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COMMENTARY

LIPID STRUCTURE AND DRUG METABOLIZING ENZYMES

ANTON STIER

Max-Planck-Institut fiir biophysikalische Chemie, 34 Géttingen, Germany

A multienzyme system consisting of at least 4 different
enzymes (the cytochromes P-450 and b5 and their cor-
responding reductases) is involved in mixed function
hydroxylation, the phase I reactions of the biotrans-
formation of drugs and other xenobiotics in the endo-
plasmic reticulum of the liver. At least in microsomes
of phenobarbital stimulated animals the mixed func-
tion hydroxylation system accounts for 40% of the
total integral membrane proteins. In addition the
membrane contains several enzymes carrying out the
phase II reactions, for example the UDP-glucuronyl
transferase. Thus this membrane represents a 2-di-
mensional compartment in the cell with a dense pack-
ing of many enzymes involved in catalyzing consecu-
tive steps of biotransformation reactions. This im-
poses on the kinetics of those reactions some features
deviating from the kinetics of enzymes homo-
geneously distributed in the 3 dimensional plasma
space of the liver cell as shown by model calculations:
For example the mere reduction in dimensionality
could favour under certain conditions the diffusion
of substrates to their biotransformation site [1], the
immobilization on the membrane of 2 enzymes cata-
lyzing a sequence of reactions could enhance the rate
of end product formation [2] or the dense packing
of the enzymes could make the Michaelis-Menten
equation inapplicable [3]. Furthermore a certain
topography of the 4-enzyme system could specifically
channel the flow of electrons during a mixed function
hydroxylation. Thus the question (crucial for the
regulation of the system) whether the transfer of the
first or the second electron is rate-limiting for the
overall reaction might be a matter of structural
organization of the whole multienzyme complex in
the membrane. The membrane lipids form the matrix
of the 2-dimensional compartment. What is their spe-
cial role with regard to the structural arrangement
of the biotransformation enzymes and their peculiar
kinetics?

Phase separation in lipid membranes

Recently concepts have been elaborated on the
dynamics of the phospholipids in membranes based
on the cooperativity of the supramolecular structure
of lipid bilamellae. One of the most important proper-
ties learned from experiments with artificial bilamellar
phospholipid membranes and verified for some bio-
logical membranes is the -occurrence of phase separ-
ation equilibria [4]. The different lipid components
of membranes might not be randomly distributed
within the membrane, rather areas could occur that
have been separated from the bulk mixture and exist
in a different physical state. This physical state deter-
mines the arrangement of multienzymes embedded in
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the lipid matrix as well as the conformational states
of the individual enzymes, whereas a conformational
change of a receptor protein initiated by the binding
of a transmitter, a hormone or drug might induce
a phase separation. Thus a local disturbance on the
membrane could affect the whole membrane struc-
ture. Two different functions in the membrane could
be linked by this long range cooperativity of lipids,
a stimulus on the one functional site being transduced
to a qualitatively different functional site and even
being amplified by the linking of multiple secondary
functional sites to the receptor (e.g. [S]). Calcium [6]
and cholesterol [7] have been shown to induce phase
separation. It is tempting to extrapolate from these
concepts of lipid dynamics to an understanding of
the biological function of the endoplasmic reticulum.
The following discussion of recent results on the
structure of lipids in isolated liver microsomal mem-
branes, mainly obtained by techniques of ESR- and
NMR-spectroscopy [8], may be confined to the ques-
tions (a) whether the present stage of our knowledge
of lipid structure of microsomes allows for the appli-
cation of these concepts, and (b) what principles we
can deduce for the understanding of the mechanisms
of biotransformation reactions.

