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ABSTRACT: Rhodopsin is an important example of a G protein-coupled receptor (GPCR) in which 11-
cis-retinal is the ligand and acts as an inverse agonist. Photolysis of rhodopsin leads to formation of the
activated meta II state from its precursor meta I. Various mechanisms have been proposed to explain how
the membrane composition affects the meta I-meta II conformational equilibrium in the visual process.
For rod disk membranes and recombinant membranes containing rhodopsin, the lipid properties have
been discussed in terms of elastic deformation of the bilayer. Here we have investigated the relation of
nonlamellar-forming lipids, such as dioleoylphosphatidylethanolamine (DOPE), together with dioleoylphos-
phatidylcholine (DOPC), to the photochemistry of membrane-bound rhodopsin. We conducted flash
photolysis experiments for bovine rhodopsin recombined with DOPE/DOPC mixtures (0:100 to 75:25) as
a function of pH to explore the dependence of the photochemical activity on the monolayer curvature
free energy of the membrane. It is well-known that DOPC forms bilayers, whereas DOPE has a propensity
to adopt the nonlamellar, reverse hexagonal (HII) phase. In the case of neutral DOPE/DOPC recombinants,
calculations of the membrane surface pH confirmed that an increase in DOPE favored the meta II state.
Moreover, doubling the PE headgroup content versus the native rod membranes substituted for the
polyunsaturated, docosahexaenoic acyl chains (22:6ω3), suggesting rhodopsin function is associated with
a balance of forces within the bilayer. The data are interpreted by applying aflexible surface model, in
which the meta II state is stabilized by lipids tending to form the HII phase, with a negative spontaneous
curvature. A simple theory, based on principles of surface chemistry, for coupling the energetics of
membrane proteins to material properties of the bilayer lipids is described. For rhodopsin, the free energy
balance of the receptor and the lipids is altered by photoisomerization of retinal and involves curvature
stress/strain of the membrane (frustration). A new biophysical principle is introduced: matching of the
spontaneous curVature of the lipid bilayer to the mean curvature of the lipid/water interface adjacent to
the protein, which balances the lipid/protein solvation energy. In this manner, the thermodynamic driving
force for the meta I-meta II conformational change of rhodopsin is tightly controlled by mixtures of
nonlamellar-forming lipids having distinctive material properties.

Among the central questions of biochemistry are the role
of the lipid diversity of biomembranes and the relation of
lipid properties to protein-mediated cellular functions. Ac-
cording to the fluid-mosaic model (1), the lipid bilayer acts
as a permeability barrier and is mainly a structural element
or matrix for the vectorial organization of membrane proteins

(2). A key property is a sufficient degree of fluidity of the
bilayer, but apart from this aspect the lipids do not play any
direct role in the activities of proteins. Moreover, the central
paradigm represented by the fluid-mosaic model focuses
exclusively on the lamellar phase of membrane lipids. The
standard model largely neglects membrane deformation (3-
7) and related dynamical processes (8), which correspond
to the nonlamellar-forming tendency of many biomembrane
lipids (9-15). Current research indicates that the propensity
of membrane lipids to adopt nonlamellar phases may be
related to the activities of membrane proteins (3, 16-19)
and peptides (20-24). Consequently, the fluid-mosaic model
may require modification or possibly replacement by a new
biomembrane model.

Recent attention in membrane biochemistry has focused
on G protein-coupled receptors (GPCRs),1 and in this regard
rhodopsin is a paramount example (25). It is estimated that
≈20% of the genes of the human genome code for membrane
proteins, many of which are believed to be GPCRs (26).
Progress in structural investigations of rhodopsin, e.g.,
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employing site-directed spin-label EPR spectroscopy (27-
29), has culminated in elucidation of its X-ray crystal
structure (26, 30). Research from this laboratory (3, 4, 18,
25, 31) suggests the bilayer lipid environment is very
important in governing the photochemical activity of rhodop-
sin linked to triggering of the visual process. The effects of
membrane lipids on functional parameters of rhodopsin (3,
4, 18, 25, 31-37) are comparable to those observed in site-
directed mutagenesis studies of the protein in detergent
micelles (38-40). As rhodopsin is a prototype for integral
membrane proteins and GPCRs, it is plausible that these
findings are generally relevant for structure-function rela-
tionships involving biomembranes. Other examples of lipid
modulation of protein functions include the activities of Ca2+-
ATPase from muscle sarcoplasmic reticulum (41), manno-
syltransferase II and dolichyl-phosphomannose synthase from
liver microsomes (17), nicotinic acetylcholine receptor (42),
Ca2+-activated potassium channel (43), and finally the growth
of microorganisms (44, 45) as well as eukaryotic cells (46).
Significant influences of the membrane lipid composition
also occur in the case of membrane-embedded peptides (21-
24, 47, 48). However, it is mainly for rhodopsin that the
effects of bilayer lipids on the conformational energetics of
an integral membrane protein have been studied directly in
real time, demonstrating a role in protein-mediated function
at the molecular level (3, 18, 31, 33, 34, 36, 37).

It is known that the lipid composition of the retina includes
phosphatidylcholine (PC), phosphatidylethanolamine (PE),
and phosphatidylserine (PS), together with highly polyun-
saturated fatty acyl groups of theω3 series, such as
docosahexaenoic acid (DHA; 22:6ω3) (49, 50). Studies of
animal models have shown that a reduction in DHA is
correlated with retinal degeneration, which is accompanied
by an increase in retinal PE (51). Alteration of retinal DHA
is also associated with a perturbation of the photochemistry
of rhodopsin in ω3 fatty acid-deficient rats (52). One
possibility is that the lipid influences are due to specific
lipid-rhodopsin interactions (53), e.g., in which a single
bound PS molecule is released into the bulk lipid phase upon
activation of the photoreceptor (54). Alternatively, we have
proposed that the lipid diversity of membranes is associated
with their average or material properties (4). Earlier formula-
tions of nonspecific lipid-protein interactions have involved
a mattress model, emphasizing hydrophobic matching of the
lipids to the protein intramembraneous surface in terms of
lipid phase equilibria (55, 56). Recent attention has focused
on the possible role of lipid rafts in receptor mechanisms
(57). Yet in the native retinal rod membranes, the lipids are
entirely in the fluid (LR) phase near physiological temperature
(58). Here the PE headgroups promote a condensation of
the bilayer aqueous interface, whereas the bulky DHA chains
favor an increased cross-sectional area, leading to a bending
moment of the individual monolayers (18). As a result, there
is a tendency of the native rod outer segment (ROS) lipids

to form nonlamellar, reverse hexagonal (HII) and/or cubic
phases (10). Following Helfrich (59), we have proposed a
flexible surface model (3, 4), in which the spontaneous
curVature of the membrane represents a key aspect. The
curvature free energy (gc) depends on a combination of forces
within the headgroup and acyl chain regions of the bilayer
and is given by

whereκ is the force constant (bending rigidity),HL is the
monolayer curvature of the lipid film, andH0

L is the natural
or spontaneous curvature. A mechanism involving coupling
of the elastic area or curvature stress/strain of the planar
bilayer lipids (frustration) to the chain packing energy at
the intramembraneous protein surface yields an energy
balance (3, 4) that explains the lipid influences on rhodopsin-
mediated functions (3, 18, 33, 34, 36, 37, 60). Equivalently,
one can consider the lateral pressure profile across the lipid
bilayer (7, 61-63), or an approach in terms of molecular-
level interaction constants can be used (6). The concept of
elastic stress/strain provides a natural explanation for the
combined effects of the phospholipid headgroups and the
acyl chain composition on protein-related activities of
biomembranes (4, 25).

The research in this paper has further addressed the
question of whether such lipid influences are chemically
specific (53, 54) or rather originate from nonspecific material
properties of the membrane bilayer (3, 4, 25). A series of
lipid substitution experiments were carried out to explore
the combined effects of the membrane lipid polar headgroups
and acyl chains on rhodopsin function (3). Absorption of
light leads to 11-cis to all-trans isomerization of retinal,
followed by a conformational change of the protein involving
two key intermediate states, meta I and meta II (25). The
meta II state interacts with a heterotrimeric G protein
(transducin), leading to activation of its effector phosphodi-
esterase and a visual nerve impulse (64). Our work has
reduced the problem to studies of the meta I-meta II
transition of rhodopsin in binary mixtures of dioleoylphos-
phatidylethanolamine (DOPE) and dioleoylphosphatidylcho-
line (DOPC). The phospholipids DOPE and DOPC are
electrically neutral and have been used for many years to
study lipid polymorphism (11). Rhodopsin was recombined
with various molar ratios of DOPE and DOPC to explore
how the energetic parameters of the meta I-meta II transition
depend on the membrane lipid composition. Using time-
resolved flash photolysis techniques, pH titration curves were
obtained for the acid-base metarhodopsin equilibrium on
the millisecond time scale following an actinic light pulse.
We discovered that PEheadgroupscan compensate for a
lack of polyunsaturatedacyl chains, suggesting that rhodop-
sin function is associated with a nonspecific balance of forces
within the bilayer (4). Our results imply that, in recombinants
with nonlamellar-forming lipids, the curvature free energy
of the membrane film yields a source of work for the meta
I-meta II equilibrium. These new findings reveal that
material properties of the lipid bilayer (3, 4, 25) are important
in modulating the conformational energetics of integral
membrane proteins such as rhodopsin. Several preliminary
reports of this research have appeared (65, 66).

