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Rotation of Cytochrome P-450
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Purified rat liver microsomal cytochrome P-450 and
NADPH-cytochrome P-450 reductase were co-reconsti-
tuted in phosphatidylcholine-phosphatidylethanola-
mine-phosphatidylserine vesicles using a cholate di-
alysis technique. The co-reconstitution of the enzymes
was demonstrated in proteoliposomes fractionated by
centrifugation in a glycerol gradient. The proteolipo-
somes catalyzed the N-demethylation of a variety of
substrates.

Rotational diffusion of cytochrome P-450 was meas-
ured by detecting the decay of absorption anisotropy
r(t), after photolysis of the heme+«CO complex by a
vertically polarized laser flash. The rotational mobility
of cytochrome P-450, when reconstituted alone, was
found to be dependent on the lipid to protein ratio by
weight (L/Ps0) (Kawato, S., Gut, J., Cherry, R. J., Win-
terhalter, K. H., and Richter, C. (1982) J. Biol. Chem.
257, 7023-7029). About 35% of cytochrome P-450 was
immobilized and the rest was rotating with a mean
rotational relaxation time ¢; of about 95 us in L/Pys =
1 vesicle. In L/Pys = 10 vesicles, about 10% of P-450
was immobile and the rest was rotating with ¢; =~ 55
ps. Co-reconstitution of equimolar amounts of NADPH-
cytochrome P-450 reductase into the above vesicles
results in completely mobile cytochrome P-450 with a
¢1 = 40 ps. Only a small decrease in the immobile
fraction of cytochrome P-450 is observed when the
molar ratio of cytochrome P-450 to the reductase is 5.
The results suggest the formation of a monomolecular
1:1 complex between cytochrome P-450 and NADPH-
cytochrome P-450 reductase in the liposomes.

Cytochrome P-450 and NADPH-cytochrome P-450 reduc-
tase are key enzymes of the hepatic microsomal monooxygen-
ase system catalyzing the oxidative metabolism of endogenous
substrates and many xenobiotics. The enzymes also catalyze
the biotransformation of physiologically important lipids such
as fatty acids, prostaglandins, and steroids, and of foreign
compounds such as drugs, petroleum products, anesthetics,
insecticides, and carcinogens (1-3). NADPH-cytochrome P-
450 reductase (M, ~ 78,000) is anchored to the membrane of
the endoplasmatic reticulum via a small (M, ~ 6,000-10,000)
hydrophobic segment (4, 5). The large hydrophilic part, which
contains 1 molecule of FMN and FAD and accepts electrons
from NADPH, protrudes from the membrane into the cyto-
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plasmic space. Cytochrome P-450 (M, ~ 50,000}, on the other
hand, is deeply imbedded into the membrane (6). No detailed
structural picture has so far emerged from the studies con-
cerning the substrate-binding and catalytic site of the cyto-
chrome. The arrangement of the two enzymes in the mem-
brane and their odd stoichiometry (there can be 20-30 cyto-
chromes per reductase) has raised questions as to the mech-
anism of electron transfer from the reductase to the cyto-
chrome and the functional interactions of the proteins in the
monooxygenase system. The situation is further complicated
by the fact that the second electron can also be donated at
least to some species of cytochrome P-450 via NADH-cyto-
chrom bs reductase and cytochrome b5 (7-9).

Two types of mechanism can be envisaged for the electron
transfer between NADPH-cytochrome P-450 reductase and
cytochrome P-450: one is transfer by random collisions be-
tween rotationally and laterally diffusing proteins, the other
is transfer by electron tunneling within a stable complex. To
gain insight into the mode of interaction, a number of exper-
iments, leading to different conclusions, have been performed
with hepatic microsomal membranes. Based on the kinetics
and extent of cytochrome reduction in microsomes, in which
the reductase activity had been partially inhibited or stimu-
lated, Franklin and Estabrook (10) postulated a rigid arrange-
ment of reductase and cytochrome (“cluster”) in the mem-
brane, whereas the group of Yang (11) proposed an interaction
by random collisions. The temperature dependence of the
biphasic reduction kinetics led Peterson et al. (12) to postulate
a mode] where a number of cytochrome P-450 molecules are
envisaged as being grouped around a centrally located reduc-
tase molecule. Rapid phase reduction, according to this model,
was thought to reflect reduction of cytochrome molecules
within the “cluster,” whereas the slow phase reduction was
thought to result from reduction of satellite cytochrome mol-
ecules, which were postulated to exist in unaggregated form,
and could be reduced only after lateral diffusion and collision.
Based on the analysis of the temperature dependence of
hydroxylation reactions catalyzed by the microsomal mono-
oxygenase system, Duppel and Ullrich (13) concluded that
lateral diffusion of the proteins is required for their function.