Rigid and fluid lipid areas in liver microsomes

Some of the lipids of microsomal membranes form
lamellae existing in a state of high fluidity: The ESR-
spectra of a stearic fatty acid spinlabel incorporated
into microsomal membranes of rabbits are character-
istic for the fatty acid molecule undergoing rapid ani-
sotropic rotation [9]. An order parameter (S = 0-71
at 23°C) as a measure of lipid fluidity can be eva-
luated (c.f. cit. [10]), which lies in the lower range
of order parameters measured so far by this method
in biological membranes (e.g. [11]; sarcosomes 0-8,
human erythrocytes 0-83, human lymphocytes 0-8).
The order parameter continuously decreases with
temperature showing that the fluidity of the lipid con-
tinously increases. But the fluidity of the membrane
not only allows for a high rotational mobility of the
fatty acid spinlabel but also for a high rate of lateral
diffusion within the membrane. From the concentra-
pion dependence of the spin exchange frequency at
high label concentrations (molar ratio label to
lipid > 0-03), diffusion constants Dgays 40°C  of
14 x 1078 cm?/sec and Dygr 30°C 10 x 1078 cm?/sec
have been determined which means a diffusion rate
of about 34 um/sec [9]. Thus the distribution of
lipophilic compounds within the confines of the endo-
plasmic reticulum within a liver cell might effectively
compete with a random distribution through the
plasma space. This satisfies one of the conditions for
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Fig. t. Natural abundance C'®> NMR spectra of phenobarbital stimulated rabbit liver microsomes

{30 mg/ml protein} at different temperatures. Spectra were recorded by Fourier transform technique

on a Bruker WH 270 spectrometer with accumulation of 50,000 pulses. Note the increase and sharpen-

ing of the methylene-resonances at the expense of the underlying broad band in the spectrum at
39°C.

the applicability of a kinetic model (reduction of the
diffusional space to 2 dimensions [ 1]} previously men-
tioned.

The lipids we can examine by the spinlabel exper-
iments mentioned do not represent the total lipid of
the membrane, Other membrane areas exist com-
posed of lipids which are not as easily accessible to
the spinlabel due to their low fluidity: Proton mag-
netic resonance spectra show, underlying the sharp
resonances of the cholinomethyl-, methylen- and
methylgroups of lipids in a highly fluid state, broad
bands that are nearly absent in microsomal lipid
extracts, redispersed by ultrasonication, or in micro-
somal preparations to which cholate has been added
in a molar ratio to the lipids of 1 to 2.5, This immobi-
lized part of the membrane lipids shows a critical
increase of its fAuidity with rising temperature around
36°C, as can be seen from the temperature depen-
dence of the intensities of the proton- and the C!3-re-
sonances {see Fig. 1) of the fatty acid methylene
groups by NMR-spectroscopy. Above 36°C a mark-
edly higher amount of small lipophilic molecules dis-
solve in the membrane as shown by the measurement
of the partitioning of the spinlabel 2,2,6,6-tetramethyl-
piperidine-1-oxyl between the agueous phase and
microsomal membranes.

Lipids exhibiting this kind of a phase transition
are associated with the cytochrom P-450: The order
parameter (S) of a stearic acid spinlabel incorporated
into a cytochrome P-450 preparation, in which the

bulk of the lipids and proteins of the membrane had
been detached with cholate and separated by affinity
chromatography on AH-sepharose 4B {ca. 50%, of
total protein in this preparation is represented by
cytochrome P-450), is much higher {§ = 0-86 at 23°C)
than the order parameter observed for the spinlabel
incorporated into the extracted and resuspended
lipids of the same cytochrome P-450 preparation
(S = 063 at 23°C), and exhibits an abrupt change at
about 36°C. Apparently the remaining protein of this
membrane fraction, presumably cytochrome P-450 im-
poses a high degree of order on the attached lipid,
and the lipoprotein complex changes its conformation
at about 36°C.

Other experiments with intact microsomes give
further evidence for the existence of an area of immo-
bilized lipids surrounding the cytochrome P-450 sys-
tem: Spinlabels can be reduced by NADPH in micro-
somal preparations probably by the cytochrome
P-450-reductase [12]. The activation energy for reduc-
tion of a fatty acid spinlabel decreases abruptly from
a value of 308 keal/mole at temperature below 32°C
to a value of 87 kcal/mole above 32°C, whereas the
activation energy for the reduction of a hydrophilic
spinlabel is constant (13-8 kcal/mole) in the whole
temperature range [9]. The high activation energy at
low temperature for the reduction of the lipophilic
spinlabel which appraoches the reductase protein
from the lipid phase by lateral diffusion within the
membrane is due to the fact that this substance must
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penetrate a barrier of phospholipid in rigid state,
whereas the polar spinlabel by-passes the barrier
approaching the enzyme from the water phase.

Apparently the proposal for the applicability of the
concepts of the lipid dynamics as outlined above is
satisfied: The lipids in the endoplasmic reticulum
membrane are heterogeneously distributed. Several
lines of experimental evidence suggest that an area
of lipids in a rigid state is associated with the cyto-
chrome P-450 system whereas other membrane lipids
are arranged in a highly fluid bilayer.