1 Abbreviations: EPR, electron paramagnetic resonance; DHA,
docosahexaenoic acid; DOPC, dioleoylphosphatidylcholine; DOPE,
dioleoylphosphatidylethanolamine; DTAB, dodecyltrimethylammonium
bromide; DTT, dithiothreitol; egg PC, egg yolk phosphatidylcholine;
GPCR, G protein-coupled receptor; meta I, metarhodopsin I; meta II,
metarhodopsin II; PC, phosphatidylcholine or phosphocholine; PE,
phosphatidylethanolamine or phosphoethanolamine; PMT, photomul-
tiplier tube; PS, phosphatidylserine or phosphoserine; ROS, rod outer
segment; SPR, surface plasmon resonance.

gc ) κ(HL - H0
L)2 (1)
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MATERIALS AND METHODS

Preparation of NatiVe ROS Membranes and DOPE/DOPC
Recombinant Membranes.Native ROS membranes were
isolated as described (67) from frozen bovine retinas (W. L.
Lawson Co., Lincoln, NE) and stored at-70°C under argon.
All manipulations were carried out in dim red light (15 W
bulb, Kodak Safelight filter no. 1). TheA280/A500 absorbance
ratio was typically 2.4( 0.1, as determined spectrophoto-
metrically by solubilizing 100µL of membranes in 900µL
of a detergent buffer solution comprising 30% (v/v) Amm-
onyx LO (Stepan Co., Northfield, IL), 100 mM hydroxyl-
amine (Sigma Chemical Co., St. Louis, MO), and 10 mM
sodium phosphate, pH 7.0. DOPE and DOPC were obtained
from Avanti Polar Lipids (Alabaster, AL) and were used as
received. The purification of rhodopsin from ROS mem-
branes (68) was performed using a hydroxyapatite column
(2.5 × 6.5 cm) (DNA grade Bio-Gel HTP; Bio-Rad
Laboratories, Hercules, CA), equilibrated with 100 mM
DTAB detergent, 15 mM sodium phosphate, pH 6.8, and 1
mM DTT at 4 °C. A linear gradient of 0.0-0.5 M NaCl
was applied with a flow rate of 0.4 mL min-1 to elute the
rhodopsin. Recombinant membranes were formed by first
evaporating mixtures of DOPE/DOPC to a constant weight.
Next, the chloroform-free lipids were solubilized in an excess
of DTAB. The purified rhodopsin in DTAB corresponding
to a total lipid/rhodopsin molar ratio of 100:1 was then added,
and the mixture incubated for 45 min at 4°C. The preparation
was dialyzed at 4°C against 0.5 L mg-1 of rhodopsin of 5
mM Hepes buffer containing 1 mM EDTA at pH 6.8, under
a constant nitrogen stream, either for 2 days, exchanging the
buffer every 4 h (68), or for 4 days, exchanging the buffer
every 12 h (3). Finally, the recombinant membranes were
harvested by centrifugation and resuspended in 67 mM
sodium phosphate, pH 7.0.

Flash Photolysis Measurements. Flash photolysis data
were acquired using a home-built single-beam spectropho-
tometer, having an optical path length (l) of 5 cm (3, 18,
31). The instrument was set to monitor changes in light
transmission at 478 nm for metarhodopsin I, with a sampling
interval of 50µs and a total acquisition time of 400 ms. The
increase in transmittance following flash photolysis was due
to formation of meta II from the mixture of rhodopsin and
meta I produced by the single actinic light pulse. The fraction
of rhodopsin bleached was monitored using a Varian 2290
spectrophotometer as described (3). After the UV-visible
absorption spectrum of the membranes solubilized in deter-
gent buffer was recorded (cf. above), the samples were fully
bleached (six flashes) with a Sunpack AP-52 flash unit fitted
with a Schott OG 515 filter (transmission cutoff below 515
nm), which yielded the spectral baseline for the calculations.
Measurement of the absorbance change at 500 nm relative
to the nonflashed control sample provided the degree of
photolysis (≈20-25%). A phototransient was recorded after
the first flash, and after numerous flashes were delivered to
the sample, or until no change in the output voltage was
observed. The repeated flashes yielded a record of the
scattered flash lamp afterglow.

For the flash photolysis experiments, the ROS membranes
and rhodopsin/DOPE/DOPC recombinants were resuspended
in 10 mM sodium phosphate buffer at the desired pH to yield
a final rhodopsin concentration of 2.2µM. Prior to data

acquisition, the samples were placed in an ice/water bath
and lightly sonicated (Heat Systems-Ultrasonics, Inc., model
W375, Plainview, NY) with a 50% duty cycle for 3 min
under argon. The influences of the variable light scattering
as well as the accuracy of the optical path alignment were
compensated by adjusting the electrooptical gain, which is
controlled by the voltage across the photomultiplier tube
(PMT). In our experiments, the preflash PMT output voltage
was set to a constant value of 10 V for all measurements.
With this correction, it was found that the sonication
procedure did not appreciably change the magnitudes of the
flash transients of the membranes (69). This also ruled out
the possibility of influences of the size or curvature of the
membrane preparations, which in the case of the recombi-
nants were≈4000 Å prior to sonication (68). Further control
studies showed that the absorbance change (∆A) due to the
meta I-meta II transition was proportional to the fraction
of rhodopsin bleached (f) following a single actinic flash.
This implied the ratio of∆A to f was constant under given
conditions of temperature and pH. Consequently, the mole
fraction of meta II (θ) formed in the meta I-meta II
equilibrium was independent of the percentage of rhodopsin
bleached in the photolysis experiments.

Reduction and Analysis of Flash Photolysis Data. For the
purpose of data analysis, a simple acid-base equilibrium
for the meta I-meta II transition was considered, viz., meta
I + νH3O+ h meta II, usingν ) 1. The stoichiometry of
hydronium ions has been previously investigated, yielding
values in the range of 0.7-2.0 (70-72). The molar transmit-
tance at 478 nm following the actinic flash was presumed
to be due solely to changes in the concentration of rhodopsin.
From the molar absorption coefficient of rhodopsin,ε498

rho )
40 600 M-1 cm-1 at 498 nm, a value ofε478

rho ) 37 000 M-1

cm-1 at 478 nm was estimated from the experimental
absorption spectrum (3). The meta I intermediate was
assumed to have a molar absorption coefficient ofε478

MI )
44 000 M-1 cm-1 at 478 nm (3). The absorption at 478 nm
due to meta II was taken as zero. The postflash change in
absorbance at 478 nm,∆A478, was obtained directly from
the voltage difference acquired after the flash and converted
to ∆A using the Beer-Lambert law:

whereV0 is the incident light voltage and∆V ) Vpostflash-
Vpreflash. As the preflash voltage was adjusted to a constant
value of 10 V (cf. above), the above equation reduced to
∆A ) 1 - log(10 + ∆V/V). The mole fraction (θ) of
photolyzed rhodopsin in the metarhodopsin II form was
obtained (3) usingθ ) 0.159- 2.07∆A478/f. In fitting the
pH-dependent flash photolysis data, we used the relation

where∆A478
MI ) ∆ε478

MI [rho]0l and∆A478
MII ) ∆ε478

MII [rho]0l, i.e.,
representing the limiting absorbance changes. As noted
above, the initial concentration of rhodopsin [rho]0/f in all
experiments was 2.2µM. The mole fraction (θ) of meta II
formed by flash photolysis was given byθ ) [MII] eq/[MI] eq

+ [MII] eq, where the square brackets indicate molar con-
centrations approximating activities as discussed below.
Fitting of the experimental data was accomplished using the

∆A ) log(Vpreflash/V) - log(Vpreflash+ ∆V/V) (2)

∆A478 ) (1 - θ)∆A478
MI + θ∆A478

MII (3)
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downhill simplex method as implemented in Matlab (The
MathWorks, Inc., Natick, MA).

