buffer, pH 7.2, containing 0.1% deoxycholate. The column 
was washed with the same buffer until the reductase had 

migrated at least half way down the column. All column 
material above the yellow band was removed and the reduc­

tase was eluted with the same buffer containing 0.2 M 
KC1. The enzyme was immediately dialyzed against one liter 

of 0.02 M Tris, pH 7.4, for at least four hrs, and concen­
trated by treatment with calcium phosphate (120 mg) as 

before, to give a final volume of 6 ml.
Stabilization of Reductase; The enzyme was quite 

stable at 4° in 10% glycerol at pH 7.0 to 8.0 in the 

presence of either Renex 690 or deoxycholate. A loss 
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of activity occurred in the absence of glycerol which 
could not be restored by the addition of flavin, but no 
loss of activity was observed in the absence of detergent. 
No requirement for added thiol was observed in this study; 
however, the enzyme is sensitive to mercurial agents such 
as p-chloromercuribenzoate, and dithiothreitol is effec­

tive in reversing this inhibition. The use of ammonium 
sulfate in the purification of the reductase has been 
avoided since treatment of the enzyme with concentrations 
as low as 30% may cause dissociation of FMN, even if care 

is taken to exclude light.
Purified enzyme, at a protein concentration of about 

1 mg per ml, was stable for several months without signif­
icant loss of activity when stored at -200 in phosphate 
buffer, pH 7.4 to 7.7, containing 0.1 mM EDTA and 10% glyc 
erol. At this concentration the enzyme remained soluble 
at 4 to 60, but slowly precipitated out of solution at 
higher temperatures. The solubility of the enzyme was 
improved if the concentration of ouff er was greater 

than 0.1 M and was enhanced somewhat by the addition of 
0.1% detergent. No solubility problem was observed with 
more dilute solutions of enzyme (50 to 100 pg per ml). 
The stability of the dilute enzyme is slightly better in 
phosphate buffer than in Tris, and preparations diluted 
in 0.05 M potassium phosphate, pH 7.7, containing EDTA 
and glycerol, were stable for several hrs at 4°C.
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Preparation of FMN-depleted Enzyme; Two procedures 
were used for the selective removal of F MN from the reduc­

tase. Removal by KBr dialysis (90) was carried out as follows: 
Enzyme at a concentration of 0.6 to 1.2 pM was dialyzed 
for 36 hours at 4° against at least 3 changes of 0.05 M 

sodium pyrophosphate buffer, pH 8.5, containing 2 M KBr, 
0.1 mM EDTA and 10% glycerol. Potassium bromide was then 

removed by dialysis against several changes of 0.05 M 
potassium phosphate buffer, pH 7.6, also containing EDTA 
and glycerol. FMN-depleted enzyme prepared by this method 

was stable for several days when stored at -20°.
Selective removal of FMN by irradiation in the presence 

of ammonium sulfate was carried out using a procedure de­
scribed in earlier work on NADPH-cytochrome c reductase by 
Baggot and Langdon (91). Enzyme (0.6 to 1.2 pM) in buffer 

containing 40% ammonium sulfate, 0.01 mM EDTA, and 10% 

glycerol, was centered at a distance of 6 inches from a 
circular array of twelve 15-watt fluorescent lights and 
irradiated for periods of 6 to 9 hours at a temperature of 
about 10°. Inactivation by this process was observed in 

the pH range from 6.8 to 8.5 in 0.05 M phosphate or pyro­
phosphate buffers and the exact conditions used will be noted 
where necessary. Assays for cytochrome c reductase or other 
diaphorase activities were carried out on aliquots of the 
irradiated solution. Flavin was determined after dialysis 
against several changes of 0.05 Mpotassium phosphate buffer, 
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pH 7.6, containing 0.1 mM EDTA and 10% glycerol, and 
appropriate correction for volume changes was made. Meas­
urements of the pH of solutions containing high concentra­
tions of salt were made with a Radiometer GK 2302C elec­

trode.
Neither of the above procedures was as effective when 

higher concentrations of enzyme were used. In the case of 
the ammonium sulfate procedure, more concentrated samples 
quickly became very turbid and substantially less activity 

could be restored by addition of FMN, as described below. 
Flavin determinations on depleted samples were generally per­
formed using the method of Faeder and Siegel (86) but did not 

employ methanol treatment of the samples, as described 
earlier. These values were periodically checked by the 
venom procedure and no serious discrepancies between the two 

methods were observed.
Reactivation of FMN-depleted enzyme toward various 

electron acceptors by the addition of flavin was carried out 
as follows : The appropriate assay mixture containing accep­
tor, enzyme, and 4 to 5 uM flavin was preincubated at 30° for 4 

min, and the reaction was initiated by the addition of NADPH. 
Control rates were determined in the presence of flavin with­

out added enzyme. Longer preincubation periods were no more 
effective, and treatment of the enzyme with flavin at 4 or 25° 

for periods up to 20 min, followed by assay in the absence 

of added flavin, gave less reproducible results.
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Purification of the Reductase : During the course of 
this work two different procedures were developed for the 
purification of the reductase from phenobarbital-induced rat 
liver microsomes. The first purification procedure, de­
scribed in detail elsewhere (70), involved deoxycholate 
solubilization of microsomes essentially as described by 
Lu and Coon (14), followed by column chromatography on 
DEAE-cellulose, DEAE-Sephadex A-50, and hydroxylapatite,in 

the presence of deoxycholate or the nonionic detergent 
Renex 690. The total recovery of cytochrome c reductase 
activity was only 10* and the procedure was lengthy. 
This procedure was abandoned in favor of a second, de­
scribed in detail in Methods, which is less time consuming 
and consistently yields enzyme of slightly higher purity. 
Although both procedures allow isolation of active enzyme 
purified over 100-fold from the starting microsomes, anal­
ysis by SDS-polyacrylamide gel electrophoresis indicated 
that the final preparations obtained by the two methods 

differ slightly in apparent molecular weight. It is not a 
major tenet of this thesis to rigorously establish the 
existence of multiple forms of rat liver P—450 reductase, 
but in view of present knowledge regarding the existence of 

35
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multiple forms of P-450 (23,40,41,43), the data to be pre­
sented on the reductase warrant serious consideration.

There is good evidence that the reductase is the 
limiting component of the induced microsomal drug hydroxyl­
ating enzyme system. In studies with antibodies prepared 
to the lipase - solubilized enzyme., Masters et al. (9) 
demonstrated that the inhibition of microsomal cytochrome 
c reductase activity by the addition of the immune globulin 
was directly proportional to the inhibition of drug demeth- 
ylase activity. In similar studies, the sulfhydryl reagent 
mersalyl, was also used as a selective inhibitor of reduc­
tase activity, and again, the extent of the inhibition of 
microsomal cytochrome c reductase and drug demethylase 
activities was similar (92,93). These results suggest that 
the rate of drug demethylation by induced microsomes may 

also be used as an estimate of the amount of reductase 
present. If the flavoprotein responsible for the cyto­
chrome c reductase activity in microsomes is also the only 
enzyme participating in electron transfer from NADPH to 
P-450, then it should be possible to demonstrate copurifi­

cation of cytochrome g and P-450 reductase activities 

during isolation of the enzyme.
A typical purification of the reductase by the proce­

dure described in Methods is summarized in Table III. The 

specific activity of the enzyme with P-450 and with cyto­
chrome c as the electron acceptor was determined at each
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stage of the purification. As described earlier, P-450- 
dependent NADPH oxidation in the presence of saturating 
amounts of purified P-450LM2 and phospholipid, with benz­
phetamine as the substrate, was used to determine the P-450 
reductase activity of the partially purified and the final 
preparations of enzyme. However, measurements of P—450 — 
dependent NADPH oxidation in microsomes is difficult, since 
even in the absence of benzphetamine, the NADPH-oxidase 
activity of microsomes is high. Therefore, the P-450 
reductase activity of the microsomes was estimated by meas­
uring formaldehyde production due to the N-demethylation of 
benzphetamine. Comparison of the rate of product formation 

in microsomes to the rate of NADPH oxidation in the recon­
stituted system is assumed to be valid, since the P-45O- 
dependent reactions of the microsomal system generally 
exhibit a one-to-one stoichiometry of NADPH oxidized to 

product formed (94 , 95).
As shown in Table III, the ratio of the specific 

activity with cytochrome c to that with P-450 as the elec­
tron acceptor did not vary significantly during an exten­
sive purification. Based on P-450 reductase activity, a 
170-fold purification was achieved, and based on cytochrome 
c reductase activity, a 150-fold purification was achieved 
with an overall recovery of 21%. Copurification of 

these activities provides additional evidence that the 
microsomal NADPH-dependent P-450 and cytochromec reductase 
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activities are common to a single enzyme. The enzyme 
obtained by this purification procedure had a specific 
activity with cytochrome g as the electron acceptor of 59 
to 64 units per mg of protein, and with P-4 50 of 2.2 to 2.4 

units per mg of protein.
Absorption Spectrum: The spectrum of the isolated 

enzyme is shown in Fig. 5, and is that of the fully oxidized 
enzyme. The spectrum is characterized by absorbance maxima 
at 276, 384, and 456 nm, with a shoulder at 485 nm. The 
ratio of absorbance at 276 nm to that at 456 nm is 8.7, and 
is slightly higher than the value of 6.7 obtained for the 
bromelain-solubilized NADPH-cytochrome c reductase (55) and 
of 6.3 for the trypsin-solubilized enzyme (54), both from 

rat liver.
Estimation of Minimal Molecular Weight and Evidence 

for Two Forms of the Reductase; When purified enzyme was 
treated with SDS and mercaptoethanol and submitted to poly­
acrylamide gel electrophoresis, it did not show a single 

protein band, but consisted of a major band and a more 
diffuse minor band of slightly lesser mobility, as shown in 

Fig. 6. The exact proportions of each of the two compon­
ents was difficult to assess because resolution of the 
upper band was sometimes poor, but the lower band was 
clearly the major constituent in each preparation analyzed, 

and accounted for approximately 75 to 95% of the 
total protein present in these two bands. The gels shown
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Fig. 5. Absorption spectrum of the reductase. The 
enzyme was in 0.05 M phosphate buffer, pH 7.7, contain- 
in<j 10% glycerol and 0.1 mM EDTA, and the temperature 
was 15°. For the ultraviolet spectrum, the enzyme was 
diluted 10-fold in the same buffer.
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Fig. 6. SDS-polyacrylamide gel electrophoresis of 
purified reductase. Four preparations of enzyme, designa­
ted as (a) through (d), were examined by electrophoresis 
of 0.5, 0.7, and 1.0 pg of protein, as described in 
Methods.
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Fig. 6
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in Fig. 6 also indicated that protein components other than 

these two were not present in significant amounts. An 
estimate of a minimal molecular weight of 76,000 was ob­
tained by comparison of the relative mobility of the major 

band with the relative mobilities of standards of known 
molecular weight, as shown in Fig. 7. A similar analysis 
indicated an apparent molecular weight of 78,000 for the 

minor constituent.
Since the reductase obtained in the previous work was 

shown by similar methods to have an apparent molecular 
weight of 79,000 (70), approximately that of the upper 
(minor) band, enzyme prepared by the two different proce­
dures was analyzed in the same electrophoretic experiment 
with the results shown in Fig. 8. Both enzyme preparations 

shown were purified over 100-fold with respect to the cyto­
chrome P-450 and cytochrome c reductase activities of the 
microsomes, and both had similar spectral properties and 
flavin content. The mobility of the major band observed 

for the preparation obtained in the earlier studies corre­
sponded to that of the minor band of the purified enzyme 
described here. When equal amounts of the two samples were 
mixed, two bands of roughly equal intensity were observed.