Lately, the mechanism of interaction has been investigated
after isolation and reconstitution of the monooxygenase com-
ponents. Reductase and cytochrome can be incorporated into
single-shelled liposomes in an enzymatically active form (14-
16). Measurements by Sato and co-workers (15) of cytochrome
reduction kinetics and substrate hydroxylation suggested that
the interaction between the two proteins is effected by their
random collisions caused by their lateral mobility in the plane
of the membrane. This view was supported by Ingelmann-
Sundberg and Johansson (16).

To date, an inadequate amount of studies has been per-
formed for direct measurements of protein-protein interac-
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tions of the components of the hepatic microsomal monoox-
ygenase system. A promising approach to this problem is to
investigate protein rotational diffusion, which is particularly
sensitive to protein-protein interactions. Richter et al. (17)
reported the rotational mobility of cytochrome P-450 in rat
liver microsomal membranes by detecting the decay of ab-
sorption anisotropy after photolysis of the heme.CO complex
of cytochrome P-450. The mobility of the cytochrome was
abolished when the membrane was in the gel phase. With
delayed fluorescence of a triplet probe, Stier and co-workers
(18) demonstrated rotation of cytochrome P-450 in phospho-
lipid vesicles.

Here we report the influence of NADPH-cytochrome P-450
reductase on the rotational mobility of cytochrome P-450 in
vesicles of phosphatidylcholine-phosphatidylethanolamine-
phosphatidylserine, which correspond to the major phospho-
lipid components in liver microsomes. A specific interaction
between cytochrome P-450 and reductase is demonstrated,
and the formation of large aggregates between reductase and
cytochromes (“cluster”) in liposomes is excluded.

EXPERIMENTAL PROCEDURES

Purification of Microsomal Enzymes

Cytochrome P-450 was purified from liver microsomes of pheno-
barbital-induced male rats (200-300 g) of the Sprague-Dawley strain
according to the method of West et al. (19) except that a shorter
column (2.4 X 8 cm) was used in the second chromatography step on
DE52 cellulose to minimize loss of heme. The preparations had a
specific content of 14.5-18 nmol of cytochrome P-450/mg of protein
as determined by the heme-CO difference spectroscopy, were homo-
geneous on SDS' slab gels, and showed no conversion to cytochrome
P-420. NADPH-cytochrome P-450 reductase was purified according
to Yasukochi and Masters (20). The procedure was followed up to
the Sephadex G-25 step and then the reductase was stored in 10 mm
potassium phosphate buffer (pH 7.7) containing 20% glycerol, 0.1%
Renex 690, 0.02 mM EDTA, and 0.2 mm dithiothreitol at —80 °C. The
preparations had a specific activity of 50,000-60,000 units/mg of
protein and were homogeneous on SDS slab gels.

Preparation of Proteoliposomes

(a) Reconstitution of cytochrome P-450 and NADPH-cytochrome
P-450 reductase in PC/PE/PS = 10:5:1 (w/w) vesicles was performed
by the cholate dialysis procedure outlined by Bésterling et al. (14)
with some modifications. Ten mg of PC, 5 mg of PE, and 1 mg of PS
were freed of the solvent chloroform/methanol under a stream of Ny,
further dried under vacuum at 4 °C for 5 h, and suspended in 1.6 ml
of 0.1 M potassium phosphate buffer (pH 7.4} containing 20% glycerol.
0.16 ml of a 20% (w/w) sodium cholate solution was added and the
mixture was gently agitated until clear. Cytochrome P-450 and reduc-
tase were then added and the resulting lipid-protein-cholate mixture
was incubated for 15 h at 4 °C. The dispersion was dialyzed at room
temperature for 3 h against a 200-fold volume of buffer (20 mM Hepes,
pH 8.0, 0.1 mm EDTA, 20% glycerol) containing 1 g of Bio-Beads SM-
2 (Bio-Rad Inc.) per 100 ml. The dialysis buffer was changed once.
{b) For reconstitution of cytochrome P-450 in DPPC vesicles, 1 mg of
DPPC was dissolved in 1 ml of chloroform, dried under a stream of
N, and kept under vacuum at 4 °C for 2 h. The lipid was suspended
in 0.5 ml of 0.1 M potassium phosphate buffer (pH 7.7) containing
20% glycerol. After addition of 50 ul of 20% sodium cholate, the
mixture was incubated at 50 °C for 1 h and then cooled to room
temperature. After addition of cytochrome P-450, the suspension was
kept for 15 h at 4 °C and subsequently dialyzed as described in (a).

