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SUMMARY

BOSTERLING, B., J. H. DAwsoN, A. G. HILDEBRANDT, A. STIER, AND J. R. TRUDELL:
Reconstitution of cytochrome P-450 and cytochrome P-450 reductase into phospha-
tidylcholine-phosphatidylethanolamine bilayers: characterization of structure and
metabolic activity. Mol. Pharmacol. 16, 332-342, (1979).

Cytochrome P-450 LM-2 and NADPH-cytochrome P-450 reductase have been reconsti-
tuted into phosphatidylcholine-phosphatidylethanolamine vesicles using a cholate dialysis
technique. The structure and composition of the reconstituted system has been charac-
terized by gradient centrifugation, electron microscopy, phosphorous nuclear magnetic
resonance, phosphate and protein analysis. The absence of conversion of cytochrome P-
450 to cytochrome P-420 during reconstitution has been verified by visible spectroscopy
of the reduced CO-bound form. The metabolic activity of the vesicle reconstitution and
a nonvesicular preparation has been characterized by NADPH utilization and H,0,
production with and without substrates hexobarbital, cyclohexane, aminopyrine, and
benzphetamine as well as by the metabolic production of formaldehyde from aminopyrine
and benzphetamine. The reconstitution technique produces vesicles of sufficient diameter
and protein content (33% by wt) that each may contain at least two reductase and 10 or
more cytochrome P-450 proteins. This vesicle reconstituted system is similar to micro-
somes with regard to bilayer structure, phospholipid composition, surface charge, protein:
lipid ratio, cytochrome P-450:NADPH-cytochrome P-450 reductase ratio, and enzymatic
coupling. Therefore it may be an excellent system in which to study substrate specificity,
electron transport, reductive versus oxidative metabolism, and protein-lipid interactions.
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RECONSTITUTION OF CYTOCHROME

INTRODUCTION

| The preparation of pure forms of liver
icrosomal cytochrome P-450* and its as-
iated reductase, followed by reconstitu-
'on of activity in a detergent-phospholipid
rsion, by Coon (1) and others (2, 3)
opened up a new area for the study of
e mixed function oxidases. However, cer-
aspects of this detergent-phospholipid
rsion are unlike those of the endoplas-
ic reticulum. In particular, the ratio of

ctivity in the detergent-phospholipid dis-
persion (1) is up to 100 times that which
pccurs in the endoplasmic reticulum. Fur-
.hermore, due to their aggregational state,
t is possible that the cytochrome P-450 and

ot exhibit the same range of protein-lipid
d protein-protein interactions, due to lat-
ral and rotational diffusion or transient
uster formation which are available to
roteins in a phospholipid membrane.
These protein-protein and protein-lipid
4, 5) interactions may be important to an
derstanding of the normal hydroxylation
ction of the mixed function oxidase sys-
m as well as to the production of hydro-
en peroxide (5-7), free radical intermedi-
tes (8), reactive carbanions (9-11) and ac-
ivated carcinogens (12). In order to study
these protein-protein and protein-lipid in-
teractions, we have prepared a reconsti-
tuted system in which the proteins are in-
troduced into the plane of a phospholipid
bilayer vesicle and may be able to undergo
lateral motion, transient or permanent clus-
ter formation, and rapid vibration contacts.
Ingelman-Sundberg and Glaumann (13)
described the reconstitution of cytochrome

P-450 and P-450 reductase into phosphati-

dylcholine (PC) vesicles at a 1:40 protein:
lipid ratio using the technique of rapidly
removing sodium cholate from a protein-
phospholipid-cholate suspension by pas-
sage through a gel filtration column. Tani-

* The abbreviations used are: PC, egg phosphati-
dylcholine, PE, egg phosphatidylethanolamine, PA,
dipalmitoyl phosphatidic acid; P-450, liver microsomal
cytochrome P-450 LM-2; DLPC, dilauryl phosphati-
dylcholine; ML, microsomal lipid; *'P-NMR, phospho-
rus-31 nuclear magnetic resonance.
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guchi et al. have recently reconstituted cy-
tochrome P-450 LM-2 and cytochrome P-
450 reductase into egg lecithin vesicles with
a protein:lipid ratio of 1:3 to 1:30 by appli-
cation of a cholate dialysis technique (14).
However, these techniques appear to be
unsuitable for the preparation of nonaggre-
gated reconstituted vesicles with natural
phospholipid composition and very high
protein-phospholipid ratios which we re-
quire for future studies with cytochrome P-
450 and cytochrome P-450 reductase on
electron coupling and protein-membrane
interactions.