To ascertain if the difference in apparent molecular 
weight between these preparations was an artifact of the 
purification procedure, the enzyme obtained at successive 

stages in a single purification, as outlined in Table lib
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Fig. 7. Estimation of minimal molecular weight of 
the reductase by SDS-polyacrylamide gel electrophoresis. 
Electrophoresis was performed using the discontinuous 
system described in Methods. The molecular weight 
standards used were phosphorylase a (94,000), bovine 
serum albumin (69,000), catalase (58,000), glutamate de­
hydrogenase (53,000), ovalbumin (45,000), aldolase 
(40,000) , lactate dehydrogenase (36,000), and chymo­
trypsinogen (25,700).
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Fig. 8. SDS-polyacrylamide gel electrophoresis 
of reductase prepared by different purification pro­
cedures . Sample (a), 0.7 pg of protein, was obtained 
by the procedure described in Methods, and sample 
(c), 1.0 pg of protein, was obtained by the proce­
dure described elsewhere (70). Sample (b) was a 
mixture of (a), 0.35 pg of protein, and (c), 0.5 pg 
of protein. The upper electrode buffer contained 
5 mM mercaptoethanol.
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Fig. 8
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was submitted to SDS—polyacrylamide gel electrophoresis* 

The results of this experiment are presented in Fig. 9. Two 
bands of approximately equal intensity with mobilities cor­

responding to those of the upper (minor) band and lower 
(major) band of the purified enzyme were observed in micro­

somes . Two bands of approximately equal intensity were 
also observed in the enzyme preparation purified 20—fold by 
the first chromatographic step on DEAE-cellulose. Only 
after the second chromatographic step did the relative pro­
portions change in favor of the lower (major) band. These 
results suggest that two bands corresponding in mobility to 

the major bands of the two purified preparations are present 

in microsomes and copurify in the first stage of enzyme 
purification. The evidence presented thus far supports the 

conclusion that both the purified preparations represent 
microsomal forms of the reductase and that the use of two 
different purification procedures leads to the isolation of 

predominantly one or the other form.
To examine the possibility that the lower molecular 

weight form was a product of proteolytic degradation of the 
larger polypeptide chain and was produced during isolation 
of the microsomal fraction, the subcellular fractionation 
was carried out in the presence of the protease inhibitor, 
phenyl-methane sulfonyl fluoride (93). The electrophoretic 

pattern of microsomes prepared in the presence and absence 
of this inhibitor are compared in Fig. 10 (c and d). No
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Fig. 9. SDS-polyacrylamide gel electrophoresis of 
enzyme obtained at various stages in a single purifica­
tion, as follows: (a), phenobarbital-induced rat liver 
microsomes, 6 and 8 pg of protein; (b), enzyme obtained 
after chromatography on DEAE-cellulose in the presence 
of 0.5% Renex 690 and concentration with calcium phos­
phate, 4 and 6 pg of protein; (c), enzyme obtained after 
further chromatography on DEAE-cellulose in the pre­
sence of 0.1% deoxycholate and concentration with cal­
cium phosphate, 1.0 and 1.2 pg of protein; and (d), 
purified enzyme obtained after the final chromatographic 
and concentration steps, 0.5 and 0.7 pg of protein.
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Fig. 9
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Fig. 10. SDS-polyacrylamide gel electrophoresis of 
microsomes prepared as follows: (a), from untreated 
rats, 6 and 8 pg of protein; (b), from rats pretreated 
with phenobarbital and hydrocortisone (70), 6 and 8 pg 
of protein; (c), from rats pretreated with phenobarbital 
only in their drinking water, as described in Methods, 
6 and 8 pg of protein; and (d), from the same animals 
described in (c) but prepared in the presence of the 
protease inhibitor, phenyl-methane sulfonyl fluoride 
(PMSF), 6 and 8 pg of protein. In the latter case, the 
homogenizing buffer was supplemented with 0.4 mM PMSF, 
and all other buffers used in the preparation of micro­
somes contained 0.1 mM PMSF. The 77,000 molecular weight 
region is indicated by the arrow.
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Fig. 10
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significant difference between the relative proportions of 
the two bands in these preparations could be detected. It 
is difficult to entirely rule out the possibility that 
proteolysis of the larger polypeptide chain is responsible 
for the appearance of the 76,000 molecular weight form; how­
ever , this experiment provides little support for this 

hypothesis.
Although phenobarbital-induced microsomes were used as 

the starting material in both purification procedures, the 
method of administration differed in the two cases. In the 
earlier work (70), phenobarbital and hydrocortisone were 
administered via intraperitoneal injection, but in the 
present studies animals received phenobarbital only in 
their drinking water. To determine if the relative propor­
tion of the two forms could be correlated with the physio­
logical process of induction, microsomes were prepared from 
the livers of animals receiving no treatment, or phenobar­
bital pretreatment by one or the other of the two methods 
described above. These preparations were submitted to SDS- 
polyacrylamide gel electrophoresis and the results of the 
analysis are shown in Fig. 10 (a, b, and c). Two bands of 

approximately equal intensity were observed in the 77,000 
molecular weight region in the microsomes of both untreated 

and induced animals, and regardless of the method of pheno­
barbital administration. Thus, no evidence for an obvious 
^^^^^^^^bial induction of either band was obtained. These 
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studies should be extended in the future to include analysis 
of microsomes from animals pretreated with fi-napthoflavone 
or 3-methylcholanthrene, compounds known to induce forms of 

P-450 distinct from that induced by phenobarbital(28,94).
The combined results of these experiments are consis­

tent with the conclusion that two forms of this enzyme are 

present in rat liver microsomes. Additional evidence will 
be required to thoroughly establish how these forms differ. 
Unless otherwise noted, the characterization studies to 
follow were performed with enzyme preparations containing 

predominantly the 76,000 molecular weight form.
Native Molecular Weight: The molecular weight of the 

reductase under nondenaturing conditions was examined by gel 
filtration on Agarose A—1.5m, with the results shown in Fig. 
11, The enzyme (0.25 mg per ml) was applied to a column 
(2.5x50 cm) along with standards of known molecular weight. 
The sample and the eluting buffer contained 0.02 M Tris—C1, 

pH 7.5, o.l M KC1, 10% glycerol, and 0.1 mM EDTA, but 
no detergent was added. The behavior of the reductase under 
these conditions appeared to be that of a heterogeneous mix­

ture of large molecular weight aggregates, as evidenced by a 
broad and asymmetric elution of enzyme activity. The peak 
fractions were eluted just after B-galactosidase and a semi- 

logarithmic plot of molecular weight versus elution volume 
give an approximate molecular weight of 520,000 for the 

predominant species.
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Fig. 11. Estimation of molecular weight of the 
reductase by gel filtration on Agarose A-1.5m. The con­
ditions of the experiment are described in the text. 
The enzymes used as standards were p —galactosidase, 
^o-o-o- , (540,000); glutamate dehydrogenase, -x-x-x- , 
(313,000); and catalase, , (250,000). The elu­
tion profile was determined by assay of enzymatic acti­
vity. The reductase used in this experiment was purified 
by the procedure described earlier (70).
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Aggregation of purified detergent-solubilized membrane 
proteins is commonly observed (57,60,98,99), but since these 
preparations undoubtedly contain traces of remaining deter­
gent it is difficult to assess the meaning of gel filtration 
results in terms of possible subunit structure without de­
tailed knowledge of the interaction of the protein and 
detergent. Furthermore, it is possible that the reductase 
itself possesses sufficient amphipathic character to undergo 
polymerization, as has been shown to occur for the detergent- 
solubilized forms of both microsomal cytochrome b^ and NADH- 
cytochrome b$ reductase (59,60). These enzymes contain a 
terminal sequence of primarily nonpolar amino acid residues 
which promote the formation of large polymers in aqueous 
solution.

SDS-polyacrylamide gel electrophoresis of the enzyme 
treated with mercaptoethanol indicated a minimal molecular 
weight of about 76,000. When electrophoresis was carried 
out under identical conditions but without mercaptoethanol 
treatment, a very broad band of protein was observed with 
approximately the same relative mobility as that of the 
treated enzyme. This result suggests that the native enzyme 
is not composed of subunits linked via interchain disulfide 
bonds. However, the poor resolution observed under non­
reducing conditions may reflect the presence of intrachain 

disulfide bonds.
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In the absence of amino acid analysis to confirm the 
subunit molecular weight as determined by SDS—polyacrylamide 

gel electrophoresis, it would be desirable to obtain a 
molecular weight estimate of disaggregated or monomeric 
enzyme by an alternate method, preferably one not involving 
the use of detergent. Spatz and Strittmatter (60) found 
that determination of the molecular weight by SDS-poly- 
acrylamide gel electrophoresis gave an underestimation of 
the monomeric molecular weight of detergent-solubilized 

cytochrome b^ and NADH-cytochrome b5 reductase when com­
pared to the value obtained from amino acid analysis. It 
was suggested that hydrophobic membrane proteins are capable 

of binding more SDS than are hydrophilic proteins, thereby 
increasing the charge to mass ratio of the protein-SDS com­
plex. This would lead to an increased mobility during an 
electrophoretic experiment and result in an underestimation 
of the molecular weight by comparison to the behavior of 

more hydrophilic protein standards.
An earlier observation by Baggot and Langdon (91) in 

experiments with NADPH-cytochrome g reductase should receive 
attention in further studies on the detergent-solubilized 
enzyme. The results obtained from amino acid analysis and 

tryptic mapping suggested that the enzyme contained two 
nearly identical subunits of molecular weight approximately 

40,000. Since there has been no evidence for the disso­
ciation of the nearly 80,000 molecular weight polypeptide 
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into two subunits, it is possible that the reductase is com­
posed of two similar units linked in continuous fashion via 
the covalent backbone.

Flavin Content of the Reductase: To identify the en­
zyme flavin, the chromatographic properties of flavin dis­
sociated from the reductase were compared to those of FMN, 
FAD, and riboflavin on thin layers of cellulose or silica 
gel, and the resulting chromatograms are reproduced in 
Figs.12 and 13. Enzyme flavin was analyzed before and 
after treatment with Naja naja venom. The untreated sample 
showed two spots corresponding closely in mobility to those 
of FMN and FAD in both systems. Enzyme flavin treated with 
venom gave a single spot corresponding in mobility to that 
of FMN, a result consistent with the hydrolysis of FAD to 
FMN. Co-chromatography of the unhydrolyzed sample with a 
mixture of FMN and FAD gave only two spots and co-chromatog- 
raphy of the hydrolyzed sample with FMN gave only one spot.

The presence of both FMN and FAD in reductase samples 
was also established by quantitative fluorimetric determin­
ations . Enzyme-bound flavin has fluorescence excitation 
maxima in the visible region at 375 and 450 nm and has an 
emission maximum at 535 nm. Emission was greatly enhanced 
by boiling the sample ; bound flavin was only about 7% as 
fluorescent as free FAD. When the fluorescence of the dis­
sociated flavin was measured at pH 7.7 and at pH 2.6, as 
described in Methods, a 1.05-fold higher value was obtained
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Fig. 12. Identification of enzyme flavin by thin 
layer chromatography on cellulose. The reductase, con­
centrated to approximately 12 mg per ml using an Amicon 
A-75 Minicon concentrator, was boiled in the dark for 
3 min to dissociate the flavin, and immediately cooled 
in an ice-water bath. A portion of this sample was in­
cubated with a few crystals of Naja naja venom for 30 
min at room temperature. Protein was precipitated from 
both the treated and the untreated sample by the addition 
of 4 volumes of cold methanol and removed by centrifuga­
tion. The flavin standards were prepared in sample buf­
fer and diluted with methanol in a similar manner. Ali­
quots of each solution containing 0.5 to 1.0 nmol of 
flavin were submitted to thin layer chromatography using 
5% Na^HPO. as the developing solvent (85). Flavins were 
visualized by their fluorescence under long wavelength 
ultraviolet light. The average values determined in 
this experiment are as follows: for FMN, 0.638; for 
FAD, 0.574; for riboflavin, 0.332; and for enzyme flavin, 
0.575 and 0.632.
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Fig. 13. Identification of enzyme flavin by thin 
layer chromatography on silica gel. Sample preparation 
was the same as described in Fig. 12, and the develop­
ing solvent was n-butanol-acetic acid-water (4:3:3) (85). 
The average Rf values determined in this experiment are 
as follows: for FMN, 0.567; for FAD, 0.484; for ribo­
flavin, 0.674; and for enzyme flavin, 0.481 and 0.564.
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at the lower pH. Addition of a few crystals of Naja naja 
venom to a sample at pH 7.7 resulted in a 1.87—fold increase 
in fluorescence. These results confirm the presence of both 

FMN and FAD in samples of enzyme flavin. The amount of FMN 
and FAD per mg of protein was calculated for four different 
preparations of purified enzyme, and the data are presented 
in Table IV. All preparations analyzed contained greater 
than 47% of the total flavin as FMN. Calculations of the 
minimal molecular weight based on total flavin range from 
41,500 to 49,200, and strongly suggest the presence of one 
molecule each of FMN and FAD per polypeptide chain of mo­
lecular weight 76,000. These data were also used to calcu- 

-1 -1 late an average extinction coefficient of 10.5 mM cm per 
flavin for the absorbance of the reductase at 456 nm.

