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ABSTRACT A combined experimental and theoretical study is performed on binary dilauroylphosphatidylcholine/dis-
tearoylphosphatidylcholine (DLPC/DSPC) lipid bilayer membranes incorporating bacteriorhodopsin (BR). The system is
designed to investigate the possibility that BR, via a hydrophobic matching principle related to the difference in lipid bilayer
hydrophobic thickness and protein hydrophobic length, can perform molecular sorting of the lipids at the lipid-protein
interface, leading to lipid specificity/selectivity that is controlled solely by physical factors. The study takes advantage of the
strongly nonideal mixing behavior of the DLPC/DSPC mixture and the fact that the average lipid acyl-chain length is strongly
dependent on temperature, particularly in the main phase transition region. The experiments are based on fluorescence
energy transfer techniques using specifically designed lipid analogs that can probe the lipid-protein interface. The theoretical
calculations exploit a microscopic molecular interaction model that embodies the hydrophobic matching as a key parameter.
At low temperatures, in the gel-gel coexistence region, experimental and theoretical data consistently indicate that BR is
associated with the short-chain lipid DLPC. At moderate temperatures, in the fluid-gel coexistence region, BR remains in the
fluid phase, which is mainly composed of short-chain lipid DLPC, but is enriched at the interface between the fluid and gel
domains. At high temperatures, in the fluid phase, BR stays in the mixed lipid phase, and the theoretical data suggest a
preference of the protein for the long-chain DSPC molecules at the expense of the short-chain DLPC molecules. The
combined results of the experiments and the calculations provide evidence that a molecular sorting principle is active
because of hydrophobic matching and that BR exhibits physical lipid selectivity. The results are discussed in the general

context of membrane organization and compartmentalization and in terms of nanometer-scale lipid-domain formation.

INTRODUCTION

Biological membranes are organized structures with static
and dynamic order on all length scales, ranging from the
molecular scale to the size of the cell (Bloom et al., 1991;
Lipowsky and Sackmann, 1995; Mertz and Roux, 1996).
Paradoxically, many of the forces and mechanisms respon-
sible for this complex organization involve physical forces
(Israelachvili, 1992) that are not particularly strong on the
scale of thermal energy. The organization of the fluid-
bilayer component of the cell membranes is a particularly
elusive problem in this context, because the bilayer mem-
brane, in its physiological state, is in most cases a pseudo-
two-dimensional fluid imparted with disorder due to high
lateral diffusion of its molecular constituents. At the same
time it is highly structured and compartmentalized (Edidin,
1990). The emergence of order and structure out of lateral
disorder (Mouritsen and Jgrgensen, 1994), together with the
energetics of the underlying self-organizational principles,
poses some of the major current problems in the biophysics
of membranes.

A particular question is related to the existence of lipid
domains on the nanometer scale (1-100 nm) (Bergelson et
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al., 1995) and the relationship between lipid-domain forma-
tion and the functional properties of membrane-associated
proteins: both integral membrane proteins, such as bacte-
riorhodopsin (BR) (Rehorek et al., 1985; Piknova et al.,
1993; Schram et al., 1994) and rhodopsin (Kusumi and
Hyde, 1982), and peripherally bound proteins, such as cy-
tochrome ¢ (Mustonen et al., 1987) and phospholipase A,
(Muderhwa and Brockman, 1992; Mouritsen and Biltonen,
1993; Lehtonen and Kinnunen, 1995; Hgnger et al., 1996).
In the case of integral membrane proteins, numerous at-
tempts have been made experimentally as well as theoreti-
cally to investigate whether lipid-protein interactions can
lead to a particular structuring of the exogeneous,
nonchemically bound lipids around the proteins, i.e.,
whether proteins and enzymes display some kind of phys-
ical specificy or selectivity with respect to the lipids (De-
vaux and Seigneuret, 1985; Sperotto and Mouritsen, 1993;
Tocanne et al., 1994). Both the lipid order parameter profile
as well as the compositional profile around the protein are
of interest in this context. Because the lipid bilayer mem-
brane can be in a fluid phase, the lipid domains under
consideration and the possible structuring of the lipidic
environment of integral proteins are necessarily of a dy-
namic nature, i.e., described by a finite time scale and a
length scale that at best can be characterized by a coherence
or correlation range over which the particular structure can
be discerned (Sperotto and Mouritsen, 1993). Lipid domains
and annuli on the nanometer scale are therefore fluctuating
entities subject to a rapid exchange of lipid molecules, and
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they are therefore difficult to detect experimentally. In con-
trast, lipid domains on the micron scale readily lend them-
selves to study by fluorescence microscopy (Grainger et al.,
1989; Glaser, 1992; Tocanne, 1992).

Formation of dynamic lipid domains in the nanometer
range is a mere consequence of the many-particle nature of
the system, which endows the membrane with cooperativity
and collective behavior. Some of the more spectacular con-
sequences of this behavior are phase transitions and phase
separation phenomena. In the case of equilibrium, phase
separation leads to the formation of macroscopically large
domains (phases), whereas out of equilibrium, the phase
separation process may produce small-scale domains (San-
karam et al.,, 1992; Jgrgensen and Mouritsen, 1995; Jgr-
gensen et al., 1996). Within the equilibrium phases, dy-
namic lipid domains may arise because of density or
compositional fluctuations (Mouritsen and Jgrgensen,
1994). Therefore, the fluctuations are stronger and the do-
mains larger as the system approaches phase boundaries and
critical points. Domain formation due to density fluctua-
tions can be visualized as regions of space where the lipid-
acyl chains have a certain degree of conformational order,
and hence the bilayer an effective thickness, that is different
from its average value. In the case of compositional fluctu-
ations (e.g., in a binary lipid mixture; Jgrgensen et al., 1993)
the domains have a local composition that is different from
the global composition in the phase under consideration.
The formation of lipid domains due to thermodynamic
fluctuations can be described as lateral dynamic membrane
heterogeneity (Mouritsen and Jgrgensen, 1994). Some indi-
rect experimental evidence is available that supports the
existence of this type of heterogeneity in simple one- and
two-component lipid bilayers (Pedersen et al., 1996; Leh-
tonen et al., 1996).

When integral membrane proteins are incorporated into
lipid membranes, which are subject to this kind of lipid-
domain formation, two effects will result (Mouritsen and
Sperotto, 1992). On the one hand, the domain formation will
be modulated by the presence of the protein in a way that
reflects the lipid-protein interactions. On the other hand, the
domain structure will influence the tension on the protein,
which in some cases may introduce conformational changes
in the protein and therefore couple indirectly to the protein
function, as has recently been found in the case of the meta-I
to meta-II transition in rhodopsin (Brown, 1994).