THEORETICAL BACKGROUND

Thermodynamic Model for Coupling of Bilayer Free
Energy to Integral Membrane Proteins. Here we provide an
expanded description of a novel bilayer-mediated mechanism
suggested previously (3, 4). The key idea is that the lipid-
protein interactions represent a balance of the elastic stress/
strain of the bilayer lipids and the chain packing energy due
to the lipid-protein interface (solvation energy of the
intramembranous protein surface). First, we note that the case
of a membrane is analogous to a solute (the protein) dissolved
in a solvent (the lipids). The above system corresponds to
an ideal dilute solution of lipids and protein. One can then
consider changes of state involving an integral membrane
protein, e.g., a G protein-coupled receptor such as rhodopsin.
The electrochemical potential for a given state (i) is given
by

where the electrical part is

In the above formulazi is the charge,F is the Faraday
constant, andψ is the electrostatic potential. The nonelec-
trostatic part,µi, of the electrochemical potential (at constant
T andP) describes the dependence on concentration and is

where R is the gas constant,T is the temperature,ai )
γi (mi /m°) is the activity of theith component,γi is the
activity coefficient,mi is the molality, andm° ) 1 m (molal)
assuming the Henry’s law (°) standard state. (Activities are
substituted by relative molar concentrations, indicated by
square brackets [ ].) For the equilibrium meta I+ νH3O+ h
meta II, the standard free energy change is∆G° ) µ°MII -
µ°MI - νµ°H+ ) -RT ln Keq, where the equilibrium constant
is Keq ) [MII] eq/[MI] eq[H3O+]eq

ν , which is independent of
pH.

In what follows, we further divide the chemical potential
into various contributions of interest. First we note that in
dealing with pH-dependent equilibria the biochemical stan-
dard state is often used. This corresponds to unit activity of
all components at the bulk pH at which the sample is
buffered, e.g., pH 7.0 (including the hydronium ions), with
ψ ) 0; it is indicated by an additional prime (′). Conse-
quently, the stoichiometry of the hydronium ions does not
appear explicitly (3), avoiding model-dependent assumptions.
The activities (dimensionless) represent the total relative
molar concentrations of the various ionized species, e.g.,
rhodopsin with acidic and basic functional groups. For the
meta I-meta II equilibrium, the chemical potentials areµ°′MI
) µ°MI, µ°′MII ) µ°MII , andµ°′H+ ) µ°H+ + RT ln a°′H+, wherea°′H+

is the bulk hydronium activity in the biochemical standard
state. This gives∆G°′ ) ∆G° + νRT ln a°′H+ ) -RT ln K′,
in which the apparent equilibrium constantK′ ) aMII /aMI ≡
[MII]/[MI] is pH dependent.

Let us assume a continuum model for the free energy
coupling on the mesoscopic length scale of the bilayer

thickness and the embedded protein (3, 4). Such an indirect
mechanism for lipid-protein interactions involves the elastic
stress/strain of the bilayer lipids, together with the (positive)
free energy due to sealing the membrane protein into the
bilayer, viz., the protein solvation energy. Consequently, we
write for the standard part of the chemical potential that

Hereµ°i is the standard chemical potential (kJ mol-1) for a
given state of the membrane, i.e., corresponding to the
Henry’s law standard state;µ°i

,L is the part due to the
membrane lipid bilayer;µ°i

,LP represents the lipid-protein
interface; andµ°i

,P is from the other “internal” protein
contributions. According to eq 7, the nonideality of the
system is attributed to the lipid component of the membrane
and is divided into two parts. The first is due to the lipid
bilayer itself (µ°,L) and the second to the lipid-protein
interaction (µ°,LP). A further source of nonideality involves
the protein-protein interactions, which are assumed to be
independent of the lipid composition. The nonideality of the
protein in each of its conformational states is described by
the corresponding activity coefficientγi and gives a constant
term to the chemical potential, which is not considered
explicitly.

Elastic Deformation of the Membrane Bilayer. Figure 1
illustrates the bilayer-mediated mechanism in schematic
fashion for the case of dark-adapted rhodopsin, the meta-
rhodopsin I state, and the activated metarhodopsin II state.
The various conformational states are modeled as rigid
hydrophobic inclusions having different intramembranous
shapes. To put the formulation on a general footing (4, 25),
we assume two alternative treatments, either in terms of
elastic area deformation of the bilayer surface or, alterna-
tively, in terms of elastic curvature deformation, due to the

FIGURE 1: New biomembrane model involving coupling of
spontaneous curvature of the lipid bilayer to the conformational
energetics of an integral membrane protein (3, 4). Rhodopsin is
shown as an example of a G protein-coupled receptor (GPCR). The
dark-adapted rhodopsin, metarhodopsin I, and metarhodopsin II
states (i) are depicted, together with their standard chemical
potentialsµ°i. Elastic stress/strain of the bilayer is formulated in
terms of a generalized modulusε, together with the corresponding
geometric variableXi

L and its equilibrium valueX0
L. For area

stress/strainε is ka, the area elastic modulus, andXL ≡ AL is the
lipid/water interfacial area. For curvature stress/strainε is κ, the
bending rigidity (splay elastic modulus), andXi

L ≡ Ai
L is the mean

curvature of the opposed monolayers of the bilayer. The lipid/protein
interfacial tension is indicated byγLP, whereAi

P is the area of the
intramembraneous surface of the protein. Finally,Gi

P is the free
energy of the protein, where the asterisk indicates that rhodopsin
is photoexcited. The increase in the lipid/protein interfacial free
energy in the meta II state is balanced by a reduction in curvature
elastic stress due to nonlamellar-forming lipids (frustration).

µ°i ) µ°i
,L + µ°i

,LP + µ°i
,P (7)

µj i ) µi + µi
el (4)

µi
el ) ziFψ (5)

µi ) µ°i + RT ln ai (6)

Lipid Influences on Metarhodopsin II Formation Biochemistry, Vol. 41, No. 20, 20026357



spontaneous curvatures of the two opposed monolayer films
(73).

(i) For the first term in the standard chemical potential,
we can write in general that

i.e., corresponding to a harmonic approximation for the
extensive variable. Here,Xi

L refers to the appropriate geo-
metric variable describing the free energy of the bilayer lipids
in the ith state of the membrane,X0

L is the corresponding
equilibrium value, andε is the force constant (elastic
modulus) that relates the strainXi

L - X0
L to the stress. (For

large deviations higher order terms are expected in the free
energy.) One formulation (3, 4, 55) involves area stress/
strain (frustration) of the bilayer lipids, due to hydrophobic
matching with the protein, giving

In the above formulasAi
L - A0

L is the area strain (Å2), where
Ai

L is the area per lipid at the aqueous interface,A0
L is the

equilibrium lipid area in the absence of protein,γLW is the
interfacial tension of the lipid-protein interface, andka is
the elastic area compressibility modulus (74).

Analogously, using differential geometry we can consider
the curVature stress/strain(frustration), in which the geo-
metrical variable is the mean curvatureH ) (1/2)(1/R1 +
1/R2) of the opposed monomolecular films (leaflets) of the
bilayer, formulated in terms of a neutral (dividing) plane
where the area is constant (75). HereC1 ) 1/R1 andC2 )
1/R2 are the two principal curvatures, allowing for a saddle
shape of the hypersurface describing the force balance due
to the polar headgroups and the acyl chains of the phospho-
lipid bilayer (13, 59). Displacement of the actual mean
curvatureH from the equilibrium spontaneous curvatureH0

leads to a curvature elastic stress (free energy). Further
generalizing eq 1 leads to (59)

wheregc,i is the curvature free energy in theith membrane
state. In eq 10Hi

L is the mean curvature of the thermody-
namic surface corresponding to bending of a given monolayer
of the lipid bilayer,H0

L is the corresponding spontaneous
curvature,κ is the so-called bending rigidity (the splay elastic
modulus),κj is the modulus of Gaussian (saddle) curvature,
andK ) C1C2 is the product of the two principal curvatures.
[It is known from studies of colloidal systems that the
Gaussian curvature exerts a secondary influence, as described
by the Euler characteristic (13, 75).] The curvature elastic
properties are related to the moments of the lateral pressure
profile of the bilayer, as described by Cantor (76). In what
follows, we shall only consider the first term in the above
expression, eq 10, herein designated as thecurVature free
energy.