The total flavin content of the reductase was also 
measured spectrophotometrically after dissociation of flavin 
from the enzyme by denaturation in guanidinium chloride. 
In this experiment, the spectrum of the enzyme was recorded 
before and after a 30 min incubation at 8° with 3.5 M 
guanidinium chloride, and the results are shown in Fig. 14. 
Dissociation of flavin is indicated by the shift in absorb- 

ence maxima to 450 and 376 nm and by the loss of the 
shoulder at 485 nm. Using an average extinction coefficient 
of 11.75 mM^cm-1 for an equimolar mixture of FMN and FAD, 

a flavin content of 22.2 nmol per mg of protein was calcu- 
-1 -1 lated. An extinction coefficient of 10.6 mM cm for
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Fig. 14. Spectrophotometric determination of the 
flavin content of the reductase. Spectrum A is that of 
the reductase in 0.05 M phosphate buffer, pH 7.6, con­
taining 10% glycerol and 0.1 mM EDTA, at 8°, prior to 
dissociation of flavin. Spectrum B was obtained after 
a 30 min incubation of the enzyme at 8° with 3.5 M 
guanidinium chloride, and has been corrected for the 
volume change and for a slight absorbance in the near 
ultraviolet due to the addition of guanidinium chloride.
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enzyme-bound flavin at 456 nm was also calculated from this 
experiment and both values are in good agreement with those 
obtained by fluorimetric procedures. To verify the loss 
of flavin, the guanidinium chloride-treated enzyme was 
extensively dialyzed against buffer and the absorption 
spectrum was recorded (not shown). The absorbance maxima 
in the ultraviolet region was 280 nm and the spectrum was 

featureless in the visible region except for a small 
shoulder at about 408 nm. The significance of the latter 
observation is not known; an absorbance peak in this region 
may simply be due to a trace of tightly bound heme remain­

ing in the sample.
In other experiments not shown, the activity of the 

enzyme toward P-450 or cytochrome c was enhanced by approx­
imately 10% when FMN (4.2 yM) was included in the assay 
mixture. FAD (4.9 yM) was less effective and a mixture of 
the two flavins generally no more effective than FMN alone. 
These results also suggest that the enzyme preparations 
are only slightly FMN-depleted. If apoenzyme is present, 
it apparently cannot be reactivated simply by incubation 

with a mixture of FMN and FAD.
Requirements for P-4 50 Reductase Activity: The effects 

of various additions to or deletions from the usual assay 
on P-450 reductase activity are summarized in Table V. The 
apparent turnover of the enzyme in the complete assay sys­
tem containing P-450LM2, phospholipid, and benzphetamine,
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TABLE V 
REQUIREMENTS FOR P-450 REDUCTASE ACTIVITY

The activity of the enzyme was determined in the usual 
spectral assay and expressed relative to that observed in 
the complete assay mixture containing P-450 (0.44 yM, 11 
nmol per mg), dilauroyl-GPC (30 yg) and benzphetamine. 
Detergents were added at a final concentration of 100 yg 
per ml, and rabbit liver cytochrome bg was present at a 
concentration of 0.28 yM. The apparent turnover of the 
reductase in the complete system was 266 mol of NADPH oxi­
dized per min per mol of enzyme-bound FMN.

Conditions of the Assay Reductase Activity 
(% of Complete)

Complete 100

- lipid 42

- P-450 < 1

- benzphetamine 21

+ deoxycholate 143

4- Renex 690 40

- lipid, + deoxycholate 48

+ cytochrome b^ 103

- reductase, + bromelain- 
solubilized NADPH—cyto- 
c reductase < 1
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is approximately 210, expressed as mol of NADPH oxidized 
per min per mol of enzyme-bound FMN; however, values as 
low as 190 or as high as 266 were observed with various 
preparations of P-450LM2. In the absence of phosphatidyl­
choline, NADPH oxidation was decreased to less than one- 
half of the value obtained in the complete system. The 
role of lipid in the purified enzyme system is complex and 
is still under investigation. Previous studies showed that 
both lipid and substrate were required for the rapid reduc­
tion of P-450LM2 by NADPH and the rabbit liver reductase 
(16,100). Evidence for a role in the formation of a complex 
between the reductase and P-450LM2 was obtained by gel 
filtration and kinetic studies (30). The lipid does not, 
however, appear to promote the formation of large membrane­
like structures (101).

When the reductase was assayed in the absence of 
P-450, a very low NADPH-oxidase activity was observed. When 
benzphetamine was omitted, the rate of NADPH oxidation was 
21% of that observed in the complete system. The NADPH 
oxidation that occurs in the absence of substrate is almost 
completely inhibited by CO, which suggests that this 
activity is probably dependent on a reaction of P-450 with 

oxygen.
When 100 pg of deoxycholate were added to the complete 

reaction mixture, the rate of NADPH oxidation was enhanced 
approximately 1.4-fold; however, deoxycholate at this level 
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alone could not substitute for the phospholipid. Addition 
of deoxycholate is also known to have a stimulatory effect 
on cytochrome b$ reduction by NADH-cytochrome bg reductase 
(60). In contrast to the effect of deoxycholate, the addi­
tion of 100 pg of the nonionic detergent, Renex 690, caused 
significant inhibition. These results emphasize the impor­
tance of minimizing the detergent content of the protein 

preparations prior to assay.
The addition of partially purified detergent-solubil­

ized rabbit liver cytochrome bg had no significant effect 
on the rate of NADPH oxidation when added in a 7- to 30­
fold molar excess of cytochrome to flavoprotein. When 
the bromelain-solubilized NADPH-cytochrome c reductase 
(55) was substituted for the detergent-solubilized re­
ductase at the same or at a higher concentration, no 

significant NADPH oxidation was observed.
It is not known if the rate of NADPH oxidation observed 

in the P-450 reductase assay represents the actual rate of 
P-450 reduction. If reduction is the rate-limiting step in 
the hydroxylation of substrate, or if the reductase disso­
ciates after electron transfer to P-450, but prior to oxygen 
insertion, then the rate of NADPH oxidation observed under 

the conditions of this assay probably represents the rate 
of P-450 reduction. Alternatively, if the reductase does 
not dissociate from P-450 until substrate hydroxylation has 

occurred, then the rate of NADPH oxidation would reflect 
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the slowest step in the overall formation or reaction of the 
complex of P-450, reductase, phospholipid, and substrate 
with oxygen to produce product. It is not likely that the 
reduction of the flavoprotein with NADPH is rate-limiting, 
since it can be estimated from the rate of cytochrome c 
reduction at pH 7.4 in 0.1 M phosphate buffer, that the 
enzyme is capable of reacting with NADPH at a rate of at 
least 2000 per min, almost 10-fold faster than the turnover 
of the enzyme in the reconstituted system. In stopped flow 
experiments, performed under anaerobic conditions in the 
presence of CO, with an excess of NADPH, phospholipid, 
benzphetamine, and the rabbit liver reductase, Guengerich 
and coon (100) determined that P-450LM2 was reduced at a 
rate of 520 per min, however, this experiment has not yet 
been performed with the rat liver enzyme described here. In 

Other kinetic studies 0-02), rate constants for the binding of 
reductase and oxidized P— 450LM2 and for the dissociation of 
this enzyme complex were also estimated. At the enzyme con­
centrations used in the reconstituted system, the rate of 
binding of the two proteins is slow relative to the rate of 
NADPH oxidation observed under these conditions. This re­
sult favors a mechanism of catalysis that does not involve 
dissociation and reassociation of the two proteins, and 
implies that a complex of reductase and P-450LM2, once 
formed, functions in many catalytic cycles (102).
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Dependence of Reductase Activity on the Substrate 
for the Hydroxylation Reaction : The activity of the reduc­
tase was determined in the presence of P-45OLM2 with sev­
eral different substrates for the hydroxylation reaction. 
As shown in Table VI, NADPH oxidation occurred at differ­
ent rates when benzphetamine, ethylmorphine, cyclohexane, 
and aminopyrine were used as the substrate. In each case, 
the rate of NADPH oxidation was greater than that observed 
in the absence of substrate. Since the nature of the 
rate-limiting reaction under the conditions of the reduc­
tase assay is still not certain, at least two possible 
explanations may be considered for the effect of substrate 
on reductase activity. Either reduction of P-450 is de­
pendent on the particular substrate bound to P-450, or 
the differences observed are due to reactions which in­
volve the interaction of P-450 with substrate, reactions 
which presumably occur subsequent to electron transfer. 
If further studies establish that reduction of P-450 
is not rate-limiting under these reaction conditions, 
the dependence of reductase activity on the substrate 
for the hydroxylation reaction may provide additional 
support for the involvement of a complex of the two en­

zymes in the entire catalytic event.

Analysis of the reaction mechanism is complicated by 

the finding that not all of the reducing equivalents
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TABLE VI
DEPENDENCE OF REDUCTASE ACTIVITY ON THE SUBSTRATE 

FOR THE HYDROXYLATION REACTION AND THE FORM 
OF P-450 USED AS THE ELECTRON ACCEPTOR

The activity of the reductase, expressed as mol of 
NADPH oxidized or mol of product formed per min per mol 
of enzyme-bound FMN, was determined under the conditions 
described in Methods with the indicated substitutions. 
The P-450LMo used in this experiment contained 16.9 nmol 
per mg of protein, and was present at a concentration o 
0.5 pM. Substrate concentrations were as follows : 
ethylmorphine, 10 mM; cyclohexane (added in 0.01 ml of 
acetone), 1 mM; aminopyrine, 10 mM; and aniline, 5 mM. 
Product formation in the assay with aniline as substrate 
was measured by determination of radioactive p-hydroxy 
aniline (103), under conditions similar to those used 
for the spectral assay, except that 0.5 pmol of NADPH 
was used. Product formation was not linear with added 
reductase over as great a range as generally observed 
with other substrates, and the values presented were 
obtained from experiments using only 0.01 nmol of reduc­
tase The control reaction in this determination con­
tained no reductase. P-450LM4 was used at a concentra­
tion of 0.5 pM.
——------------------------ :-------------- ——«-------------------------------- " Apparent Turnover Number
Cytochrome p-450 Substrate NADPH 

Oxidized
Product
Formed

lm2 Benzphetamine 235 92

LM2 Ethylmorphine 137 — —

lm2 Cyclohexane 131 — —

lm2 Aminopyrine 72 — —

LM2 None 57 — —

lm2 Aniline — — 106

lm4 Aniline — — 56
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transferred from NADPH were utilized for the hydroxylation 

of benzphetamine. With this substrate, the rate of NADPH 
oxidation was 2.5-times the rate of formaldehyde formation. 

