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The interaction of rat liver microsomal cytochrome P-450 with phospholipids has been investigated
employing differential scanning microcalorimetry. It is shown that the thermotropic behaviour of phospholi-
pid vesicles reconstituted with cytochrome P-450 depends on liposome composition, protein concentration
and the mode of reconstituted system preparation. From the A H dependence on protein concentration in
proteoliposomes it was calculated that one cytochrome P-450 molecule influence 350+50 di-
myristoylphosphatidylcholine (DMPC) molecules. The electrostatic interaction of cytochrome P-450 and
negatively charged phospholipid, phosphatidylinesitol (PI), mixed with DMPC involves the temperature
stabilization of proteoliposomes at a phase transition of phospholipid bilayers. The thermal denaturation
temperature is increased due to negatively charged PI added.

Introduction

The hydroxylation of many compounds in
mammalian liver, including fatty acids, steroids,
and a variety of drugs is controlled by the multien-
zyme system consisting of cytochrome P-450 (EC
1.14.14.1), flavoprotein, NADPH-cytochrome P-
450 reductase (EC 1.6.4.1), and phospholipids. It is
demonstrated that phospholipids are necessary for
reconstituting catalytic properties of the enzyme
system [1-3]. There are molecular and supermolec-
ular levels of interaction of the phospholipid com-
ponent with the cytochrome P-450-containing hy-
droxylation system. The interaction of phospholi-
pids with cytochrome P-450 on the molecular level
involves an increase in the a-helix content of the

Abbreviations: DMPC, 1,2-dimyristoyl-sn-glycero-3-phospho-
choline; PI, phosphatidylinositol from baker’s yeast; T, phase
transition temperature; A H, phase transition enthalpy.
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protein molecule as well as by a shift in the spin
equilibrium towards a high-spin form of hemopro-
tein [4-6]. A certain specific effect of the phos-
pholipids on the properties of cytochrome P-450
has been revealed. It has been recently shown that
the oxidase activity and the high-spin cytochrome
P-450 content correlate with the charge of the
phospholipids added [7,8]. The role of phospholi-
pids in the supermolecular structure of the enzyme
system is to improve the interaction of cytochrome
P-450 with its reductase and lipophylic substrates.
This involves an increase of the spectral change
intensity and a maximal rate of the oxidation
reaction [9].

Investigation of the enzymatic activity of the
cytochrome P-450-containing microsomal system
over a wide temperature range points to a break in
the Arrhenius plot at about 20°C, this being at-
tributed to the change in the phase state of phos-
pholipids [10,11]. The breaks in the plots for the
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thermotropic behaviour of microsomes are also
registered at 18-22°C or at 28-33°C by using a
number of physico-chemical methods [12-14].
However, the microcalorimetric study of phase
transition of the microsomal membrane lipids did
not detect any temperature-induced change above
5°C [9]. The discrepancy in the data obtained is
sometimes attributed to the presence of an ‘an-
nular’ layer of rigidly organized phospholipids [13]
or associated with a change in the activation en-
ergy of the reactions catalysed by cytochrome P-
450 with its structural rearrangement [15].

One of the approaches to a solution of the
problem on the structure of mixed-function oxidase
is the study of model systems containing individ-
ual protein components of the enzyme system and
synthetic phospholipids. Since the synthetic phos-
pholipids exhibit a well-defined composition and
distinct phase transition, the scanning differential
microcalorimetry may turn to be an effective
method for their investigation. It is worth noting
that similar investigations have been made with
other membrane proteins [16-19].

In this paper the scan microcalorimetry assay is
used to investigate the interaction of highly puri-
fied cytochrome P-450 from phenobarbital-pre-
treated rat liver microsomes with synthetic phos-
pholipid, DMPC, or with DMPC /PI mixture.

Materials and Methods

Preparation of microsomes. Wistar male_rats,
100-120 g body weight, were injected with sodium
phenobarbital (75 mg/kg of body weight) for 4
days before sacrifice. Livers were homogenized
with a motor-driven Teflon pestle in 2 vol. 1.15%
KCl. The microsomal subfraction was washed in
10 mM EDTA and 1.15% KCl and stored in
0.25 M sucrose at —20°C.