(ii) The second term in eq 7 corresponds to theacyl chain
packing energy, e.g., due to stretching of the lipid acyl chains
to match the hydrophobic surface of the protein, i.e., the
protein solVation energy. It is given by (4, 32)

where γLP is the interfacial tension of the lipid/protein
interface, viz., the work needed for the membrane lipids to
solvate the hydrophobic surface of the protein with areaAi

P

in the ith state.
(iii) Finally, the “internal” free energy of the protein

inclusion is designated in terms of unspecified other contri-
butions

in which Gi
P is the free energy of the “bare” protein, in the

absence of the bilayer lipids.
Flexible Surface Model for Membrane Lipid-Protein

Interactions. Let us assume the absorbed photon stimulates
photolysis of rhodopsin along its reaction coordinate, yielding
a free energy balance due to the elastic stress/strain of the
lipid bilayer µi°

,L, the chain packing energyµi°
,LP, and the

internal protein energyµi°
,P for each of the conformations

(i). A possible molecular correlate is that isomerization of
the retinal imparts a strain within the protein, for instance,
involving the helix packing (30). This could lead to a change
in tilt or sliding of the transmembrane helices with respect
to the bilayer normal, as suggested by spin-label EPR
spectroscopy (27-29, 77). We also assume that the local
bilayer deformation is described by the curvature free energy,
eq 10; similar considerations apply to elastic area deforma-
tion. As a result, there is a means of coupling the bilayer
curvature stress/strainµi°

,L to the protein via the chain
packing energyµi°

,LP in the various conformational states.
It follows that the standard Gibbs energy change for the

meta I-meta II transition can be written as

The electrostatic part, given by eq 5, does not contribute to
the standard chemical potential and is described below. Since
the nonideality is attributed to the lipids, the∆µi°

,P term is
independent of the membrane composition and provides a
constant which does not affect the analysis (vide supra).
According to eq 13, there is abalanceof the free energy
contributions from the change in thecurVature stress/strain
∆µ°,L and thechain packing energy∆µ°,LP. This leads to

with the appropriate quantity calculus. Assuming the hydro-
phobic surface of the proteinAMII

P increases in forming
meta II (78), the contribution from the last term of eq 14 is
positive, as it costs free energy to form the lipid/protein
interface. Consequently, if the local bilayer curvatureHMII

L

changes in the direction of the spontaneous curvature
H0

L, then a relief of the curvature stress/strain can occur
which is coupled to the mechanical work of the transition.
Hence a driving force could result for a protrusion of the
protein from the membrane bilayer, as indicated by surface
plasmon resonance (SPR) spectroscopy (78).

Elastic Energy-Role of Frustration. We next show that
the above simple ideas can integrate the results of diverse

µ°i
,L ) ε(Xi

L - X0
L)2 (8)

µ°i
,L ) (γLW/Ai

L)(Ai
L - A0

L)2 (9a)

) ka(Ai
L - A0

L)2 (9b)

µ°i
,L ∝ gc,i ) κ(Hi

L - H0
L)2 + κjK (10)

µ°i
,LP ) γLPAi

P (11)

µ°i
,P ) Gi

P (12)

∆G° ) ∆µ°,L + ∆µ°,LP + ∆µ°,P (13)

∆G° ) κ(HMII
L - H0

L)2 - κ(HMI
L - H0

L)2 +

γLP(AMII
P - AMI

P ) (14)
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studies of lipid influences on the meta I-meta II transition
(3, 18, 32-35, 79, 80). The curvature free energy is the work
needed to deform an individual monolayer film of the bilayer
from its spontaneous curvature,H0

L, to the actual mean
curvatureHL, as given by eq 10. It is important to recognize
that the free energy contributions from the curvature stress/
strain and from the chain packing energy cannot be mini-
mized simultaneously (frustration). In the case of nonlamellar
forming lipids, the planar state of the bilayer is under
curvature stress/strain and is balanced by the chain packing
energy, e.g., due to chain stretching (11). Now consider an
integral membrane protein, for instance a G protein-coupled
receptor such as rhodopsin (cf. Figure 1). According to Figure
1, in the rhodopsin state and the meta I intermediate, the
chain packing energy (solvation energy) is less, due to the
smaller hydrophobic contact surface of the protein, whereas
the elastic (curvature) stress is greater. By contrast, in the
meta II state the increased intramembranous area leads to a
greater chain packing energy due to hydrophobic matching,
whereas the elastic (curvature) stress/strain is less. The
reduction of the elastic stress/strain for the opposed mono-
molecular films of the lipid bilayer, both having a negative
spontaneous curvatureH0

L, is due to their curvatureHL

toward water (energetically downhill), leading to relief of
the curvature frustration. The decrease in elastic free energy
compensates for the increased solvation energy of the lipid/
protein interface (energetically uphill). Analogous ideas apply
for the case of elastic area stress/strain of the bilayer (3, 4).

Contribution of CurVature Free Energy to the Meta
I-Meta II Transition. In what follows we are interested in
the role of the elastic curvature stress/strain of the lipid
bilayer, given byµ°,L ) Gc ) ANNAgc. The curvature free
energy density isgc, whereA is the area/lipid (≈70 Å2), N
is the number of lipids per rhodopsin, andNA is Avogadro’s
number. According to eq 14

where the “other” free energies in the decomposition, eq 7,
are independent of the lipid composition. We consider the
curvature free energy per unit area,gc, and make the
assumption that the contributions from the individual com-
ponents of a lipid mixture are additive (21). For a given state
(i) of the membrane, cf. eq 10, we have thatgc,i ) κ(Hi

L -
H0

L)2. Our hypothesis is that the curvature free energy
change,∆gc, depends on the mole fraction of nonlamellar-
forming lipids in the membrane. In the case of a DOPE/
DOPC lipid mixture, the spontaneous curvature is given by
H0

L ) H0
DOPEXDOPE, whereH0

DOPE is the spontaneous curva-
ture of pure DOPE (81) andH0

DOPC ≈ 0. Hence, the change
in monolayer curvature free energy for the meta I-meta II
transition is

Equations 15 and 16b imply the change in Gibbs free energy
∆G° for the protein conformational change depends linearly
on the spontaneous curvatureH0

L of the lipid mixture, e.g.,
comprising DOPE and DOPC. Differentiating with respect

to XDOPE gives the result that

wherekB ) R/NA is the Boltzmann constant, andHMII
L and

HMI
L are the mean curvatures of the meta II and meta I

states, respectively. According to eq 17, the Gibbs free energy
change depends linearly on the mole fractionXDOPE in the
recombinant membranes.

Poisson-Boltzmann Treatment of BulkVersus Surface pH.
As mentioned above, one also needs to consider the
electrostatic contribution to the free energy; cf. eq 5. In the
present example, the surface potential (ψ0) originates from
the charge of rhodopsin, which depends on the pH, as well
as anionic lipids such as PS in the ROS membranes. Here
we need to separate the “direct” electrostatic influences on
the bilayer elasticity from the “indirect” effects of the ionic
composition of the electrical double layer (82, 83). Due to
the surface charge density, there are two possible contribu-
tions that can oppose or reinforce each other: (i) The surface
charge can alter the concentration of hydronium ions, H3O+,
in the electrical double layer, thereby affecting the meta
I-meta II equilibrium due to the proton uptake. Clearly the
negative charge due to PS will increase the surface concen-
tration of H3O+ ions, favoring meta II (3, 84). (ii) The surface
charge (independent of charge sign, viz.,() is expected to
lead to a decrease in the spontaneous curvatureH0

L, favor-
ing the planar state (H0

L ) 0). Given a flexible surface
model, this will oppose the effect of PS on the local H3O+

concentration and favors the meta I state.
The above treatment implies that the electrostatic contribu-

tion to the Gibbs function can be separated from the
nonelectrostatic part in terms of its effect on the H3O+

concentration at the membrane surface. The influence of the
membrane surface potentialψ0 on the distribution of hydro-
nium ions is treated by equating their electrochemical
potential,µj, as given by eqs 4 and 5, at the membrane surface
(ψ ) ψ0) and in the bulk solution (ψ ) 0). This yields
[H3O+]local ) [H3O+]bulk e-zFψ0/RT, wherez) 1 is the protonic
charge. It follows that the local and the bulk pH values are
related by (85)

The surface potentialψ0 is calculated by applying the
Poisson-Boltzmann equation, which for a planar surface
corresponds to the Gouy-Chapman model (82); this is
further described below.