If the rate of NADPH oxidation is corrected for the amount 
observed in the absence of substrate, the ratio of NADPH 
oxidized to product formed is 1.9, still considerably higher 

than the theoretical ratio of 1.0 expected for a mixed 
function oxidation reaction. In a recent study, Nordblom 
and Coon (104 ) examined the stoichiometric relationship be­
tween NADPH and oxygen consumption and product formation 

in the reconstituted enzyme system. It was shown that 
NADPH oxidation also occurred in excess of product forma­

tion when the enzyme system was studied with P-450LMg as 
the rate-limiting component. The experiments demonstrated 

that hydrogen peroxide production accounted for the NADPH 
and oxygen uptake observed in excess of that required for 
substrate hydroxylation. Hydrogen peroxide production was 
also reported to occur in the presence of substrates other 
than benzphetamine, and the proportion of NADPH utilized 
for hydrogen peroxide formation varied with the particular 
substrate used. Since a significant proportion of reducing 

equivalents from NADPH were not utilized for benzphetamine 
hydroxylation in the P-450 reductase assay described here, 

it is possible that hydrogen peroxide formation is a com­

peting reaction under these conditions as well.
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The ability of the reductase to transfer electrons 
to the B-napthoflavone-induced form of P-450 (P-45OLM4) 
was demonstrated in an experiment using aniline as the sub­
strate . As shown in Table VI, with P-4SOLM^, the rate of 
product formation was approximately one-half of that ob­
served under similar conditions with P-450LM2 as the elec­
tron acceptor and aniline as the substrate. It is not 
known if the difference in the rate of product formation in 
the two cases is due to a difference in the interaction of 
the reductase with the two forms of P-450, or if it is due 
to a difference in the interaction of the two forms of 

P-450 with the substrate aniline.
Dependence of Reductase Activity on pH and Ionic 

Strength; The pH dependence of reductase activity with 
P-450LM2 as the electron acceptor is shown in Fig. 15. 
The rate of NADPH oxidation was maximal at pH 7.2 to 7.4, 

a slightly lower range than that found maximal for cyto­
chrome c reduction (Fig. 4). The effect of increasing the 
buffer concentration on F—450 reductase activity is shown 
in Fig. 16. Activity was enhanced somewhat by increasing 
the concentration of phosphate buffer from 0.01 to 0.1 M, 
but at higher concentrations, the rate of NADPH oxidation 
decreased. As will be shown later, maximal rates of reduc­

tion of other electron acceptors, such as cytochrome g 
and DCPIP, are obtained in 0.3 M phosphate buffer, pH 7.7.



78

Fig. 15. Rate of NADPH oxidation in 0.1 M phosphate 
buffer as a function of pH. P-450 (0.44 pM, 11 nmol per 
mg), dilauroyl-GPC (30 pg), and reductase (0.07 nmol) 
were present, and cyclohexane (ImM), added in 0.01 ml 
of acetone, was used as the substrate.
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Fig. 16. Rate of NADPH oxidation as a function of 
phosphate buffer concentration at pH 7.4. P-450
(0.44 uM, 11 nmol per mg) and dilauroyl-GPC (30 pg) 
were present; and benzphetamine was used as the substrate.
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K of NADPH and Inhibition by NADP: The dependence -tn------------------ —
of P-450 reductase activity on the concentration of NADPH 
is shown in Fig. 17, in the form of a Lineweaver Burk plot* 
An apparent of 2 pM was obtained from this experiment, 
and a turnover number for the enzyme of 192 mol of NADPH 
oxidized per min per mol of enzyme-bound FMN was calcu­
lated for an infinite concentration of NADPH. Tne kinetic 
plot obtained when the reaction rates were measured in the 
presence of NADP suggests a competitive inhibition by the 
oxidized pyridine nucleotide with NADPH. A value for the 
K. of NADP of 6 pM was calculated from the change in slope 
of the lines. Inhibition of the reactions catalyzed by 
NADPH-cytochrome c reductase by NADP is also competitive 

with respect to NADPH (46,47)•
Reduction of Other Electron Acceptors; In addition to 

P-450, the detergent—solubilized flavoprotein is capable of 

reducing several artificial electron electron acceptors, as 
shown in Table VII. The apparent turnover of the enzyme, 
in terms of the total number of electrons transferred per 
min, is very similar for the four acceptors cytochrome c, 
ferricyanide, DCPIP, and menadione. This observation was 

made in earlier studies on the lipase•solubilized reductase, 
and it was suggested that these four reactions share a 
common rate-limiting step (46,53). As is also the case 
with NADPH-cytochrome c reductase, the rate of reduction of 

the above electron acceptors is dependent on the ionic
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Fig. 17. Determination of the apparent K of NADPH 
and inhibition by NADP. Cytochrome P-450LMg (Ï4.5 nmol 
per mg) was present at a concentration of 0.4 pM and re­
ductase at 0.014 pM. Dilauroyl-GPC (30 ,pg) was present 
and benzphetamine was used as the substrate. Curve A was 
obtained in the absence of NADP, and curves B and C in the 
presence of 26.8 and 53.5 pM NADP, respectively. The con­
centration of NADP solutions was determined following con­
version to NADPH in the presence of glucose-6-phospate and 
glucose-6-phosphate dehydrogenase. Velocity is expressed 
as nmol of NADPH oxidized per min per ml. Reductase con­
centration is expressed as enzyme-bound FMN.
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TABLE VII
REDUCTION of OTHER ELECTRON ACCEPTORS BY 

NADPH-CYTOCHROME P-450 REDUCTASE

Reaction rates were measured at 30° in 0.1 M potas­
sium phosphate, pH 7.7 , containing 0.1 mM EDTA,as described 
in Methods. Apparent turnover numbers are expressed as 
mol of acceptor reduced per min per mol of enzyme-bound 
FMN, except in the case of menadione reductase and NADPH 
oxidase activities which are given as mol of NADPH oxi­
dized per min per mol of enzyme-bound FMN.

Electron Acceptor Apparent Turnover Number

Cytochrome c 4010
5310

Dichlorophenol­
indophenol 1960

Menadione 2370

Nitro Blue Tétrazolium 216

3-Acetyl Pyridine 
Adenine Dinucleotide
Phosphate 121

None (Oxygen) 5
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strength of the assay buffer. The dependence of the rate 
of DCPIP reduction on buffer molarity at pH 7.7 is shown in 

Fig. 18. For conditions of ionic strength of one or less, 
Phillips and Langdon (4?) showed that the effect on the 

reaction catalyzed by the protease-solubilized enzyme was 
independent of the nature of the added electrolyte, and due 
strictly to ionic strength. It was also shown that the 
rate enhancement observed by increasing ionic strength was 
similar for both DCPIP and cytochrome g reduction. In the 
range studied, increases of nearly two orders of magnitude 

in the K and K. of NAD PH and NADP, respectively, also m i
accompanied the increases in velocity.

However, in studies where much higher salt concentra­
tions were used, Bilimoria and Karnin (105) reported signif­

icant differences in the rates of cytochrome g reduction 
when various anions were tested over a range of ionic 
strength from 1 to 9. At these high salt concentrations 
the rate versus ionic strength profiles for the reaction 
with cytochrome c and with menadione were not identical. 
In addition, the reaction of the enzyme with cytochrome b^ 
or with Fe-EDTA, activities barely detectable at an ionic 
strength of less than one, became significant at very high 
salt concentrations. The exact mechanism by which high 
salt concentration increases the turnover, or otherwise 
modifies the reactivity of the enzyme toward certain accep­

tors is not yet clearly understood.
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Fig. 18. Rate of DCPIP reduction as a function of 
phosphate buffer concentration at pH 7.7. All buffers 
contained 0.1 mM EDTA.
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The detergent—solubilized reductase also catalyzed the 
reduction of nitro blue tétrazolium# although at a slower 
rate than that observed with cytochrome c. This reaction 
shows an almost complete dependence on the presence of 
lipid , as previously demonstrated by Roerig et al^ (81) 
for NAUPH-cytochrome c reductase. The rate of reduction is 

enhanced nearly 20—fold by the addition of 250 pg of 
dilauroyl-GPC to the reaction mixture. As previously shown# 
P—450 reductase activity is also enhanced by phospholipid, 
however# the amount of lipid required for near maximal rates 
of nitro blue tétrazolium reduction is approximately 10— 
times the amount required in the reaction with P-450. As 
is also the case for P—450 reductase activity# the high 
ionic strength buffers in which maximal rates of cytochrome 
c reduction are observed# inhibit nitro blue tétrazolium 
reductase activity. The enzyme catalyzed hydrogen transfer 

from NADPH to 3-AcPyADP at a slow, but significant rate. 
In the absence of a suitable electron acceptor# the enzyme 
catalyzed NADPH oxidation at a rate only about 0.2% of that 

observed with cytochrome c.
The ability of the enzyme to reduce detergent-solubil­

ized rabbit liver cytochrome b^ was examined in preliminary 

experiments summarized in Table VIII. The rate of cyto­
chrome br reduction was very slow in the absence of added 

-5 
detergent# phospholipid, or salt. The initial rates of 
reduction were linear with time for only about 30 sec# and
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TABLE VIII
REDUCTION OF CYTOCHROME bg BY NADPH-CYTOCHROME 

P-450 REDUCTASE

Cytochrome bg reduction was measured at 30° in 0.1 M 
potassium phosphate buffer, pH 7.4. The reaction mixture 
contained 5.4 pM partially purified detergent-solubilized 
rabbit liver cytochrome bg, 45 nM reductase, and where 
indicated, 500 pg per ml of deoxycholate, 100 pg per ml 
of dilauroyl-GPC, or 0.8 M KC1. The percent of complete 
reduction was calculated by comparing the absorbance at 
the end of the reaction to that of a dithionite-reduced 
sample. Rates are expressed as mol of cytochrome bg 
reduced per min per mol of reductase. For the anaerobic 
experiment, the gas phase was replaced with nitrogen by 
alternately evacuating and flushing a suitable reaction 
vessel (106) . The nitrogen was treated to remove traces 
of residual oxygen by passage through a column of BASF 
catalyst heated to 100°. NADPH was added from a side arm 
of the sealed vessel.

Reaction
Conditions

Initial 
Rate

Steady State Level of 
Reduction

(% Complete Reduction)

No additions 6 11
+ lipid > 65 43

+ KC1 37 27

+ deoxycholate 52 42

+ deoxycholate, -O2 42 95
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in the presence of dilauroyl-GPC, a rapid initial reaction 
was followed by a much slower approach to the steady state. 
Both the initial rates and the steady state level of re­
duced cytochrome b$ attained are presented in Table VIII. 
Complete reduction was observed in the presence of deoxy­
cholate under anaerobic conditions, but is probably not 
observed in the aerobic experiments due to a competing 
reaction of reduced cytochrome b$ with oxygen. The stimu­
latory effect of KC1 has also been reported by others (107).

