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Rotation of cytochrome P-450 was examined in both
liver microsomes and reconstituted phospholipid vesi-
cles. Purified cytochrome P-450 was incorporated into
lipid vesicles composed of phosphatidylcholine-phos-
phatidylethanolamine-phosphatidylserine. Rotational
diffusion was measured by detecting the decay of ab-
sorption anisotropy, r(t), after photolysis of the heme-
CO complex by a vertically polarized laser flash. No
contribution of vesicle tumbling to r(f) was observed
over the experimental time range of 0-500 us for sam-
ples in 60% sucrose. Analysis of r(f) was based on a
“rotation-about-membrane normal” model. The meas-
urements were used to investigate intermolecular in-
teractions of cytochrome P-450.

In vesicles of a high lipid to protein ratio (=30 by
weight), the residual time-independent normalized an-
isotropy, r{«)/r (0), reached a limiting low value, im-
plying that all cytochrome P-450 was rotating. The
mean rotational relaxation time,¢;, was about 95 us. In
contrast, about 35% of cytochrome P-450 was immobi-
lized in vesicles of a low lipid to protein ratio (=1), with
¢1 of about 95 us for the mobile fraction. The immeobile
fraction is presumably due to self-aggregation of cyto-
chrome P-450.

In rat liver microsomes, 0-50% of cytochrome P-450
was mobile with ¢; of about 120 us at 20 °C, and the
rest was immobile. A significant temperature depend-
ence of r(f) was observed in microsemes. All cyto-
chrome P-450 was immobile below 7 °C, and about 50%
of the enzyme was mobile at 37 °C with ¢, ~ 60 us. From
the limiting value of r(x)/r(0) =~ 0.12, the tilt angle of
the heme plane of cytochrome P-450 from the mem-
brane plane was calculated to be about 40°.

The hepatic microsomal monooxygenase system has been
extensively studied due to its important function in the me-
tabolism of xenobiotics and endogenous substrates and also
its key role in activation of chemical carcinogens and cytotoxic
chemicals (1-3). The monooxygenase system consists of sev-
eral membrane enzymes such as NADPH-cytochrome P-450
reductase, cytochrome P-450, NADH-cytochrome bs reduc-
tase, and cytochrome bs. The topological organization of these
enzymes is important for the understanding of the mechanism
of electron transfer and oxygenation reactions. Essentially two

* This work was supported by Schweizerischer Nationalfonds
Grant 3.699.80, the very generous financial help of Solco Basel AG.,
and a kind donation of the Robert Gnehm Stiftung. The costs of
publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked “adver-
tz}.';s'errflent” in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

types of organization can be considered: in one, the enzymes
are distributed randomly and their functions are controlled by
lateral diffusion and collisions (4-6), and in the other the
enzymes form functional “clusters” (7, 8).

Cytochrome P-450, a transmembrane protein, is the termi-
nal and key enzyme of the monooxygenase system. Several
different species of cytochrome P-450 with molecular weights
between 45,000 and 60,000 have been identified in rat liver
microsomes (9, 10). Cytochrome P-450 is believed to accept
one electron from NADPH-cytochrome P-450 reductase and
another electron from cytochrome b5 (11, 12). Although the
kinetics of electron transfer and hydroxylation of substrates
for cytochrome P-450 have been extensively studied in both
microsomal membranes and reconstituted lipid vesicles, few
direct measurements of protein-protein interactions involving
cytochrome P-450 have been reported.

Rotational mobility of cytochrome P-450 was recently dem-
onstrated in microsomal membranes by transient dichroism
techniques (13, 14), and in reconstituted lipid vesicles by
delayed fluorescence polarization techniques (15). Protein ro-
tation is particularly sensitive to protein-protein interactions
(16, 17), and this technique has been successfully applied to
investigate intermolecular interactions of cytochrome oxidase
with cytochrome oxidase or with cytochrome ¢, complex in
both mitochondrial membranes and reconstituted vesicles (18,
19). The results lead to a better understanding of electron
transfer in the mitochondrial respiratory chain.

Here we examine rotational diffusion and intermolecular
interactions of rat liver cytochrome P-450 in both microsomal
membranes and lipid vesicles. Rotational diffusion measure-
ments of cytochrome P-450 are based on observing the flash-
induced absorption ansiotropy of the heme-CO complex (13}.
Some subsidizing experiments with the triplet probe, eosin
maleimide, were also carried out. We demonstrate the co-
existence of mobile and immobile populations of cytochrome
P-450 in liver microsomes and in lipid vesicles.

EXPERIMENTAL PROCEDURES

Materials—Microsomes were isolated from PB'-induced male rats
(Wistar, Long-Evans, Sprague-Dawley, 200-300 g) as described by
Remmer et al. (20) and resuspended in 50 mm Tris-HCI buffer (pH
7.8, 150 mm KCl and 10 mm MgCly).

Cytochrome P-450 was purified from the above microsomes
(Sprague-Dawley) (21). Detailed purification procedures are de-
scribed in an accompanying paper (22). The purified protein had 14.5-
18 nmol heme/mg of protein and was suspended in 10 mMm potassium
phosphate buffer (pH 7.4) containing 0.1 mM EDTA, 0.5% sodium

" The abbreviations used are: PB, phenobarbital; PC, phosphati-
dylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine;
PA, phosphatidic acid; Hepes, 4-(2-hydroxyethyl)-1-piperazineeth-
anesulfonic acid; L/P, lipid to protein (w/w) ratio.
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cholate, and 20% glycerol, and was stored at —80 °C. The concentra-
tion was determined using an extinction coefficient Aesso-150 am = 91
mM "~} (reduced + CO-reduced) (23).