Based on knowledge of the structure and
composition of liver microsomes (15) we
consider the following characteristics to be
required for these future studies: (a) A 1:5
ratio of reductase to P-450 similar to that
achieved in microsomes (15). (b) A high
enough protein to lipid ratio such that each
vesicle may contain at least one P-450 re-
ductase and five P-450 proteins. This con-
dition will allow study of electron transfer
between P-450 reductase and P-450 within
the same vesicle. A 30 nm diameter vesicle
with a 4 nm thick bilayer would require a
protein to lipid ratio greater than 1:14 to
contain six proteins totaling 3.5 X 10° dal-
tons. The gel filtration system previously
described (13) yielded a protein lipid ratio
of only 1:40. (c) The vesicles should contain
both PC and phosphatidylethanolamine
(PE) because these phospholipids are the
two most common in microsomes, where
they occur in a 2:1 ratio (15). Mixtures of
these phospholipids have previously been
shown to be important for optimum protein
reconstitution (16-19). (d) The vesicles
should have a negative surface charge in
order to mimic microsomal surface proper-
ties (15) as well as to prevent aggregation.
(e) The reconstituted vesicles should ex-
hibit an efficient coupling between NADPH
oxidation and hydroxylation of substrate.
(f) The production of hydrogen peroxide
with and without substrate bound to P-450
should have the same rate constant as mi-
crosomes.

We have prepared the reconstituted sys-
tem by a technique of solubilization of both
proteins and phospholipids in sodium cho-
late followed by slow removal of the cholate
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by dialysis in the presence of glycerol. We
have characterized the reconstituted sys-
tem by gradient centrifugation, electron
microscopy, and metabolic activity toward
a variety of substrates.

MATERIALS AND METHODS

Cytochrome P-450 LM-2 was purified
from microsomes of phenobarbital-pre-
treated rabbits (1-3, 6). Sixty grams of mi-
crosomal pellet were dissolved at 4° in 3
liters of 20 mM pH 7.7 Tris-HCl buffer
containing 0.1 mm EDTA, 0.1 mM dithio-
threitol, 0.8% Renex 690 and 0.1% sodium
cholate and were then applied on a 5 X 75
cm DEAE-cellulose column (Servacel, type
23 SS, Cap 0.62). The P-450 was eluted with
the same buffer, collected, and then bound
on top of a 5 X 30 cm column of 1:1 mixed
Bio-Gel HTP and Sephadex G-75. The P-
450 LM-2 was eluted with a linear potas-
sium phosphate gradient from 0.02 to 0.25
M in a pH 7.3 buffer containing 0.1 mm
dithiothreitol, 0.1 mm EDTA, 0.2% Triton
N-101 and 20% glycerol. The fractions con-
taining the P-450 LM-2 were pooled and
diluted with an aqueous solution of 20%
glycerol. The protein was bound on a 2.5
X 20 cm Sephadex CM-50 column. Triton
was removed with 10 column volumes of
0.02 M pH 7.3 potassium phosphate buffer
containing 20% glycerol. The triton absorb-
ance at 276 nm was at background after 2.5
column volumes. The P-450 LM-2 was then
recovered in 12.5% overall yield by includ-
ing 0.1% sodium cholate in the buffer and
linearly increasing the phosphate concen-
tration to 0.5 M. SDS electrophoresis with
a modified Laemli method showed that
over 90% of the protein was P-450 LM-2
with a molecular weight of 48,000. The ma-
jor (5%) impurity was a protein with a
molecular weight of 55,000. The specific
activity was 18 umoles P-450 per mg pro-
tein.

The cytochrome P-450 reductase was
prepared essentially as described by Yasu-
kochi and Masters (20). The starting ma-
terial was the eluate of the DEAE-cellulose
column from the P-450 preparation ob-
tained when the buffer was made 0.3 M in
KCl. The final reductase preparation had a
specific activity of 40 umole cytochrome C/
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min/mg at 30°.
Egg phosphatidylcholine and egg phos
phatidylethanolamine, and dipalmity]