Preparation of cytochrome P-450. The cyto-
chrome P-450 used in these experiments was pre-
pared from phenobarbital-pretreated rat liver mi-
crosomes by the procedure [20] as modified in Ref.
21. The specific content of cytochrome P-450 was
as high as 15.1-15.4 nmol/mg of protein. The
purity of preparations was controlled by poly-
acrylamide gel electrophoresis.

Preparation of liposomes. 1,2-Dimyristoyl-sn-
glycero-3-phosphocholine was prepared from sn-

glycero-3-phosphocholine as CdCl, complex
according to the procedure of Khorana et al. [22].
Phosphatidylinositol was isolated from baker’s
yeast as described in Ref. 23. DMPC and its
mixture with PI in chloroform solution were taken
to absolute dryness under nitrogen. The residue
was dispersed in Tris-HCl buffer (pH 7.5) at a

_temperature above that of the lipid bilayer phase

transition. Phospholipid suspensions were soni-
cated using a UZDN-sonicator (U.S.S.R.). Follow-
ing the electron microscopy data, 30-50-nm diam-
eter liposomes were obtained after sonication.

Reconstitution of cytochrome P-450/DMPC
vesicles. Two methods for the incorporation of
cytochrome P-450 into phospholipid vesicles were
used; the cholate dialysis method previously
described [24] and a method involving incubation
of protein with sonicated vesicles for 24h at 12—
15°C.

Microcalorimetric study. The microcalorimetric
study of samples was carried out employing the
differential scanning microcalorimeter DASM-1 M
(U.S.S.R.) [25]. The scanning rate was 1 K /min.
The phospholipid content in the samples was 0.5
mg,/ml.

Electron microscopy. The specimens were
examined by the negative staining method in the
electron microscope EMV-100 L (U.S.S.R.) at a
magnification of X 32000 as described in Ref. 26.

Other procedures. The purity of phospholipids
was checked by the TLC method. The phospholi-
pid concentration in the preparations was deter-
mined according to Ref. 27. Protein concentra-
tions were measured by the Bradford method [28].
The cytochrome P-450 content was determined
from the CO difference spectrum of the reduced
hemoprotein [29]. Polyacrylamide gel electro-
phoresis was performed under denaturing condi-
tions in the presence of sodium dodecyl sulfate as
described by Laemmli [30]. Protein bands were
detected by staining with Coomassie Blue G-250
[31].

Results

Interaction of cytochrome P-450 with DMPC lipo-
somes

Fig. 1. shows the thermograms that reflect the
effect of cytochrome P-450 on the phase transition
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Fig. 1. Microcalorimetry curves of the thermotropic behaviour
of proteoliposomes reconstituted from cytochrome P-450 and
DMPC in the absence of sodium cholate (a) 1, DMPC; 2, 0.007
mol% cytochrome P-450; 3, 0.07 mol% cytochrome P-450; 5,
0.5 mol% cytochrome P-450; 4, rescanning of sample No. 5
after heating to 33°C. (b) The bottom of curve 1 is increased.

of DMPC. It is seen that the behaviour of the
sonicated dispersion of DMPC vesicles in the ab-
sence of protein is characterized by a pretransition
at 12.5°C and a main peak at 24.5°C. The addi-
tion of cytochrome P-450 causes a decrease in the
phase transition temperature (Fig. 2) and is accom-
panied by a decrease in the enthalpy of the lipid
phase transition from 6.9 kcal /mol for pure DMPC
to 3.8 kcal/mol for liposomes containing 0.09
mol% of protein (Fig.3). As cytochrome P-450
content in the incubation mixture increases, two
partially overlapping peaks appear with T, values
of 15°C and 20-22°C (0.5 mol% of protein). A
repeated scanning of the sample being heated up
to 33°C results in the growth of the peak ampl-
tude at 15°C and a corresponding decrease of heat
absorption at 22°C. Note that the addition of
cytochrome P-450 (from 0.007 mol% to 0.5 mol%)
to the sonicated DMPC vesicles removes the pre-
transition of liposomes in the thermogram. These
data support the formation of the protein-lipid
complexes [32].
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Fig. 2. Phase transition temperature of proteoliposomes versus
the cytochrome P-450 content after DMPC protein incubation.