Phospholipids (egg PC, egg PE, bovine spinal cord PS, egg PA, all
Grade 1} were purchased from Lipid Products (South Nutfield, U.
K.).

Methods—For negative stain electron micrographs, samples were
stained with phosphotungstate.

Preparation of Cytochrome P-450 Vesicles of L/P = 1-30—The
procedure described by Bosterling et al. (24) was modified as follows:
10 mg of PC, 5 mg of PE, and 1 mg of PS were dissolved in chloroform/
methanol, 1:1. The solvent was then removed with a N, stream. Lipids
were further dried under vacuum for 5 h. Then, 1.6 ml of 0.1 M
potassium phosphate buffer (pH 7.4) containing 20% glycerol and 0.16
ml of 20% (w/w) sodium cholate solution were added. After vortexing
the dispersion, appropriate amounts of cytochrome P-450 were added.
The lipid/protein/cholate mixture was equilibrated at 4 °C for 15 h
and subsequently dialyzed at room temperature for 3 h against a 200-
fold volume of 20 mMm Hepes (pH 8.0) containing 20% glycerol, 0.1 mMm
EDTA, and 1 g of Bio-Beads per 100 ml of solution. The outer
medium was changed after 90 min.

Other vesicle systems (i.e. PC/PE/PS = 1:1:1, PC/PE/PA =
10:5:0.3, and egg PC vesicles) were prepared similarly.

Rotational Diffusion Measurements—For rotational diffusion
measurements, 60% (w/w) sucrose was dissolved in microsome sus-
pensions (Tris-HCl, pH 7.8, containing 150 mmM KCl and 10 mM
MgCly) or proteoliposome suspensions (20 mM Hepes, pH 8.0, con-
taining 20% glycerol and 0.1 mm EDTA). The final heme concentra-
tion was 2-8 pM (microsomes) or 5-13 um (proteoliposomes). Samples
were reduced by a few grains of dithionite and slowly bubbled for 1
min with CO. The sample cuvette was then sealed by a rubber cap to
keep cytochrome P-450 saturated with CO.

The flash photolysis apparatus used for rotation measurements is
described in detail elsewhere (25). Briefly, the sample was excited at
540 nm by a vertically polarized flash of duration 1-2 us from a dye
laser (Coumarin 6 in methanol). Absorbance changes due to photol-
ysis of the heme-CO complex were measured at 450 nm. The signals
were analyzed by calculating the absorption anisotropy, r{¢), and the
total absorbance change, A(¢), given by

rit) =[Av () — Au ()] / [Av (£) + 244 (1)) (1)
A(t) = Av (t) + 244 () 2)

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

In each experiment, 128 signals were averaged using a Datalab DL
102A signal averager. A further improvement in the signal to noise
ratio resulted from averaging the data of several experiments. The
measurements were performed in 60% sucrose solution in order to
reduce vesicle tumbling and light scattering. The spectral character-
istics of the cytochrome P-450.CO complex excluded degradation of
cytochrome P-450 (e.g. conversion of cytochrome P-450 into cyto-
chrome P-420) during the experiments.

Rotation of eosin-labeled cytochrome P-450 (5-8 um in eosin mal-
eimide) was measured by observing flash-induced absorption aniso-
tropy of the eosin probe at 520 nm (25).

Analysis of Absorption Anisotropy—Cytochrome P-450 is a trans-
membrane protein (26), implying that rotation occurs about the
normal to the plane of the membrane. Thus, decays in absorption
anisotropy, r(#), were analyzed based on a rotation about membrane
normal model (27). A theoretical treatment of this case for the heme-
CO complex shows that the expected form of r(t) is given by:
r(t)/r(0) = r(t)/0.1 = 3sin®dncos?dnexp (—t/é)) )

+ %sin*Ovexp (—4t/¢)) + Y (3cos’dy — 1)°

where ¢ is the rotational relaxation time, 6y is the angle between
the membrane normal axis and the normal to the heme plane (¢, =
1/D, where D is the rotational diffusion coefficient). In the case of
4-fold symmetry, fy is also the tilt angle of the heme plane with
respect to the plane of the membrane.

Equation 3 expresses rotation of a single rotating species and
assumes 4-fold symmetry of the heme plane. With a very weak
excitation flash, we obtained r(0) = 0.097. This figure is very close to
the theoretical value of r(0) = 0.1 for 4-fold symmetry, which therefore
appears to be a valid assumption under our experimental conditions
(i.e. excitation at 540 nm and measurement at 450 nm). However,
assuming a single rotating species is not always correct. For example,
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different populations of cytochrome oxidase were observed in mito-
chondrial membranes and reconstituted lipid vesicles (18, 19). In the
case of multiple populations, the experimental r(¢) is the weighed sum
of the individual r(#) curves with different ¢ ;. Although multiple
populations are difficult to resolve, their existence can be inferred by
fitting the data by the following generalized equation

r(ty = riexp (—t/¢1) + r:exp (—~4t/¢1) +r; (4)

and comparing r; (i = 1,2,3) with the theoretical values in Equation
3. Here ¢, is an average value over all rotating species with different
¢ . When samples contain both mobile and immobile populations of
heme proteins, the normalized residual anisotropy r{w)/r(0) = r3/r(0)
is given by

r()/r(0) = (1 = fin)- Y%(3cos’n — 1)° + fim-1 (5)

where fi, is the fraction of the immobile cytochromes. It should be
noted that all mobile populations with different ¢, have the same
Y%(3cos® @y — 1)° In the case of eosin probes, data were analyzed by
Equation 4 according to the theory of linear chromophores (25, 27).