phosphatidic acid (PA) were purchased
from Lipid Products, Nutfield, England
The colorless material was checked for pu-
rity and identified by TLC on Kiesel gel F
254 eluted with a 65:25:4 mixture of CHCls
MeOH:H:0. *P-NMR spectroscopy w
used to test for the presence of minor ph
phorus-containing impurities. Other chem
icals were of reagent grade from Merc
Fluka, Boehringer and Serva, sodium ch
late was recrystallized from water an
ethanol before use. The “standard buffer’
used in the reconstitution was 20
HEPES-CI of pH indicated in the text con
taining 20% glycerol and 0.1 mm EDTA.
Preparation of reconstituted systems.
typical vesicle reconstituted system with
PC:PE:PA lipid ratio of 2:1:0.06 (w/w),
protein:lipid ratio of 1:5 (w/w) and a P-4
reductase:P-450 ratio of 1:5 (mole/mole
was prepared by a cholate dialysis tech
nique. Twenty mg PC, 10 mg PE and 0.
mg PA were mixed in CHCls/methanol 1:1
the solvent was removed with a stream o
nitrogen and the lipids were maintain
under vacuum for 5 hours. The phospholip-
ids, 1.45 mg P-450 reductase and 4.5 mg P-
450 LM-2 in 4 ml 0.1 M pH 7.5 potassi
phosphate buffer containing 20% glycero
were sonicated in a bath under an atmos-
phere of air for one minute at room tem-
perature. Very mild sonication was em-
ployed to prevent introduction of air into
the solution which could result in lipid per-
oxidation. Then 0.4 ml of a clear 20% solu-
tion of sodium cholate was added and the
mixture was allowed to stand for several
hours at 4° until the lipid was completely
dissolved. The solution was dialyzed under
nitrogen against frequent changes of 250 ml
portions of pH 8 standard buffer for 3 days
at 4°. One g of prewashed (methanol, water)
Amberlite XAD-2 was included in each
change of buffer. The Na-cholate remaining
in the vesicles after a similar reconstitution
of rhodopsin was shown to be less than one
cholate per 100 phospholipid molecules by
measuring the residue of “C-cholate (17).
The resulting vesicle solution was layered
on top of a linear 5-50% glycerol gradient




repared with standard buffer and centri-
ged for 12-15 hours at 10° g. The resulting
veakly opalescent vesicle band (density
.060-1.075 g/ml) was concentrated with
Sephadex G-50 and dialyzed against
tandard buffer at pH 7.5. The preparation
vas stable for at least two weeks at 4°.

In order to prepare a stock solution of P-
50 LM-2 and P-450 reductase dispersed in
ilauryl phosphatidylcholine (DLPC) and
odium cholate as a control for the vesicle

50 reductase and 4.6 mg P-450 LM-2 in 3
i pI-I 7.5 standard buffer containing 0.1%
cholate. For tests of activity toward
ubstrates 20 to 100 ul aliquots of this stock
juspension were diluted.in 2 ml of pH 7.5
.02 M HEPES-CI buffer.

In an attempt to prepare a vesicle recon-
lituted system with a 1:5 protein:lipid ratio

ixed as described above for the cholate
ialysis procedure. Two ml of this suspen-
ion were applied on a 1.5 X 25 cm Sepha-
ex G-50 column and eluted at 4° with pH
.8 standard buffer at 4 ml/min.

The oxidation of solutions of NADPH by
he vesicle reconstituted and the DLPC-
holate control systems was measured at
40 nm with a Cary 14 spectrophotometer.
ydrogen peroxide was determined by the
broduction of CH,O during oxidation of
nethanol in the presence of catalase (7) in
.05 M pH 7.5 Tris-HCI buffer.

Density gradient centrifugation of vesicle
nd control systems was performed in a
near 5-50% glycerol gradient containing
DH 7.5 standard buffer with a SW 36 rotor
t 30,000 rpm for 12-15 hours in a Beckman

5-65 ultracentrifuge. Visible bands in the
radient were analyzed for density via re-
ractive index and for lipid and protein con-
ent.

In order to determine vesicle diameters
Dy electron microscopy, a 20 ul portion of
he vesicle suspension was diluted in 700
cold water, 100 ul 4% OsO, were added
nd the suspension was fixed at 4° for 30
in. The vesicles were negative stained
vith 1% uranyl acetate on formvar-coated
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copper grids and then examined with a
JOEL 100 electron microscope.

Before and after the reconstitution pro-
cedures the phospholipids were extracted
from the preparations and the ratio of PC
to PE was determined by *'P-nuclear mag-
netic resonance (*P-NMR). The phospho-
lipids were dissolved in 2 ml CDClsg:metha-
nol (1:1) and then proton decoupled *'P-
NMR spectra were recorded on a Bruker
WH 270 pulse Fourier transform spectrom-
eter operating at 109.32 MHz with a 10 usec
pulse width. The integrated spectra were
compared with those taken from standard
mixtures of PC and PE.