Turning now to the molecular mechanisms involved in
the lipid-protein interactions, hydrophobic matching of
lipid-bilayer thickness (i.e., lipid acyl-chain length) and
hydrophobic thickness of integral membrane proteins has
been proposed as an important determinator of the coupling
between lipid structure and integral membrane proteins
(Sackmann, 1984; Mouritsen and Bloom, 1984, 1993;
Mouritsen and Sperotto, 1992). The hydrophobic matching
principle has proved to be a useful concept in the study of
a series of reconstituted lipid-protein systems, including BR
(Piknové et al., 1993), rhodopsin (Brown, 1994; Kusumi
and Hyde, 1982), cytochrome ¢ oxidase (Montecucco et al.,
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1982), (Na*-K*)-ATPase (Johannsson et al., 1981b), Ca®*-
ATPase (Caffrey and Feigenson, 1981; Cornea and Thomas,
1994; Johannsson et al., 1981a), and photosynthetic reaction
center and antenna proteins (Peschke et al., 1987).

In the case of a binary lipid system consisting of two lipid
species with different hydrophobic chain lengths, the hy-
drophobic matching principle has been proposed to act as a
mechanism for lipid sorting at the lipid-protein interface
because the protein will, on a statistical basis, prefer to be
associated with the lipid species that is hydrophobically best
matched (Sperotto and Mouritsen, 1993) (cf. Fig. 1). This
proposition was based on a theoretical model calculation,
and it showed that the compositional profile that arises
around the protein because of a coupling of the hydrophobic
matching to the compositional fluctuations persisting in a
binary mixture can be fairly long range and lead to an
effective lipid specificity or selectivity of the protein with-
out any chemical specificity being operative.

In the present paper we shall explore the possibility of
molecular sorting of lipids by proteins, using a special
model membrane that is particularly well suited to exploit-
ing the effects of hydrophobic matching. The model system
is a binary dilauroylphosphatidylcholine/distearoylphos-
phatidylcholine (DLPC/DSPC) lipid mixture reconstituted
with BR. The two lipid species have very different hydro-
phobic chain lengths, which furthermore are each subjected
to substantial changes with temperature because of their
gel-to-fluid phase transition. Depending on their physical
state, these lipids can match or mismatch the hydrophobic
length of the protein (Piknovd et al., 1993). The large
difference in hydrophobic length of the two lipid species
implies a strongly nonideal mixing behavior and phase
equilibria that involve large regions of gel-fluid and gel-gel
phase coexistence (cf. the phase diagram in Fig. 2) in which
the two species are strongly segregated. Depending on the
global phase of the mixture as well as of the local structure
in terms of lipid domains, one would expect BR, via its
specific hydrophobic length, to display a preference for one
or the other lipid species. The challenge is then to design an

FIGURE 1

Skematic illustration of a lipid bilayer with embedded pro-
teins and two different lipid species. The hydrophobic matching principle
implies that there is an accumulation at the lipid-protein interface of the
lipid species that is hydrophobically best matched to the protein.
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FIGURE 2 Temperature-composition phase diagram for DLPC/DSPC
lipid mixtures. Data were obtained by differential scanning calorimetry (@)
(Mabrey and Sturtevant, 1976). The open circles indicate the position of
peaks of the calculated specific heat curves for two DLPC/DSPC mixtures
(50%/50%) and (25%/75%). The solid lines are guides for the eye.

experiment that can investigate the possible consequences
of such a specificity. We shall report here on an experimen-
tal approach that is built on the use of specifically designed
fluorescent probes and provides evidence in favor of lipid
sorting. The experimental work is supplemented by a theo-
retical calculation based on computer simulation of a spe-
cific microscopic molecular interaction model of the BR/
DLPC/DSPC system. The model simulations have been
inspired by the recent experimental work on the effect of
bacteriorhodopsin on one-component lipid bilayers of dif-
ferent thicknesses (Piknova et al., 1993).

MATERIALS AND METHODS
Materials and preparation techniques
Chemicals

N-NBD-dilauroylphosphatidylethanolamine (N-NBD-C12-PE), N-NBD-
egg-PE, egg yolk phosphatidylcholine (egg PC), DLPC, and DSPC were
purchased from Sigma (St. Louis, MO). N-NBD-distearoylphosphati-
dylethanolamine (N-NBD-C18-PE) was synthesized as described by Monti
et al. (1978). Then the fluorescent probe was purified by preparative silica
gel thin-layer chromatography up to homogeneity. The elution solvent was
CHCl,/MeOH/CH,;COCH,/CH,COOH/H,0O (8:1:3:0.7:0.2, vol/vol).

Preparation of purple membrane and apomembrane

Purple membrane fragments were isolated from Halobacterium halobium
according to well-established procedures (Oesterhelt and Stoeckenius,
1974). Partial delipidation was achieved by incubation of the membrane
preparations in the presence of 3-((3-cholamidopropyl)dimethylammonio]-
1-propane-sulfonate 1% (w/v). After 48 h of contact, the detergent was
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removed by adsorption on hydrophobic resins (SM2 Biobeads), and mem-
brane fragments were washed twice by centrifugation and resuspended in
acetate buffer (100 mM Na-acetate, 150 mM NaCl, pH 5.0). Through
determination of the protein (Peterson, 1977) and phosphorus (Eaton and
Dennis, 1976) content, the purple membranes prepared in this way were
found to contain approximately three polar lipid molecules per BR
molecule.

Apomembranes were prepared by illumination of purple membrane
samples (2 X 1075 M) with a halogen lamp (KL 1500 electronic; Schott)
in the presence of 200 mM hydroxylamine. After the purple color had
completely disappeared, apomembrane fragments containing the bacte-
rioopsin were collected by centrifugation, washed twice with the above
acetate buffer, and subsequently used for reconstitution experiments.