! The abbreviations used are: SDS, sodium dodecyl sulfate; L/P s,
lipid to cytochrome P-450 ratio (w/w); L/P, lipid to total protein ratio
{w/w); P-450/reductase, cytochrome P-450 to reductase ratio (moles/
mol); PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS,
phosphatidylserine; DPPC, L-a-phosphatidylcholine dipalmitoyl;
["“CIPC, [choline-methyl-"*C]Phosphatidylcholine; Hepes, 4-(2-hy-
droxyethyl)-1-piperazineethane sulfonic acid; cytochrome P-
4501m,, P-4501m,, P-4501.:,, rabbit liver cytochrome purified from phe-
nobarbital-induced microsomes. These isozymes are designated ac-
cording to their electrophoretic properties.
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Characterization of Proteoliposomes

Density Gradient Centrifugation—0.5 ml of the vesicle preparation
containing a trace of [*C]PC was applied on top of 4.5 ml of a linear
5-50% (w/w) glycerol density gradient prepared in 20 mm Hepes, pH
8.0, 0.1 mm EDTA, and centrifuged for 15 h at 105,000 X g. Subse-
quently, 0.25-ml fractions were collected and analyzed for radioactiv-
ity, cytochrome P-450, and NADPH-cytochrome P-450 reductase
activity.

Gel Filtration—The size of proteoliposomes used in flash photol-
ysis experiments was examined by agarose gel filtration on Bio-Gel
A-150m (Bio-Rad) in 20 mm Hepes, pH 8.0, 20% glycerol, and 0.1 mm
EDTA (21). The column (23 X 0.9 ¢m) was calibrated with sonicated
and centrifuged egg PC liposomes of uniform size distribution (mean
diameter ~ 280 A) (22) and Ca®*-fused bovine PS8 liposomes, which
has been pelleted by centrifugation at 48,000 X g for 20 min (diameter
~ 1000 to 2000 A) (23). Proteoliposomes were prepared as described
above. In every case, 500-pl aliquots of liposomal suspension were
applied to the column and eluted with a flow rate of 4 ml/h at 4 °C.
Fractions of 440 ul were collected and analyzed for their content of
[“CIPC. Elution was in 20 mm Hepes, pH 8.0, 20% glycerol, and 0.1
mMm EDTA, except for the sonicated egg PC liposomes, where 100 mm
KCl was included.

Freeze-Fracture Electron Microscopy

Samples were jet-frozen from room temperature in liquid propane
at a temperature of about —190 °C (24). Freeze-fracture was carried
out in Balzer’s 300 apparatus. Samples were replicated with Pt/C and
examined in a Philips EM 301 transmission electron microscope. For
negative stain electron micrography, samples were stained with phos-
photungstate.

Other Methods

Monooxygenase activity was measured in a final volume of 1 ml
containing 20 mM Hepes, pH 7.4, 20% glycerol, and 0.1 mm EDTA at
37 °C for 1 min. The composition of the reconstituted system was L/
Piso = 1, 0.2 um P-450, and P-450/reductase = 5:1. 5 mM glucose 6-
phosphate and 2.5 units of glucose-6-phosphate dehydrogenase were
present as a NADPH-regenerating system. Substrate concentration
was 1 mM. The reaction was started by the addition of 0.5 mm
NADPH. Formaldehyde was measured according to Nash (25).

NADPH-cytochrome P-450 reductase was assayed according to
Strobel and Dignam (28) at room temperature with cytochrome ¢ as
electron acceptor in 1 ml of 0.3 M potassium phosphate buffer, pH 7.7,
0.1 mM EDTA. One unit is defined as the amount of enzyme that
reduces 1 nmol of cytochrome ¢ per min. Cytochrome P-450 was
measured spectrophotometrically either in the oxidized form at 417
nm using 100 mM ' ecm™' as extinction coefficient or as the heme.CO
complex according to Omura and Sato (29) using 91 mM™' cm ™' as the
extinction coefficient. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis was performed in the Laemmli system (30). Protein
concentrations were determined by the method of Lowry (31) with
bovine serum albumin as standard; the albumin concentration was
determined independently using an extinction coefficient of 6.8 at 280
nm for a 1% solution. Samples containing detergent were analyzed in
the presence of 1% sodium dodecyl sulfate in Lowry’s reagent to avoid
overestimation of the protein content by the presence of the deter-
gent,