In a test of the thermal stability of the P-
450 as a function of its membrane environ-
ment, a cholate-dialyzed reconstituted ves-
icle system, a microsome suspension, a con-
trol preparation of P-450 and P-450 reduc-
tase dispersed in DLPC-cholate aged at 4°
for two hours and another control aged for
six days at 4° were incubated in pH 7.5
standard buffer at 37°. Aliquots were taken
at intervals and the remaining cytochrome
P-450 was determined by difference spectra
of the reduced P-450 LM-2 + CO complex
versus reduced P-450 LM-2 (2).

RESULTS

We were able to reconstitute P-450 and
P-450 reductase at a 5:1 mole ratio into PC:
PE:PA (2:1:0.06 w/w) bilayer vesicles using
a cholate dialysis technique (16-19). Vesi-
cles with a protein:phospholipid ratio of
either 1:5 or 1:2 (w/w) could be prepared as
demonstrated by ultracentrifugation. The
1:5 protein:phospholipid vesicles banded
between 1.062 and 1.078 g/ml in a 5-50%
glycerol gradient (Fig. 1) and appeared to
be single round closed vesicles of 40-100
nm diameter by electron microscopy. The
vesicles with a 1:2 protein:phospholipid ra-
tio banded between 1.090 and 1.097 g/ml
and appeared to be slightly aggregated sin-
gle vesicles of 40-60 nm diameter by elec-
tron microscopy.

An essential condition for preparation of
protein-containing phospholipid vesicles
was equilibration of protein and phospho-
lipids in 1.5% sodium cholate in standard
buffer for three hours at room temperature
or 15 hours at 4° before dialysis was begun.
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F1G6. 1. Linear 5 to 50% glycerol density gradients
after 4.5 mg cytochrome P-450 LM-2, 1.45 mg P-450
reductase, 20 mg PC, 10 mg PE, 0.6 mg PA in 4 ml
standard buffer were subjected to one of the following
solubilization procedures

Left) addition of either 16 mg sodium cholate or no
cholate at all followed by sonication for 30 min in a
bath at 25°; Middle) addition of 16 mg sodium cholate
followed by sonication with a microtip for one minute
at 20°; Right) addition of 32 mg cholate and treatment
as in the middle vial; after which all three preparations
were incubated for 14 hours at 4°, then dialyzed for
three days at 4°, and finally evaluated by ultracentrif-
ugation.

A pure lipid band at density 1.03 g/ml and
a protein pellet are formed from any sus-
pension containing less than 0.4% sodium
cholate if dialysis is started immediately
after mixing (Fig. 1, left). Electron micros-
copy showed that the lipid band consisted
of large lipid aggregates and not of vesicles.
Bands of protein-containing vesicles could
be obtained with initial incubation mixtures
varying from 0.5-5 mg protein and from 2-
20 mg lipid per ml. The density of the band
was controlled by the lipid to protein ratio
but the width of the band and the diameter
of the vesicles was dependent on the dura-
tion, temperature and concentration of cho-
late treatment at the given protein and lipid
concentration (Fig. 1). The PC to PE ratio
in the vesicles after reconstitution was de-
termined by *P-NMR spectroscopy. The
ratio was not changed during reconstitu-
tion. When sufficient cholate was used
(1.5%) to dissolve all the lipid the initial
ratio of protein to lipid was always main-
tained in the vesicles following the recon-
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stitution procedure. After dialysis of th
mixtures using PC:PE:PA ratios of 2:1:0.
over 80% of the total lipid and protein
recovered. Up to 90% of these recover:
components are found in a single band in|
the density gradient.

Further experiments demonstrated that]
PE is essential for the reconstitution of P-
450 and P-450 reductase at high protein:
phospholipid ratios (Fig. 2). P-450 may be
reconstituted with PC:PA 1:0.02 (w/w)
alone by the slow cholate dialysis technique|
only when a protein to lipid ratio of 1:10
(w/w) or less is used (Fig. 2¢). When the
protein to lipid ratio is increased from 1:10
to 1:5 with only PC + PA (Fig. 2f) at a
phospholipid concentration of 5-15 mg/ml,
a protein-lipid pellet is formed. Repeated
attempts failed to form reconstituted pro-
tein-phospholipid vesicles at a 1:5 ratio (w/
w) of P-450 to PC + PA (Fig. 2f). Use of]
other buffer substances (Tris-HCl, phos-
phate), higher or lower ionic strength, other
pH values, different cholate concentrations,
and the addition of CaCl; did not result in
successful reconstitutions. Only rapid re-
moval of cholate by dialysis at 30° at a rate
that is comparable to that of the G-50 gel
filtration method (13) resulted in a low yield
of a thin band at density 1.08. The 1:10
protein:PC + PA preparations appeared to
be slightly aggregated single vesicles of 40-
100 nm diameter by electron microscopy.
By comparison, control preparations of PC
as well as extracted microsomal lipids (ML)
sonicated in buffer gave dispersed vesicles
of approximately 25 nm diameter.