Reconstitution of bacteriorhodopsin and bacterioopsin in
lipid vesicles

The reconstitution procedure was essentially that described by Rigaud et al.
(1995), which we have already used successfully (Piknova et al., 1993).
Delipidated membranes (12 nmol protein), suspended in 1 ml of the acetate
buffer, were mixed with 1 ml of an ether solution of N-NBD-phosphati-
dylethanolamine (N-NBD-PE) (12 nmol), N-NBD-C12-PE (12 nmol), or
N-NBD-C18-PE (12 nmol) and the desired amount of phosphatidylcho-
lines. The resulting two-phase system was sonicated at 4°C (25 pulses of
0.5 s each) with a B15 Branson sonifier (20 W, 40 kHz, 50% pulsed mode).
The organic solvent was removed under reduced pressure (280-300 mm
Hg) with a rotatory evaporator at a temperature 5°C above the gel-fluid
phase transition temperature of the lipids used. When most of the organic
solvent was removed, 1 ml of acetate buffer was added and evaporation
was allowed to proceed for a further 20 min to remove all traces of solvent.
Solvent evaporation usually took 20 min. For each reconstitution experi-
ment, care was taken to recover the purple color, which was the first
indication that reconstitution had occured without protein denaturation.
Each sample was kept overnight at 4°C for equilibration. Bacteriorhodop-
sin concentration and absence of protein denaturation were assayed via the
absorption spectrum of retinal. Absorption spectra of proteoliposomes were
recorded with a Lambda 5 ultraviolet-visible spectrometer from Perkin-
Elmer. Calculations were performed assuming an extinction coefficient of
63,000 M~! cm™! at 570 nm for retinal (Rehorek and Heyn, 1979) and a
molecular mass of 26,400 Da for BR (Rehorek and Heyn, 1979). Any
sample for which the spectrum of retinal was not correct in shape (position
of the maximum absorption wavelength) and intensity (because of the
amount and dilution state of the purple membrane used) was discarded. The
ratio As;o/A,g Was measured before and after every reconstitution exper-
iment to ensure that it remained unchanged. As another control experiment,
one aliquot (1 ml) of each proteoliposome sample was checked for homo-
geneity and composition. Reconstituted vesicles were centrifuged on a
linear sucrose gradient (5-40%) with a Beckman L5-65 ultracentrifuge
(100,000 X g, 4 h, 4°C). In most cases, a single and very sharp band was
observed. Ten fractions of 1 ml each were collected and analyzed for their
protein content by means of a modified Lowry protocol (Peterson, 1977).
Their phospholipid content was checked by measuring the fluorescence of
the 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) fluorophore. More than 90%
of the reconstituted vesicles prepared by this procedure were found to be
composed mainly (~95%) of proteoliposomes of uniform density (in fact,
the sharp band corresponded to a volume of less than 0.1 ml) with the
expected BR/DLPC/DSPC composition. In these preparations, nonrecon-
stituted protein was absent, and the nonproteoliposome material (~5%)
corresponded to BR-free lipid vesicles. The samples (less than 10%) that
did not meet these criteria of homogeneity and composition were dis-
carded. The gel-fluid phase equilibria of the lipid mixtures were monitored
by fluorescence depolarization experiments using 1,6-diphenyl-1,3,5-
hexatriene (DPH) as the probe. The phase diagram obtained by this
approach was similar to that previously reported by Mabrey and Sturtevant
(1976), who used differential scanning calorimetry techniques (cf. Fig. 2).
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Fluorescence techniques
Fluorescence spectroscopy

Fluorescence emission spectra of proteoliposomes were recorded at various
temperatures with a 500 SLM-Aminco spectrofluorimeter equipped with a
thermostatted cuvette holder. Wavelengths of 465 nm and 535 nm were
used for fluorescence excitation and emission, respectively. In the wave-
length range of interest (350-600 nm), absorbance of proteoliposome
dispersions was less than 0.1, enabling light scattering and inner filter
effects to be ignored.

Fluorescence polarization

Experiments were carried out with an apparatus of our own fabrication,
which has been described elsewhere (Piknova et al., 1993). The polariza-
tion p was expressed as

p=WUy— Iy + L) (1)

Theoretical model and computational techniques
Model

The theoretical model used in the present paper is a modification of a
microscopic model (Sperotto and Mouritsen, 1993; Mouritsen et al., 1995)
recently used to describe a two-component lipid bilayer incorporated with
an immobile and very large protein, i.e., a protein whose cross-sectional
diameter is much larger than the cross-sectional diameter of a lipid-acyl
chain. Within this model the two lipid species are assumed to interact in a
way that reflects the incompatibility of acyl chains of different hydropho-
bic lengths (Jgrgensen et al., 1993). The extended model is then devised to
include a finite concentration of large mobile proteins.

The model is built on the 10-state Pink model (Pink et al., 1980) to
describe the gel-fluid transition for each of the pure lipid components in the
fully hydrated state. The Pink model, which accurately accounts for the
most important conformational states of the lipid chains and their mutual
interactions and statistics, has proved useful for describing a wealth of
thermodynamic, thermomechanic, and spectroscopic data for a variety of
phospholipid membranes (Mouritsen, 1990; Mouritsen et al., 1995). Within
the Pink model, the bilayer is considered as two independent monolayers,
each represented by a triangular lattice on which the lipid chains are
arrayed, one chain at each site. Each lipid acyl chain can take on one of 10
conformational states, each of which is characterized by a hydrocarbon
chain length. Within the lattice formulation, a protein molecule can occupy
a certain number of sites, np, and its hydrophobic part is assumed to be
smooth and rodlike, and is characterized only by a cross-sectional area, Ap,
and a length, dp, of the hydrophobic protein domain.

The lipid-protein interactions have been incorporated into the micro-
scopic Pink model in the form of attractive van der Waals-like interactions,
and part of the interaction parameters have been identified in terms of a
hydrophobic matching between the hydrophobic length of the lipid and that
of the protein, in the spirit of the phenomenological mattress model of
lipid-protein interactions in membranes (Mouritsen and Bloom, 1984,
1993). The interaction between lipids of the two different species is
formulated in terms of an attractive van der Waals-like interaction and a
repulsive mismatch interaction that reflects the possible incompatibility
between chains with two different lengths. Details of the formalism used
and the determination of the various parameters of the microscopic model
can be found in the literature (Sperotto and Mouritsen, 1991a,b; Jgrgensen
et al.,, 1993). It should be pointed out that the interactions between the
lipids and the proteins in this model are formulated in terms of physical
forces, which implies that any association or selectivity that this model may
predict is determined and controlled solely by these physical interactions.

The phase equilibria for the DLPC/DSPC mixture determined by Monte
Carlo simulations on the microscopic model is shown in Fig. 2, together
with the experimental phase diagram obtained by Mabrey and Sturtevant
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(1976) with differential scanning calorimetry. The theoretical phase bound-
aries were derived from peaks in the specific heat, C(T), determined as a
function of temperature for two different compositions.

The values of the lipid-protein interaction parameters of the model have
been chosen to qualitatively reproduce the phase behavior of the dimyris-
toylphosphatidylcholine/bacteriorhodopsin (DMPC/BR) mixture (Piknova
et al., 1993; Sternberg et al., 1989). The values of dp and Ap, characterizing
BR have been chosen to model a protein size corresponding to that of BR
(Henderson and Unwin, 1975), i.e., dp = 3 nm and A, = 7 nm?.

Computational techniques

The microscopic and thermodynamic properties of the model have been
calculated by standard Metropolis Monte Carlo simulation techniques
(Mouritsen, 1990), in both the absence and presence of proteins. The
thermal equilibrium is achieved by a combination of Glauber and Ka-
wasaki dynamics. Glauber dynamics were used for the single-chain con-
formational excitations, and Kawasaki dynamics were used for the diffu-
sive exchange of nearest-neighbor lipid chains as well as the diffusive
exchange of protein molecules. The elementary movement of the protein
molecules is assumed to correspond to translation of one lattice spacing in
one of the six possible directions on the triangular lattice of lipid chains.
The five lipid chains that have to be displaced by such a move are relocated
from the front of the protein to the back of it in one single step.