Moreover, for a titratable membrane surface, one must
distinguish between theapparentacid ionization constant
(pKapp) and theintrinsic acid ionization constant (pKint) (86).
The apparent pKa is related to the intrinsic pKa by (82, 85)

Then, the dependence of the mole fraction of meta II (θ) on
the bulk solution pH is given by

HereKapp ) 1/Keq
appandKeq

app) [MII]/[MI][H 3O+]bulk
ν ) exp-

(-∆Gh /RT), where ∆Gh ) ∆G° + νzFψ0, which follows

ln Keq ) -∆G°/RT) -ANNA∆gc/RT- ∆Gother/RT
(15)

∆gc ) κ(HMII
L - H0

L)2 - κ(HMI
L - H0

L)2 (16a)

) -2κ(HMII
L - HMI

L )H0
L + κ(HMII

L 2 - HMI
L 2) (16b)

∂ ln Keq

∂XDOPE
) (2κAN

kBT )(HMII
L - HMI

L )H0
DOPE (17)

pHlocal ) pHbulk + zFψ0/2.303RT (18)

pKapp) pKint + νzFψ0/2.303RT (19)

θ ) 1/(1 + 10νpHbulk-pKapp) (20)
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from eq 4. Because the apparent pKa depends on the
membrane surface potentialψ0, which itself is pH dependent,
a plot ofθ as a function of bulk pH is broadened compared
to a simple two-state equilibrium. Alternatively, the meta II
fraction can be recast in terms of thelocal pH and the
intrinsic pKa,

which gives a Henderson-Hasselbalch titration curve as a
function of the local pH, whereKint ) 1/Keq

int and Keq
int )

[MII]/[MI][H 3O+]local
ν ) exp(-∆G°/RT). It follows that one

can plot the titration curves versus the bulk pH to obtain
pKapp, according to eq 20, or versus the local pH using eq
21 to obtain pKint (82, 85). In either case the pKa is the value
of the pH whereθ ) 1/2. As the thermodynamic state
functions depend on the local pH, we have previously
reported their values assuming the biochemical standard state
(3).

Next, the Gouy-Chapman equation is used to relate the
membrane surface potentialψ0 to the membrane surface
charge density, given by

whereC is the molar salt concentration due to the sodium
phosphate buffer, z ) 1 is the salt valence, andA ) 136.6
M1/2 Å2 (86). In addition, the total surface charge density
per rhodopsin unit cell can be directly calculated usingσ )
Σσbasic

(i) - Σσacidic
(j) - σPS. The charge density contributions

from the basic amino acid residues are given by

in which N is the total surface density of ionizable groups,
assuming a surface area of 4000 Å2 per rhodopsin unit cell,
and pKi is the acid ionization constant of theith titratable
group. Similarly, for the acidic amino acid residues of
rhodopsin, the charge density is

where pKj is the jth acid ionization constant. In the case of
the ROS membranes, the contribution of PS to the charge
density is computed from (72, 86)

Here theKH is the dissociation constant for H3O+, Ksalt is
the dissociation constant for Na+ buffer binding to PS (1/
0.7 M), [H3O+] and [Na+] are the bulk concentrations in the
phosphate buffer, and the intrinsic pKa value for the PS
carboxyl group is 3.6 (72, 85). By iteratively solving the
above system of nonlinear equations, the charge density can
be eliminated and the surface potentialψ0 used to calculate
the local membrane pH using eq 18. Comparison of the data
at the same local pH values then allows one to separate the
electrostatic contribution of the H3O+ ions in the electrical
double layer from the intrinsic or nonelectrostatic part of
the bilayer free energy.

RESULTS

The Photochemistry of Rhodopsin Is Perturbed in Recom-
binants with DOPC. Representative flash photolysis results

for rhodopsin/DOPC (1:100) recombinant membranes and
the native ROS membranes atT ) 28 °C and different pH
values are depicted in Figure 2. The increase of the
photomultiplier tube (PMT) output voltage at 478 nm
following the actinic flash monitors the transient loss of
absorbance due to meta I (λmax ) 478 nm) on the millisecond
time scale and the concomitant production of meta II (λmax

) 380 nm). Earlier work (3, 18) has established that the meta
I-meta II transition is essentially unaffected by the trans-
bilayer asymmetry of the lipid and protein distributions of
the native ROS membranes (25), allowing direct comparison
to the data for the recombinant membranes having a random
orientation. Parts a and b of Figure 2 contrast the results at
T ) 28 °C for rhodopsin in the ROS membranes and DOPC
recombinant membranes at pH 7.0 and 5.0, respectively. For
the DOPC recombinant at pH 7.0, part a, a substantially
diminished phototransient amplitude is observed, whereas
nearly the maximum amount of meta II is formed in the
native ROS membranes. The greater noise in the rhodopsin/
DOPC recombinant membrane sample is due to increased
light scattering, requiring a larger electrooptical gain of the
PMT (cf. Materials and Methods). In addition, a larger initial
artifact due to the flash lamp afterglow is evident for the
more strongly scattering samples due to the higher PMT gain.
The phototransients in part a indicate that the meta I and
meta II states depend on the membrane environment and that

FIGURE 2: Photomultiplier tube (PMT) voltage atλ ) 478 nm
following a single actinic flash for rhodopsin/DOPC recombinant
membranes compared to native ROS membranes atT ) 28 °C. In
part a, the PMT voltage reveals a smaller change at pH 7.0 for the
rhodopsin/DOPC recombinant compared to the native ROS mem-
branes. (The initial overshoot for the DOPC recombinant is a flash
artifact due to light scattering.) By contrast, part b shows that the
PMT increase at pH 5.0 is similar in both cases. The differences in
photochemical behavior reveal the sensitivity of the meta I-meta
II equilibrium to the membrane environment.

θ ) 1/(1 + 10νpHlocal-pKint) (21)

σ ) (C1/2/A) sinh (zFψ0/2RT) (22)

σbasic
(i) ) N/(1 + 10pHlocal-pKi) (23)

σacidic
(j) ) N[1 - 1/(1 + 10pHlocal-pKj)] (24)

σPS) N/[1 + ([H3O
+]/KH + [Na+]/Ksalt) e-Fψ0/RT] (25)
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lipid modulation of the transition occurs. By contrast, part b
reveals that at pH 5.0 the phototransient amplitudes of
rhodopsin in the DOPC recombinant as well as the native
ROS membranes are essentially equal, with nearly the full
amount of meta II formed in each case. These data clearly
show that the differences for rhodopsin in the DOPC
recombinant and in the ROS membranes are due to a
thermodynamically reversible modulation of the meta I-meta
II equilibrium caused by the membrane lipid environment
(69). According to Le Chaˆtelier’s principle, the increased
[H3O+] at acidic pH values drives the equilibrium essentially
to completion in both cases.

The Meta I-Meta II Transition Depends on the Mole
Fraction of DOPE in Recombinant Membranes. The rhodop-
sin/DOPE/DOPC membranes were designed to have the
following molar lipid ratios per rhodopsin: 0:100, 25:75,
50:50, and 75:25. Flash photolysis signals for rhodopsin in
the series of membrane recombinants having different DOPE/
DOPC molar ratios at pH 7.0 are depicted in Figure 3. As
can be seen, the most striking difference among the
recombinant membrane preparations involves the amplitudes
of the phototransients. Parts a-d of Figure 3 reveal that a
greater mole fraction of DOPE leads to a progressive increase
of the PMT voltage change (∆V) at pH 7.0. The diminished
phototransient magnitudes of the recombinants are not due
to the higher lipid/protein ratio compared to the ROS
membranes (87), as studies of egg PC recombinants show
only a ≈10% reduction in the mole fraction of meta II on
increasing from 75 to 100 lipids/rhodopsin (69). Hence,
increasing the mole fraction of phosphoethanolamine head-
groups in the recombinant membranes leads to a greater
production of the activated meta II state at neutral pH. By
contrast, Figure 4 shows that at pH 5.0 nearly the same
photomultiplier output signal is seen for the identical series
of DOPE/DOPC recombinant membranes. Essentially the full
amount of meta II is produced at acidic pH values; i.e., the
reaction is driven to completion in each case, with little

difference among the DOPE/DOPC recombinants. In con-
sequence, the effect of phosphoethanolamine headgroups is
an increase of the pKa of the acid-base metarhodopsin
equilibrium for bilayers having only monounsaturated oleoyl
(18:1) chains atT ) 28 °C, close to physiological temper-
ature.

It is worth noting that, on account of the relatively long
flash duration of≈5 µs, the rhodopsin photointermediates
can in principle absorb a second photon to yield either
rhodopsin (11-cis retinylidene chromophore) or isorhodopsin
(9-cis chromophore). Differences in secondary photolysis
events could potentially cause variations in the yield of meta
II, possibly explaining the differences in the phototransient
magnitudes. However, the fraction of rhodopsin bleached (f)
by the single actinic flash was similar in all experiments (20-
25%), as measured by the loss of the absorbance peak at
500 nm in the presence of hydroxylamine, which traps the
photolysis intermediates as opsin+ retinal oxime (88).
Consequently, the total amount of meta I and meta II is
approximately the same in all cases. Conservation of mass
then indicates that the differences in phototransient magni-
tudes reflect the ratio of meta I and meta II coexisting upon
photolysis.