In contrast to this unexpected behavior
of the P-450 LM-2:PC + PA system, P-450
LM-2 is easily reconstituted with extracted
microsomal lipids by the dialysis procedure
(Fig. 2d). Therefore, a compound must exist
in microsomal lipid that stabilizes vesicle
membrane structure when P-450 is present
at a protein to lipid ratio similar to micro-
somes (15). The inclusion of PE, the second
largest component of microsomal phospho-
lipids (15), along with PC and PA proved
to be a satisfactory mixture for the forma-
tion of stable vesicles.

In all vesicle reconstituted systems, 2%
by weight of the total lipid was phospha-
tidic acid. This was included not only to
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d e f
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reductase

ve a negative surface charge on the ves-
cles, as do microsomes, but to reduce the
gregation tendency of the vesicles.
The addition of a preformed sonicated
nsion of phospholipids to a solution of
-450 LM-2 followed by centrifugation re-
ted in the formation of a separate pure
ipid band and a pellet consisting of all of
e P-450 LM-2 protein and some phospho-
ipid (Fig. 1a). Intensive microtip sonication
f a suspension of P-450 LM-2 and pre-
ormed phospholipid vesicles for three min-
tes at 20° did not result in the incorpora-
ion or attachment of P-450 LM-2 to the
esicles. Isolated P-450 LM-2 centrifuged
ithout lipid or detergent banded on top of
the gradient. When the protein plus vesicle
mixture was made 0.4% in cholate no
change was observed, not even when it was
sonicated in a bath for 30 min and allowed
to stand overnight (Fig. 1a). Intensive mi-
crotip sonication of the mixture containing
0.4% cholate resulted in the partial forma-
tion of vesicles (Fig. 1b). When the incu-
bation mixture was made in 0.8% cholate
and was sonicated by microtip as above, all
the protein in the mixture was incorporated

SOMeS . PCPEPA PCPEPA ML

_/ U &

Rso Rso  FPusor
PCPA PCPA

15 10 15

"F16. 2. Comparison of linear 5 to 50% glycerol density gradients in reconstitution of P-450 and P-450

(a) microsomes; (b) a vesicle reconstituted system of P-450 LM-2 + P-450 reductase:PC + PE + PA (1:5 w/
); (c) same as b (1:2 w/w); (d) P-450 LM-2 + P-450 reductase:extracted microsomal lipid (1:5 w/w); (e) P-450
-2 + P-450 reductase:PC (1:10 w/w); and (f) same as e except (1:5 w/w).

into vesicles although not all the lipid was
reconstituted (Fig. 1c).

The P-450 LM-2 and P-450 reductase
dispersed in DLPC-cholate that was used
as a control for a comparison of the enzy-
matic activity of the vesicle-reconstituted
system was also analyzed by density gra-
dient centrifugation (Fig. 3). P-450 reduc-
tase and P-450 LM-2 1:5 were mixed in pH
7.5 standard buffer with sodium cholate and
a sonicated vesicle suspension of DLPC at
a protein:lipid:cholate ratio of 2:1:1 (w/w/
w). Density gradient centrifugation re-
vealed that this system has at least three
components after an incubation of 30 min
at 25° (Fig. 3a). There was a lipid band and
a lipid-protein pellet as was found for the
lipid-protein and lipid-protein-cholate mix-
tures that were analyzed (Fig. 1) before
cholate dialysis. After prolonged incubation
of this mixture for six days at 4° these two
components disappeared and a broad band
appeared that was similar in density to the
vesicles reconstituted with PC + PE + PA
by slow cholate dialysis (Fig. 3b).