Rotational Diffusion Measurements and Analysis

Rotational diffusion measurements of cytochrome P-450 in proteo-
liposomes and analysis of the data were performed according to the
method described in detail in the accompanying paper (26). Briefly,
analysis of () is based on a model of rotation of cytochrome P-450
about the membrane normal (27). When there is a single rotating
species of cytochrome P-450 with the rotational relaxation time, ¢,
r(t) is given by:

r(¢)/r(0) = 3 sin*fy cos’dn exp (—t/¢}) )
+ % sin Oy exp (—4t/¢ ) + % (3 cos v — 1)?

where 6y is the tilt angle of the heme plane from the plane of the
membrane. Multiple rotating species of cytochrome P-450 with dif-
ferent ¢ are considered with analyzing the data by the following
equation:

r(t) = ri exp (—t/¢1) + ro exp (—4¢/¢1) + 3 (2)

where ¢, is the mean rotational relaxation time. When samples
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contain both mobile and immobile populations of cytochrome P-450,
the immobile fraction, fin, can be calculated from the normalized
residual anisotropy r ()/r (0) = rs/r(0) by (26)

r3/r(0) = (1 = fin)-0.12 + fin (3)

Materials

Phosphatidylcholine, phosphatidylethanolamine, both from egg
yolk, and phosphatidylserine from bovine spinal cord, all grade I,
were purchased from Lipid Products, Nutfield, U.K. {choline-methyl-
“C]Phosphatidyicholine was from New England Nuclear. L-a-Phos-
phatidylcholine dipalmitoyl, cytochrome ¢ from horse heart, type 111,
and glucose-6-phosphate dehydrogenase were obtained from Sigma.
Benzphetamine was purchased from Applied Science Laboratories,
aminopyrine was from Aldrich Europe, and ethylmorphine was ob-
tained from a local pharmacy.

RESULTS AND ANALYSIS

Activity of Enzymes in Phospholipid Vesicles

Catalytic activity of cytochrome P-450 and reductase in
PC/PE/PS = 10:5:1 vesicles was assayed by measuring N-
demethylation of aminopyrine, ethylmorphine, and benzphet-
amine. The observed turnover numbers (i.e. nanomoles of
CH,0 formed/nmol of P-450/min) were 4.0 for ethylmorphine,
15.0 for aminopyrine, and around 27 for benzphetamine, there-
fore indicating a co-reconstitution of cytochrome P-450 with
reductase within the same vesicle membrane.

Co-reconstitution of Cytochrome P-450 and NADPH-
Cytochrome P-450 Reductase into Phospholipid Vesicles

Since PC, PE, and PS comprise up to 90% of total phospho-
lipid content of the microsomal membrane in a weight ratio of
55:25:10 (32), we chose a composition of the present liposomal
system close to that of the natural membrane, i.e. PC:PE:PS
= 10:5:1. The high percentage of PC proved to be essential for
spectral stability of cytochrome P-450. An increase in the
amount of PS up to 33% of total liposomal phospholipids
caused a strong tendency of converting cytochrome P-450 into
cytochrome P-420.

The co-reconstitution of cytochrome P-450 with NADPH-
cytochrome P-450 reductase in liposomes can be demon-
strated by density gradient centrifugation in glycerol (14, 15).
A variety of proteoliposomes with different enzyme composi-
tions was centrifuged in a linear glycerol gradient. In all
vesicles examined, a relatively broad single band was ob-
served. After the centrifugation, the distribution of cyto-
chrome P-450 was measured by the absorption at 417 nm,
that of reductase was examined spectrophotometrically by
cytochrome ¢ reductase activity, and that of phospholipids
was followed by [*C]PC (see Fig. 1). The good coincidence of
distribution of cytochrome P-450 and reductase as well as
['"*CJPC measured by the above methods clearly demonstrated
the co-reconstitution of cytochrome P-450 with reductase.
This and the observation that enzymatic hydroxylation activ-
ity is present in the reconstituted vesicles strongly suggests
that both proteins are present in the same vesicle. When
proteoliposome suspensions were incubated with 2% (w/w)
sodium cholate, the density gradient separated proteins (found
on the bottom of the gradient) from phospholipids (found on
the top of the gradient).

Rotational Diffusion of Cytochrome P-450 in Lipid Vesicles

Effect of Lipid to Protein Ratio in Pure Cytochrome P-450
Vesicles—In the preceding paper (26), we have shown the
following results. All cytochrome P-450 was mobile in L/Puso
= 30 vesicles with a mean rotational relaxation time ¢; = 95
us. Only a small amount of immobile cytochrome P-450 (=
7%) was observed in L/P4; = 10 vesicles. A large population
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of cytochrome P-450 (= 35%) was immobile in lipid poor
vesicles with L/Pys = 1, and the rest was rotating with ¢; =
95 ps. The immobilization of cytochrome P-450 upon decreas-
ing L/P.s indicates the formation of cytochrome P-450 aggre-
gates in these vesicles.