It follows from the present authors’ data that
an increase in the mole content of cytochrome
P-450 in DMPC liposomes involves a decrease in
A H and T. Such an effect of cytochrome P-450 on
the thermotropic behaviour of liposomes allows its
assignment to type II proteins (according to the
classification in Ref. 16) capable of both hydro-
phobic and hydrophilic interactions with phos-
pholipids.

Fig.3 is a plot of the total enthalpy vs. cyto-
chrome P-450 content in liposomes. The plot is
linear over a protein concentration range from 0 to
0.09 mol%, and then a break is observed. The
latter may be associated with ‘saturation’ of lipo-
somes with cytochrome P-450 and a predominant
sorption of the excess protein on vesicle surfaces
due to hydrophilic interactions only. The assump-
tion agrees well with the electron microscopy data.
The incubation of the increasing cytochrome P-450
concentrations with DMPC is found to lead prim-
arily to a dimensional increase of phospholipid
vesicles, and then to their fusion into multilamellar
structures (results not shown).
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Fig. 3. Phase transition enthalpy of proteoliposomes versus the
cytochrome P-450 content after DMPC protein incubation.
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Effect of sodium cholate on phase transition of
DMPC

The cholate dialysis method is one of the ways
to reconstitute the model membranes [24). In the
present work the effect of different cholate con-
centrations on the thermotropic behaviour of
DMPC-liposomes has been studied. No changes
have been observed in either 7, or A H in liposomes
at a detergent concentration below 0.002%. An
increase in sodium cholate concentration up to
0.01% was accompanied by the separation of the
phase transition region into two partially overlap-
ping peaks with maximum amplitudes at 21.5°C
and 26°C. A repeated scanning of the sample led
to an increase in the peak amplitude at 21.5°C and
a relative decrease of the second peak intensity
(Fig.4). This may show the redistribution of the
detergent between two liposome structures above
the 7. Removal of sodium cholate via dialysis of
the probe for 12h with constant stirring of the
solution caused the reconstitution of the primary
liposome structure.

Reconstitution of the cytochrome P-450-containing
phospholipid vesicles by the cholate dialysis method

Reconstitution of the proteoliposomes by the
cholate dialysis method entails three types of ef-
fects in DMPC phase transition, namely, a de-
crease in 7, the heat absorption peak widening
and a decrease of phase transition enthalpy AH
(Fig. 5). Note that the modification of the sample
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Fig. 4. Microcalorimetry curves of the thermotropic behaviour

of DMPC liposomes in the presence of 0.01% sodium cholate.
1, first scan; 2, second scan.
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Fig. 5. Microcalorimetry curves of cytochrome P-450/DMPC
proteoliposomes reconstituted by the cholate dialysis method 1,
DMPC after dialysis; 2, 0.007 mol% cytochrome P-450; 3, 0.08
mol% cytochrome P-450.

preparation conditions causes two partially over-
lapping peaks whose total A H is less than that of
pure DMPC. We attribute this effect to incom-
plete removal of the detergent whose rate of re-
moval during dialysis in the presence of protein
may drop significantly, as illustrated in Ref. 33.
Fig.6 is a plot of T, vs. cytochrome P-450
content. T, decreases from 24.5°C for pure DMPC
to 20°C for vesicles containing 0.14 mol% cyto-
chrome P-450. A change of the phase transition
enthalpy as a function of the cytochrome P-450
content in mol% is shown in Fig.7. The plot is
seen to be a straight line. Its extrapolation to
AH =0 allows the estimation of the amount of
DMPC molecules which are withdrawn from the
cooperative transition per cytochrome P-450 mole-
cule [19,34]. As calculated at the point of intersec-
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Fig. 6. Phase transition temperature of proteoliposomes recon-
stituted by the cholate dialysis method versus the cytochrome
P-450 content.
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Fig. 7. Phase transition enthalpy of proteoliposomes recon-
stituted by the cholate dialysis method versus the cytochrome
P-450 content.