We attempted to use the technique of
rapid cholate removal by gel filtration de-
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PZ.SO» Reductase,
DLL, Cholate.

am

-

30 min 6days

F1G. 3. Dispersal of P-450 LM-2 and P-450 reduc-
tase in a DLPC-cholate system

Linear 5 to 50% glycerol density gradients of solu-
bilized control preparations consisting of mixtures of
4.6 mg P-450 and 1.5 mg P-450 reductase in 3 ml pH
7.5 standard buffer containing 0.1% sodium cholate
and 3 mg DLPC were subjected to one of the following
incubations prior to centrifugation: (a) for half an hour
at 25° or (b) for six days at 4°. The enzymatic activity
of (b) increased as it became more homogeneous.

scribed by Ingelman-Sundberg and Glau-
mann (13) for reconstitution of P-450 into
vesicles. These authors were able to recon-
stitute P-450 and P-450 reductase into
phosphatidylcholine vesicles with a 1:40
protein:lipid ratio. However, in our hands
all attempts to reconstitute P-450 at a 1:5
protein:phosphatidylcholine ratio resulted
in aggregation on the column. Substitution
of our PC + PE + PA 2:1:0.06 mixture for
PC in the gel filtration system resulted in a
very low yield of vesicles with properties
like those prepared by slow cholate dialysis.
As discussed in the INTRODUCTION, a 1:14
protein:phospholipid ratio is necessary in
order to have at least one P-450 reductase
and five P-450 proteins in each vesicle.
Therefore we did not study the gel filtration
technique further.
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In Figure 4 the thermal stability at 37
of P-450 LM-2 in various preparations i
shown in order to assess the importance o
the lipid environment of the protein. Th
increase of the thermal stability of P-450 i
the DLPC-cholate dispersion paralleled i
increase in activity as the dispersion
aged for six days. The P-450 reductase + P
450:PC + PE + PA (1:5 w/w) vesicle syste:
proved to be stable for at least two weel
at 4° in pH 7.5 standard buffer without 1
of benzphetamine N-demethylation activ-
ity. Both the P-450:PC + PA (1:10 w/w)

% P,50| 1001
%ﬂm

754 \
o \ Stability
\ at 37°C
254 A\A\A
T ] 1 ] | J ]
100+ B8

Stabilit
>0 \ x\\- atol.g::g
25 \’hx
R
O\F T\i v 1 1
2 4 6
Time [h]

F1G. 4. Thermal stability of P-450 LM-2

(A) The percentage of P-450 LM-2 remaining
incubation at 37° in 0.1 M pH 7.5 potassium phospha
buffer containing 20% glycerol in: (a) O a i
of microsomes; (b) [0 P-450 reconstituted into vesicl

allowed to age at 4° for (c) A two hours or (d) A si
days. P-450 in reconstituted vesicles is as thermall
stable as microsomes whereas P-450 LM-2 in
DLPC-cholate dispersion is initially labile and b
comes stable with aging. The increase in stability i
coincident with a large increase in metabolic activity.
In (B) the thermal stability of P-450 LM-2 in buffe
B and in microsomes O is compared to its stability i
1:1 (w/w) mixtures of: 0.1% Renex 690 ©, extracted
microsomal lipid @ and DLPC x.
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nd the P-450:PC + PE + PA (122 w/w)
esicles aggregated strongly at concentra-
ons above 15 mg lipid/ml. Without glyc-
rol in the buffers, the aggregation was
aster and cytochrome P-420 was formed.
The enzymatic activity of the vesicle re-
nstituted system containing P-450 LM-2:
-450 reductase 5:1 mole/mole, and pro-
pin:PC + PE + PA (1:5 w/w) was meas-
ed by several methods and compared
yith microsomes and the control of P-450
nd P-450 reductase dispersed in DLPC-
olate. Over 80% of the dithionite reduci-
le P-450 in the vesicle system was reduced
nzymatically with NADPH and no cyto-
throme P-420 was detected. The benzphet-
mine demethylation activity of the vesicle
eparations was used to test systems with
P-450 to reductase ratios of 5:1 and 50:1
mole/mole) at a constant protein to lipid
atio of 1:5 w/w. The two P-450:P-450 re-
ctase ratios were chosen to span the nat-
ally-occurring ratio (15). The consump-
ion of NADPH was compared to the
mount of formaldehyde formed; the activ-
ies of the two systems are given in Table
. It is noteworthy that by decreasing the
P-450 reductase by a factor of 10 both the
ADPH consumption and the product for-
nation go down by about a factor of 10.
herefore, the efficiency of the system is
fonstant and the rate depends on reductase
fontent as in microsomes (21).
The enzymatic coupling of the mono-ox-
jgenase function of these systems was