The pH dependence of the meta I-meta II equilibrium
was further investigated for the DOPE/DOPC recombinants
and native ROS membranes by conducting flash photolysis
experiments over an extended pH range. The analysis and
reduction of the flash photolysis data are illustrated in Figure
5, which shows the effects of progressively increasing the
mole fraction of DOPE in the binary lipid recombinants with
DOPC. The observed photomultiplier output voltage change
(∆V) was converted to the absorbance change (∆A) and to
the mole fraction of metarhodopsin II (θ) produced after the
flash. As an initial approximation, simultaneous fits of the
experimental data to a simple titration equilibrium were
performed according to eqs 3 and 20 using Matlab, either
neglecting the absorbance change at 478 nm due to meta I
(dotted lines) or assuming a positive value (dashed lines)

FIGURE 3: Flash photolysis transients acquired at 478 nm, showing
the influence of DOPE on the photochemical activity of rhodopsin
at T ) 28 °C and pH 7.0. (a-d) Molar ratios of DOPE/DOPC per
rhodopsin of 0:100, 25:75, 50:50, and 75:25, respectively. Atneutral
pH the magnitude of the final PMT voltage is progressively greater
as the mole fraction of DOPE increases. The final voltage for the
DOPE/DOPC (75:25) recombinant is approximately the same as
for the native ROS membranes.

FIGURE 4: Flash photolysis transients obtained atλ ) 478 nm for
rhodopsin in DOPE/DOPC recombinant membranes atT ) 28 °C
and pH 5.0. (a-d) Molar ratios of DOPE/DOPC per rhodopsin of
0:100, 25:75, 50:50, and 75:25, respectively. Atacidic pH the
magnitude of the photomultiplier voltage is only slightly affected
by the membrane lipid composition, so that the final PMT voltage
is similar to that of the native ROS membranes.
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(3). In Figure 5, parts a-d, the values are plotted as a
function of pH for rhodopsin in the series of DOPE/DOPC
recombinants. The results indicate that the fraction of the
meta II state increases with a reduction of the bulk pH of
the sample medium. Assuming a two-state, acid-base
titration equilibrium,apparentpKa values of 6.6( 0.3, 6.8
( 0.3, 7.3( 0.2, and 7.8( 0.1 are obtained for rhodopsin
in the recombinant membranes with increasing DOPE/DOPC
molar ratios ranging from 0:100 to 75:25 atT ) 28 °C,
respectively. A broadening of the titration curves is also
evident, as further discussed below.

Most remarkably, these data show that, by essentially
doubling the native mole fraction to≈75%, the PEhead-
groupscan compensate for the DHAchainsof the native
ROS membranes to yield full photochemical activity in the
binary lipid membrane recombinants. The experimental
findings are summarized in Figure 6, which includes ad-
ditional data obtained for the meta I-meta II transition of
rhodopsin in the series of DOPE/DOPC recombinants. In
parts a-d, the absorbance changes are depicted, together with
reference Henderson-Hasselbalch pH titration curves for
rhodopsin in the egg PC recombinant membranes and the
native ROS membranes. (Note that the pH titration behavior
of an amphoteric membrane surface is more complex; cf.
Theoretical Background.) The progressive shift of the

apparent pKa for the meta I-meta II transition to higher
values is striking. These results demonstrate that the energet-
ics of the conformational transition of rhodopsin from meta
I to meta II differ markedly in these recombinant membranes.
Full nativelike photochemical function of rhodopsin is found
only in the DOPE/DOPC (75:25) recombinant, suggesting
that there is an optimized structure favoring meta II in the
native ROS membranes. From the fits of the data to a simple
acid-base equilibrium, the apparent standard Gibbs energy
changes∆G°′ for the meta I-meta II transition of rhodopsin
in the series of DOPE/DOPC recombinants were calculated
using∆G°′ ) -RTln K′(pH,T), whereK′ ) θ/(1 - θ). Table
1 summarizes the thermodynamic results for pH 5 and 7 at
T ) 28 °C, respectively. Comparing the values of∆G°′, it
is evident that the free energy change becomes more negative
as the mole ratio of DOPE to DOPC increases, approaching
the value for the native ROS membranes. Thus increasing

FIGURE 5: Illustration of analysis and reduction of flash photolysis
results. Data (averaged) were acquired atλ ) 478 nm for rhodopsin
in recombinants with binary DOPE/DOPC mixtures as a function
of pH at T ) 28 °C. The postflash photomultiplier voltage (∆V),
absorbance change (∆A), and the mole fraction of meta II (θ) are
shown. (a-d) Recombinants having DOPE/DOPC molar ratios per
rhodopsin of 0:100, 25:75, 50:50, and 75:25, respectively. The fits
assume the contribution of meta I to the absorbance change is either
positive (-‚‚-) or negligible (‚‚‚) with a bleached fraction off ≈
20%. A progressive shift of the apparent pKa value is evident as
the mole fraction of PE headgroups is increased to approximately
double that of the native ROS membranes.

FIGURE 6: Summary of absorption changes due to meta I-meta II
transition of rhodopsin in DOPE/DOPC recombinants atT ) 28
°C. Additional flash photolysis data are plotted as a function of
the bulk solution pH, yielding titration curves for the meta I-meta
II equilibrium on the millisecond time scale. (a-d) Molar ratios
per rhodopsin of 0:100, 25:75, 50:50, and 75:25, respectively.
Reference data are included for the native ROS membranes (- - -)
and rhodopsin/egg PC (1:100) recombinant membranes (-‚-) (3).
As the DOPE/DOPC ratio is increased, a progressive shift of the
pH titration curve to the right is seen; i.e., more meta II is produced.
The DOPE/DOPC (75:25) recombinant, part d, has approximately
double the native mole fraction of PE and resembles the behavior
of the native ROS membranes.

Table 1: Apparent Standard Gibbs Energy Changes for the
Meta I-Meta II Equilibrium of Rhodopsin in DOPE/DOPC
Recombinant Membranes at 28°C

fraction of meta II (θ) ∆G°′/kJ mol-1 a

sample pH 5b pH 7b pH 5b pH 7b

DOPE/DOPCc

0:100 0.91( 0.01 0.35( 0.03 -5.9( 0.4 +1.5( 0.3
25:75 0.88( 0.01 0.47( 0.02 -5.0( 0.4 +0.3( 0.2
50:50 0.92( 0.01 0.59( 0.02 -6.1( 0.5 -0.9( 0.2
75:25 0.97( 0.01 0.79( 0.01 -8.9( 0.4 -3.4( 0.2

ROS membranes 0.95( 0.01 0.85( 0.03 -7.6( 0.2 -4.3( 0.6
a The biochemical standard state is assumed, i.e., corresponding to

the bulk pH.b Bulk pH values of 5.08( 0.07 and 7.05( 0.04 (mean
( S.D.) were measured before the actinic flash. Calculations utilized
the percentage of rhodopsin bleached (f) as determined for the individual
samples.c The lipid/rhodopsin molar ratio was 100:1.
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DOPC favors the meta I form of photolyzed rhodopsin,
whereas increasing the DOPE content favors meta II.

Electrostatic Treatment of the Meta I-Meta II Transition
and the Role of Bilayer Deformation.In addition, the
membrane surface charge can influence the meta I-meta II
equilibrium of rhodopsin. The membrane surface potential
arises from the amphoteric rhodopsin molecules, as well as
the presence of PS headgroups in the ROS membranes, and
governs the accumulation of protons and other cations within
the diffuse electrical double layer adjacent to the membrane
surface (82). By keeping the [H3O+] relatively high in the
electrical double layer, the presence of PS headgroups can
help to drive the meta I-meta II equilibrium to the right
(Le Châtelier’s principle). Here we have applied a charged-
delocalized picture to study the effect of the membrane
electrostatics, involving application of the Gouy-Chapman
model for treatment of the thermodynamic properties of
charged membrane surfaces (82, 86).