The bulk thermodynamic state of the mixtures in equilibrium is char-
acterized by calculating the specific heat per lipid molecule, C(T), to-
gether with the average acyl-chain order parameter,

S={> (3cos? 6 — )[2(n — 1)] )

i=2

where the summation is over all n CH, segments of the acyl chain, and 6,
is the angle between the bilayer normal and the normal to the plane
spanned by the ith CH, group of the chain.

To characterize the lateral structure and the coherence of short-range
ordering phenomena, we have calculated the lipid concentration profiles,
F(L), as a function of the distance, L, from each protein surface (i.e., at the
interface with the lipids), where L indexes the lattice site layers around
each protein. In each layer L, F(L) denotes the number of lipid molecules
of a particular species normalized to the total number of molecules present
in that layer.

Most of the simulations are performed on a triangular lattice of 40 X 40
sites, although a 60 X 60 lattice size has also been considered in a few
cases. To simulate bacteriorhodopsin, each protein molecule is taken to
occupy np = 19 lattice sites.

RESULTS
Experimental results
Fluorescence energy transfer experiments

General considerations and behavior of bacteriorhodop-
sin in egg PC vesicles. Fluorescence energy transfer is a
well-established procedure for measuring distances in bio-
logical systems. In the present work this technique was used
to study the spatial relationship between NBD-labeled phos-
pholipids as donors and the retinal group of bacteriorhodop-
sin as an acceptor. As can be seen in Fig. 3, there is a
significant overlap between the emission band of the NBD
fluorophore and the absorption band of retinal, such that
these two chromophores constitute an efficient donor-ac-
ceptor pair for resonance energy transfer experiments. Two
important parameters are to be considered: 1) r,, the dis-
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FIGURE 3 Fluorescence emission spectrum of the NBD-labeled probe
(—) and the absorption spectrum (M) of retinal in bacteriorhodopsin in
the form of water-suspended purple membrane fragments.

tance of closest approach of the two groups, and 2) R, the
donor-acceptor distance for which the fluorescence energy
transfer efficiency, E, is 50%. When attached to the polar
headgroup of phosphatidylethanolamine, the NBD group
has been shown to be located at the water/lipid interface in
the polar headgroup region (Mazeres et al., 1996). From
x-ray crystallography data (Henderson et al., 1990), the
retinal group can be assumed to be located near the center of
bacteriorhodopsin, i.e., near the center of the lipid bilayer,
along the symmetry axis of the protein. Assuming the pro-
tein to be of cylindrical shape with a circular cross section
of 1.5 nm radius and a hydrophobic length of 3-3.1 nm
(Henderson and Unwin, 1975; Piknova et al., 1993), and
assigning molecular areas of 0.46 nm? (Kechuan et al.,
1996) and 0.63 nm? (Nagle, 1993) to the lipids in the gel
and fluid conformational states, respectively, lead to r,
values of 2.5 nm and 2.55 nm in the gel and fluid states,
respectively. In the following, an r_ value of 2.5 nm was
used. R, can be calculated using the following equations
(Hasselbacher et al., 1984):

R, = (JK*®pn~4)15(9.7 X 10%) 3)

with
J= J FD()\)sA()\))\"d)«/f Fp(A)dA 4)

and
(DD = cDref[nIZ)ArefFD]/[nfefADFref] (5)

where labels A and D designate the acceptor and donor
molecules, respectively, and the subscript ref refers to a
reference compound. ®p, is the quantum yield of the donor
in the absence of an acceptor, n is the refractive index, J is
the spectral overlap integral, and KX is the orientation factor.
Fp(A) is the fluorescence intensity of the donor in the
absence of an acceptor at wavelength A, and €,(A) is the
molar absorption coefficient of the acceptor at wavelength A
(Werner and Hoffman, 1973). Fp, is the area under the
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corrected emission spectrum, and Ap, is the absorbance of
the solution at the excitation wavelength.

From the emission spectrum of NBD-labeled lipids and
the absorption spectrum of retinal, a value of 3.58 x 107!
M™! cm® was calculated for J by numerical integration. K>
was assumed to be 2/3, which corresponds to the case of
rapid relative motion (and axial symmetry of the system).
The refractive index of water (n = 1.33) was used. Because
the fluorescence emission of the NBD group depends on
both temperature and environmental factors, the quantum
yield of the NBD-labeled lipids was measured in egg PC
bilayers over the temperature range 268-338 K. 7-Dimeth-
ylamino-3-(p-formylstyryl)-1,4-benzoxazine-2-one (®, . =
0.58 in ethanol, n¢ = 1.36) (Le Bris et al., 1984) was used
as the reference compound. Measured @y, values and cor-
responding calculated R, values showed a linear depen-
dence on T (r = 0.99), with &5 = 0.35 and R, = 5.5 nm at
268 K and @, = 0.08 and R, = 4.2 nm at 338 K (data not
shown). With an r_ value of 2.5 nm, we were in the situation
where r, < R, which has been analyzed recently by
Yguerabide (1994). A Stern-Volmer equation can still be
used to account for changes in fluorescence intensity, but
now in the form

IJI=1+yK,o (6)

where ], and I are, respectively, the fluorescence intensities
in the absence and presence of an acceptor, K, is the
steady-state quenching constant, o is the acceptor surface
density (molecules/cm?), and v is a correction factor that
depends on the value of r/R,. K, is in units of reciprocal
density (cm?*molecule) and is defined by

K, = (R 12)(Ro/r.)* )

The correction factor y was calculated by Yguerabide
(1994). However, this factor can also be evaluated experi-
mentally by measuring the influence of o on Iy/I at various
temperatures. For this purpose, BR was reconstitued into
egg PC vesicles in the presence of N-NBD-egg PE. The
donor (NBD):acceptor (retinal) molar ratio was kept con-
stant at 1:1 as increasing amounts of egg PC molecules were
added, to decrease the protein surface density. o was cal-
culated, assuming a molecular area of 6.90 nm? for the
protein in the monomeric form (Henderson et al., 1990) and
a molecular area of 0.63 nm? for egg PC (Nagle, 1993). The
data obtained at a temperature of 293 K are shown in Fig. 4.
As expected, I/I increased with increasing o. As a control
experiment, fluorescence intensities from lipid vesicles con-
taining the donor only and from vesicles containing the
donor and bleached bacteriorhodopsin were compared.
They were identical, indicating that the fluorescence
quenching observed in the presence of bacteriorhodopsin
was due to a resonance energy transfer mechanism and not
to self-quenching of the probes. The data in Fig. 4 can be
accounted for by a straight line (» = 0.85). From the slope
of this line and from Eqgs. 6 and 7 one can calculate vy to be
0.145. Fluorescence energy transfer experiments carried out
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FIGURE 4 Influence of bacteriorhodopsin surface density o (molecules/
cm®) on fluorescence energy transfer Iy/I. The host lipids are egg-PC with
the probe N-NBD-PE (@) and DSPC with the probe N-NBD-C18-PE (O).
The temperature is 293 K.

at 268 K and 338 K yielded y values of 0.1 and 0.298,
respectively. As can be seen in Fig. 5, these experimental y
values and corresponding r /R, ratios compare very well
with the plot of y versus r/R, determined by Yguerabide
(1994).