Curve fitting of the data by Equation 4 was accomplished by a
Hewlett-Packard 9825A desk top computer. It should be noted that
in Equation 4, the normalized anisotropy r(¢)/r(0) does not depend
on the intensity of the excitation flash, however, 7(0) decreases when
the intensity of photoselecting flash increases (27). In some figures,
small variations in absolute values of r(¢) have been compensated by
normalizing the curves to the same r{0).

RESULTS AND ANALYSIS

All data in this section were obtained with photolysis of the
heme-CO complex.

Rotational Diffusion of Cytochrome P-450 in Lipid Vesicles

Since the activity and conformation of cytochrome P-450
are affected by surrounding lipids (28, 29), we mainly use PC/
PE/PS vesicles for reconstitution studies, corresponding to
the major phospholipid components in liver microsomal mem-
branes (26).

Effect of Lipid to Protein Ratio and the Tilt Angle of the
Heme Plane from the Membrane Plane in PC/PE/PS =
10:5:1 Vesicles—Rotational diffusion of cytochrome P-450 in
PC/PE/PS = 10:5:1 vesicles was measured at 20 °C with
varying L/P. All curves examined decayed within 500 us to a
time-independent value r(x) (see Fig. 1). Data were analyzed
by Equation 4 and decay parameters are summarized in Table
1. The normalized residual anisotropy r(®)/r(0) = r;/r(0) was
dependent on L/P, while the mean rotational relaxation time
¢1 was relatively independent of L/P.

Increasing the L/P from 1 to 5 decreased r3/r(0) but little
further decrease was observed from L/P = 5 to L/P = 30. r3/

L 1 1 1 1
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TIME  (psec)

F1c. 1. Time-dependent absorption anisotropy of the cyto-
chrome P-450.CO complex in PC/PE/PS = 10:5:1 vesicles.
Samples (5-13 uM in heme) were photolyzed by a vertically polarized
laser flash at 540 nm, and r(¢) was recorded at 450 nm as described
under “Experimental Procedures.” Measurements were performed in
60% sucrose solution at 20 °C (~0.6 poise). Upper and lower curves
represent L/P = 1 and L/P = 10 vesicles, respectively. Solid lires
were obtained by fitting the data to Equation 4.
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TasLE [

Decay parameters of time-dependent absorption anisotropy of the
eytochrome P-450.CO complex in a variety of proteoliposomes
analyzed by Equation 4

All measurements were performed in 60% sucrose.

- . . Tem

Vesdeperr LE o e “Eme s

ure

us °C

PC/PE/PS 30 96 + 50° 0.12 + 0.04 0 20

(10:5:1) 10 56 + 4 0.18 + 0.02 72 20

5 45+ 4 0.13 £ 0.05 16 20

1 94 + 24 043005 35x5 20

PC/PE/PA 10 56 + 8 0212001 10x1 20
(10:5:0.3)

Egg PC 10 56 & 7 0.20 = 0.02 9+2 20

PB-micro- 0.4 636 053009 47x10 37

somes 120 + 36 0.65+008 609 20°¢

1.00 100 5

¢ The percentage of immobile population of cytochrome P-450 was
calculated based on Equation 6.

* Standard deviation; n = 2-4.

“For PB-microsomes at 20°C, the average was performed for
samples which have a mobile population of cytochrome P-450. Several
samples showed complete immobilization of cytochrome P-450 at 20
°C.

r(0) and the fraction of immobile cytochrome P-450 in Equa-
tion 5 are linearly related. The above change in r;/r(0) there-
fore suggests a significant increase in the proportion of mobile
cytochrome P-450 upon increasing L/P from 1 to 5. The
observation that there is little additional decrease in r;/r(0)
upon further 6-fold dilution of the enzyme in lipid strongly
suggests that nearly all cytochrome P-450 is already rotating
in L/P = 5 vesicles. Progressive mobilization of cytochrome
oxidase was also observed after enriching lipids from both
mitochondrial inner membranes (30) and reconstituted vesi-
cles (19). All cytochrome oxidase became mobile at L./P = 30
vesicles. From this we conclude that cytochrome P-450 is
completely mobile in lipid-rich vesicles of L/P = 30.

When all cytochrome P-450 molecules are mobile, r3/r(0)
= 0.12 should be equal to %(3cos’dy — 1) in Equation 5 since
fin = 0. We calculated 8y = 41° or 71°, which coincides with
the angle between the heme plane and the membrane plane.
Which of these figures is correct cannot be decided by the
present r(tf) measurements alone.

In protein-rich vesicles of L/P = 1, a relatively large rs/r(0)
= 0.43 was observed, indicating the co-existence of both mobile
and immobile populations. It should be noted that any rotat-
ing cytochrome P-450 population with ¢, > 5 ms would be
detected as being immobile within the present experimental
time range of 500 gs. The fraction of immobile cytochrome P-
450 can be calculated by substituting %(3 cos®dy — 1)% = 0.12
into Equation 5:

ra/r(0) = (1 ~ fin) 012 + fim (6)

From this about 35% of cytochrome P-450 appear immobile in
L/P = 1 vesicles. Detailed analysis showed that r;/r(0) in L/
P = 5 and L/P = 10 vesicles was slightly larger than 0.12,
implying that about 1-7% of cytochrome P-450 is immobile in
these vesicles. Over the range L/P = 1-30, ¢; was 50-100 us
and showed no significant dependence on L/P.

Effect of Phospholipid Composition—Rotational diffusion
was also examined in vesicles of different composition (see
Fig. 2). No significant changes in decay parameters of r(t)
were observed between PC/PE/PA = 10:5:0.3 vesicles and
PC/PE/PS = 10:5:1 vesicles both with L/P = 5 and 10. Also,
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the decay parameters of r(f) in egg PC and PC/PE/PS =
10:5:1 vesicles both with L/P = 10 were not significantly
different.