Effect of Reductase on r{t) in L/Pso = 1 Vesicles—Co-
reconstitution of equimolar amounts of NADPH-cytochrome
P-450 reductase and cytochrome P-450 in L/Py, = 1 vesicles
resulted in a significant change in decay parameters of r(t)
(Fig. 2 and Table I). Within 500 ps, #(¢) decayed to a time-
independent value r(®), leading to an r;/r (0) of =~ 0.16. This
pronounced decrease in r;/r {0) from = 0.43 to ~0.16 by the
addition of reductase indicated a dramatic disaggregation of
the large cytochrome P-450 aggregates which were present in
the absence of reductase. According to Equation 3, nearly no

o
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F1c. 1. Analysis of reconstituted PC/PE/PS = 10:5:1 vesi~
cles by centrifugation in a glycerol density gradient. Typical
distribution profile of the vesicle preparation (L/Pso = 1, P-450/
reductase = 5:1) loaded onto a 5-50% glycerol density gradient
(---). Fractions were analyzed for radioactivity of [“CJPC
(@—®@), P-450 content with absorbance at 417 nm (O- - -O), and
NADPH-cytochrome P-450 reductase activity (ll—.—W) as de-
scribed under “Experimental Procedures.”

e(t)

TIME (psec)

Fig. 2. Time-dependent absorption anisotropy of cyto-
chrome P-450 in PC/PE/PS = 10:5:1 vesicles. Photolysis of
samples (5-13 M in cytochrome P-450) by a vertically polarized laser
flash at 540 nm, and r(¢) recording at 450 nm. All measurements were
performed in 60% sucrose solution at 20 °C (0.6 poise). A, L/Pss0 = 1
without reductase; B, L/Pus0 = 1, P-450/reductase = 5; C, L/Pqs0 = 1,
P-450/reductase = 1; D, L/Pyo = 30 without reductase. Solid lines
were obtained by fitting the data to Equation 2. Data points of curves
B and D were omitted for clarity. The initial anisotropy of curve D is
arbitrarily displaced to r(Q) = 0.04 for illustrative purposes in order to
avoid overlapping with curve C.
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TaBLE I
Decay parameters of time -dependent absorption anisotropy of cytochrome P-450 in a variety of proteoliposomes analyzed according to
Equation 2
Composition of vesicles preparation  L/Paso (w/w) P-45?a/::duc- » r ()/r (o) % immobile P-450° Temperature
mol/mol us °C
PC/PE/PS = 10:5:1 30 96 = 50° 0.12 + 0.04 0 20
10 56 + 4 0.18 =+ 0.05 T2 20
Cytochrome P-450 alone 1 94 + 24 0.43 = 0.05 35+5 20
PC/PE/PS = 10:5:1 10 5:1 57 £ 15 0.17 £ 0.01 61 20
1:1 71+5 0.12 + 0.03 0+3 20
Cytochrome + P-450 + reductase 1 5:1 156 = 20 0.35 = 0.04 265 20
1:1 38 + 10 0.16 £+ 0.02 5+3 20
¢ Calculated according to Equation 3.
® Standard deviation; n = 2-4.
(~5%) immobile population of cytochrome P-450 was present o1
in the above P-450/reductase = 1 vesicles. ¢; was also de-
creased from = 95 us to = 40 us. When the amount of reductase oA
was one-fifth of that of cytochrome P-450, r3/r (0) was = 0.35,
implying that about 25% of cytochrome P-450 is still immobile. '
¢ was not decreased by reductase when P-450/reductase was . . .
5:1. o
Effect of Reductase on r(t) in L/Ps;;o = 10 Vesicles—A 001 .
small but similar mobilization effect was also observed in L/ y ¢
P.so = 10 vesicles by the presence of reductase. A complete
! I I | |

mobilization of cytochrome P-450 was achieved by the pres-
ence of equimolar reductase to cytochrome P-450 without
changing ¢; significantly. Almost no change in r3/r (0) and ¢,
was observed when P-450/reductase was 5.

Effect of Renex 690—The stock solution of reductase con-
tained 0.1% (v/w) Renex 690. Since Renex 690 is a nonionic
detergent and may be difficult to remove completely by the
present cholate dialysis procedures, the remaining Renex 690
might be a cause of mobilization of cytochrome P-450 in P-
450 + reductase proteoliposomes. Therefore, rotation of cy-
tochrome P-450 was measured in cytochrome P-450 vesicles
with L/Pss0 = 1 in the presence of 0.04% Renex which is a
little more than the calculated maximum of Renex (0.02%) in
the measured P-450 + reductase vesicles. No significant dif-
ference in r(¢) was observed in the presence and absence of
0.04% Renex 690, indicating that Renex 690 did not contribute
to the observed mobilization of cytochrome P-450 by the
addition of reductase.