The fluorescence quantum yield of NBD-labeled lipids is
known to depend on the physical state (gel or fluid) of the
lipids (Mazeres et al., 1996), and one could argue that the
above results are valid for lipids in the fluid phase only.
Although the ratio Iy/I is expected to compensate for pos-
sible changes in fluorescence quantum yield, further control
experiments were carried out, consisting of measuring flu-
orescence energy transfer between BR and the probe
N-NBD-C18-PE in DSPC at 293 K, i.e., with lipids in the
gel state. Three protein/lipid ratios were tested, and as can
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FIGURE 5 Plot of the correction factor vy in Eq. 9 versus r/R,. ¢, Data
reproduced from Yguerabide (1994); O, results from the present work.
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be seen in Fig. 4, the corresponding I/ values were similar
to those obtained with egg PC for the same protein/lipid
ratios.

In conclusion, the approach described above can be used
safely for interpreting the efficiency of fluorescence energy
transfer in terms of acceptor surface density and conse-
quently in terms of distribution of a given type of lipid
probe and host lipid around the protein, whatever the phase
state of the lipids.

Behavior of bacteriorhodopsin in DLPC/DSPC vesicles.
Distribution of bacteriorhodopsin in DLPC/DSPC mixtures
was studied with either N-NBD-C12-PE or N-NBD-C18-
PE. As previously shown (Mazeres et al., 1996), the NBD
group in N-NBD-PE molecules stays at the water/lipid
interface and has no influence on the lipid molecular pack-
ing. The phase behavior of these molecules depends on their
acyl chains, and under the present conditions, the two
probes can be used to monitor the behavior of the protein
with respect to either the short-chain (DLPC) or the long-
chain (DSPC) lipid molecules.

A protein/lipid molar ratio of 1/590 was used, with 25
mol% DLPC (147 molecules) and 75 mol% DSPC (443
molecules). This lipid composition was selected for the
following three reasons:

1. By the hypothesis that BR and N-NBD-C12-PC are
exclusively associated with DLPC molecules, the resulting
and relatively high BR/DLPC and probe/DLPC molar ratio
of 1/147 would still be low enough to ensure the existence
of the protein in the monomeric state on the one hand
(Piknov4 et al., 1993) and an absence of probe self-quench-
ing on the other.

2. Depending on whether the protein and probe molecules
are exclusively associated with DLPC or distribute within
all of the lipids, the changes in protein surface density that
would result are large enough to affect fluorescence energy
transfer significantly.

3. The three polar lipids that remained associated with
each protein molecule represent only 0.5 mol% of the ex-
ogenous lipids. They have been shown not to affect the
phase behavior of DLPC and DSPC up to a concentration of
2 mol% (Piknov4 et al., 1993). Fluorescence energy transfer
experiments were carried out over the temperature range of
268-338 K. As can be seen in Fig. 6 a, fluorescence energy
transfer efficiency of the probe N-NBD-C12-PE remains
practically unchanged at a relatively high value of ~60% up
to a temperature of 306 K, above which it drops rapidly to
less than 20% for temperatures above 325 K. An opposite
although less pronounced effect was observed with the
probe N-NBD-C18-PE, with a rather low fluorescence
quenching of ~5% at 268 K, which increased progressively
to ~20% at 298 K, above which it remained unchanged.

For each temperature tested, the ratio (I;—1I)/I, can be
expressed in terms of an apparent protein surface density, o,
by means of Eqs. 6 and 7 and using the correponding
calculated R, value together with the <y value interpolated
from the data in Fig. 5. As can be seen in Fig. 6 b for the
probe N-NBD-C12-PE, o remained essentially unchanged
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FIGURE 6 Temperature dependence of (a) the fluorescence energy
transfer efficiency, E = 1—1//I,, and (b) the apparent protein surface
density, o, for bacteriorhodopsin reconstituted in DLPC/DSPC vesicles, in
the presence of N-NBD-C12-PE (@) or N-NBD-C18-PE (O). The exper-
iments with N-NBD-C12-PE were carried out in quadriplicate. Vertical
bars indicate the dispersion of the data.

at the relatively high value of 1.6 X 10'?> molecules/cm?® up
to the temperature of 306 K. Then it rapidly decreased to a
low of 0.5 X 10'? molecules/cm® for temperatures above
325 K. For the probe N-NBD-C18-PE, ¢ progressively
increased from a low of 0.05 X 10'? molecules/cm? at 268
K to 0.6 X 10'? molecules/cm? at 338 K. In fact, it should
be remembered that in these experiments, the overall pro-
tein-to-lipid ratio was fixed at one protein to 590 lipids,
which would correspond to an overall protein surface den-
sity of 0.52 X 10'? molecules/cm? if all of the lipids are in
the fluid state (lipid molecular area A, = 0.63 nm?) or 0.7 X
10'? molecules/cm? if all of the lipids are in the gel state
(AL = 0.46 nm?).

Fluorescence polarization experiments

Because of the large difference in hydrophobic length,
DLPC and DSPC exhibit strong nonideal mixing, implying
large regions in the phase diagram (cf. Fig. 2), where
pronounced gel-fluid and gel-gel phase coexistence regions
arise. The large differences observed above between the
experimental and predicted apparent protein surface densi-
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ties and their dependence on temperature and the lipid probe
used, strongly suggest that in DLPC/DSPC mixtures, the
distribution of BR is not random, but depends on the lateral
distribution of lipids in connection with their physical state.
From the phase diagram in Fig. 2 it can be inferred that for
the 25/75 molar ratio, the lipids are in the gel state below
271 K, which corresponds to the beginning of the melting of
a nearly pure DLPC phase, and in the fluid state above 326
K, which corresponds to the end of the melting of a DSPC-
rich phase. To determine the temperature at which the
DLPC-rich phase completed melting and the DSPC-rich
phase started to melt in the absence and in the presence of
BR, DLPC/DSPC liposomes (X = 0) and BR/DLPC/DSPC
reconstitutions (X = 1/590) were submitted to fluorescence
polarization experiments, with DPH as a probe. The results
are displayed in Fig. 7, which shows that for both systems,
very similar triphasic polarization curves were obtained as a
function of temperature, clearly indicating in both cases a
melting of a DLPC-rich phase up to a temperature around
280 K and a melting of a DSPC-rich phase between 310 K
and 325 K. This demonstrates that the protein in this con-
centration showed little influence on the phase equilibria of
the binary lipid mixture. Furthermore, the melting of the
DSPC-rich phase occurred over the same temperature range
that is associated with a large decrease in the fluorescence
quenching of the probe N-NBD-C12-PE. This result indi-
cates that in BR/IDLPC/DSPC reconstitutions, the apparent
surface density measured for BR with the short-chain or the
long-chain probe is to be correlated with the physical state
of the host lipids and their distribution within the various
coexisting phases.