In PC/PE/PS = 1:1:1 vesicles (which have a high negative
charge density), a partial conversion of cytochrome P-450 into
cytochrome P-420 occurred. In this vesicle system, depending
on individual preparations, around 20-60% of cytochrome P-
450 was found to be immobilized and the rest was rotating
with ¢; = 50 us.

Effect of Temperature—Lowering the temperature slowed
down the rotation of mobile cytochrome P-450 and the im-
mobile fraction became larger. For example, in PC/PE/PS =
10:5:1 vesicles with L/P = 5, the immobile population of
cytochrome P-450 increased from ~1% to ~15% upon lowering
the temperature from 20 °C to 7 °C, while the ¢; increased
from =50 ps to =200 ps.

Rotation of Cytochrome P-450 in Liver Microsomes

Rotation of cytochrome P-450 was measured in microsomal
membranes at different temperatures. r(¢) curves decayed
within 500 us to a time-independent value. Data were analyzed
by Equation 4 and decay parameters are summarized in Table
L. Fig. 3 shows a significant temperature dependence of r(f).

0.01F ST T 7

[o] 100 200 300 400 500

TIME (psec)

Fi6. 2. Time-dependent absorption anisotropy of the cyto-
chrome P-450.CO complex in a variety of proteoliposomes
with L/P = 10. Proteoliposomes were prepared as described under
“Experimental Procedures.” Measurements were performed in 60%
sucrose solution at 20 °C (~0.6 poise). Upper curve, PC/PE/PS =
1:1:1 vesicles. Middle curve, PC/PE/PA = 10:5:0.3 vesicles. Lower
curve, egg PC vesicles. Solid lines were obtained by fitting the data
to Equation 4. The initial anisotropy of the lower curve is artificially
displaced to 7(0) = 0.05 for illustrative purposes, in order to avoid
overlap with the middle curve. Data points of the middle curve are
omitted for clarity.

. 5°C
20°C

T

.arec

0.01 r— .

| 1 1 | 1
4] 100 200 300 400 500

TIME  (psec)

Fic. 3. Time-dependent absorption anisotropy of the cyto-
chrome P-450+CO complex in PB-microsomes at different tem-
peratures. Measurements were performed with 2-8 yum cytochrome
P-450 in 60% sucrose solution. Temperatures are 5 °C (upper curve),
20 °C (middle curve), and 37 °C (lower curve). Solid lines are
obtained by fitting the data to Equation 4. The curves have been
normalized to the same value of 7(0) for illustrative purposes. Data
points of the middle curve are omitted for clarity.
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Although microsomal membranes are in the liquid-crystalline
state above 0 °C as demonstrated by flucrescence polarization
measurements with diphenylhexatriene,” all cytochrome P-
450 was immobile below 5 °C. Co-existence of mobile and
immobile populations of cytochrome P-450 was observed at
20 and 37 °C.

Although several different species of cytochrome P-450 exist
in rat liver microsomes (9, 10), we calculate the fraction of
immobile cytochrome P-450, f,», assuming the same orienta-
tion of the heme plane in the membrane (i.e. ¥4 (3cos®8y — 1)2
= 0.12) for all species. The immobile fraction of cytochrome
P-450, thus estimated by Equation 6, was a function of tem-
perature. We obtained f, = 0.5~1 at 20°C and f;,, = 0.4-0.6 at
37 °C. Relatively large variation in the values for fin and rs/
r(0) were seen between different preparations of liver micro-
somes.

The mean rotational relaxation time ¢; was also dependent
on temperature. ¢; was decreased from ~120 us to ~60 us by
going from 20 °C to 37 °C.

Rotation of Cytochrome P-450 in Isotopic Solution

The absorption anisotropy of cytochrome P-450 was smaller
than 0.01 in detergent solution containing 2% sodium cholate,
60% sucrose, and 20% glycerol. In such isotropic solution, r(t)
should reach zero, if all enzymes are rotating. We therefore
conclude that the rotational correlation time of cytochrome
P-450 in the above solution is faster than 10 us (the time
resolution of the present experiments). Hence, the volume of
cytochrome P-450 aggregates in this solution should be
smaller than 70 A®, assuming aggregates to be spherical. The
volume 70 A® would correspond to the octamer of cytochrome
P-450.

Absence of Vesicle Tumbling

The microsomal size distribution was determined to be 400-
2000 A by negative stain electron micrographs. In an accom-
panying paper, we show that the diameters of PC/PE/PS =
10:5:1 vesicles are in the range of 400-1000 A,

The contribution of vesicle tumbling to the decay in r(¢)
was experimentally ruled out in both liver microsomes and
lipid vesicles (Fig. 4). For this, microsomal membranes were
labeled by eosin maleimide. Purified cytochrome P-450 was

T
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Fi16. 4. Absence of vesicle tumbling demonstrated by lack of
decay in 7{¢) for immobilized cytochrome P-450 in liver micro-
somes and reconstituted lipid vesicles. Upper curve (O), eosin-
labeled cytochrome P-450 in PC/PE/PA = 10:5:0.3 vesicles. The
sample contains 8 uM eosin maleimide and 8 uM cytochrome P-450.

r(t) was measured with the eosin probe after cross-linking of samples -

by a tungsten lamp irradiation as described under “Results and
Analysis.” Middle curve (@), liver microsomes (6.6 mg/ml) labeled
with 11 uM eosin maleimide. r(¢) was measured with the eosin probe
after cross-linking by irradiation. Lower curve (W), liver microsomes
which contain about equimolar cytochrome P-420 to cytochrome P-
450 as described under “Results and Analysis.” r(¢) was measured by
flash photolysis of the cytochrome P-450.CO complex. The sample
contains 3 uM cytochrome P-450.
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labeled by eosin maleimide and was incorporated into PC/
PE/PA = 10:5:0.3 vesicles by cholate dialysis (see above).
Eosin-labeled proteins were cross-linked by a 5-min irradia-
tion from a 100-watt tungsten-halide lamp (31). Rotational
diffusion of eosin-labeled proteins was measured by observing
flash-induced absorption anisotropy of the eosin probe. In 60%
sucrose solution, no decay in r(¢) curves was observed for both
the proteoliposomes at 20 °C and microsomes at 37 °C, ruling
out vesicle tumbling and protein rotation.