Kinetic Analysis of the Reaction with Cytochrome c 
and Pyridine Nucleotide Specificity: The reaction with 
cytochrome c was studied at 30° in 0.1 M phosphate buffer, 
pH 7.7. Initial reaction rates were measured at several 
fixed concentrations of NADPH with varying concentrations 
of cytochrome c. A Lineweaver Burk plot of the data ob­
tained yielded a series of parallel lines, as shown in Fig. 
19a. A double reciprocal plot of maximal velocities versus 
cytochrome c concentration is shown in Fig. 19b and was 

used to obtain a value for the Km of NADPH of 3 yM. A 
double reciprocal plot of the original data as velocity 
versus NADPH concentration also gave a series of parallel 
lines (not shown); a plot of these intercepts versus 
reciprocal cytochrome c concentration was used to obtain a 
value for the Km of cytochrome c of 8 yM. A maximal veloc­
ity of 5780 mol of cytochrome c reduced per min per mol of 
enzyme—bound F MN was calculated for these reaction conditions.
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Fig. 19. (a) Determination of the Km of NADPH
with cytochrome c as the electron acceptor. Reaction 
rates were measured in 0.1 M phosphate buffer, pH 7.7, 
containing 0.1 mM EDTA, and 3.4 pmol of reductase was 
used. Curves A through E were obtained at the follow­
ing concentrations of NADPH: A, 52 pM; B, 26 pM; C, 
10 pM; D, 5.2 pM; and E, 2.1 pM. The Km of NADPH at 
infinite concentrations of cytochrome c and NADPH was 
determined from the graph shown in (b). Velocity is 
expressed as pmol of cytochrome c reduced per min per 
ml.
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The simplest interpretation of the kinetic plots obtained 
in this study and by others with the lipase-solubilized 
enzyme (64,108) , is that the reductase utilizes an ordered 
addition or "ping pong" mechanism (109) in its reaction with 

NADPH and cytochrome c.
The value for the Km of NADPH obtained in this experi­

ment is nearly the same as that of 2 yM obtained at pH 7.4 

with P-450 as the electron acceptor (Fig. 17). Both con­
stants are within the range of values of 2 to 5 yM reported 
by others for NADPH-cytochrome c reductase under reasonably 
similar conditions (46 ,47 ,110). The value for the Km of 
cytochrome c is also within the range of values from 2 to 

10 yM reported in these earlier studies.
The activity of the enzyme with NADH as the electron 

donor was studied using cytochrome g as the acceptor. The 
Lineweaver Burk plot obtained by varying the concentration 
of NADH at a constant level of cytochrome c is shown in 

Fig. 20. The reaction conditions were similar to those 
described above for the experiments using NADPH. The 
apparent Km of NADH is approximately 20 mM, almost 7000­
fold higher than that determined for NADPH. The extrapolated 

value for the maximal velocity with NADH as the electron 
donor indicated a turnover for the enzyme under these con­
ditions of about one-tenth of that determined above with 

NADPH as the electron donor.
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Fig. 20. Determination of the apparent of NADH 
with cytochrome c as the electron acceptor. Reaction 
rates were determined in 0.1 M phosphate buffer, pH 7.7, 
containing 0.1 mM EDTA, and 35 pmol of reductase was 
used. Velocity is expressed as nmol of cytochrome c 
reduced per min per ml, and all values were corrected 
for the nonenzymatic rate observed in the absence of 
reductase. The concentration of cytochrome c was 40 pH.
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Properties of the Air-Stable Semiquinone Form of 
the Reductase: The spectral intermediates observed by re­
duction of the enzyme with NADPH under aerobic conditions 

are shown in Fig. 21. Addition of 1 mol of NADPH per mol 
of flavin resulted within a few minutes in the formation of 
an air-stable spectrum (Spectrum B) with the characteristic 

long wavelength absorbance of a neutral or "blue" flavin 

semiquinone (ill) . This spectrum is very similar to that 
previously observed for NADPH-cytochrome g reductase (56, 

64). The ratio of absorbance at 456 nm to that at 585 nm 
is 2.9, considerably higher than that of the semiquinone 
form of single-flavin enzymes such as flavodoxin (112). As 
previously discussed by lyanagi and Mason (56), the spectral 
properties of this form of the enzyme are consistent with 
those expected for a mixture of oxidized flavin and flavin 
semiquinone. Since one molecule of enzyme contains a mole­
cule each of FMN and FAD, the possibility that the air­
stable form of the enzyme contains one of the two flavins 
in the oxidized state and the other as a flavin semiquinone 
will be discussed below. Further reduction of the air— 
stable form of the enzyme with a 5-fold molar excess of 

NADPH to flavin resulted in the transient formation of a 
spectral intermediate also characterized by semiquinone— 
type absorbance, but with maximal absorbance at 592 nm and 

decreased absorbance at 456 nm (Spectrum C). This spectrum 

reverted within several minutes to that of the air-stable
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Fig. 21. Spectral intermediates observed upon 
aerobic reduction of the enzyme with NADPH. Spectrum 
A is that of the oxidized enzyme. Spectrum B was ob­
tained after the addition of 1 mol of NADPH per mol of 
flavin. Flavin concentration was ^eter^ined using an 
extinction coefficient of 10.6 mM cm per flavin for 
enzyme absorbance at 456 nm. Spectrum C was recorded 
immediately after further addition of a 5-fold excess 
of NADPH to flavin.
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form (Spectrum B). The air-stable form of the enzyme is 
further oxidized extremely slowly; at 4° complete reoxida­
tion occurs in approximately 2 weeks. Enzyme existing in 
the air-stable form is fully active when assayed with 
either cytochrome P-450 or cytochrome c as the electron 

acceptor.
Spectrophotometric titrations of NADPH cytochrome c 

reductase have led to some controversy regarding the oxida­
tion state of the air-stable form of the enzyme. This 
question is of importance, since previous studies by Masters 
et al. (64,107,108) indicated that reoxidation of reduced 
enzyme by several artificial electron acceptors yields this 
form of the enzyme and not the fully oxidized enzyme. 
Although this result has not yet been confirmed for the 
reaction of the reduced detergent-solubilized enzyme with 

oxidized P-450, should it also be true in this case, correct 
assignment of the oxidation state of the air-stable semi­
quinone form will assist in the understanding of the mechan­

ism of electron transfer.
On the basis of spectral properties, quantitative EPR 

measurements, and back titration with ferricyanide, lyanagi 

and Mason (56) concluded that the air-stable form of the 
enzyme represents an oxidation state one reducing equiva­
lent below that of the fully oxidized enzyme. Reduction of 

the oxidized enzyme under anaerobic conditions with either 

dithionite or NADPH was shown to require 0.25 mol of
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reductant per mol of flavin or one electron per molecule 
of enzyme for the formation of this spectral intermediate 
(113). It was proposed that the oxidation state of the two 

flavins in the air-stable form of the enzyme is as follows:
F 

I 
FH- 

where F represents a fully oxidized flavin and FH repre­

sents a flavin semiquinone.
On the other hand, Masters et ad. (114) suggest that 

this form of the enzyme is a two-electron reduced state, 

which they represent as follows:
FH' 

I 
FH- 

where FH- represents a flavin semiquinone. This conclusion 
was based on aerobic and anaerobic titrations of oxidized 
enzyme which required 0.5 mol of NADPH per mol of flavin or 

two electrons per molecule of enzyme to produce the spec­
trum of the air-stable form. In their experiments, back 
titration of the air-stable form of the enzyme required two 
electrons from ferricyanide for complete reoxidation of the 

enzyme.
An aerobic spectrophotometric titration of oxidized 

enzyme with NADPH is shown in Fig. 22. Linear absorbance 
changes upon the addition of aliquots of reductant occurred 
only in the early stages of the titration. The isosbestic
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Fig. 22. Spectrophotometric titration of oxidized 
enzyme with NADPH under aerobic conditions. Enzyme 
(1.0 ml, 17.5 pM flavin, determined as described in Fig. 
21), in 0.05 M phosphate buffer, pH 7.4, containing 10% 
glycerol, 0.1 mM EDTA, and 1 mg per ml of BSA, was 
titrated with a solution of 0.81 mM NADPH at 10°, until 
no further absorbance changes were observed. The total 
volume change due to the addition of NADPH was less than 
2%, and volume changes were taken into account in the 
calculation of enzyme and NADPH concentrations. The 
molar ratio of NADPH added to flavin present was 0, 
0.19, 0.37,, 0.56, and 0.74 in Spectra A through E, 
respectively. Several intermediate spectra have been 
ommitted for the sake of clarity. The inset shows a 
plot of absorbance changes at 456 and 585 nm as a 
function of NADPH added, and was used to estimate the 
endpoint of the titration.
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points observed during reduction were at 369 and 501 nm. 
Extrapolation of the initial linear changes at 456 and 585 
nm (Fig. 22, inset) suggests that a total of 0.45 mol of 
NADPH per mol of flavin, or 1.8 electrons per molecule of 

enzyme are required for the formation of the air-stable 

species.
For the back titration of the air-stable form of the 

enzyme with ferricyanide, oxidized enzyme was first reduced 
aerobically with 1 mol of NADPH per mol of flavin, and the 

titration was begun immediately after a stable spectrum 
was obtained. As shown in Fig. 23, stepwise oxidation pro­
ceeded with spectral changes similar to those observed in 

the previous experiment, but with isosbestic points at 363 
and 502 nm. It is believed that the differences between 
the two titrations below 380 nm is a result of turbidity 

due to the precipitation of the enzyme during the NADPH 
titration. Detergent was present in the ferricyanide ex­
periment and was of some help in maintaining the solubility 

of the enzyme during this titration. A plot of absorbance 
changes versus the amount of ferricyanide added (Fig. 23, 
inset) showed that 0.55 mol per mol of flavin, or 1.1 
electron per molecule of enzyme was required to produce the 

spectrum of the oxidized enzyme.
The result of the ferricyanide back titration is in 

agreement with that of lyanagi and Mason (56), and indi­

cates that reoxidation of the air-stable form of the enzyme
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Fig. 23. Spectrophotometric titration of the air­
stable semiquinone form of the enzyme under aerobic con­
ditions . Enzyme (1.1 ml, 17.4 pM flavin, determined as 
described in Fig. 21), in 0.15 M phosphate buffer, pH 
7.4, containing 10% glycerol, 0.1 mM EDTA, and 0.1% 
Renex 690, was reduced with 1 mol of NADPH per mol of 
flavin, and when no further spectral changes were ob­
served, spectrum A was recorded. Spectra B through G 
were obtained after the addition of 0.10, 0.21, 0.32, 
0.42, 0.52, 0.64, and 0.74 mol of ferricyanide per mol 
of flavin, respectively. The total volume change due 
to the addition of ferricyanide was less than 2%, and 
volume changes were taken into account in the calcula­
tion of enzyme and ferricyanide concentrations. The 
temperature was 80. The inset shows a plot of absor­
bance changes at 456 and 585 nm as a function of ferri­
cyanide added, and was used to estimate the endpoint 
of the titration.
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requires only one electron. However, the titration of oxi 
dized enzyme to the air-stable state required nearly two 
electrons from NADPH. Possible explanations for the contra­
dictory results obtained with the detergent-solubilized en­
zyme are as follows: Since NADPH is a two-electron reductant, 
it is very likely that initially both electrons are trans­
ferred to a single molecule of flavin on the enzyme. If a 
rapid one—electron oxidation of the enzyme by air can occur 
more rapidly than intermolecular equilibration, when the 
enzyme is titrated aerobically with NADPH only one electron 
from NADPH would remain with the enzyme and the second would 
be lost in a reaction of the enzyme with oxygen. The site 
of oxidation by air could be (a) the reduced flavin initially 
formed in the reaction with NADPH; (b) the second flavin, 
providing intramolecular equilibration can occur; or (c) an 
unidentified invisible electron acceptor other than flavin. 
If, indeed, an electron acceptor other than flavin exists, 
the contradictory results could also be explained if this 
group is unable to donate its electron to ferricyanide in 
the back titration. This possibility could be excluded if 
titration of the ferricyanide-oxidized enzyme with NADPH 
required only one electron from NADPH to produce the spec­
trum of the air-stable form of the enzyme. However, 
lyanagi et al. (113) indicated that equilibration in this 
particular reductive phase under anaerobic conditions was so 
slow that the presence of very high levels of a mediator 
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was required during potentiometric measurements. Apparently 
the intermolecular equilibration required to bring the 
system to its final potential was quite slow, therefore, a 
competing reaction of enzyme flavin with oxygen may be sig­
nificant under aerobic conditions. The possibility that 
air—oxidation of flavin in the aerobic NADPH titration is 
responsible for the additional uptake of one electron could 
be eliminated by performing this experiment under anaerobic 
conditions. Anaerobic titration of the enzyme to the fully 
reduced state should also establish the presence or absence 
of electron acceptors other than flavin.