Theoretical results
Binary mixture: DLPC/DSPC

We shall briefly describe the computer simulation results
shown in Figs. 8 and 9 obtained for the binary lipid mixture
in the absence of the protein, to provide a basis for clarify-
ing the influence of the protein on the bilayer thermody-
namics and molecular order.
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FIGURE 7 Influence of temperature on the polarization of DPH inserted

in the binary mixture DLPC/DSPC (25%/75%) with no BR (¢, X = 0) and
in the BR/DLPC/DSPC (1:147:443) reconstitutions (¢, X = 1/590).
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FIGURE 8 Calculated specific heat curves C(T) for DLPC/DSPC mix-
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C,(T) is given per lipid molecule in units of 107"~ erg K™'.

The specific heat shown in Fig. 8 displays two peaks
indicating the position of the phase boundaries. Because of
the stong demixing in this system, the two peaks represent
to a good approximation the individual melting of the two
species. The peak associated with the melting of DLPC is
broader and weaker than that of DSPC at this composition,
in good accordance with the experimental data obtained
from the fluorescence polarization shown in Fig. 7 and data
from differential scanning calorimetry (Mabrey and Stur-
tevant, 1976). This is due to the fact that the melting
transition of the short-chain phospholipid is much more
strongly influenced by density fluctuations (Ipsen et al.,
1990).

The more pronounced and localized melting behavior of
the long-chain lipid is reflected in the behavior of the
acyl-chain order parameters shown in Fig. 9, which also
parallels that of the fluorescence polarization shown in Fig.
7. A similar thermal asymmetry in the order parameters due
to the nonideal mixing of short- and long-chain phospho-
lipids has also been observed for DMPC/DSPC mixtures
(Sankaram et al., 1992; Brumm et al., 1996).

Ternary mixture: BR/DLPC/DSPC

The results discussed below refer to the experimental lipid
composition of 25%/75% mole concentration of DLPC/
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FIGURE 9 Calculated average acyl-chain order parameter S in Eq. 2
versus T for DLPC/DSPC mixtures (25%/75%) with BR-to-lipid ratios X =
0 (—) and X = 1/514 (O).
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DSPC phospholipid mixtures and to a BR-to-lipid molar
ratio X = 1/514. Within the lattice formulation used for the
modeling and for a protein that occupies np, = 19 lattice
sites, the choice of X = 1/514 is the closest possible to the
experimental ratio 1/590 in the case of a lattice with 40 X
40 sites. For lattice sizes of 60 X 60, the corresponding
closest molar ratio is X = 1/581.

The simulation data are presented in Figs. 8-11. The
presence of the protein in these low concentrations is seen to
only insignificantly influence the bulk properties of the
binary lipid mixture, i.e., the specific heat and the acyl-
chain order parameters are basically unchanged. This is in
accordance with the fluorescence polarization results re-
ported above.

Whereas the bulk properties of the ternary mixture are
unaffected by the presence of the protein, there is a distinct
local demixing of the lipid mixture taking place near the
protein, as seen in the lipid concentration profiles, F, in Fig.
10. This is particularly clear for T = 310 and 338 K. Note
that the profiles at the lower temperature, T = 268 K, reflect
the massive gel-gel phase separation, and their form is
influenced by the finite size of the system studied. This is
also the case for the data in the gel-fluid coexistence region
at large separations L. The lipid concentration profiles show
that near the protein surface there is an enrichment of one of
the species and a depletion of the other one in a systematic
fashion, reflecting the hydrophobic matching. Melted-state
DSPC is selected by the protein in the fluid phase and the
fluid-gel coexistence region because of the better hydropho-
bic match. This is also clear from the microconfigurations
shown in Fig. 10. The lipids are selected on a statistical
basis, and their lateral distribution close to the protein is not
static but dynamic, because there is no specific binding of
the lipid molecules to the protein. In the gel-gel coexistence
region, the proteins are better matched by gel-state DLPC,
and their environment is therefore enriched by DLPC, in
fact, to such an extent that the proteins are found predom-
inantly in the DLPC-rich gel phase. It is also observed from
the microconfiguration at T = 310 K corresponding to the
gel-fluid coexistence region that the proteins tend to be
adsorbed at the phase boundaries with a region of fluid
DSPC around them. This interfacial adsorption effect is
generally expected in many-phase systems with “impuri-
ties” that have no particular preference for any particular
phase and are therefore expelled to the boundary. In this
case, both lipid phases imply a hydrophobic mismatch, and
it is therefore unfavorable for the lipids to disperse the
proteins.

Despite the local demixing of the lipids, BR is still, on
average, dissolved in the DLPC-rich phase whenever this is
available, in accordance with the fluorescence energy trans-
fer data reported above, which clearly indicate a high ap-
parent surface density for the protein up to a temperature of
~310 K before the melting of the DSPC-rich phase.

Because in the computer simulation calculations all mo-
lecular variables are available, it is possible to calculate
several different observables that can be related to proper-
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ties derived from the experimental data. A particularly in-
teresting and key parameter derived from the experimental
data is the acceptor (protein) surface density, o, and its
dependence on temperature. To calculate o from the simu-
lation data, a number, N, of either DLPC or DSPC chains
have been labeled as “donors.” As in the experiments, this
number is taken to be equal to the number of BR molecules.
The BR surface density is then calculated by summing over
all donors (labeled by i):

N

o =\ > Neg()/(mR*N)

i=1

where Ngg(i) is the number of BR (acceptors) that are found
to be present around donor i within a distance R from the
donor. R is assumed to be equal to R, the donor-acceptor
distance for which the fluorescence energy transfer is 50%.
To derive o from the simulations, the value of R, has to be
put in. From the experiments, R, is known at two temper-
atures, T = 268 K and 338 K, i.e., in the gel-gel coexistence
region and in the fluid phase. We have assumed that the
value of R, is constant within each of these phases, and that
its value in the gel-fluid coexistence region is the average of
these two values. The results for o as a function of temper-
ature across the phase diagram are shown in Fig. 11, to-
gether with the values derived from the experimental data.
In the case where the “donors” are the short-chain lipids, the
simulation data and the experimental data within the gel-gel
coexistence region and within the fluid phase are in good
agreement, whereas within the gel-fluid coexistence region
there is some deviation. The constant level of o reached for

temperatures above T = 325 K corresponds to a random
distribution of the molecules, whereas the increasing value
of o for lower temperatures indicates that BR molecules
statistically prefer to be surrounded by DLPC molecules. In
the case where the “donors” are the long-chain lipid, the
values predicted for o show a slight increase with temper-
ature, reaching a constant level in the fluid phase. This
indicates that at low temperatures, the BR molecules avoid
contact with DSPC lipids. We return below to a comparison
between the simulation and the experimental data for o.

