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The effects of bifunctional ceossdinking reagents on the puritied hesimeric vytochrome P-330, 45 10 ansgueous medm and on the protesliposonal
eytachrome Pabs0,q, hive been compieed, 1n both cases, crossdinking is shown to resultin the appearinee ol i singe of additional protein bamds
in SDS clectrophoretograms, The number i the positions of these bamds seem to be sinular in the solubilized and in the protealiposomad eyto.
chromes. Noadditionad baads appear when the puritied eytachrome P50 was pretecated sath 025, Fandgen 913, which decomposes eytochropme
P80, o, hexamers, The results indicate that the membrane-bound eytochrome P50 canexist in the oligomeric (presunably hexameric) form.

Cytoehrome P800 Hesiamer: Proteoliposome; Crossslinking

L INTRODUCTION

Some indications of the existence of ¢ytochrome
P-450 oligomers in membranes of the liver endoplasmic
reticulum have been reported in the past 10 years [1-4].
In our group, the hexameric organization of
cytochrome P-450) 5y has been shownin studies on the
purifiecd hemoprotein in agueous solution 5,6] and on
the immobilized hamoprotein [7-9].

We have investigated the oligomer organization of
cytochirome P-430,a2 in the proteoliposomal mem-
brane. The purified hexameric cytochrome P-450;a2 in
solution and cytochrome P-4530;a2 in the pro-
teoliposomes were treated with bifunctional cross-
linking reagents. Since the major part of the
cytochrome P-450 molecule protrudes from the mem-
brane [10], we may assume that accessibility of the
cytochromie to cross-linking reagents in solution and in
the membrane should be rather similar. As the ex-
periments showed, the SDS eclectrophoretic patterns of
the cross-linked proteoliposomal cytochrome P-450
resemble those of the solubilized cytochrome, This fact
indicates that cytochirome P-450;a12 can form oligomers
not only in the sojubilized state but also in the mem-
brane,

2. MATERIALS AND METHODS

Cytochrome P-450; a2 was isolated from rabbit liver microsomos as
described elsewhere [5,6]. The final preparation contained solely
cytochrome P-450 hexamers. The SDS clectrophoresis of this
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prepavantion {0} revealed asingle band corresponding to mononier of
the LAY isolorm, The sl el rittio was found to be 1,98, 1.e. close
o the maxinud vadue, which shows that the obiined eviochrome was
free of the detergent and other contaminations,

The concentrition of the solubilized oyvtochrome  P-450 was
estimated by the carbon monoxicde difference spectrum method [11)
or by absorption of the oxidized protein at 418 nin {eqga = 107
AMUoem Y, The former method was used for determining the
amount of extachrome P50 in proteoliposomes,

As thelipid component for proteoliposame reconstitution, we used
synthetic  dimyristoyl  phosphatidyl  choling,  microsomal  phos.
pholipids or 4 misture containing egg phosphatidyleholine, bovine
brain - phosphatidyletumnotamine (or synthetic  distearayl  phos.
phatidytethanolumineg), and phosphatidic swid in the proportion
1o,

To form protenliposomes, the'eholate dinlysis technigue or its gel-
filtration maditication were employed. In addition, incorporation of
cytochrome P-480 into the lipid membrane was carried out by in-
cubating the solubilized eytochrome with sonicated Hposomes or with
liposomes prepared by the reverse phase method ([12,13] see also [14)
for details), The incubation was carried out at 37°C (which is above
the phase transition temperature of the majorily of the phosphalipics
used) or, when indicated, at a lower temperature, The formed pro-
teoliposomes were sepurated from liposomes and from an excess of
the protein by passing through a Sephacryl $-1000 column (0.5 x 15
em), To prevent proteoliposome sorption on Sephacryl, the liposome
suspension was passed through the solummn before the proteoliposome
separation.

When proteoliposomes were prepared with the cholate-dialysis or
the cholate-gel filtration method, a mixture containing 20 mg of
phospholipid, 150 al of buffer (25 mM HEPES, 0.1 M Nacl, 0.1 mM
EDTA and 2.5% glycerol, pH 7.5), 50 ul of 20% sodium cholate and
0.3 ml ¢ytochrome. P-450, n2 (about 10 nmol) was incubated for 1 h
at 4°C, The cholate was removed by dialysis ugainst the buffer or by
using a Sephadex G-25 column washed with a phospholipid and
cholate mixture ana equilibrted with the buffer. Fractions containing
proteoliposomes were layered onto a 0-20% Ficol-400 gradient and
centrifuged at 280 000 x g for 10-12 b, 6°C, in an SW-40 rotor of a
Beckman centrifuge. Proteoliposomes were concentrated as a thin
layer in the upper quoter of the centrifuge tube (buoyant density
1.04-1.06 ‘g-em™%. In some experiments 0.1 M potassium
phosphate, pH 7.5, was used instead of HEPES buffer.