tion of the plot with axis X, the number of the
DMPC molecules connected with one cytochrome
P-450 molecule is equal to 350 = 50. Indeed, we
have not detected any phase transition in re-
constitued phospholipid vesicles in experiments
with the protein content exceeding 0.28 mol%. The
decrease of the phase transition enthalpy, il-
lustrated in Fig. 7, supports protein-DMPC inter-
action rather than vesicles diminishing. This con-
clusion is very important because a heavier lipo-
some surface curvature may also cause essential
alterations in thermotropic characteristics [35]. In
fact, the cytochrome P-450 incorporation into
DMPC vesicles by the cholate dialysis method, as
in the case of protein incubation with pure DMPC,
involves an increase of phospholipid vesicles. At a
higher protein/lipid ratio, DMPC vesicles fuse
into multilamellar structures. A dimensional in-
crease of the liposome vesicles was also observed
under the interaction of rabbit liver microsomal
cytochrome P-450 with natural phosphatidylcho-
line [36]. A partial fusion of the DMPC vesicles
into large bilayer structures has been shown in the
presence of spectrin [17). The process is markedly
enhanced by addition of negatively charged di-
myristoylphosphatidylserine [18].

From comparing Figs. 2, 3, 6 and 7 it may be
concluded that for low protein/lipid ratios the
manner of proteoliposome reconstitution does not
significantly affect the T, and A H dependence on
the concentration of the protein incorporated.
However, an increase in the cytochrome P-450
content in liposomes above 0.09 mol% brings about
different changes in the thermotropic properties of
both systems. When the cholate dialysis method
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for protein incorporation is used, a further linear
decrease of AH is observed. The incubation of
high concentrations of cytochrome P-450 with
DMPC gives rise to two low temperature peaks
(Fig. 1). This behaviour of the system under study
is, in our opinion, due to various mechanisms of
cytochrome P-450 incorporation.

Microcalorimetric  study of DMPC /phosphati-
dylinositol mixtures

Sonicated vesicles of phosphatidylinositol and
DMPC mixtures did not show phase separation at
molar ratios up to 1/2, although followed by the
increase in the peak asymmetry and the decrease
in the phase transition cooperativity. The resulting
mixtures were stable, and their characteristics were
completely reproduced upon heating up to 100°C
and repeated scanning. As seen from Fig. 8, an
increase in the PI content in the mixtures resulted
in a gradual decrease if 7,. In experiments on
cytochrome P-450 incorporation, a PI/DMPC
mixture at a molar ratio of 1/5 and a T, of 21°C
were employed.

Cytochrome P-450 interaction with a binary mixture

Fig.9 shows thermotropic behaviour of PI/
DMPC vesicles incubated with cytochrome P-450.
The latter (0.04 mol% as counted for a total lipid
content), when added to sonicated PI/DMPC
vesicles, induced an increase in T, of the system
from 21°C to 35°C. In this case, a single peak is
observed. The elevation of the cytochrome P-450
content in liposomes causes a downshift in 7, and
division of the phase transition region into two
partially overlapping peaks with their maximum

25
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Fig. 8. Phase transition temperature of a binary mixture versus
the PI content in the liposomes.



292

Endothermy

0 20 30 tc

Fig. 9. Microcalorimetry curves of the thermotropic behaviour
of a DMPC /PI binary mixture in the presence of cytochrome
P-450. The PI content is 16.5%. (a) 1, DMPC/PI mixture; 2,
0.28 mol% cytochrome P-450; 3, 0.092 mol% cytochrome P-450;

4, 0.04 mol% cytochrome P-450. (b) 1, 0.55 mol% cytochrome
P-450; 2, rescanning of sample 1b after heating to 100°C.

amplitudes at 16°C and 21°C. Heating of the
sample (0.135 mol% cytochrome P-450) up to
100°C brings about, when repeatedly scanned, the
following changes on the heat absorption curve for
the binary mixture phase transition: a decrease in
the peak amplitude at 16°C and development of a
new peak at 26°C (Fig. 9b). Simultaneously, heat
absorption at 21°C is increased. This does not
cause any changes in the total phase transition
enthapy within experimental error. As shown in
Fig.9a, the peak at 21°C specifies the binary
mixture phase transition in the absence of protein.
These data allow the assumption that the heat
absorption enhancement in this temperature range
is associated with the cytochrome P-450 denatura-
tion causing a partial release of the previously
bound phospholipid molecules from the protein/
lipid complex. This assumption is supported by
the decrease of the peak amplitude at about 16°C
and the appearance of a new peak at 26°C, which
may correspond to a lipid complex with the de-
naturated form of cytochrome P-450; this is in
agreement with [19].