COMPARISON BETWEEN EXPERIMENTAL AND
THEORETICAL RESULTS

From the phase diagram of DLPC/DSPC mixtures (Fig. 2)
and fluorescence polarization data of bacteriorhodopsin re-
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constitutions (Fig. 7), as well as the computer simulation
results, one can, to a good approximation, assume that at
268 K most of the lipids are in the gel state (gel-gel
coexistence region), that at 293 K most of the DLPC lipids
are in the fluid state whereas most of the DSPC lipids are
still in the gel state (fluid-gel state), and that at 338 K all of
the lipids are in the fluid state. Using a molecular area of
6.90 nm? for the protein and 0.46 nm? and 0.63 nm? for the
lipids in the gel and fluid states, respectively, one can
calculate that at 268 K, an apparent surface density of
1.51 X 10'2 molecules/cm? with respect to the short-chain
lipid probe is equivalent to one protein molecule associated
on the average with 257 lipid molecules in the gel state,
which distribute over 4.6 layers around the protein. This
number of lipid molecules is too large compared to the 147
DLPC molecules available on the average and too low
compared to the overall number of 590 lipid molecules
associated on the average with one protein molecule. At 338
K, an apparent surface density of 0.49 X 10'? molecules/
cm?® corresponds to 623 lipid molecules in the fluid state
distributing over 8.2 layers around one protein, a value that
is slightly in excess compared to the 590 lipid molecules
associated with one BR molecule, and which can distribute
over 7.9 layers when in the fluid state. The large differences
observed at low temperature between the apparent and real
lipid distributions around the protein can easily be under-
stood if one recalls that bacteriorhodopsin prefers DLPC in
the gel state compared to DSPC and that extensive phase
separation takes place between the two lipid species in this
temperature range.

These comparisons between experimental and calculated
lipid distributions can be considerably improved when tak-
ing into account the lipid distributions obtained from the
computer calculations (cf. Fig. 10). Indeed, from the data in
Fig. 4 obtained from a one-component system, it is possible
to estimate in a recurrent way the contribution of the probe
N-NBD-egg PE to the fluorescence energy transfer process
when located in the first, second, third, and ith layer around
the protein. In this calculation and in the following, the
probability of finding the probe in a given layer is assumed
to be proportional to the fractional number of lipid mole-
cules in this layer. Then, for the two-component system
DLPC/DSPC, the compositional profiles shown in Fig. 10,
a (T = 268 K) and ¢ (T = 338 K), are used to calculate the
distribution of the probe N-NBD-C12-PE or the probe
N-NBD-C18-PE in the various layers around the protein,
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Finally, from these distributions and the above-calculated
contributions, one can estimate for each probe the I/I ratios
and therefore the apparent protein surface density 0. As can
be seen in Table 1 for the probe N-NBD-C12-PE, good
agreement between experimental and predicted values is
observed for lipids in both the gel and fluid phases, which
provides a straightforward explanation for the actual lipid
distribution around the protein. At 268 K in the gel phase, a
protein surface density of 1.51 X 10'? (calculated 1.54 X

10‘2) molecules/cm?, which corresponds to 257 (calculated
252) lipid molecules and a value of n, = 4.6 (calculated 4.5)
lipid layers around each protein, does account for the exis-
tence of BR in a nearly pure DLPC phase. That this value is
larger than that expected is due to the fact that the two
species are not fully separated, but there is a small but finite
solubility of DLPC molecules in the DSPC-rich domains far
from the protein. At 338 K in the fluid phase, an apparent
protein surface density of o = 0.49 X 10'? molecules/cm?
corresponds to 623 lipid molecules distributing over 8.2
lipid layers and accounts for the presence of the protein in
a mixed lipid phase. Recalculation of the fluorescence en-
ergy transfer parameters as described above yields similar
values, ¢ = 0.47 X 10'? molecules/cm?, 650 lipid mole-
cules and 8.4 lipid layers. The expected values for lipids
in the fluid phase and in the case of a random distribution
around the protein are 590 molecules and 7.9 layers,
respectively.

- With the probe N-NBD-C18-PE at low temperatures, the
fluorescence energy transfer is too low (i.e., I/I close to
unity) to be interpreted quantitatively. However, consistent
with the above results, such a low ratio suggests an absence
of the long-chain probe in proximity to the protein and
therefore a marked preference by the protein for the short-
chain lipids in the gel phase. In the gel-fluid phase coexist-
ence region, between 275 K and 305 K, the progressive
increase observed in fluorescence energy transfer and in o
with increasing temperature (cf. Fig. 6, @ and b) may be
explained by the fact that the melted DSPC molecules,
which progressively enter the DLPC-rich phase, are selected
by the protein because of the better hydrophobic match (cf.
Fig. 10). For temperatures above 320 K, in the fluid phase,
Iy/I assumes an average value of 1.28, to which corresponds
a o value of 0.55 X 10" molecules/cm?, equivalent to 555
lipid molecules distributed over 7.7 layers around the pro-
tein. These values also account for the presence of the
protein in a fluid mixed lipid phase. They are consistent

TABLE 1 Experimental and calculated values for the fluorescence intensity ratio, I/l, the apparent protein surface density, o
{molecules/cm?), and the corresponding number, n,, of lipid layers around the protein

Experimental Calculated
Temp (K) Iyl o (X 10712 ne Il o (X 10712 n,
268 245+03 1.51 0.3 4606 25 1.54 4.5
338 1.25 * 0.05 0.49 * 0.01 82*1.0 1.24 047 8.4

Note that the 590 lipid molecules associated with one bacteriorhodopsin molecule distribute over 7.7 and 7.9 layers around the protein when in the gel and

fluid phase, respectively.
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with recalculated values of I/l = 1.27, 0 = 0.53 X 10'?
molecules/cm?, 576 lipid molecules, and n, = 7.8. To ac-
count quantitatively for these results in terms of lipid sorting
by the protein may be difficult because, in the fluid phase,
the fluorescence approach reaches its limits of resolution: 1)
the fluorescence signal is lower in the fluid phase than in the
gel phase because of a large decrease in the fluorescence
quantum yield of the NBD group with increasing tempera-
ture (fourfold decrease from 268 K to 338 K); 2) the average
distance between the donor and acceptor chromophores
becomes large (corresponding to low I/l values); 3) only
small deviations from a random distribution of DLPC and
DSPC around the protein are expected. In the present study,
the difference between the lipid distributions detected by the
two probes lies within the experimental error, and despite
qualitative agreement with recalculated distributions, one
cannot definitely conclude that in the fluid phase bacterio-
rhodopsin prefers DSPC as compared to DLPC. Neverthe-
less, the good agreement between the experimental and
theoretical data observed in the gel-gel and gel-fluid coex-
istence regions gives strong support to the theoretical pre-
diction that, in the fluid phase, at least the first layer around
bacteriorhodopsin is enriched in DSPC at the expense of
DLPC.