The enzymatic activity of cytochrome P-450 was assayed as the rate
of benzphetamine N-demethylation in the presence of NADPH-
cytochrome P-450 reductase or of cumene hydroperoside [7].

As bifunctional cross-linking reagents, we used DMS, DTBP,
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DEDNI and DENPS (effective fength of the moleeule, 1.08, 1,19,
045 and 0K nay, tespectively), Phe crosselinkapg wis performed al
200C and 3700 SR electraphoresis o1 the eroselinked proteins wiis
vattied out in i $-15% polyacrvlunide gel grasdicnt,

Bacteriorhodopsin from Hatobaeterim hatliobitam was G generows
RIfL from De ALDL Raalen,

3. RESULTS AND DISCUSSION

It is well known that partial eross-linking of pro-
moters in water-soluble oligomerie proteins results in
the formation of dimers, trimers ¢te,, which can be
detected by SDS clectrophoresis, the number of zones
on the electrophoretogram being equal to that of pro-
moters in the native oligemer.,

As one can see on the SDS clectrophoretograms in
Fig. 1, the cross-linking of the solubilized cytochrome
P-4501a2 hexamer results in the appearance of addi-
tional bands of higher molecular masses than the
monomer., An incerease in the concentration of the
cross-linking reagents or in the treatment time leads to
an increase in the number of bands and in their den-
sities, Such an effect is observed not only with DMS
(the length of the molecule 1.08 nm) but also with
DFDNB (0.45 nm). This fact indicates the tight contact
of subunits in the hexamer.

The major band of the cross-linked eytochrome
P-450, (about 45 kDa)corresponding to the cytochronie
P-450 protomer, was found to be of somewhat higher
mobility ihan that of the native cytochrome. In the
region of 90-110 kDa, corresponding to the dimer, two
bands are visible, a phenomenon that can be explained
by assuming that the dimer-forming protomers are
cross-linked in two different fashions. This may well be
due to the fact that the hexamer-forming protomers are
organized in two layers [5,6].

One more diffuse band (probably a trimer) is

1 2 3 4 5
Fig. 1. SDS elect‘rophoresis of the cross-linked purified hexameric cytochrome P-450,u; in polyacry!l amide gel. (A) cross-linking by DMS, (1) 1
min treatment with 10 mM DMS; (2) 10 mM DMS, 5 min; (3) 2 mM DMS, 1 min; (4) 2 mM DMS, 30 min; (5) 10 mM DMS, 1 min in the presence

of 0.2% Emulgen 913, For reference, the positions of myosin (330 kDa), fersitin (220 kDa) and glycogen phosphorylase (94 kDa) are indicated
by arrows. (B) cross-linking with DFDNB (30 min). (1), (2) and (3), 0.05, 0.1 and | mM DFDNB, respectively.
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detected newr 150 kD, In the 2002300 KDy region,
several bands are abserved, Molecular mitsses above
100 KDa can be estimated only approximately because
af the possible intramaolecular cross=linking which mauy
prevent complete denaturation ot the protein globule,

The SDS-clectrophoretic patterns in the cases of
DM (Fig. 1A), DEDRDNB (Fig. I1B), as well as DENPS
and DTHE proved to be similar as a characteristic
feature of the cytochrome P-480; a2 hexamer.,

At the same time, the treatment of the solubilized
cytochrome P-450 Ly such detergents as Bmulgen 913
which was found to induce dissociation of hesumers
[15], decreased the cross-linking signiticantly (Fig. 1), A
similar  effect was  observed  when  octylglucoside,
CHAPS and cetyltrimethylaummonium bromide were
used instead of Emulgen 913 (not shown). These data
are in agreement with our previous study on detergent-
induced cytochrome P-450 hexamer  decomposition
8,91

In experiments  with DEFDNB, it has  been
demonstrated that the Emulgen 913-induced decrease in
the cross-linking was not due to the competition be-
tween DFDNB and Emulgen 913 for interaction with
the protein, Modification of cytochrome P-450 by
DFDNB was followed by a characteristic shift of the
DFDNIB spectrum (not shown),

In the next series of experiments, the cross-linking of
cytochrome P-450, incorporated into proteoliposomes,
was studied, Several methods of incorporation and
various phospholipid mixtures were tested.,

When the. non-detergent procedure of the pro-
teoliposome formation was used, cytochrome P-450
was incubated with liposomes obtained by sonication or
by the reverse phase method. In the latter case, the
diameter of the formed proteoliposomes was rather
large, being of the same order of magnitude as that of
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microsomes, However, liposomes were mainty multi-
membranous so that eytochrome P-450 incorporation
proved to be small (25 pmol protein = g phosphao.
lipid * h.