Furthermore, no decay in r(f) eccurred in microsomes in
60% sucrose at 20 °C in the presence of significant amounts of
cytochrome P-420 (about equimolar to cytochrome P-450)
which was induced by adding an excess amount of dithionite.
The excess dithionite probably induced protein aggregates in
membranes in addition to conversion of cytochrome P-450
into cytochrome P-420. Thus, the decay of anisotropy ob-
served in the experiments presented here should be due to
rotation of cytochrome P-450 in membranes.

Rebinding Kinetics of CO to Reduced Cytochrome P-450

In PB-microsomes, the rebinding kinetics of CO to reduced
cytochrome P-450 after photolysis was at least biphasic. The
total absorbance change A(¢) was analyzed by a double ex-
ponential approximation. Time constants were 7, =~ 0.2 ms
(=20%) and 72 ~ 1.6 ms (=80%) at 20 °C in 60% sucrose, the
parentheses showing the exponential amplitude.

In contrast, rebinding kinetics of CO with purified cyto-
chrome P-450 in liposomes was monophasic. The time con-
stant was T = 1.5 = 0.7 ms in PC/PE/PS = 10:5:1 vesicles
over the L/P range 1-30 in 60% sucrose at 20 °C. Similar time
constants were observed under these conditions in other ves-
icles (PC/PE/PA = 10:5:0.3 and egg PC). The double expo-
nential kinetics in liver microsomes is probably due to multiple
species of cytochrome P-450 in rat liver microsomes (9, 10).

The rebinding kinetics of other heme proteins was also
measured in 60% sucrose solution at 20 °C (19). Monoexpo-
nential kinetics were observed for several species of cyto-
chrome oxidase (i.e. bovine heart, rat liver, and rat heart) in
both phospholipid vesicles and mitochondrial inner mem-
branes with the time constant r = 10 ms. Double exponential
kinetics was observed for human hemoglobin with time con-
stants 7; ~ 0.4 ms (~60%) and 72 ~ 1 ms (~40%). The reaction
of cytochrome P-450 with CO is rapid and similar to that of
hemoglobin, implying that the heme pocket of cytochrome P-
450 might be relatively easily accessible for ligands.

DISCUSSION

Orientation of Heme Plane of Cytochrome P-450 in Mem-
branes—Recently, the heme a and a3 planes of cytochrome
oxidase have been shown by ESR spectroscopy to be approx-
imately perpendicular to the plane of the membrane in both
mitochondria and membranous systems (32). Kawato et al.
(18) have investigated rotation of cytochrome oxidase in phos-
pholipid vesicles by flash photolysis of the heme a;-CO com-
plex. At a high L/P = 27, they have observed the normalized
residual anisotropy of r(«)/r(0) = 0.25 which corresponds to
8 = 90° in Equation 3. Thus, ESR and rotation studies are in
good agreement.

Here we determined the tilt of the heme plane of cyto-
chrome P-450 by rotation measurements. We obtained the
smallest normalized residual anisotropy r(e)/r(0) = 0.12 +
0.04 at a high L/P = 30 where all cytochrome P-450 rotates.
Using Equation 8,41° or 71° + 5° were obtained for .

Rich et al. (33) investigated the heme orientation of cyto-
chrome P-450 in PB-induced rat liver microsomal membranes
by ESR spectroscopy. In contrast with cytochrome oxidase,
they observed that the heme plane of cytochrome P-450 was
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parallel rather than perpendicular to the membrane plane. A
similar orientation of the heme plane was observed for cyto-
chrome P-450 in adrenal cortex mitochondria (34). These
results suggest that of the two possible angles obtained from
the present protein rotation measurements, the solution x
=~ 40° is more likely to be correct. Since we treat one special
species of cytochrome P-450, we cannot rule out that other
species of cytochrome P-450 in microsomes have different
heme orientations.

Rotation and Intermolecular Interactions of Cytochrome
P-450 in Lipid Vesicles and Liver Microsomes—The fraction
of mobile cytochrome P-450 is dependent on L/P in PC/PE/
PS = 10:5:1 vesicles. The immobile population of cytochrome
P-450 is small (= 10%) above L/P = 5, but ~35% of the enzyme
is immobile in L/P = 1 vesicles. Assuming the same orienta-
tion of the heme plane for multiple species of cytochrome P-
450, 50-100% (20 °C) and ~50% (37 °C) of cytochrome P-450
were calculated as being immobile in rat liver microsomes. We
measured PB-microsomes from more than 40 different rats
(Wistar, Long-Evans, and Sprague-Dawley). The immobile
population of cytochrome P-450 in microsomes varied in dif-
ferent preparations. Similar results were observed in PB-in-
duced and 8-naphthoflavone-induced rabbit liver microsomes
(14).