Studies on FMN-Depleted Enzyme: Selective removal of 
FMN was accomplished by irradiation of the reductase in the 
presence of ammonium sulfate, or by dialysis against 2 M 
KBr at pH 8.5, as outlined in Methods. Irradiation in the 
presence of ammonium sulfate was previously used by Baggot 
and Langdon (91) to remove flavin from NADPH-cytochrome c 
reductase. At the time these earlier studies were carried 
out, it was not known that the enzyme contained both FMN 
and FAD, and the selective nature of the treatment was 
apparently not realized. This procedure was also used for 
the selective removal of FMN from the sulfite reductase by 
Seigel and coworkers (115,116) . Removal of FAD from O- 
amino acid oxidase by dialysis against high concentrations 
of KBr has previously been described by Massey and Curti 
(90), and removal of FMN from flavodoxin, by Mayhew (84).
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Treatment with high concentrations of KI has also been 
used to prepare flavin-depleted xanthine oxidase and xan­

thine dehydrogenase (117,118).
The data presented in Table IX summarize the various 

activities and flavin content of the native enzyme and FMN- 
depleted enzyme prepared by KBr treatment. The enzyme used 
in this study was prepared by the purification procedure 
described elsewhere (70), and was approximately 15% FMN- 
depleted, as judged by the ratio of FMN to FAD, and by the 
stimulation of activity toward P-450, cytochrome c, and 
DCPIP by preincubation with FMN. However, in contrast to 
the above activities, with ferricyanide as the electron 
acceptor, reductase activity was not stimulated by the 
addition of FMN. After treatment of the enzyme with KBr, 
only 30% of the theoretical amount of FMN was still present 
but very little loss of FAD occurred. The treated enzyme 
had decreased activity toward P-450, cytochrome c, and 
DCPIP, and the residual activity corresponded fairly well 
to the amount of FMN still remaining in the sample. Ferri­
cyanide activity, on the other hand, was not significantly 
altered by the treatment. Preincubation of the depleted 
enzyme with FMN restored cytochrome c activity to nearly 
the maximal value. Slightly less, but still significant 
restoration of activity toward P-450 and DCPIP was also 

demonstrated.
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That participation of FMN is apparently not required 
for ferricyanide reduction was also confirmed in studies 
with FMN-depleted enzyme prepared by irradiation in the 
presence of ammonium sulfate. The data regarding cytochrome 
c and ferricyanide reduction by such a preparation are shown 
in Table X. The activity of the treated enzyme was deter­
mined before and after dialysis to remove ammonium sulfate. 
Before dialysis, the treated enzyme showed very little cyto­
chrome c reductase activity, but the ability to reduce 
ferricyanide was essentially unchanged. Addition of FMN to 
the treated enzyme restored over 80% of the maximal activity 
toward cytochrome c but had little effect on the activity 
toward ferricyanide. As also reported by Baggot and Langdon 
(91), dialysis of the treated enzyme invariably results in 
some loss of FMN-dependent activity. In this experiment, 
25% of the FMN-dependent activity toward cytochrome c 
observed prior to dialysis was lost, and approximately 20% 
of the activity toward ferricyanide was lost. Analysis of 
the dialyzed sample for flavin confirmed the removal of 
over 90% of the maximal amount of FMN. Compared to the 
initial value, 83% of the FAD remained. If some loss of 
FAD occurs on dialysis, this may account for the failure to 
recover all of the FMN-dependent activity after removal of 
ammonium sulfate. In other experiments now shown, loss of 
FAD was always accompanied by a loss of activity toward all 

four acceptors studied.
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Flavin binding to FMN-depleted enzyme prepared by 
ammonium sulfate and light treatment was studied in an ex­

periment in which the concentration of flavin in the pre­
incubation mixture was varied, and cytochrome c reduction 
was used as a measure of the amount of reactivated enzyme 
present. A double reciprocal plot of velocity versus flavin 
concentration is shown in Fig. 24, and gave an apparent 
for FMN of 0.02 pM. To determine if flavins other than FMN 
were as effective in restoring activity to the depleted 
enzyme, the experiment was performed with FAD in the pre­
incubation mixture, and a double reciprocal plot of the 
data obtained is also shown in Fig. 24. The similarity of 
the values obtained for the maximal velocity with either 
FMN or FAD suggests that FMN-depleted enzyme may be recon­
stituted to full activity toward cytochrome c with either 
of these flavins. The apparent for FAD was 5 pM, con­
siderably higher than that obtained for FMN. This result 
indicates that FMN, as expected, is bound more tightly by 

the depleted enzyme than is FAD.
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Fig. 24. Reactivation of FMN-depleted enzyme with 
FMN or FAD. The depleted enzyme was prepared by treat­
ment with ammonium sulfate and light at pH 8.5, as des­
cribed in Methods. The assay buffer contained 0.3 M 
phosphate, pH 7.7, and 0.1 mM EDTA. Enzyme and flavin were 
preincubated in the assay mixture for 4 min prior to the 
addition of NADPH. Reaction rates were corrected for a 
slight amount of activity observed in the absence of 
flavin. Curve A was obtained when the concentration of 
FMN was varied, and Curve B when the concentration of 
FAD was varied. Velocity is expressed as nmol of cyto­
chrome c reduced per min per ml.
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DISCUSSION

The purification of the protein components of the 
microsomal P-450-containing electron transport system has 
been a difficult task and has involved the contributions 
of numerous researchers over a period of several years. 
With the use of glycerol as a stabilizing agent and the 
modification of conventional fractionation and chromato­
graphic procedures to include the use of detergents as 
solubilizing agents, significant progress was made. In the 
present work, a procedure was developed for the purifica­
tion of P-450 reductase from rat liver microsomes which 

involves the use of nonionic and ionic detergents during 
chromatography on DEAE-cellulose.

At the time these studies were undertaken, there was 
substantial evidence for the participation of microsomal 
NADPH-cytochrome c reductase in electron transfer to P-450. 
However, protease- or lipase- solubilized preparations of 
the purified enzyme were unable to function in P-450 re­
duction. The finding of Lu et aT. (15), that a reductase 
fraction obtained by detergent-solubilization retained the 

ability to reduce P-450, raised the possibility that the 
catalytic activity of the NADPH-cytochrome c reductase 

was altered during isolation of the enzyme. Since 

115
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purification of the detergent-solubilized P-450 reductase 
was required to clearly establish the relationship between 
the P-450 and cytochrome c reductase activities of micro­
somes these initial studies were extended in the present 
work. The enzyme was isolated in highly purified form 
from phenobarbital-induced rat liver microsomes and 

characterization was undertaken.
The specific activity of the enzyme with cytochrome ç 

and with P-450 as the electron acceptor was determined at 
each stage of the purification to provide evidence that 
these two activities were associated with a single protein. 
The ability of the preparations to reduce P-450 was deter­
mined indirectly by measuring NADPH oxidation in the 
presence of saturating amounts of P-450LM2 and phospholipid, 

with benzphetamine as the substrate, and the reductase as 
the rate-limiting component. To determine the P-450 re­
ductase activity of the microsomes, it was assumed that 
the reductase is also the limiting component of the mem­
brane-bound hydroxylating system, and the rate of product 
formation from benzphetamine was used as an estimate of 
microsomal P-450 reductase activity. It was found that the 
ratio of the specific activity with cytochrome c to that 

with P-450 as the electron acceptor, when the latter was 
determined as described above, did not vary significantly 
throughout the enzyme purification. These data provide
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strong evidence that the same enzyme is responsible for 
the NADPH-dependent reduction of P-450 and cytochrome c.

Based on cytochrome c reductase activity, a 150-fold 
purification was achieved by isolation of the enzyme from 
phenobarbital-induced microsomes. Since the molecular 
weight of the enzyme is known, this observation permits 
calculation of a reductase content in induced microsomes 
of about 0.08 nmol per mg of protein. This value is in 
good agreement with previous estimates by others (13,56), 
and on a molar basis, is 20 to 30 times lower than the 
P-450 content of induced microsomes. This result is con­
sistent with the initial assumption that the reductase is 
the limiting component of the microsomal drug hydroxyla­
tion system. Based on this estimate of the reductase con­
tent, the turnover number of the flavoprotein in microsomes, 
which metabolize benzphetamine at a rate of 0.014 pmol per 
min per mg of protein, is at least 175 per min with this 
substrate for the hydroxylation reaction. The turnover 
number of the purified enzyme, as measured by NADPH oxida­
tion in the reconstituted system with benzphetamine as the 
substrate, is approximately 210 per min, and compares 
favorably to the above estimate of the activity of the 
enzyme in microsomes. The similarity in the activity of 
the microsomal and reconstituted system, when calculated on 
the basis of the reductase content, suggests that further 
study of the purified enzymes under conditions where the 
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reductase is the rate-limiting component may provide in­
formation directly applicable to the function of this 

system in the microsomal membrane.
Product formation from benzphetamine and aniline was 

demonstrated with the purified enzymes, strongly indicat­
ing that the reductase, P-450, and phosphatidylcholine are 
the only components required for hydroxylation activity. 
However, with benzphetamine as the substrate, the rate of 
NADPH oxidation was at least twice the rate of product 
formation. Since a one-to-one stoichiometry of NADPH 
oxidized to product formed was previously demonstrated for 
microsomal P-450-dependent reactions such as aminopyrine 
demethylation (94) and cyclohexane hydroxylation (95), the 
purified enzyme system appears to be somewhat less effi­
cient than the microsomal system in substrate hydroxylation. 

Certain compounds, such as perfluorinated hydrocarbons, are 
known to uncouple electron flow and product formation (119). 

These compounds stimulate NADPH and oxygen uptake by the 
formation of a P-450-substrate complex, but are not hydrox­
ylated by P-450. Since the stoichiometry of benzphetamine 
demethylation has not been studied in rat liver microsomes, 
it is not known whether the reaction of P-450 with benz­
phetamine is partially uncoupled in the manner described 

above, or if, for other reasons, the purified enzyme system 
is less efficient in substrate hydroxylation than is the

microsomal system. The recent studies of Nordblom and 
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Coon (104) provide evidence that, in the reconstituted en­
zyme system, reducing equivalents from NADPH that are not 
used in the hydroxylation of substrate are used in the 

formation of hydrogen peroxide.
The data obtained in this work were not sufficient to 

identify the rate-limiting step in the reaction of the 
reductase with P-450 under the conditions of the P-450 re­
ductase assay. It is not likely that NADPH oxidation in 
this system is limited by the rate of reduction of the 
flavoprotein with NADPH. The rate of cytochrome c reduc­
tion under similar conditions of pH and ionic strength 
indicates that the enzyme is capable of reacting with NADPH 
at a rate almost 10-fold faster than the observed turnover 
of the enzyme in the P-450 reductase assay. However, the 
rate of NADPH oxidation by the reductase was shown to de­
pend on the particular substrate for the hydroxylation 
reaction. This observation suggests that the rate-limiting 
step in the reaction of the reductase with P-450 is effected 

by the substrate bound to P-450, however, the mechanism by 

which substrate effects reductase activity is not known. 
If reduction of P-450 is rate-limiting, then the rate of 
transfer of electrons from the reductase to P-450 apparently 

varies, and depends on the substrate bound to the cyto­
chrome. Alternatively, the rate of NADPH oxidation may re­
flect a step in the reaction which is dependent on the inter­

action q£ p— 450 and a particular substrate. This could
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occur if a complex of P-450 and reductase catalyzes the 
hydroxylation reaction. In this case, the rate of NADPH 
oxidation would reflect the slowest step in the overall 
formation and reaction of the protein complex.