Figure 7 illustrates how the membrane environment of
rhodopsin influences the meta I-meta II transition, when
account is taken of the local hydronium ion concentration
at the bilayer surface. An iterative simplex fit of the charge
densityσ calculated using the Gouy-Chapman model, eq

22, and the charge density calculated directly using eqs 23-
25 was performed using Matlab. For the native ROS
membranes, similar results are obtained for either an asym-
metric or a symmetric transbilayer distribution of the lipids
and rhodopsin, consistent with equilibration of the charged
lipid pool with the protein in both cases (83). In part a, the
flash photolysis data are expressed as the mole fraction of
meta II versus thebulk solution pH, according to eq 20. As
can be seen, the titration curves are broadened compared to
a simple two-state acid-base equilibrium. The pH titration
curve for rhodopsin in the DOPC recombinant is shifted to
lower apparent pKa values compared to the ROS membranes,
whereas the 75% DOPE recombinant closely parallels the
native behavior (vide supra). On the other hand, part b shows
that if the data are plotted against thelocal pH according to
eq 21, there is a substantial modification of the meta II
fraction compared to thebulkpH. A narrowing of the titration
curves is evident, approaching the behavior expected for a
simple acid-base equilibrium. For the native ROS mem-
branes, the pKa value is decreased from an apparent value
of 8.0 ( 0.2 to an intrinsic value of 7.0( 0.2, a difference
of about 1.0 unit. The calculated surface pH gives an intrinsic
pKa value approximately equal to that for titration of a
histidine residue. Note that the intrinsic pKa value of 7.5(
0.01 is higher in the DOPE/DOPC (75:25) recombinant in
part b of Figure 7. Interestingly, it is now the ROS
membranes that are less active in producing meta II. Thus
the intrinsic bilayer properties of the native ROS membranes
are actuallyless faVorable to forming meta II than in the
case of the neutral DOPE/DOPC recombinants.

Dependence of the Meta I-Meta II Free Energy Change
on the Lipid Spontaneous CurVature Supports a Flexible
Surface Model. The present application is simplified by the
fact that neutral lipid mixtures comprising DOPE and DOPC
are mainly considered, allowing comparison at equivalent
bulk pH values (cf. Figure 7). In Figure 8 the applicability
of the flexible surface model to the meta I-meta II transition
of rhodopsin is tested in greater detail. Here we have
considered the relation of the apparent standard Gibbs energy
change∆G°′ ) -RT ln K′ to the mole fraction of DOPE
and to the spontaneous curvatureH0 of the reverse hexagonal
phase cylinders of the DOPE/DOPC lipid mixtures in the
absence of protein. (The results use the apparent equilibrium
constantK′ in place ofKeq, which gives a constant offset.)
Part a shows a plot of lnK′ against the DOPE mole fraction
in the recombinant membrane lipid mixtures at pH 7.0.
According to Theoretical Background, eq 17, a linear
dependence of lnK′ on XDOPE is expected. Moreover, part b
shows that lnK′ varies linearly with the experimental value
of the inverse of the radiusRw of the aqueous core, as
determined for the corresponding HII phase lipids in the
presence ofn-alkanes (related to the spontaneous curvature
H0

L) (21, 81), consistent with eq 16b. Hence, we conclude
that the flexible surface model, involving curvature frustration
as a mechanism for coupling the free energy of the bilayer
lipids to rhodopsin, provides a satisfactory explanation of
the experimental data.

DISCUSSION

Currently, the most thoroughly understood G protein-
coupled receptor is rhodopsin (26, 30, 39, 89, 90), which

FIGURE 7: Comparison of influences of bulk solution pH and
membrane surface pH on the meta I-meta II transition of rhodopsin
in DOPE/DOPC recombinant membranes and native ROS mem-
branes. The mole fraction of meta II (θ) produced by a single actinic
flash (cf. Figure 5) is plotted for recombinants containing DOPE/
DOPC molar ratios per rhodopsin of 0:100 (b) and 75:25 (9) in
comparison to the ROS membranes (0). (a) Mole fraction of meta
II as a function of the bulk solution pH determined potentiometri-
cally. (b) Mole fraction of meta II versus membrane surface pH
calculated using the Gouy-Chapman theory. A symmetric trans-
bilayer distribution of the lipids and rhodopsin is assumed. (For
the ROS membranes little difference is seen for symmetric and
asymmetric distributions; not shown.) Note that theintrinsic pKa
value for the DOPE/DOPC (75:25) recombinant (7.5( 0.01) is
greater than for the native ROS membranes (7.0( 0.2); i.e., more
meta II is produced at the same local pH.
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comprises seven transmembrane helices (30, 91) and is
strongly affected by lipid-protein interactions (3, 4, 18, 25,
32-37, 60, 79, 80). Present knowledge indicates that the
activated form of the protein is meta II, in which the retinal
Schiff base of Lys296 is deprotonated, breaking the salt bridge
to its counterion, the carboxylate group of Glu113. Subsequent
proton uptake involves the protonation of a histidine residue
(92) or possibly Glu134of rhodopsin (72, 90). Previous studies
of lipid substitutions on rhodopsin function have shown that
the meta I-meta II equilibrium can be modulated by the
following: the acyl chain length (bilayer thickness) (4, 31),
unsaturation of the acyl chains (18, 33), cholesterol (60),
the lipid headgroup size (interfacial area) (3, 18), and the
headgroup charge of the lipids (3, 84, 93). An interesting
aspect is that, compared to the native ROS membranes, all
of the various factors yield a similar result. That is, the
apparent pKa for the meta I-meta II equilibrium is shifted
to lower values; i.e., the pH titration curve is displaced to
the left. This implies there must be a common change
occurring in the membrane, which directly affects the protein.
Hence the membrane bilayer may provide a source of work
for conformational changes of integral membrane proteins,
such as rhodopsin, which can be regarded as a nanoscale
engine or a molecular force transducer.

One possibility is that chemically specific properties of
the lipids (54) are required for the maximum, nativelike

photochemical function of rhodopsin. Although specific
lipid-protein interactions (53, 54) involving release of a
bound PS molecule upon activation of rhodopsin (54) may
be important, they do not account for the influences of PS
and PE headgroups on the meta I-meta II transition (3, 84),
which involve substantially larger numbers of lipid mol-
ecules. On the other hand, nonspecific material properties
of the entire assembly may be involved (4). In earlier work
(3) we have concluded that the meta II state is favored by
properties of mixtures of the lipids in the membrane. The
combined effects of the lipid polar headgroups and nonpolar
acyl chains point to the role ofmaterial properties(3, 4) in
modulating the conformational energetics of rhodopsin (3,
18). The above picture is consistent with the phospholipid
composition of the native ROS membranes, which comprises
nearly 50% docosahexaenoic acid (DHA) acyl chains (50).
Electrically neutral DHA chains, in combination with PE,
are known to favor a “wedge shape” on average for the
membrane lipids, promoting a negative monolayer curvature
(94), and are important for optimal function of rhodopsin
under physiological conditions (18). The influences of the
lipid headgroups and acyl chains (3) are consistent with
curVature elastic stressas a basis for the influences of neutral
lipids on rhodopsin function. Such a mechanism involving
coupling of the lipid membrane to the conformational
energetics of rhodopsin is a molecular realization (3, 18) of
the homeostasis of membrane elastic stress (12, 44, 95).

Test of Model-Lipid Substitution Experiments. What are
the key lipid species that influence the bilayer material
properties? The current experiments have explored the
relationship between the polymorphic phase properties of
DOPE (81) and the photochemical activity of rhodopsin. As
a specific framework, we have assumed that the curvature
stress of the DOPE/DOPC mixtures in the membrane bilayer
allows the meta I-meta II change to occur. Two related
structural aspects have been examined in detail: (i) the
correspondence between formation of nonlamellar phases of
the DOPE/DOPC membrane lipid mixtures and the meta
I-meta II conformation change and (ii) the mean curvatures
of the lipids in the meta II state of the DOPE/DOPC
recombinant membranes containing rhodopsin. It is known
that DOPE favors the reverse hexagonal HII phase due to its
negative spontaneous curvatureH0

L, whereas DOPC favors
the lamellar LR phase, with approximately zero spontaneous
curvature (21, 81). The small headgroup size of DOPE
relative to the cross-sectional area of the unsaturated oleoyl
(18:1) chains yields a curvature elastic stress, due to an
imbalance of the lateral forces across the bilayer membrane.
By varying the molar ratio of DOPE/DOPC, one has a means
of tuning or adjusting the average spontaneous curvature of
the membrane. The observation that the meta I/meta II ratio
increases progressively with DOPE content implies that
curvature stress within the bilayer provides a thermodynamic
driving force for the conformational change of rhodopsin
(65, 66, 80).