The large amounts of the immobile cytochrome P-450 in
microsomal membranes is probably due to the very high
concentration of membrane proteins in liver microsomes (L/
P ~ 0.5) (22). The immobile population of cytochrome P-450
could be due to either specific interaction with other mem-
brane proteins (e.g. NADPH-cytochrome P-450 reductase) or
a nonspecific protein aggregation. At the present stage, we
cannot decide between these possibilities. However, since the
addition of NADPH-cytochrome P-450 reductase to cyto-
chrome P-450 vesicles of L/P = 1 introduced disaggregation
of cytochrome P-450 aggregates (see the accompanying paper
{22), nonspecific protein aggregates may be more probable.
These aggregates are not necessarily stable, more likely there
is a slow equilibrium between mobile and immobile cyto-
chrome P-450’s. The relatively slow rotational relaxation time
¢1 ~ 120 us for the mobile cytochrome P-450 in liver micro-
somes suggests that even rotating cytochromes are not mon-
omeric because a more rapid ¢; = 50 pus was observed in
proteoliposomes with L/P = 5-10.

Cytochrome oxidase is the terminal enzyme of the electron
transfer chain in the inner membrane of mitochondria. Re-
cently, mobility and protein-protein interactions of this pro-
tein were studied in bovine heart mitochondria and reconsti-
tuted proteoliposomes (18, 19) demonstrating co-existence of
mobile and immobile populations. Forty to fifty per cent of
cytochrome oxidase in mitochondria rotate with a mean ro-
tational relaxation time of 350 us. In lipid vesicles, the per-
centage of immobile cytochrome oxidase increased from ~0%
to ~20% upon a decrease in L/P from 27 to 5. The same
results were obtained in the presence of cytochrome b¢, com-
plex, ruling out a molecular complex formation between the
two. Since the inner membrane of mitochondria has a very
low L/P = 0.39 (35), it was concluded that the high concen-
tration of membrane proteins induces protein aggregates and,
therefore, immobilizes about one-half of cytochrome cxidase
molecules. This is further supported by the observation of a
dramatic increase in the mobile population of cytochrome
oxidase from 15% to 75% in rat liver mitochondrial inner
membranes upon increasing L/P from 0.3 to 3 by fusion with
liposomes (30). These findings parallel the present results
which suggest that the immobile fraction of cytochrome P-450
in liver microsomes is caused by nonspecific protein aggregates
due to high protein concentraticn.
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Duppel and Dahl (36) proposed cluster formation of micro-
somal proteins at 4 °C and random distribution of membrane
proteins at 30 °C in rat liver microsomes. The present results
of complete immobilization of cytochrome P-450 around 5 °C
and co-existence of mobile and immobile populations of cy-
tochrome P-450 at 20-37 °C are consistent with their ultra-
structural observations. However, it should be emphasized
that the above complete immobilization of cytochrome P-450
occurred at around 5 °C, slightly above the lipid phase tran-
sition. The microsomal membrane is in the liquid-crystalline
state above 0 °C as determined by fluorescence polarization
measurements of diphenylhexatriene,” in agreement with the
earlier observation that the microsomal phase transition oc-
curs between —10 and 0 °C (37).

Lateral Diffusion-controlled Interactions for Cytochrome
P-450—There are essentially two possible mechanisms for
electron transfer in microsomal membranes: electrons are
transferred by lateral collisions between independently diffus-
ing oxidation-reduction component enzymes or electrons are
transferred in a relatively long-lived multienzyme complex.
Cytochrome b; was shown to interact with at least three
different enzymes, including cytochrome P-450, with the same
catalytic site (5). Morever, careful subfractionation of micro-
somes yielded two subpopulations; one contains more cyto-
chrome bs; and NADH-cytochrome b; reductase, the other
more cytochrome P-450 and NADPH-cytochrome P-450 re-
ductase (38). Therefore, it is more likely that cytochrome bs
donates electrons to cytochrome P-450 by lateral collisions
rather than through a supermolecular complex. In this case,
the collision-controlled electron transfer may not need long
range lateral diffusion of enzymes but is controlled by local
lateral collisions, because microsomal membranes are densely
packed with around one-third of the total membrane area
occupied by integral membrane proteins (25, 36).

The present rotational relaxation time, ¢, can be related
to the local (free) lateral diffusion coefficient (D) by the
following expression (39):

D = (Inn/q' - yY)a*/¢y 8)

where 7 is the membrane viscosity, 7" is the viscosity of the
aqueous phase, and y is Euler’s constant (0.5772). If we assume
that the mobile cytochrome P-450 in PC/PE/PS = 10:5:1
vesicles of L/P = 10 is a particle of a ~20 A with ¢ ~ 50 s,
and if we take  ~ 5 poise (40) and n" ~ 0.6 poise at 20 °C in
60% sucrose, we obtain D¥° ~ 107° cm?/s. Since the lateral
diffusion coefficient is very insensitive to the protein size, the
value of D¥* ~ 10™° cm?/s will also be valid for small aggregates
of cytochrome P-450. The above value of Df° is at least an
order of magnitude larger than the long range lateral diffusion
coefficient for many integral proteins examined (D, < 107"
cm?/s) (40). These smaller diffusion coefficients were princi-
pally obtained with whole cells and may indicate restrictions
to long range lateral diffusion by cytoskeletal structures. Cy-
toplasmic structures in endoplasmic reticulum, if present,
could reduce the long range lateral diffusion rate. However,
the local lateral diffusion coefficient, which is calculated from
rotational diffusion, is probably a more meaningful number
for estimating collision rates than the long range lateral dif-
fusion coefficient.