20-fold higher incorporation values were obtained
when evtochrome P-450 was infaid into bagcrerio-
rhodopsin proteolipusomes. The latter were prepared
from liposomes reconstituted by the reverse phase
method. Such a favourable effect of bacteriorhadopsin
agrees with the previous observation that the incorpora-
tion of other hydrophobic proteins into bacterio-
rhodopsin proteoliposomes proceeds muclh better than
into liposomes {16]. This may be due to the faet that
bacteriorhodopsin stimulates the formation of mono-
membrane (vather than multimembrane) vesicles (14,
16} and causes a lateral heterogeneity ot the membrane
[16]. The enzymatic activity of cytochrome P-450 in
bacteriorhodopsin=containing proteoliposomes proved
to be somewhat higher than in proteoliposomes withoul
bacteriorhodopsin, Bacteriorhodopsin was found to be
without effect on the eytochrome P-450 spectrum,

The cross-linking of cytochrome 1-450 embedded in
the proteoliposome membrane, like that of the
solubllized cytochrome P-450, resulted in the ap-
pearance  of additional bands in  the SDS
polyacrylamide gel. In the solubilized and the pro-
teoliposomal cytochrome, the number and position of
the bands were shown to be similar (Fig. 2),

It seems important that the c¢ross-linking of
eytochrome P-450 protomers took place irrespective of
the method of proteoliposome formation, including
cholate-dialysis techniques. As it was previously found
in our group [8], the trcatment of the imimobilized,
["Cliodoacetamide-modified cytochrome P-450 hex-
amers with a cholate solution of phospholipids resulted
in clution of some radioactivity, Cholate and

g
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Fig. 2. SDS electrophoresis of cytochrome P-450 cross-linked in solu-

tion (4) and in proteoliposomes prepared by the cholate-gel filtration

procedure (1-3), Egg phosphadityl choline was used as the lipid com-

ponent. (1) and (3), 2 mM DMS; (2), 4 mM DMS, 30 min treatment;
(4), 2 mM DMS, 10 min.
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phospholipids, taken separately, were ineffective. Ap-
parentely the removal of cholate by dialysis gives rise to
reassocintion of hexamers from products  of “their
dissociation in the protealiposame membrane,

Bxperiments with the bacteriorhodopsin-cytachrome
P-4 50 proteoliposomes showed that the cross-linking of
these two proteins did not take place. In the elee-
trophoretogranm (Fig. 3, one can see (1) a baoerio-
rhodopsin band (about 26 kDa) and (i) bands of the
cytochrome P-450 protomer and oligomers in the same
positions as in the eytachvome proteoliposomes without
bacteriorhodopsin, The cross-linking of bacteriorho-
dopsin results in the formation of a dimer band of
about 52 kDu,

Variations. in the strueture of the bifunctional
reagents (DMS, DTRP, DIFDNB and DFNPS were us-
ed) and in the phospholipid component of pro-
teolipasomes were without any detectable effect upon
the proteoliposomal eytochrome P-450 cross-linking. In
this  study, individual synthetic  phospholipids,
phospholipid mixtures and microsomal phospholipids
were used, In the case of proteoliposomes, composed of
bacteriorhodopsin and ¢ytochrome P-450, no indica-
tions of bacteriorhodopsin-cytochrome P-450 c¢ross-
linking were obtained, even when bacteriorhodopsin
was in a 20-fold exeess over eytochrome P-450,

Thus, the above results indicate that the hexameric
structure of cytochrome P-4501m2 discovered in ex-
periments on the solubilized protein [5,6] seems to be
preserved in proteoliposomes. This fact is consistent
with our previous observation that the immobilized
cytochrome P-450 hexamers cannot be dissociated by
the phospholipid treatiment [8,9], as well as with data on
rotational diffusion of cytochrome P-450 [3] and with
other evidence indicating the existence of ¢ytochrome
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Fig. 3. SDS electrophoresis of cytchrome P-450 and bacteriorhodop-

sin cross-linked in proteoliposomes. Lipid component, microsoimnal

phospholipids. (3) and (4), protecliposomes with cytochrome P-430

and bacteriorhodopsin. (1) and (2), bacteriorhodopsin. 10 mM DMS

in all the cases. (1), 5 min treatment; (2) and (4), 30 min treatment; (3),
1 min treatment.
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P-450 oligomers in the membrane [4]). One can mention
in this context that eytochrame H-450, the water-
soluble cytochrome P.450 analog from cytosol, was
isolated as a 400 kD oligomer composed of 64 kDa
protomers [17}. The hexamer structure of a monox-
ygenase from a methanogenic bacterium was recently
observed in an elestron microscopy stucdy [18].

The hexameric organization of cytochrome 12-450,a2
may be important for its stabilization, We found that
the transition of the immobilized cytochrome P-450 to
the inactive P-420 form oceurs much faster in-dimers
than in hexamers, [t scems also possible that the hex-
amer arrangement results in the formation of an inter-
nal ‘reaction chamber' differing in dielectric constant
from the water solution or the membrane core, which
may be favourable for a mono-oxygenation reaction
catalyzed by the cytochrome, Yet, another possibility
might be that the hexameric structure of cytochrome
P-450 is needed for the regulation of its activity,
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