Vesicle Size Distribution

Fig. 4 illustrates a typical elution pattern of proteoliposomes
from a Bio-Gel A-150m column. No significant difference in
size distribution was observed between L/Ps = 1 and L/Pyso
= 10 vesicles regardless of the presence of reductase. Freeze-
fracture electron micrographs showed that PC/PE/PS =
10:5:1 vesicles are 400-1000 A in diameter relatively independ-
ent of L/P4s0 = 1 to 10.

Absence of Vesicle Tumbling

Although rotational diffusion of cytochrome P-450 in vesi-
cles was measured in a viscous medium of 60% sucrose (~0.6
poise at 20 °C), vesicle tumbling might contribute to the
observed decay in r(¢). The possibility of vesicle tumbling was
examined below 35 °C with cytochrome P-450 incorporated in
DPPC vesicles. Since at this temperature DPPC is in the gel
phase, protein rotation should be inhibited and hence any
effect of vesicle tumbling on r(¢) would be clearly revealed.
Fig. 3 illustrates that no decay in r(t) for the above DPPC
vesicles is observed, implying that neither vesicle tumbling
nor rotation of cytochrome P-450 occur. Since there was no
significant difference in vesicle size distribution between

[} 100 200

TIME (psec)

Fic. 3. Time-dependent absorption anisotropy of cyto-
chrome P-450 in DPPC and PC/PE/PS = 10:5:1 vesicles. Ex-
perimental conditions are the same as in Fig. 2. A, DPPC/Pu5 = 10,
measured at 35 °C, a very similar result was obtained at 20 °C; B, L/
P = 10 without reductase; C, L/Psso = 10, P-450/reductase = 1.
Solid lines were obtained by fitting the data to Equation 2. r(0) of
curve C was displaced to the same value as that of curve B in order
to facilitate the comparison of these curves.

300 400 500

1000

cpm

500 |

20
FRACTIONNUMBER

Fi1G. 4. Vesicle size distribution of proteoliposomes used in
rotational diffusion measurements. Elution profiles on a Bio-Gel
A-150m column of PC/PE/PS = 10:5:1 vesicles (L/Ps0 = 1, P-450/
reductase = 1) (O——0), DPPC vesicles (L/P4s = 10) (O- - -0O), egg
PC liposomes (diameter = 280 A) (@---@), and Ca®-fused PS

liposomes (diameter = 1000-2000 A) (@—@).

DPPC vesicles and PC/PE/PS = 10:5:1 vesicles (see Fig. 4),
the above results indicated the absence of vesicle tumbling
within the time range of 0-500 ps. Furthermore, no decay of
r(t) was observed in eosin-labeled cytochrome P-450 vesicles
after cross-linking of the enzymes by a tungsten lamp irradia-
tion, supporting the above conclusion (see the accompanying
paper, Ref. 26).
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Rebinding Kinetics of CO to Reduced Cytochrome P-450 in
the Presence of Reductase

The present experiments were performed with samples
saturated with CO. The rebinding kinetics of CO to cyto-
chrome P-450 in the presence of reductase after photolysis
was monophasic in PC/PE/PS = 10:5:1 vesicles. The time
constant, 7, of this reaction was 7 = 1.7 £ 0.6 ms irrespective
of L/P4so = 1 and 10. No significant change was observed for
T in pure cytochrome P-450 vesicles (r = 1.5 + 0.7 ms).
Therefore, although cytochrome P-450 was observed to have
a specific interaction with reductase (see above), reductase
does not appear to interfere with the accessibility of the ligand
to the heme cavity.

DISCUSSION

Complex Formation of Cytochrome P-450 with Reductase
in Lipid Vesicles—As shown in this and the preceding report
(26), rotational mobility of cytochrome P-450 was decreased
in pure cytochrome P-450 vesicles with PC/PE/PS = 10:5:1,
when the concentration of the enzyme was increased. All
cytochrome P-450 molecules were mobile at L./P,5 = 30 and
about 35% of the cytochrome was immobile at L/Pys = 1
within the present experimental time range of 500 us. The
presence of reductase mobilized cytochrome P-450 in phos-
pholipid vesicles regardless of L/Py from 1 to 10. In pure
cytochrome P-450 vesicles, the observed immobilization of
cytochrome P-450 is probably due to protein aggregation as a
result of the high concentration of the cytochrome in the
membrane. Although the presence of reductase increased the
concentration of proteins in the membrane, mobilization of
cytochrome P-450 was observed. One probable interpretation
of the present mobilization effect is as follows: complex for-
mation between cytochrome and reductase is favored over the
complex formation between the cytochromes themselves lead-
ing therefore to a disassembly of cytochrome aggregates. Since
the complete mobilization of cytochrome P-450 was achieved
in P-450/reductase = 1:1 vesicles and only little mobilization
was observed in P-450/reductase = 5:1 vesicles, the stoichi-
ometry in the above complex could be P-450/reductase = 1:1
(see Fig. 5).