The frequency of possible lateral collisions between cyto-
chrome P-450 and cytochrome bs can be estimated as follows.
Our rat liver PB-microsomes contain about 2 nmol of cyto-
chrome P-450 per mg of protein’ and about 0.5 nmol of
cytochrome bs/mg of protein (41) and have L/P = 3/7.% Since

2 C. Richter, unpublished results.
* K. Eichenberger and C. Richter, unpublished results.
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one phospholipid molecule occupies about 50 A2 on the mono-
layer surface (42), the membrane area per cytochrome P-450
and cytochrome bs can be calculated as about 5 X 107 ¢m?
and 2 X 107'% cm? respectively. According to the treatment of
Razi-Naqvi ef al. (43), the lower limit of the probability of
collisions between cytochrome b5 and cytochrome P-450 may
be estimated as follows:

P =16Df< ¢p/o = 16 X 107°.

5 -p/o =8 X 10%/s  (9)

1
Tx 107
where ¢ is the concentration of cytochrome b; (since the
concentration of b is lower than that of P-450), p is the sum
of radii of cytochromes b; and P-450, and o is the average
displacement of cytochromes. For membrane proteins in the
hipid bilayer, p/o =1 (44). Thus, at least several thousand
collisions could occur between cytochromes bs and P-450
within the known rate of electron transfer, for example, ~1.5
s/e” /cytochrome P-450 (NADH — NADH-cytochrome b;
reductase — cytochrome bs; — cytochrome P-450) (45). In
fact, the collision rate could be faster due to the rapid lateral
diffusion of cytochrome bs, which may be in the order of D¥*
=5 x 1078 cm?/s as judged by measurements with other small
hydrophobic or amphiphilic proteins (46, 47).

Lipid-Protein Interactions in Cytochrame P-450 Vesicles—
In the present study, we used four different phospholipid
vesicles, i.e. PC/PE/PS = 10:5:1, PC/PE/PA = 10:5:0.3, egg
PC, and PC/PE/PS = 1:1:1. Rotational diffusion measure-
ments of cytochrome P-450 revealed that both the relaxation
time ¢; and the immobile fraction were virtually independent
of the above different lipid compositions, except PC/PE/PS
= 1:1:1. The existence of 33% PS in PC/PE/PS = 1:1:1 vesicles
led to the conversion of rat cytochrome P-450 into cytochrome
P-420 and immobilization of cytochrome P-450. It is of interest
to note that no such conversion of cytochrome P-450 from
rabbit liver microsomes into cytochrome P-420 is observed
even in the presence of negatively charged phospholipids
comprising more than one-third of total lipids (48).

The presence of PS and/or PE increased the catalytic
activity of rabbit liver cytochrome P-450 (e.g. O-demethyla-
tion of p-nitroanisol) (48). The acceleration of electron transfer
from NADPH-cytochrome P-450 reductase to cytochrome P-
450 by the presence of PS and/or PE was found to be respon-
sible for the above increase in activities. Since changes in
rotation and local lateral diffusion of cytochrome P-450 cannot
be caused by the addition of PS and/or PE as judged by the
absence of change in r(#), PS and/or PE may induce more
efficient interactions between the reductase and cytochrome
P-450 resulting in an increase in catalytic activities.

Measurements of Rotational Diffusion of Cytochrome P-
450 with Triplet Probes—Recently, rotational mobility of
cytochrome P-450 was demonstrated by delayed fluorescence
of eosin isothiocyanate covalently bound to the enzyme in
PC/PE/PA = 10:5:0.3 vesicles with L/P = 5 (15). A rotational
time constant of about 110 ps at 25 °C was obtained for the
above rabbit liver cytochrome P-450. We also examined ro-
tational diffusion of rat liver cytochrome P-450 covalently
labeled with eosin maleimide by observing flash-induced ab-
sorption anisotropy of the eosin probe. A rotational relaxation
time ¢, = 50-100 ps was obtained in PC/PE/PS = 10:5:1
vesicles with L/P = 10. This is in reasonable agreement with
the results using the intrinsic chromophore heme. This agree-
ment is encouraging for studies with probes, because the
labeling procedure does not appear to alter the enzyme struc-
ture in a way that leads to change in the rotational mobility.
The data also show that the rotational mobilities of rabbit
and rat cytochrome P-450 are similar in reconstituted lipid
vesicles.

11.

12,

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.
24.

25.
26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Rotational Diffusion of Cytochrome P-450

REFERENCES

. Estabrook, R. W., Baron, J., Franklin, M., Mason, 1., Waterman,

M., and Peterson, J. (1972) in Miami Winter Symposium
(Schultz, J., and Cameron, B. F., eds) Vol. 4, pp. 197-230,
Academic Press, New York

. White, R. E., and Coon, M. J. (1980) Annu. Rev. Biochem. 49,

315-356

. Sato, R. (1978) in Cytochrome P-450 (Sato, R., and Omura, T,

eds) Chap. 2, Kodansha, Tokyo

. Taniguchi, H., Imai, Y., Iyanagi, T., and Sato, R. (1979) Biochim.

Biophys. Acta 550, 341-356

. Daily, H. A., and Strittmater, P. (1980) J. Biol. Chem. 255, 5184-

5189

. Yang, C. S. (1975) FEBS Lett. 54, 61-64
. French, J. S., Guengerich, F. P., and Coon, M. J. (1980) J. Biol.

Chem. 255, 4112-4119

. Baskin, L. S., and Yang, C. S. (1980) Biochemistry 19, 2260-2264
. Lu, A. Y. H., and West, S. B. (1980) Pharmacol. Rev. 81, 277-295
. Kotake, A. N., and Funae, Y. (1980) Proc. Natl. Acad. Sci. U. S.