Since reduction of cytochrome by NADPH is observed 
in microsomes, although at a rate slower than that seen with 
NADH (120), the ability of the reductase to reduce cyto­
chrome bg was examined. Complete reduction of partially 
purified rabbit liver cytochrome bg was demonstrated under 
anaerobic conditions. However, the rate of reduction was 
very slow unless phospholipid, detergent, or salt was 
present. Since P-450 reductase activity is enhanced by 
lipid, the stimulation of cytochrome bg reductase activity 
by phosphatidylcholine was not totally unexpected. Further 
studies will be required to provide more detailed informa­
tion concerning the interaction of the two purified enzymes 
and to determine the role of lipid in this reaction.

The probable interactions of the NADH- and NADPH- 
dependent electron transport systems of liver microsomes 

are summarized in the following scheme :

NADPH —► cytochrome P-450 ----------> cytochrome P-450
reductase X.

cyanide-
NADH -- y cytochrome bg ---- » cytochrome bg —y sensitive

reductase factor
(fatty acid 
desaturase)
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Reduction of cytochrome b$ by the P-450 reductase provides 
a pathway for electron transfer from NADPH to the cyanide­
sensitive factor, and is generally believed to account for 
the NADPH-dependent activity cf microsomes in fatty acid 

desaturation (121).
It is unlikely that the P-450 reductase has a signif­

icant role in the NADH-dependent reactions of liver micro­
somes . It was found that the apparent Km for NADH was 
approximately 20 mM, and was nearly four orders of magnitude 
greater than the Km for NADPH. These results suggest that 
the enzyme is quite specific for NADPH as the electron 

donor.
Studies on the reconstituted enzyme system presented 

here and by ocuers (122-124) showed that cytochrome b$ is 
not an obligatory component of the NADPH-dependent electron 
transfer system. However, the possible role of cytochrome 
b- in electron transfer to P-450 in microsomes is still a — D 
controversial matter, and has received attention primarily 
because the NADPH-dependent hydroxylation activities of 
microsomes are enhanced by the addition of NADH (13,125). 

Studies on the stimulatory effect of NADH on microsomal 
drug demethylation by Estabrook and coworkers (126-129) led 
these authors to propose that one of the two electrons re­
quired for the hydroxylation reaction may be supplied by 

cytochrome bg. On the other hand, Staudt e_t al^. (95 ) sug­
gest that the synergistic action of NADH represents an
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"electron sparing effect," whereby electrons supplied by 
cytochrome b$ are used when electron flow from NADPH and 
product formation are partially uncoupled. According to 
the mechanism of Estabrook and collaborators (12,126-129), 
electrons from NADH supplied via cytochrome b^ are used in 
the hydroxylation of substrate by P-450, but the mechanism 
of Staudt et al^. (95) suggests that electrons supplied from 
NADH are used in reduction of the activated oxygen to water 
when substrate hydroxylation has not occurred.

In characterization studies on the purified reductase, 

evidence was obtained for the existence of two forms of the re­
ductase in rat liver microsomes. The two forms, isolated by 
different purification procedures, were obtained relatively 
free of cross contamination, and are distinguished by a differ­
ence in apparent molecular weight of 2000. The preparation 
and preliminary characterization of the enzyme with an appar­
ent molecular weight of 78,000 was previously described 
(70), and the preparation of enzyme containing predominantly 
the 76,000 molecular weight polypeptide was described in 
detail here. Both forms of the enzyme contain FMN and FAD, 
and both have similar activities when cytochrome c or rabbit 

liver P-450LM2 is used as the electron acceptor. The 
specific activities are also similar to those determined by 
Dignam and Strobel (71) for a purified P-450 reductase with 
an apparent molecular weight of 80,000 with cytochrome c or 
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rat liver P-450 as the electron acceptor.No evidence was 
obtained for an obvious preferential induction of either 
form by phenobarbital; the experiments suggest that the two 

forms are present in approximately equal quantities in 
microsomes from both untreated and phenobarbital pretreated 
animals.

Previous experiments in which reductase, lipid, and 
P-450 fractions prepared from animals induced by different 
pretreatments were interchanged showed that the substrate 
specificity of the microsomal hydroxylase system resides in 
the cytochrome component (18,20, 65). The existence of 
multiple forms of P-450 with different catalytic activities 
(28,30,94) provides a reasonable explanation for the broad 
substrate specificity of the microsomal system. However, if 
more than one form of the reductase is present in micro­
somes , it is possible that there are discrete electron 
transport systems, involving the interaction of a particular 
reductase with only one or a few forms of P-450. In studies 
by Lu et a_l. (18 ) with enzyme preparations obtained from rat 
liver microsomes, it was found that the activity of par­
tially purified reductase obtained from phenobarbital- 
induced microsomes with P-450 prepared from this source was 
twice that observed for a reductase preparation from 3- 
methyIcholanthrene-induced microsomes. On the other hand, a 
similar experiment was performed by Fujita and Mannering 
(65) but with a different substrate for the hydroxylation 

acceptor.No
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reaction, and very little difference in the activity of the 
two reductase fractions was observed. More conclusive 
evidence regarding the possible specificity of different 
forms of the reductase for different forms of P-450 is 
clearly required, since as the limiting component of the 
microsomal enzyme system, the reductase may have an important 
role in determining the overall rate of metabolism of various 
compounds by this enzyme system.

Although immunochemical studies have aided in the iden­
tification of multiple forms of P-450 (30,43), no evidence 
has yet been obtained for the existence of immunochemically 
distinct forms of the reductase in liver microsomes. In 
studies with antibodies prepared to the protease-solubil­
ized enzymes no differences among the forms of the reductase 
present in microsomes from untreated, phenobarbital- and 3- 
methyIcholanthene-induced animals were detected by immuno­
chemical techniques (49,130,131), Welton and Aust (131) 
used SDS-polyacrylamide gel electrophoresis to analyze the 
immunoprecipitate obtained by treatment of rat liver micro­
somes with antibody, and reported that a single band with 
an apparent molecular weight of 79,000 was observed regard­
less of the inducing agent administered to the animals. 
These workers previously demonstrated that their antibody 
preparations inhibit over 90% of microsomal cytochrome c 
reductase activity. However, the electrophoretic system
used by these authors differs from that described here, and
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it is possible that this is reason the two forms were not 
resolved in these earlier studies.

The existence of two forms of the enzyme was unfor­
tunately not discovered until this work was nearly completed, 
and more detailed comparative studies were not performed. 
Thus, further experiments will be required to determine 
exactly how the two forms differ, and if they have physio­
logically distinct roles in microsomal electron transport. 
An observation by Golf et al. (66) may be useful in future 
experiments to distinguish between the two forms on the 
basis of differences in physical properties. In experiments 
with detergent-solubilized rat liver reductase, isoelectric 
focusing was used to separate the sample into two fractions, 
both containing low, but detectable amounts of cytochrome c 
reductase activity. These findings must be interpreted 
with some caution, however, since no information regarding 
P-450 reductase activity was reported.

The majority of the characterization studies summarized 
here, with the exception of those on the FMN-depleted en­
zyme, were performed with enzyme preparations containing 
predominantly the 76,000 molecular weight form. These 
preparations were judged to be of slightly higher purity on 
the basis of SDS-polyacrylamide gel electrophoretic and 
spectral properties than the enzyme obtained in the earlier 

work (70).
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The flavin dissociated from the enzyme was found to con­
sist of approximately equimolar quantities of FMN and FAD. 
Estimates of the minimal molecular weight based on total 
flavin ranged from 41,500 to 49,200, and strongly indicate 
the presence of one molecule each of FMN and FAD per poly­
peptide chain of molecular weight 76,000. The spectrum of 
the oxidized enzyme was characterized by absorbance maxima 
at 276, 384, and 456 nm, with a shoulder of 485 nm, and 

appeared to be that of a simple flavoprotein. However, the 
possibility that prosthetic groups other than flavin are 
also present has not yet been ruled out. The extinction 
coefficient for enzyme absorbance at 456 nm is 21.2 mH 

-1 -1 -1 cm , or 10.6 mM cm per flavin.
The flavin content and spectral properties of the re­

ductase described above are similar to those of the trypsin- 
solubilized NADPH-cytochrome c reductase characterized by 
lyanagi and Mason (56). The presence of FMN in other prep­
arations of lipase -solubilized reductase, previously 
thought to contain only FAD, was recently confirmed (114), 
and the bromelain-solubilized enzyme used in the studies 
presented here also contained equimolar quantities of FMN 
and FAD. Therefore, the difference in the activity of de­
tergent- solubilized and the other enzymes with P-450 is 
apparently not due to a difference in the flavin content of 
the two preparations. However, as previously demonstrated 
by Welton and Aust (63), the molecular weight of the
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detergent-solubilized reductase, as determined in SDS-poly- 
acrylamide gel electrophoresis experiments, is significantly 
greater than the values of 68,000 (56) to 71,000 (63) ob­
tained by similar techniques for the cytochrome c reductase. 
In addition, the cytochrome c reductase does not appear 

to aggregate (46,47,53,56,132), but gel filtration of the 
detergent-solubilized reductase showed that the enzyme 

behaved as a heterogeneous mixture of large molecular weight 
aggregates with an approximate molecular weight of 520,000.

Similar differences in the minimal molecular weight and 
state of aggregation were noted in comparative studies on the 
protease- and detergent-solubilized forms of cytochrome b$ 
and NADH-cytochrome bg reductase (57-60). By analogy to 
these extensively studied enzymes, it is possible that the 
P-450 reductase is also an amiphipathic protein, and con­

tains a terminal sequence of primarily hydrophobic amino 
acid residues which is susceptible to proteolytic cleavage. 
Experiments communicated in preliminary form by Satake et 
al. (69) provide further support for this proposal, and 
suggest that trypsin treatment of the detergent-solubilized 
reductase yields a smaller, soluble enzyme which is no longer 
active in P-450 reduction. These experiments imply that the 
portion of the polypeptide chain removed by trypsin treat­
ment is required for the enzyme to function in P-450 reduc­
tion , but the mechanism by which such treatment alters the 
catalytic activity of the enzyme is still uncertain. However, 
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experiments by Coon et al. (30) involving gel filtration of 
mixtures of P-450, phospholipid, and reductase provide 
evidence that the physical interaction of the detergent- 
and protease—solubilized enzymes with P-450 is not identical.