TABLE 1
Consumption of NADPH and formation of
formaldehyde by P-450 + reductase
The benzphetamine demethylation activity of the
dard slow cholate dialysis reconstituted vesicles
in METHODS with a constant 1:5 (w/w) pro-
in:phospholipid ratio (PC:PE:PA = 2:1:0.06 w/w) at
P-450 LM-2:P-450 reductase mole ratios of 50:1 and 5:
. The efficiency of the system is constant and the
hctivity is reductase-dependent.
[P-450:Re- Mol NADPH Mol CH,0 Mol CH;0
ductase X 100

Min X Mol  Min X Mol Mol NADPH
P-450 P-450
I 50:1 34+03 1.7+£04 500 17%
5:1 385+03 185+04 480+2%
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measured for the substrates aminopyrine,
hexobarbital, cyclohexane and benzpheta-
mine (Table 2). A typical vesicle system
formed 13.3 + 0.3 umole CH:O per minute
per umol P-450 from benzphetamine com-
pared to 4.1 £+ 0.3 in the control.

For the compounds tested in Table 2 the
vesicle system produced more product and
less H;0; than the DLPC-cholate control
system. Little product is formed from ami-
nopyrine by both systems, in contrast to
microsomes. It may be that aminopyrine is
a poor substrate for P-450 LM-2. In both
systems aminopyrine produces a slight
stimulation of H20; production over the P-
450 LM-2 without substrate. Cyclohexane
was a good substrate for the vesicle system,
it is noteworthy that the increased NADPH
consumption of the vesicle system was used
for product formation and not hydrogen
peroxide formation. With benzphetamine,
the vesicle system was also more efficient
than the control dispersion. The vesicle
system behaved like microsomes relative to
the H:0; production in the presence of cy-
clohexane and relative to the efficiency of
benzphetamine demethylation. However,
microsomal activity is not a clear reference
because it is a sum of several different forms
of P-450 and direct comparison with P-450
LM-2 is difficult.

As might be expected from its behavior
on density gradient centrifugation (Fig. 3),
the enzymatic activity of the DLPC-cholate
control system increased appreciably with
incubation time allowed after mixing com-
ponents but before adding substrate. After
15 min of initial incubation time 15 umole
CH:O/per/min/pmole P-450 LM-2 were
formed when the P-450 reductase:P-450 ra-
tio was 12:1, only 0.9 umole/min/pmol P-
450 when the ratio was 1:1 and undetectable
when the ratio was 1:5. In order to compare
the reconstituted vesicle system with the
most active DLPC-cholate dispersion, we
studied the protein:DLPC:cholate mixture
after it had been equilibrated for three days
at 4° to obtain the results shown in Table
2.

DISCUSSION

The criteria proposed in the INTRODUC-
TION for a vesicle reconstituted system with
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TABLE 2
Metabolic activity of vesicle system, cholate-DLL system, and microsomes
A comparison of the enzymatic activity toward several substrates at 30° in 0.05 M pH 7.5 standard buffer

the slow cholate dialysis reconstituted vesicles containing 5:1 mole ratio of P-450 LM-2:P-450 reductase and 1
6 w/w protein:lipid (PC:PE:PA = 2:1:0.06) with a control preparation of the same total protein content and P:
450 LM-2:P-450 reductase ratio dispersed in DLPC:sodium cholate (total protein:lipid:cholate) = 2:1:1 w/w/
and equilibrated for three days at 4°. The consumption of NADPH is compared to the production of H0;
CH:0. Values are mean x S.D. from three experiments. The values for microsomes were determined for a singl

suspension and are shown in parentheses because of known variation between preparations. All substrate
concentrations were 12 times the Ky determined in microsomes.

Mol Aminopyrine Hexobarbital Cyclohexane Benzphetamine
Min x Mol P-450
Control

NADPH
Vesicle System 41102 6.1x02 104 £ 0.6 16.6 £ 0.6 303 = 1.2
Cholate-DLL System 6.3 £ 0.2 77204 16.6 £ 0.8 200 £ 0.4 27815
Microsomes (+£10%) 4.0 4.7 6.1 5.6 8.4

H;0;,
Vesicle System 47205 6.2+ 056 8.6+ 03 44206 16.9 £ 0.5
Cholate-DLL System 6.6 + 0.6 76+ 04 16.0 + 0.6 1368 = 0.4 23.0 £ 04
Microsomes (£5%) 0.6 0.2 1.7 0.8 1.0

CH,0
Vesicle System 1.0+ 03 133 £ 0.3
Cholate-DLL System 0.6 +03 41£03
Microsomes (£5%) 0.8 13