A. 77, 6473-6475

Hildebrandt, A., and Estabrook, R. W. (1971) Arch. Biochem.
Biophys. 143, 66-79

Sugiyama, T., Miki, N., and Yamano, T. (1979) Biochem. Biophys.
Res. Commun. 90, 715-720

Richter, C., Winterhalter, K. H., and Cherry, R. J. (1979) FEBS
Lett. 102, 151-154

Meclntosh, P. R., Kawato, S., Freedman, R. B., and Cherry, R. J.
(1980) FEBS Lett. 122, 54-58

Greinert, R., Staerk, H., Stier, A., and Weller, A. (1979) J. Bio-
chem. Biophys. Meth. 1, 77-83

Nigg, E. A,, and Cherry, R. J. (1980) Proc. Natl. Acad. Sci. U. S.
A. 77, 4702-4706

Cherry, R. J., and Godfrey R. E. (1981) Biophys. J. 86, 257-276

Kawato, S., Sigel, E., Carafoli, E., and Cherry, R. J. (1980) J. Biol.
Chem. 255, 5508-5510

Kawato, S., Sigel, E., Carafoli, E., and Cherry, R. J. (1981} J. Biol.
Chem. 256, 7518-7527

Remmer, H., Greim, H., Schenkman, J. B., and Estabrook, R. W.
(1967) Methods Enzymol. 10, 703-708

West, S. B, Huang, M.-T., Miwa, G., and Lu, A. Y. H. (1979)
Arch. Biochem. Biophys. 193, 42-50

Gut, J., Richter, C., Cherry, R. J., Winterhalter, K. H., and
Kawato, S. (1982) 257, 7030-7036

Omura, T., and Sato, R. (1964) JJ. Biol. Chem. 239, 2370-2378

Bosterling, B., Stier, A., Hildebrandt, A. G., Dawson, J. H., and
Trudell, J. R. (1979) Mol. Pharmacol. 16, 332-342

Cherry, R. J. (1978) Methods Enzymol. 54, 47-61

DePierre, J. W., and Ernster, L. (1977) Annu. Rev. Biochem. 47,
201-262

Kawato, S., and Kinosita, K., Jr. (1981} Biophys. J. 36, 277-296

Ingelman-Sundberg, M., and Johansson, I. (1980) Biochemistry
19, 4004-4011

Ruckpaul, K., Rein, H., Blanck, J., Ristau, O., and Coon, M. J.
(1980) in Biochemistry, Biophysics and Regulation of Cyto-
chrome P-450 (Gustafsson, J.-A., Carlstedt-Duke, J., Mode, A,
and Rafter, J., eds) pp. 539-549, Elsevier/North-Holland, Am-
sterdam

Kawato, S., Lehner, C., Miiller, M., and Cherry, R. J. (1981) in
Vectorial Reactions in Electron and Ion Transport in Mito-
chondria and Bacteria (Palmieri, F., Quagliariello, E., Sili-
prandi, N., and Slater, E. C., eds) pp. 111-114, Elsevier/North-
Holland, Amsterdam

Nigg, E.,, Kessler, M., and Cherry, R. J. (1979) Biochim. Biophys.
Acta 550, 328-340

Erecifiska, M., Wilson, D. F., and Blasie, J. K. (1978) Biochim.
Biophys. Acta 501, 53-62

Rich, P. R, Tiede, D. M., and Bonner, W. D., Jr. (1979) Biochim.
Biophys. Acta 546, 307-315

Blum, H., Leigh, J. S., Salerno, J. C., and Ohnishi, T. (1978) Arch.
Biochem. Biophys. 187, 1563-157

Krebs, J. J. R., Hauser, H., and Carafoli, E. (1979) J. Biol. Chem.
254, 5308-5316

Duppel, W., and Dahl, G. {1976) Biochim. Biophys. Acta 426,
408-417

Blazyk, J. F., and Steim, J. M. (1972) Biochim. Biophys. Acta
266, 737-741

DePierre, J. W_, and Dallner, G. (1975) Biochim. Biophys. Acta



39.

40.
. Kuriyama, Y., Omura, T., Siekevitz, P., and Palade, G. E. (1969)

42.
43.
44.

45.

Rotational Diffusion of Cytochrome P-450 7029

415, 411-472

Saffman, P. G., and Delbruck, M. (1975) Proc. Natl. Acad. Sci.
U.S. A. 72, 3111-3113

Cherry, R. J. (1979) Biochim. Biophys. Acta 559, 289-327

J. Biol. Chem. 244, 2017-2026

Phillips, M. C., and Chapman, D. (1968) Biochim. Biophys. Acta
163, 301-313

Razi-Naqvi, K., Behr, J.-P., and Chapman, D. (1974) Chemn. Phys.
Lett. 26, 440-444

Galla, H.-J., Hartmann, W., Theilen, U., and Sackman, E. (1979)
J. Membr. Biol. 48, 215-236

Werringloer, J., and Kawano, S. (1980) in Microsomes, Drug

Oxidations, and Chemical Carcinogenesis {(Coon, M. J., Con-
ney, A. H., Estabrook, R. W, Gelboin, H. V., Gillette, J. R., and
O’Brien, P. J., eds) Vol. 1, pp. 469-476, Academic Press, New
York

46. Vaz, W. L. C,, Jacobson, K., Wu, E.-S., and Derzko, Z. (1979)
Proc. Natl. Acad. Sci. U. 8. A. 76, 5645-5649

47. Smith, L. M., Smith, B. A., and McConnell, H. M. (1979) Bio-
chemistry 18, 2256-2259

48. Ingelman-Sundberg, M., Johansson, 1., Brunstrom, A., Ekstrom,
G., Haaparanta, T., and Rydstrom, J. (1980} in Biochemistry,
Biophysics and Regulation of Cytochrome P-450 (Gustafsson,
J.-A., Carlstedt-Duke, J., Mode, A., and Rafter, J., eds) pp. 299~
306, Elsevier/North-Holland, Amsterdam