Coupling and decoupling of the cytochrome P-450 system

From the functional relationship of the components
of the cytochrome P-450 system (cytochrome P-450 and
cytochrome P-450 reductase) and their molar ratio of
occurrence in the membrane, in accordance with the
experiments on the NADPH dependent reduction of
the fatty acid spinlabel, a rosette-like assemblage of
these components, as shown schematically in Figure
2, might be assumed as the most simple model of
structural organization of the multienzyme complex.
The model might be extended by the inclusion of the
transfer chain of the second electron (cytochrome bs
and the corresponding reductase) [13] which might
amplify but not definitely modify the principles that
can be derived from the application of the concepts
of lipid dynamics. The lipid halo is visualized as
rigidly coupling the components of the multienzyme
system.

It can be calculated, on the assumption of bimole-
cular circles of rigid lipids surrounding the cyto-
chrome P-450 system in addition to the lipid between
the enzyme subunits, for the system representing 20%,
of the total microsomal protein that the lipid of the
halo in the rosette model accounts for 35% of the
total microsomal lipid which is in fair agreement with
the NMR-spectroscopic measurements. The confor-
mational transition temperature is related to the
physiological temperature. That means the halo or
the lipoprotein complex as a whole is in a metastable
state. The border of the halo with the surrounding
membrane lipids constitutes a phase boundary.
Therefore the halo is part of a phase which is in a
dynamic equilibrium with other parts of the mem-
brane. Structural changes in the bulk of the mem-
brane or in the lipoprotein complex of the cyto-
chrome P-450 system itself, induced by substrate bind-
ing or reduction of the cytochrome [14], might shift
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the phase equilibrium in either direction. As a conse-
quence the subunits of the multienzyme complex may
be coupled or decoupled. Such a phase equilibrium
might be the basis for a functional linkage between
the cytochrome P-450 complex and other biological
functions of the endoplasmic reticulum. Ca?*, Mg?*
and endogenous steroids may shift the equilibrium
and metabolic transformation of the membrane lipids
and lipid peroxidation could influence the coupling-
decoupling dynamics. Sex [15], age, nutrition [16]
and diurnal dependent variations in drug biotransfor-
mation reactions might be related to variations in
lipid metabolism. These variations might be con-
trolled within certain limits, as the cytochrome P-450
is itself involved in the metabolism of lipids and cho-
lesterol (see [17]) and thus could regulate its own
phase-dependent activity. The consequences for the
biotransformation might be quantitative and qualita-
tive: In the coupled state the flavoprotein can be
assumed to act predominantly as a cytochrome
P-450-reductase and the cytochrome as a hydroxylase
whereas in the decoupled state the flavoprotein could
act as a hydroxylase [18] and the cytochrome as a
peroxidase [19]. Substrate, ligand and inhibitor bind-
ing could be different in the coupled and decoupled
states. Thus multiple forms of cytochrome P-450, as
differentiated by the application of binding criteria
[20], might in reality represent a single form in
varying lipid environments.

Drug interactions with lipid membranes

Drugs could influence the coupling—decoupling
dynamics in two ways. They could trigger a phase
separation by binding to the cytochrome P-450 (see
above) or by interaction with secondary binding sites
in the bulk of the membrane lipids. Recent spinlabel
experiments with artifical lipid membranes have
demonstrated that drugs can interact quite specifically
with membranes. A correlation of the anaesthetic
potency of steroids with the capability to decrease
the order parameter of spinlabelled liposomes was
observed [21]. A shift to lower temperatures of the
phase transition of lecithin membrane vesicles caused
by morphine derivatives appeared to be related to
their structure [22]. Also butobarbitone [21], several
tricyclic antidepressants [22] and high concentrations
of inhalational anaesthetics [23] destabilize the crys-
talline lattice of lecithin membranes thus weakening
the cooperativity of the lipids. On the contrary
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Fig. 2. Hypothetic model of the coupling and decoupling of the cytochrome P-450 system enzyme

components (large heavy circles: cytochrome P-450 reductase; large light circles: cytochrome P-450)