The reductase has a bulky hydrophilic head of M, = 70,000

° ® ° ° . $ 3 hd
s P.450 “ o8
T jo o @ ..o L. :. “. * .. 2
. ° ° . 0* . ‘.o*

3 Red. . 4
%e .o “o 3 k ® G . =

*nko*o - 08.98 Sgo.

Fic. 5. Schematic illustration of the mobilization of cyto-
chrome P-450 by reductase in the liposomal membrane. In L/
Piso = 30 (1), all cytochrome P-450 is rotating. Increasing the P-450
concentration to L/Pe = 1 (2) causes the formation of P-450 aggre-
gates which appear immobile within the time range of the present
experiments. Adding an equimolar amount of reductase to cyto-
chrome P-450 in the L/P.s0 = 1 system (3) results in disintegration of
cytochrome P-450 aggregates by formation of a monomolecular 1:1
complex of cytochrome P-450 with reductase (4) with a rotational
mobility of cytochrome P-450 similar to that in L/Pas0 = 30 vesicles.
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and anchors to the membrane with a small hydrophobic
polypeptide of M, ~ 6,000 to 10,000. In a hypothetical P-450-
reductase 1:1 complex, the above bulky head of reductase
could prevent a hydrophobic association between these com-
plexes, supporting the observed very low affinity of proteins
in the presence of reductase. Cytochrome P-450 is thought to
be almost completely buried in the membrane. Cytochrome
P-450 may directly interact with the anchor of reductase, so
that the size of the membrane-immersed part of the P-450-
reductase 1:1 complex (M, = 58,000 to 62,000) may not be very
different from cytochrome P-450 (M, = 52,000). The rotational
relaxation time, ¢, of the protein only depends on the size of
membrane-immersed region according to

o = dna’hn/kT 4)

where a is the radius of the cylindrical membrane-immersed
part, A the length of the membrane-immersed part, 5 the
membrane viscosity, # the Boltzman constant, and T the
absolute temperature. The measured ¢, is the weighted aver-
age of different ¢ because of the multiple rotating populations
as described under “Experimental Procedures.” Thus, the
measured rapid ¢, = 40us for P-450/reductase = 1:1 vesicles
with L/Pyss = 1-10, which is similar to the most rapid ¢, = 55
gs in the absence of reductase in L/Pyo = 10 vesicles, may
represent slight difference of the size of membrane-immersed
part between cytochrome P-450 and the possible P-450.re-
ductase 1:1 complex (see Fig. 5).

As discussed in more detail in the accompanying paper,
lateral diffusion of the cytochrome P-450-reductase complex
can be estimated according to the following relationship (33):

0= (In"/n — y)a®/¢ (5

In an accompanying paper, we get D¥* = 107 cm®/s for
cytochrome P-450 alone. As mentioned above, a and ¢, of the
cytochrome P-450. reductase complex are almost the same as

those of cytochrome P-450 alone resulting in the same Df =
10~° em®/s for the complex. This result suggests that the

present P-450.reductase complex can undergo rapid lateral
diffusion and interact with other cytochrome P-450 molecules
within the known rate of electron transfer in the monooxygen-
ase system.

Protein aggregation similar to that in pure cytochrome P-
450 vesicles has recently been described for cytochrome oxi-
dase reconstituted in PC/PE/cardiolipin vesicles (34). A de-
crease in rotational mobility was observed for cytochrome
oxidase when the concentration of the enzyme was increased
in pure cytochrome oxidase vesicles. In contrast to the case of
cytochrome P-450 + reductase, the presence of cytochrome
be, complex in cytochrome oxidase vesicles further decreased
rotational mobility of cytochrome oxidase (34). When cyto-
chrome be; was replaced by the same amount (by weight) of
cytochrome oxidase, no change in rotational mobility was
observed for the oxidase. Therefore, the interaction between
cytochrome oxidase and cytochrome bc; complex can be de-
scribed as a hydrophobic interaction with the formation of
random molecular aggregates.