We now turn to a comparison between the experimental
and simulation data for the BR surface density, o, shown in
Fig. 11. Considering the approximations entering the deri-
vation of o from the simulation data, the accordance be-
tween the two sets of data in Fig. 11 is satisfactory. The
systematic deviation in the gel-fluid coexistence region
between the theoretical and experimental results for o re-
lated to the N-NBD-C12-PE probe may indicate that the
localization of BR in the boundaries between the gel and
fluid domains may be statistically overestimated in the
simulations or it may indicate that the experimental system
is not fully phase separated. This last possibility should be
seen in light of the very slow phase separation dynamics
that is known to persist in binary mixtures of lipids with
very different chain lengths (Jgrgensen et al., 1996).

In general, the theoretical model simulations support the
interpretation of the experimental data in terms of molecular
sorting of lipids at the hydrophobic interface between BR
and the lipid-bilayer matrix and how this sorting depends on
the thermodynamic conditions (i.e., temperature and com-
position).

DISCUSSION AND CONCLUSIONS

We have in this paper presented a two-pronged approach to
one of the more elusive problems in membrane biophysics
related to the lipid selectivity of integral membrane pro-
teins. Guided by a theoretical concept, the hydrophobic
matching principle (Mouritsen and Bloom, 1993), we have
carried out a parallel experimental and theoretical model
study of a specific model membrane, BR, reconstituted in
binary lipid bilayers composed of two phospholipids, DLPC
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and DSPC, with different hydrophobic acyl chain lengths.
Exploiting the three facts that 1) BR has a specific and fixed
hydrophobic length that presents a hydrophobic boundary
conditions for the surronding lipids of the bilayer; 2) DLPC
and DSPC, differing by six CH, units in their acyl chains,
produce lipid bilayers with very different thicknesses; and
3) the hydrophobic thickness of the mixed lipid bilayers can
be varied dramatically and systematically by changing tem-
perature due to the chain melting phase equilibria; we are in
the position of having an ideally suited model system to
explore the importance of hydrophobic matching for lipid
specificity and selectivity.

Altogether, comparison of theoretical and experimental
lipid distributions provides a self-consistent view of the
distribution of DLPC and DSPC around bacteriorhodopsin.
At low and moderate temperatures, i.e., in the region of the
phase diagram where DSPC is still in the gel state and
DLPC is in the gel or fluid states, BR is clearly associated
with the short-chain lipid. At high temperatures, when all of
the lipids are in the fluid state, BR is preferentially associ-
ated with the long-chain lipid. In all cases, the condition of
hydrophobic matching is satisfied. In this way, BR performs
a kind of molecular sorting of the lipids in its neighborhood.
The sorting may be seen as a type of physically controlled
specificity in which no particular chemical forces are in-
volved. There is no binding, and the special sorted lipid
environment is a statistical entity of considerable dynamics.
The extent of the associated lipid concentration profiles
therefore strongly depends on thermodynamic conditions,
ie., the position in the phase diagram. Close to phase
transitions and phase boundaries, the coherence length of
the profiles can be very long. For other lipid mixtures,
which have special critical mixing points, the possibility
exists that the sorting may extend over macroscopic dis-
tances because of wetting,.

A particularly striking finding of the present work is the
indication that BR may display a tendency to position itself
in the interfaces between gel and fluid lipid domains (cf.
Fig. 10). The possibility of such an interfacial adsorption
phenomenon was recently hypothesized to apply to BR in
equimolar DMPC/DSPC mixtures, based on the way BR
changed the gel-phase domain topology, as observed via
measurements of the diffusional characteristics of fluores-
cent-labeled lipid analogs (Schram and Thompson, 1997). It
is likely that the localization and accumulation of proteins in
the interfaces of a lipid bilayer with domains will promote
particularly strong direct protein-protein interactions and
hence provide a vehicle for protein associations. It may be
argued that the general validity of these results for the
organization of biological membranes may be limited by the
fact that gel domains are probably scarce or even unlikely
under physiological conditions. However, it must be con-
sidered that in real biological membranes there is a large
distribution of lipids varying in acyl chain lengths and that,
for a given transmembrane protein, the various constitutive
a-helices can vary in length and tilting angle with respect to
the bilayer normal. Therefore, the above concept of lipid
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sorting and preference of the protein for fluid-gel interfaces
may be generalized by postulating that the protein is sur-
rounded by more than one lipid species because each of its
a-helices may select the type of lipid molecule whose acyl
chains best match the actual helix length and tilting angle.

The function of BR is believed not to be associated with
any conformational changes that alter the hydrophobic
length of the membrane domain. However, this may be the
case for other proteins, whose function therefore can be
controlled by the lipid bilayer structure near the protein.
Rhodopsin is an example of such an integral membrane
protein, whose meta I to meta II transition, which is related
to the visual process in the retina, recently has been shown
to be influenced by the hydrophobic matching at the inter-
face (Brown, 1994). It would obviously be of interest to
extend the experimental techniques advanced in this paper
to model membranes with rhodopsin to systematically ex-
plore the details of this triggering mechanism. Furthermore,
it would be of interest to investigate whether structured
concentration profiles around the protein might facilitate a
medium-range lipid-mediated indirect protein-protein at-
traction that could have influence on the state of protein
segregation and/or aggregation, which would be of biolog-
ical relevance for those proteins whose biological activity
depends on their aggregational state (Kaprelyants, 1988;
Andersen, 1989).

It is likely that the molecular sorting mechanism de-
scribed in the present paper in the case of bacteriorhodopsin
is operative for a large class of integral membrane proteins.
An example is the hydrophobic pulmonary surfactant pro-
teins SP-C and SP-B, which were recently (Horowitz, 1995)
shown by fluorescence energy transfer experiments to be
associated with different palmitoyl lipids according to the
hydrophobic matching principle. It is also likely that the
molecular sorting mechanism and its overall effect on the
organization of lipid-protein assemblies provides mem-
branes with a general and effective means of compartmen-
talization by exploiting the slow reorganization dynamics of
binary lipid mixtures (Jgrgensen et al., 1996; Mouritsen et
al., 1996; Schram and Thompson, 1997).

A further perspective of the present work is related to the
general mechanism of drug action on membranes. Recent
theoretical studies have suggested that certain drugs tend to
accumulate along the dynamic interfaces between the fluid
and the gel domains formed in the transition region of lipid
bilayers (Jgrgensen et al., 1991). Experimental work on the
effects of general and local anesthetics on the acetylcholine
receptor (Arias et al., 1990; Fraser et al., 1990) have further
indicated that the drug changes the lipid-protein interfacial
region. Hence it would be of interest, in light of the results
presented in the present paper, to investigate whether part
of the drug action is related to changes in the efficiency
of protein-molecular sorting of lipids at the protein-lipid
interface.
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