The electrostatic interaction of protein with
negatively charged phospholipids is known to in-
crease the T, of liposomes [15,37]. A similar effect

is caused by divalent metal ions. The influence of
pH and Ca’" and Mg?* on the liposomes formed
by acidic phospholipids, and the mechanism of the
process have been studied [38-40]. The systems of
Ca®* (or Mg?")/acidic lipid exhibit an increase
in AH and T, of phase transition at molar ratios
less than 1/2, while at higher ratios structures
completely impermeable to K™ are observed. The
same results have been obtained for the bilayers
consisting of the mixture of negatively charged
and neutral phospholipids after their neutraliza-
tion by Ca’*. These data offer an explanation to
the temperature stabilization of PI/DMPC lipo-
somes in the presence of cytochrome P-450. In
fact, negatively charged phospholipids increase the
catalytic activity of cytochrome P-450 in the
oxidation reactions of different compounds [41-
43]. A correlation between the catalytic properties
of this protein and the charge of phospholipids is
obtained [7]. It is postulated that the acidic lipids
bound by electrostatic forces change the protein
conformation {4,8]. Thus, the electrostatic interac-
tion of cytochrome P-450 with liposomes exerts a
pronounced influence both on the behavior of the
protein itself and on the structure of proteolipo-
somes. Our results show that the most significant
increase in T, of the system occurs when the
cytochrome P-450 content is 0.04 mol%. A further
increase in the protein concentration levels this
effect evidently at the expense of other lipid-cyto-
chrome P-450 interactions.

Thermal denaturation of cytochrome P-450 in the
protein-lipid complexes

The extension of the scanning range enables
one to detect the heat absorption region starting at
40-45°C and ending at about 70°C. The temper-
ature corresponding to the maximum peak ampli-
tude depends both on the liposome composition
and the cytochrome P-450 /lipid ratio, and ranges
from 55°C to 65°C (Fig. 10). Under our experi-
mental conditions, the maximum peak temper-
ature is registered for 0.094 mol% cytochrome
P-450 in PI/DMPC liposomes. No high temper-
ature peak is detected by a repeated scanning of
the sample; in the PT region of liposomes the
above alterations are observed (Fig. 9). It is shown
[4,44,45] that the 45-65°C temperature range is
characterized by: (i) a decrease of the helix content
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Fig. 10. Microcalorimetry curves of the heat denaturation of
cytochrome P-450 in the presence of phospholipids. 1, 0.8
mol% cytochrome P-450 in DMPC liposomes; 2, 0.3 mol%
cytochrome P-450 in DMPC liposomes; 3, 0.28 mol% cyto-
chrome P-450 in DMPC/PI liposomes (the PI content is
16.5%); 4, 0.04 mol% cytochrome P-450 in DMPC/PI lipo-
somes (the PI content is 16.5%). The curves are normalized to
0.5 mol% cytochrome P-450 and 0.5 mg/ml phospholipid
concentration.

of cytochrome P-450; (ii) an increase in light
scattering, and (iii) a decrease or complete absence
of the catalytic activity of cytochrome P-450 both
in the reconstituted and in microsomal systems.
Thus, it may be concluded that the peak about
55-65°C characterizes protein heat denaturation.
In this case, the shift of the denaturation temper-
ature from 55°C in the presence of DMPC to
65°C for DMPC /PI proteoliposomes can be at-
tributed to the protein temperature stabilization
due to the addition of negatively charged PI.