Catalytic Activity, Electron Transfer, and Other Studies
of Cytochrome P-450 + Reductase System Related to the
Molecular Organization in Monooxygenase Systems—Com-
plex formation between cytochrome P-450 and reductase has
been indicated previously. Lu et al. (35) investigated steady
state kinetics of substrate hydroxylation of PB-induced rat
liver cytochrome P-450 and reductase in egg PC vesicles. The
change in P-450/reductase ratio affected only the maximal
velocity, Vi, but the X, remained unchanged, and maximal
activity was achieved with P-450/reductase = 1:1, implying
that cytochrome P-450 forms a 1:1 molecular complex with
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reductase. Very similar steady state kinetic data for substrate
hydroxylation were obtained by Miwa et al. (36) in a recon-
stituted nonmembranous rat liver system, supporting a 1:1
molecular complex of cytochrome P-450 with reductase being
essential for catalysis. For the nonmembranous reconstituted
rabbit liver system, French et al. (37) demonstrated a complex
formation between six reductase and six cytochrome
P-450.m, molecules with gel exclusion chromatography. A 1:1
molar ratio in the above complex of solubilized reconstituted
system was also indicated with absorption spectrophotometry
in the visible region, CD spectrophotometry in the far ultra-
violet region, as well as steady state kinetics of substrate
hydroxylation. The determination of the dissociation con-
stants suggested that various components of the hydroxylation
systems are mutually beneficial in favoring binding reactions
which lead to the formation of functional enzyme complexes.
However, we should note that molecular interactions in non-
membranous systems may be different from those in membra-
nous systems. For example, although rabbit cytochrome
P-4501.m, forms a 1:1 complex with reductase in nonmembran-
ous reconstituted systems, no such stable complex was ob-
served in phospholipid vesicles as judged from catalytic activ-
ities (16).

On the other hand, there are investigations which support
the concept of independent lateral mobility of cytochrome P-
450 and reductase in the plane of the membrane. Several
groups recently described the incorporation of rabbit liver
reductase and cytochrome P-450.y, , into phospholipid vesi-
cles. At a fixed molar ratio of 1:1 of the two proteins, the
reduction rate of cytochrome P-450 and the substrate hydrox-
ylation increased upon decreasing the phospholipid content of
vesicles (15). This observation suggests that the interaction
between reductase and cytochrome P-450 is effected by their
random collisions caused by lateral mobility in the plane of
the membrane. Measurements of substrate hydroxylation at
various molar ratios of rabbit cytochrome P-450 to reductase
in liposomes indicated that a limited number of reductase
molecules serve a great number of cytochrome molecules,
suggesting a rapid independent lateral diffusion of the proteins
(16). The same conclusion was obtained for 3-methylcholan-
threne-induced rat liver cytochrome P-448 and reductase in
phospholipid vesicles by measuring the rate of substrate hy-
droxylation with varying protein concentrations (35). Incor-
poration of purified rat liver cytochrome P-450, P-448, and
reductase into microsomal membranes (38, 39) suggests the
possibility of lateral collision-controlled electron transfer from
reductase to the cytochrome in the natural membrane. In-
creased kinetics of cytochrome reduction and stimulation of
substrate hydroxylation in the above system demonstrated
that incorporated proteins became a functional part of the
microsomal monooxygenase system, implying that enzymes in
the monooxygenase system are translationally mobile.

In the present reconstitution experiments, only one species
of cytochrome P-450 has been used. Liver microsomes contain
20-30 times more cytochrome P-450’s than reductase, and
there are several different species of cytochromes. So far it is
unclear whether reconstituted other species of eytochrome P-
450, different from that used here, would interact with the
reductase in the same manner. In addition, the complex
situation in the microsomal membrane does not allow a direct
extrapolation of the results obtained with the model mem-
brane to the microsomal membrane. Nevertheless, we feel
that these and previous data justify the following speculations
as to the situation in microsomes. (i) Microsomal P-450 and
reductase may form a monomolecular 1:1 complex. (ii) Excess
cytochrome P-450 exists as a mixture of mobile monomers
and small aggregates. (iii) Electron transfer takes place in a
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monomolecular 1:1 complex and/or by collision with mobile
cytochrome P-450.

Conclusion—Determination of flash-induced absorption
anisotrophy of the cytochrome P-450.CO complex is a non-
destructive technique which yields direct information about
the mobility and interaction of the cytochrome with neigh-
boring molecules in the membrane. In this report, we show a
specific complex formation between cytochrome and reduc-
tase in artificial liposomes of a phospholipid composition and
protein content closely resembling that of the natural micro-
somal membrane. The complex has a small size and probably
consists of 1 reductase and 1 cytochrome molecule as shown
by the very similar rotational relaxation time of freely mobile
cytochrome and cytochrome complexed with reductase.
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