Although the detergent- and protease-solubilized forms 

of the enzyme differ dramatically in their catalytic activ­
ity with cytochrome P-450 or cytochrome bg as the electron 
acceptor, the characteristics of the reactions of the deter­
gent-solubilized enzyme with nonphysiological electron 
acceptors, such as cytochrome c, have thus far been found to 
be similar to those previously reported by numerous workers 
(46,47,53,81,65,105) for NADPH-cytochrome g reductase. The 
reaction with cytochrome c showed a similar dependence on 
the pH and ionic strength of the assay buffer, and a kinetic 

analysis of this reaction suggested that the mechanism of 
catalysis is probably the same for both enzymes. In addi­
tion to cytochrome c, both enzymes catalyze the reduction 
of ferricyanide, DCPIP, and menadione, and the rate of 
reduction of nitro blue tétrazolium is enhanced by the addi­

tion of phospholipid. It was also found that the P-450 
reductase catalyzes hydrogen transfer to the 3-acetyl pyri­
dine analogue of NADP, a reaction not previously reported 

for the cytochrome c reductase.
The spectral changes observed after the addition of 

NAD PH to oxidized enzyme showed that semiquinone forma­
tion occurred during reduction of enzyme flavin. It was also 
shown that the enzyme may exist in a partially reduced state 
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that is stable in air. The absorption spectrum of this form 
of the enzyme has the characteristic long wavelength absorb­
ance of a neutral flavin semiquinone, and is similar to that 

previously observed for trypsin- or lipase-solubilized forms of 
the enzyme (56,64). Stabilization of a neutral flavin semi­
quinone to further oxidation by air would appear to be a 
fairly unique property of the reductase; to our knowledge, 
only in the case of Azotobacter vinelandii flavoprotein, an 
enzyme containing a single molecule of F MN per polypeptide 
chain, has a similar resistance of a neutral semiquinone to 
air oxidation been reported (133). lyanagi and Mason (56) 
suggest that the spectral properties of this form of the 
reductase are consistent with those expected if one of the 
two flavins exists in the fully oxidized state and the other 
as a flavin semiquinone. Further evidence for this proposal 
was sought, since, in the case of the cytochrome c reduc­

tase , more extensive studies by Mason and coworkers (56, 
113) and by Masters et al. (114) have led to an as yet 
unresolved controversy regarding the oxidation state of this 

form of the enzyme.
In the present work, spectrophotometric titration of 

the air-stable form of the enzyme with ferricyanide showed 
that one electron per molecule of enzyme was required for 
the reoxidation of flavin. On the other hand, titration of 
the oxidized enzyme with NAD PH under aerobic conditions 
suggested that nearly two electrons per molecule of enzyme 
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are required for the formation of the air-stable species. 
Possible explanations for these conflicting results were 
presented earlier, and it was suggested that interpretation 
of the NADPH titration may be complicated by difficulties 
inherent in the aerobic nature of the experiment. Further 
studies under anaerobic conditions will be required to com­
pletely resolve this matter, and to exclude the possibility 
that electron carriers other than flavin are present on the 
enzyme. In the case of the detergent-solubilized enzyme, 
the results of the ferricyanide back titration are in agree­
ment with those of lyanagi and Mason (56) and are consistent 
with their conclusion that the air-stable form of the 

enzyme contains one fully oxidized flavin and one flavin 

semiquinone.
Since the enzyme contains both FMN and FAD, it is 

necessary to determine the role of each flavin in catalysis 
to understand in detail the mechanism by which the reduc­
tase transfers electrons from NADPH to suitable acceptors. 
This problem was approached by the study of the catalytic 
properties of enzyme from which FMN was removed. It was 
found that removal of FMN caused a corresponding decrease in 
enzyme activity in P-450, cytochrome c and DCPIP reduction. 
Incubation of the depleted enzyme with FMN restored a sig­
nificant amount of P-450 and DCPIP reductase activities, and 
cytochrome c reductase activity was almost completely re­
stored. On the other hand, it was found that removal of FMN
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had no significant effect on the ability of the enzyme to 
reduce ferricyanide. From these results, it can be concluded 
that FMN is required for electron transfer to P-450, cyto­
chrome c, and DCPIP, but is not required for electron trans­
fer to ferricyanide. The ability of the FMN-depleted enzyme 
to reduce ferricyanide suggests that electrons from NADPH 
may enter the enzyme without participation of FMN. There­
fore , the possibility may be considered that the two flavins 
have distinct roles in catalysis by the enzyme as follows:

NADPH > (FAD -- » FMN j

a
ferricyanide

(P-450
_ \cytochrome c JDCPIP "

Electrons enter FAD and must be transferred to FMN before 
acceptors such as P-450, cytochrome c, and DCPIP can be 
reduced. Ferricyanide, on the other hand, is capable of 
accepting electrons from enzyme containing only FAD; however, 
at the present time, it is not possible to exclude partici­
pation of FMN in the reaction of the native enzyme with 
ferricyanide. Demonstration of transhydrogenase activity 
by the FMN-depleted enzyme would lend further support to the 
postulated role of FAD as the site for the reaction of the 
enzyme with reduced pyridine nucleotide, however, these 
studies have not yet been performed.

The proposed scheme for transfer of electrons by the 
reductase implies that the two flavins are not functionally 
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equivalent and also that they must interact. Studies by 
lyanagi et a^L. ( 113) on the trypsin-solubilized reductase 
provide additional evidence that the two flavins are not 
equivalent, since they have different oxidation-reduction 
potentials. On the basis of potentiometric and spectro­
photometric titrations and a computer fit of the data, mid­
point potentials were assigned as follows:

(1) F1 F1H. E = -0.110 V

(2) F± H* F1H2 E = -0.270 V

(3) F2 f2h- E = -0.290 V

(4) F H- F2K2 E = -0.365 V

The data did not provide information as to the identity of 
the two flavins, which are represented simply as and F^, 
designated by the order in which they are titrated. If 
these data are considered in conjunction with the scheme 
for intramolecular transfer proposed above, it might be 
considered that F^ or the first flavin to be reduced, 
represents FAD, and that the lower potential flavin, F^, 
represents FMH. Since the oxidation-reduction potential 
for reactions (2) and (3) are similar, electron transfer 
between the two flavins is thermodynamically possible.

Studies on the sulfite reductase flavoprotein by 
Siegel and coworkers (115,116) give precedent to the idea 
that one flavin of a two—flavin pair may serve as an 
"acceptor" for electrons from reduced pyridine nucleotide 
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from which they are transferred to the second or "donor" 
flavin, and subsequently to the substrate serving as the 
final electron acceptor. The sulfite reductase flavopro­
tein also contains FMN and FAD, and functions in electron 
transfer in bacteria (134). The enzyme also reduces 
several nonphysiological electron acceptors such as cyto­
chrome c, ferricyanide, and DCPIP. However, in this case, 
the FMN-depleted enzyme shares only a transhydrogenase-type 
activity in common with the native enzyme ; ferricyanide, as 
well as the physiological and other electron acceptors are 
reduced via an FMN—dependent pathway (116). The experiments 
presented by these authors provide evidence for a sequence 
of intramolecular transfer which involves the initial reac­
tion of reduced pyridine nucleotide with FAD, and subsequent 
transfer of electrons to the oxidized acceptor via FMN.

The FMN-dependence of the P-450 reductase-catalyzed 
reactions with certain electron acceptors could be ex­
plained if electron transfer from FAD to FMN permitted the 
direct involvement of partially or fully reduced FMN with 
acceptors, as implied by the proposed scheme presented 
earlier. It is also possible that FMN functions simply 
as an electron sink, and is required only for the intra­
molecular disproportionation of a two—electron reduced form 
of the enzyme to produce the semiquinone state, which could 
be the form required for reaction with acceptors such as 
cytochrome c and P-450.
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Flavoproteins also function as electron carriers in 
electron transfer systems similar to the NADPH—dependent 
hydroxylating system of liver microsomes. The flavin con­
tent of some of these reductases and their respective 
electron acceptors are summarized in Table XI. In each of 
these systems the overall transfer of two electrons from 
reduced pyridine nucleotide to the terminal electron accep­
tor is required for the oxidation of one molecule of sub­
strate . It is apparent that of this group of flavoproteins, 
the P-450 reductase is unusual in that it contains two mol 
of flavin per mol of enzyme, and is also the only reductase 
which catalyzes electron transfer from reduced pyridine 
nucleotide directly to the terminal oxidase. In the other 
systems, the flavoprotein reduces an intermediate one- 
elsctron acceptor such as putidaredoxin, rubredoxin, or 
cytochrome The current understanding of the bacterial
P-450-containing enzyme system indicates that the final 
transfer of electrons to the terminal oxidase requires two 
successive one-electron transfer steps, performed in this 
case by the reduced iron-sulfur protein, putidaredoxin 

(141). It is tempting to speculate that the unique proper­
ties of a multiflavin enzyme provide an alternate mechanism 
for the two one-electron transfer steps which are apparently 
carried out in other systems by additional electron carriers. 

As previously discussed by Hemmerich et: al_. (14 2) , flavin 
interaction via semiquinone formation in a two-flavin enzyme
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would provide a simple mechanism for the successive trans­
fer of two electrons at the same potential. The results 
of the studies on the FMN-depleted P-450 reductase are 
consistent with a mechanism of electron transfer which in­
volves interaction of the two flavins. It is hoped that 
the availability of purified enzyme will allow further 
studies to test the validity of the proposed mechanism.



SUMMARY

NADPH-cytochrome P-450 reductase was obtained in 
highly purified form from phenobarbital-induced rat liver 
microsomes. The enzyme was solubilized by treatment of the 

microsomes with the nonionic detergent, Renex 690, and 
purified by column chromatography in the presence of deter­

gents and glycerol. The enzyme functions in electron 
transfer in the NADPH-dependent hydroxylating system of liver 

microsomes as follows:

^2 _
NADPH --- » p-450°reductase --- * cytochrome P-4 50

h2°
where S represents substrate.
P-450 reductase activity was determined by NADPH oxidation 
in a reconstituted enzyme system containing purified 
P-450LM2 and phospholipid, with benzphetamine as the sub­
strate and the reductase as the rate-limiting component.

Evidence was obtained for the existence of two forms 
of the reductase in rat liver microsomes. The two forms 
were obtained relatively free of cross contamination by 
different purification procedures, and are distinguished by 

a difference in apparent molecular weight of 2000, as

1 37
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determined by their relative mobility when submitted to 
SDS-polyacrylamide gel electrophoresis. The minimal 
molecular weights of the two forms are 76,000 and 78,000. 
The flavin content and spectral properties of both forms 
are similar and both have similar activities when P-450L^ 
is used as the electron acceptor with benzphetamine as the 
substrate. The experimental results suggest that both 
forms of the enzyme are present in approximately equal 
amounts in microsomes from untreated and phenobarbital- 
pretreated rats. The 76,000 molecular weight form was 
characterized in further detail.

The enzyme contains one molecule of F MN and FAD per 
polypeptide chain, and has the spectral properties of a 
simple flavoprotein. The oxidized spectrum is character­
ized by absorbance maxima at 276, 384, and 456 nm, with a 
shoulder at 485 nm, and the extinction coefficient for

-1 -1enzyme absorbance at 456 nm is 21.2 mM cm . The spectra 
observed following addition of NADPH to oxidized enzyme 
under aerobic conditions were characterized by the long 
wavelength absorbance typical of a neutral flavin semiqui­

none. It was found that the enzyme may exist in a par­
tially reduced semiquinone form that is stable in air.

In addition to P-450, the enzyme catalyzes the reduc­
tion of detergent-solubilized liver microsomal cytochrome 
b,., as well as the reduction of the non physiological elec­— 5 
tron acceptors cytochrome c, ferricyanide, DCPIP, menadione, 
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nitro blue tétrazolium, and 3-AcPyADP. Reductase activity 
with P-450, cytochrome b^, and nitro blue tétrazolium is 
enhanced in the presence of phospholipid. The enzyme is 
quite specific for NADPH as the electron donor ; The K of m 
NADH was nearly 10,000-fold higher than that of NADPH.

NADP was found to inhibit reductase activity and this in­
hibition was competitive with respect to NADPH.

FMN was selectively removed from the enzyme by dialy­
sis against 2 M KBr at pH 8.5 or by irradiation in the 
presence of 40% ammonium sulfate. Removal of FMN caused a 
loss of enzyme activity in P-450, cytochrome c, and DCPIP 
reduction. Incubation of the depleted enzyme with FMN 

restored a significant amount of P-450 and DCPIP reductase 
activity, and cytochrome c reductase activity was almost 
completely restored. Removal of FMN did not alter the 
ability of the enzyme to reduce ferricyanide. These find­
ings are consistent with a scheme for electron transfer in 
which FMN and FAD have distinct roles in overall catalysis 
by the enzyme as follows:

, (P-450
NADPH --- A FAD  > FMN J  > I cytochrome c

k / / DCPIP "
ferricyanide "

The proposed mechanism involves interaction of FAD and FMN 

for the transfer of electrons from NADPH to electron accep­
tors such as P-450; ferricyanide reduction may occur via 
an FMN-independent pathway.
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