H;0,

NADPH
Vesicle System 1.16 £ 0.18 0.86 £ 0.12 0.82 £ 0.08 0.28  0.06 0.66 = 0.04
Cholate-DLL System 104£0.14 099 £ 0.10 0.96 + 0.09 0.68 £ 0.03 0.83 £ 0.06

structure and composition like microsomes
have been met. (a) We were able to prepare
vesicles with a 1:5 ratio of cytochrome P-
450 reductase:cytochrome P-450 LM-2. (b)
We could incorporate these proteins at 1:6
or even 1:2 protein:phospholipid ratios.
Therefore, each vesicle should contain at
least one cytochrome P-450 reductase and
five cytochrome P-450 proteins that could
exhibit many of the possibilities of electron
transfer and protein cluster formation that
may occur in the endoplasmic reticulum.
(c) These high protein:phospholipid ratios
were only possible when both PC and PE
were present.

A very important aspect of our PC:PE:
PA reconstituted vesicle system is that it
does not aggregate, even when prepared in
a total concentration of 26 mg/ml. This
property will be of great benefit in using
the preparation in metabolism studies. The

strong aggregation tendency observed by
Taniguchi et al. (14) was also seen in our
attempts at reconstitution using pure PC.
We suggest that the PC:PE:PA vesicles do
not aggregate because of the structural sta-
bility conferred by the PC:PE mixture and
the negative surface charge due to the in-
clusion of ionized PA.

We suggest that fulfillment of these cri-
teria in the vesicles system allows a spatial
arrangement between cytochrome P-450
and cytochrome P-450 reductase in the
plane of the vesicle bilayer that is similar
to that in the endoplasmic reticulum (21).
In particular, they may be able to form
cluster structures of varying lifetimes, or
alternatively, participate in rapid interac-
tions between monomers by lateral and ro-
tational diffusion or transfer electrons
within the hydrophobic region of the bi-
layer by means of small carrier molecules.
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The requirement for a PC + PE + PA
mixture which approximates the lipid ratios
m the endoplasmic reticulum suggests that
tytochrome P-450 has a requirement for a

ific lipid environment. A similar re-
juirement for both PC and PE for optimum
econstitution was described by Kagawa et
al. for mitochondrial ATPase (16) and by
ubbell et al. for rhodopsin (17). The pos-
ible importance of the PC:PE ratio for
egulation of intrinsic membrane proteins
as been suggested by Hirata and Axelrod
22) for the activity of adenylate cyclase
d by Natsuki et al. in studies of mor-
bhine-dependent rats (23). Further sugges-
live evidence for an influence of PE:PC
atio on metabolic rate is that rats have a
ex difference in their microsomal PC:PE
atio as well as a sex difference with regard
0 rate of drug metabolism. In contrast,
abbits have neither a sex difference in PC:
E ratio nor in rate of drug metabolism (24,
5).

The empirical findings of the require-
ment for PE in reconstitution and activity
bf proteins may be interpreted in structural
erms: Stier et al., in a *P-NMR study of
abbit liver microsomal membranes, as well
as of the reconstituted cytochrome P-450
esicle system described here, suggested
hat part of the lipids exist in an inverted
micellar state which may be indispensible
or the structural integration of cytochrome
P-450 into the bilayer membrane (5).

The importance of fulfilling our criteria
or optimum reconstitution is borne out by

aracterization of the enzymatic activity
bf our vesicle reconstituted system in com-

arison with microsomes and the DLPC-
holate dispersed system. The vesicle re-
onstituted system has excellent efficiency
n terms of moles of NADPH oxidized per
mole of hydroxylated substrate. At a given
ochrome P-450 concentration, the activ-
of the vesicle system is limited by the
eductase concentration; reductase-limited
activity has recently been reported for
benzphetamine N-demethylation in liver
microsomes of phenobarbital stimulated
rats (21). The production of hydrogen per-
pxide with and without substrate is similar
bo that in microsomes. Hydrogen peroxide
broduction has been suggested to be a
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measure of uncoupling of mixed function
oxygenation (26) or as an intermediate in
substrate hydroxylation (27). The rate of
hydrogen peroxide formation appears to de-
pend critically on the disposition of P-450
in a membrane as well as on interaction
with a particular substrate. Therefore, we
propose that our vesicle reconstituted sys-
tem may be particularly appropriate for
studying the production of hydrogen per-
oxide as a by-product of P-450 activity (26,
27), as well as electron transport, the acti-
vation of reductase by substrate binding to
cytochrome P-450, the production of free
radicals (8, 28), carbenes (8) or carbanions
(9, 10) by the mixed function oxidase sys-
tem, and for spectroscopic studies of mem-
brane-protein interactions (5, 29).
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