dependent on the phase separation of lipids (for simplicity and 2 different types of lipids are drawn:
small open and closed circles) as viewed from above the membrane.
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halothane in a lower concentration range where clini-
cal anaesthesia is produced stabilized a lecithin mem-
brane [24]. Digitoxigenin binds specifically to the
hexagonal lattice of the polar headgroups of lecithin
membranes in their crystalline state [25]. The binding
site having a shape complementary to that of this
molecule meets some of the structural features
required by cardioactive steroids. The binding stabi-
lizes the hexagonal lattice and shifts the phase transi-
tion to higher temperature. Thus digitoxigenin exerts
a procooperative effect on these membranes. As a
conclusion from these results we might differentiate
membrane active agents into procooperatively and
anticooperatively acting groups. These two groups
might be expected to shift phase equilibria in different
directions.

Thus drugs might by their interaction with micro-
somal membrane lipids influence the coupling—decou-
pling equilibrium of the cytochrome P-450 system.
These effects exerted from secondary binding sites in
the membrane could complement or cancel the pri-
mary effects elicited by binding to cytochrome P-450.
Depending on concentration of substrate and on the
ratio of affinity to the binding sites a biphasic effect
might be observed. Biphasic and dual effects on drug
biotransformation are well known to be exhibited by
substances acting as activators and/or inhibitors on
drug biotransformation. The simultaneous presence of
two or more drugs in the liver could produce a com-
bination of effects on lipid structure thus causing drug
interaction on the level of biotransformation to be
a highly complex phenomenon.

Many of the products of phase I biotransformation
reactions are stronger amphiphiles than their parent
compounds and therefore stronger phase shifting
agents. Depending on the type of interaction with
lipids (procooperative or anticooperative) and site
{cytochrome P-450 system inclusive the lipid halo or
bulk fipid) product inhibition or product activation
of the biotransformation might be expected. In vive
however the products might be trapped by the sub-
sequent phase I reactions and transported vectorially
through the membrane due to the sidedness of distri-
bution of phase I and phase II enzymes. The func-
tional linkage between the cytochrome P-450 system
and UDP-glucuronyl transferase could be lipid
mediated. Some of the effects known to be exerted
by various factors on the activity of this enzyme [26]
can be considered as lipid phase shifts.

The common denominator in the activity of the
many phenobarbital type stimulators of the mixed
function hydroxylation system is long time contact
with the endoplasmic reticulum membrane which
might induce a persisting phase shift in the membrane
lipids resulting in decoupling of the cytochrome P-450
system. This long term phase shift could disturb many
membrane functions thereby eliciting a host of com-
pensatory responses.

Microsomes—restraints of a model

Microsomes are only artificial models for the in
vivo biotransformation reactions. This statement
seems to be trivial. A thorough delineation of the
limitations of the model however appears to be intri-
cate. From the concepts of lipid dynamics as outlined
above we might expect the versatility of the biotrans-
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formation system being severely restrained by many
in vitro conditions. The absence of the cell plasma.
containing factors acting directly (like steroids, ions.
proteins, nucleic acids) or indirectly {like endogenous
inhibitors of lipid peroxidation [27]. regulators of
membrane lipid metabolism) on the lipid structure.
might be one of the limiting conditions whose conse-
quences are difficult to be evaluated unequivocally.
The accumulation of products of phase I reactions
in some cases, temperature. ionic composition or un-
duly high substrate amounts added together with
solvents belong to conditions which might shift the
system to a stable ‘standard’-state in which it re-
sponds reproducibly but i1 a manner noarelevant to
the in vive situation. On the other hand the evaluation
of kinetic parameters of a single selected biotransfor-
mation reaction in a way which neglects the plica-
tions of the peculiar kinetics of the multienzyme sys-
tem localized in the 2-dimensional compartment of
a membrane might not reveal the complexity of reac-
tions involved. Furthermore as the lipid dynamics in-
fluences the biotransformation reactions qualitatively
as well as quantitatively the investigation of the whole
pattern of products formed appears to be necessary
to get a better insight into the mechanisms of the
microsomal biotransformation reactions.

The results outlined above indicate that the micro-
somal membrane exists in a metastable state at the
physiological temperature; that means that it is more
sensitive 1o phase shifting influences at this tempera-
ture than for example at 30°C at which temperature
it might have been shifted thermotropically to an arti-
ficial stable state. This metastability constitutes the
most critical property inherent in the system restrain-
ing the value of microsomes as an in vitro model.
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