Discussion

The data presented in this paper suggest that
the mechanism of interaction of phenobarbital-in-
duced rat liver microsomal cytochrome P-450 with
phospholipid bilayers depends on the liposomal
composition, protein concentration and, some-
times, on the mode of reconstituted system pre-
paration.

It is well known that cytochrome P-450 easily
aggregates [1-3]; however, the addition of deter-
gents promotes its disaggregation. According to
our unpublished data, the decrease in the protein
concentration involves an increase in the portion
of cytochrome P-450 monomers. In view of these
results and by comparing the cytochrome P-450
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effect on AH and T, of DMPC liposomes with or
without sodium cholate, it may be supposed that
at a protein concentration of up to 0.09 mol%, the
latter in the monomer form interacts with phos-
pholipids and then penetrates the hydrophobic
core of liposomes. In the absence of detergents, the
increase in the cytochrome P-450 concentration
causes its aggregation that decreases the accessibil-
ity of hydrophobic sites. This leads to a predomi-
nant sorption of protein aggregates on liposomal
surfaces and to a T decrease [16]. In our experi-
ments, in the absence of sodium cholate, the in-
crease of the cytochrome P-450 concentration in
the incubation medium from 0.09% mol% to 0.5
mol% did not induce a change in A H. This may be
attributed to the limited liposomal ‘capacity’ [46].
It should be noted that the optimum catalytic
activity of the reconstituted microsomal hydroxyl-
ating system is achieved by using approximately
the same cytochrome P-450/lipid ratios [2,7,36].
In the presence of sodium cholate, there is no
break in the plot of the phase transition enthalpy
A H versus cytochrome P-450 content but a linear
decrease in AH upto complete disappearance of
the liposomal phase transition is observed instead.
This may be accounted for by the destruction of
the original liposome composition due to the addi-
tion of sodium cholate and then, as detergent is
removed, the formation of a model membrane
from individual components. In this case, the
amount of cytochrome P-450 incorporated is not
limited by the initial ‘capacity’ of the liposomes
used.

The results obtained indicate that one cyto-
chrome P-450 molecule influences the phase tran-
sition of about 350 =50 DMPC molecules; data
which agrees with Ref. 34. In other reconstituted
systems that have been investigated using various
techniques, the number of phospholipid molecules
interacting with a single protein molecule is lower,
ranging between 20 and 120. Perhaps this may be
explained both by the different nature of the pro-
teins studied and by the inadequacy of the meth-
ods employed [2,47-49]. In contrast to other pro-
teins, cytochrome P-450 is characterized by an
extremely high content of hydrophobic amino acid
residues achieving 74-78% in the N-terminal re-
gion [50]. It is possible that two or more phos-
pholipid layers may form around a cytochrome
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P-450 molecule as shown for another system [47].
As considered in a number of works [19,51,52],
there is no rigidly organized layer of annular phos-
pholipids in reconstituted systems involving (Ca**
+Mg2" )-ATPase and proteins from Halo-
bacterium halobium. This is confirmed by NMR
studies [53-55], from which opposing results ob-
tained by the spin and fluorescence labels may be
explained by the limited label mobility due to its
direct contact with protein. On the other hand,
these observed conditions may be attributed to
different time scales of the methods applied. The
authors’ results display essential disturbances in-
DMPC liposomes induced by the cytochrome P-
450 incorporation. This is supported by the de-
crease in AH of the proteoliposome phase transi-
tion.

The electrostatic interaction of cytochrome P-
450 with PI mixed with DMPC is accompanied by
the temperature stabilization of the whole system.
As shown in Fig.9, T, of the model membrane
depends on the protein /lipid ratio. Indeed, addi-
tional investigations are necessary, the fact itself
being of no doubt. It has been reported that acidic
phospholipids, as well as PI, are important compo-
nents of the microsomal membrane {8]. Our data
on model systems suggest the appearance of local
regions with increased T, in the microsomes at a
certain cytochrome P-450/lipid ratio. These re-
gions are detected by differently distributed spin
and fluorescence labels in the membrane and are
not observed on the scanning microcalorimetric
curves due to cooperation of microsomal 7. This
may account for the differences of 7, obtained by
various techniques and for microsomes differing in
their composition.
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