An important aspect is that we have shown phosphoetha-
nolamine (PE)headgroupscan substitute for polyunsaturated
DHA chainsin the rhodopsin-containing membrane recom-
binants. The fact that both PE headgroups and DHA chains
have equivalent influences suggests that elastic stress/strain
involving the curvature free energy is implicated in modulat-

FIGURE 8: Test of the hypothesis that the meta I-meta II
equilibrium of rhodopsin is governed by the curvature free energy
of neutral membrane lipid mixtures. Semilogarithmic plots of the
apparent equilibrium constantK′ for the meta I-meta II transition
at pH 7.0 andT ) 28 °C are shown (cf. Figure 5), where∆G°′ )
-RT ln K′. (a) Plot of lnK′ against the mole fraction of DOPE,
XDOPE, in the rhodopsin/DOPE/DOPC recombinant membranes. (b)
Graph of lnK′ versus effective spontaneous curvature of the DOPE/
DOPC mixtures, defined as the inverse of the water core radiusRw
of HII phase cylinders in the presence of excessn-alkanes (21, 81).
A nearly linear dependence is observed in either case, suggesting
that the spontaneous curvature of the membrane lipid mixtures
governs the conformational energetics of photolyzed rhodopsin (cf.
text).
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ing the meta I-meta II transition of rhodopsin (18). By
approximately doubling the native mole fraction of PE
headgroups, essentially the full amount of meta II can be
obtained in the DOPE/DOPC recombinant membranes, as
in the ROS native membranes. In the native system the PE
content is maximal (42%) (96), requiring DHA to achieve a
sufficiently large curvature free energy (18). Analogously,
other bulky acyl chains such as phytanic acid can substitute
for DHA (97). It is interesting that the DOPE/DOPC
recombinants as well as the egg PC recombinant and the
native ROS membranes all display titration curves which
are broadened relative to a simple titration equilibrium. This
is to be expected for an amphoteric surface having various
acidic or basic functional groups, i.e., due to the presence
of rhodopsin. For a titratable surface, the local pH depends
on the membrane surface potentialψ0, leading to a stretching
out of the titration curve. Moreover, different meta II species
(64, 71, 90) may be present.

Material Properties of Thin FilmssFree Energy Expan-
sion. Here we have treated the continuum thermodynamic
properties of membranes in analogy with the nanostructures
of surfactant films (98) by applying knowledge from colloid
and interface science. We consider a generalized expansion
of the free energy of a flexible membrane (99), involving
the following material constants (13, 73): (i) the area elastic
moduluska and the equilibrium or optimal area per lipid at
the aqueous interfaceA0

L and (ii) the bending (splay) elastic
modulusκ and the spontaneous mean curvatureH0

L of a
given monolayer of the bilayer. Alternatively, lattice statisti-
cal mechanics (100) can be used to derive a microscopic
model for the bending elasticity of interfacial surfactant films
(101) and proteolipid membranes (62, 63, 76, 102), or a
molecular level theory for lipid-protein interactions can be
considered (6, 7). Our approach is to adopt a flexible surface
model for coupling the free energy of the membrane lipids
to rhodopsin (3, 4), in which the elasticity of the membrane
film is linked to alteration of the solvation energy of the
protein upon activation. Such a protrusion of rhodopsin from
the bilayer may be associated with binding sites for the G
protein (transducin) involving the cytoplasmic loops, as
indicated by surface plasmon resonance (SPR) spectroscopic
measurements (78).

Flexible Surface Model in Relation to Free Energy
Coupling of Bilayer Lipids to Rhodopsin. According to this
new paradigm (3, 4), the free energy coupling involves the
elastic stress/strain of the bilayer, together with the local acyl
chain packing energy of the lipids. Photolysis of rhodopsin
shifts the force balance within the membrane at the meta I
state, involving both the lipid/protein interface and the lipid/
water interface. An altered Laplace pressure (4) acts upon
the lipid/protein interface, given by∆P ) γLP/r, whereγLP

is the lipid/protein interfacial tension andr is the protein
radius (modeled as a cylinder). One possibility is that relief
of the lateral stresses in the bilayer (area frustration) is linked
to the conformational energetics of the membrane-embedded
rhodopsin molecules. Alternatively, the meta I-meta II
conformational transition may be coupled to a change in the
monolayer curvature on either side of the membrane,
involving a neutral (dividing) surface where the area is
constant (curVature frustration) (cf. Figure 1). We have
suggested (4, 25) that a natural interpretation involves the

curvature free energy of the bilayer associated with the
membrane lipid/water interface (11, 13). The curvature strain
(displacement) is proportional to (HL - H0

L), leading to a
curvature stress (force), where the corresponding free energy
is given byκ(HL - H0

L)2. In terms of area strain we obtain
that the elastic free energy is given byka(AL - A0

L)2. In
either case, relief of the elastic stress/strain could be linked
to a shift of the chain packing energy involving the
intramembraneous lipid/rhodopsin surface. One should note
that the above considerations pertain exclusively to the
intrinsic bilayer part of the free energy (see below). For the
case of charged lipids, one needs to separate the contribution
from the counterions in the electrical double layer, due to
the electrostatic part of the free energy, from the bilayer
contributions. However, since the present recombinants
involve neutral DOPE/DOPC mixtures, the local pH is close
to the bulk pH in the vicinity of the isoelectric point of
rhodopsin (cf. Figure 7). Hence, the natural focus is on the
balancebetween the bilayer elastic stress/strain and the acyl
chain packing (solvation) energy (4) and how this balance
is affected by lipid-protein interactions in each of the two
states of the protein, meta I and meta II.

Lipid Polymorphism and Spontaneous CurVatures
Correspondence to Rhodopsin Function? An important aspect
involves the correlation between the polymorphic properties
of the membrane lipids (15, 103) and the spontaneous
curVature (H0

L) of the membrane film (4, 11, 13). The
polymorphism of the amphiphilic molecules is a manifesta-
tion of the balance of the attractive and repulsive forces
acting at the level of the polar headgroups and nonpolar acyl
chains. The spontaneous curvature (or its reciprocal, the
spontaneous radius of curvature) explains the formation of
nonbilayer lipid structures (11-13). Simply put, it is the
tendency of a given monolayer to curl (98, 104). It is essential
to recognize that the spontaneous curvature may or may not
correspond to the real or actual curvature of the membrane
lipid/water interface. For instance, in the planar LR phase,
with zero mean curvatureHL, the spontaneous curvature may
or may not be equal to zero. This is because the additional
contribution from the chain stretching also affects the free
energy balance. Thus, while each of the opposed monolayers
can have a tendency to curve, this is opposed by the chain
packing contribution, leading to stabilization of the planar
microstructure. In fact, there are two opposite possibilities
for the bilayer curvature (13, 98). Typically, amphiphiles with
a single chain, such as lysolipids or ordinary detergents, form
the normal hexagonal (HI) phase, which has a positive
curvature (toward oil) (105). On the other hand, double-chain
surfactants such as phospholipids adopt the reverse hexagonal
(HII) phase, with a negative curvature (toward water) (14).

What is the correspondence to the photochemical activity
of rhodopsin? Here PC can be considered as a reference
system, which together with saturated or monounsaturated
acyl chains yields a small or zero spontaneous curvature, so
that the planar LR phase of the bilayer and hence meta I are
favored (4, 25). Investigations have revealed that lipids giving
rise to a nativelike photochemical function of rhodopsin have
a tendency to form nonlamellar phases in the absence of
protein. The presence of only PC together with DHA does
not suffice to yield full meta II formation (18). Recombinants
with PE alone favor formation of meta II (18) but again do
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not give maximum photochemical activity (3, 18), and
recombinants with PS behave similarly (84). In this regard,
it is known that phospholipids having PE headgroups together
with DHA tend to adopt the nonlamellar, reverse hexagonal
(HII) phase (10). The native mixture of headgroups compris-
ing PC, PE, and PS together with polyunsaturated DHA
chains is close to a LR-HII phase boundary (10, 94) and is
sufficient for maximum photochemical function of rhodopsin
(18). The combination of relatively small PE headgroups
together with bulky, polyunsaturated (DHA) chains leads to
a large negative spontaneous curvature. The negative spon-
taneous curvature of the lipids (toward water) favors the
activated meta II form by relief of the curvature frustration
of the bilayer lipids (4, 25). Moreover, the PE polar
headgroups are able to compensate for the contribution to
H0 from the polyunsaturated DHA chains, as noted above.
By contrast, PS favors meta II due to its influence on the
concentration of hydronium ions, H3O+, in the electrical
double layer, which favor proton uptake by rhodopsin and
formation of the meta II product (84, 93). Yet this is opposed
by the effect of PS on the bilayer lipid spontaneous curvature,
which stabilizes the planar LR state and, thus, the reactant
meta I. These opposite or paradoxical influences of PS render
the membrane sensitive to the surface charge density in the
physiological pH range (83, 84) and thus to phosphorylation
of rhodopsin (72).

Matching of Lipid Spontaneous CurVature to the Lipid/
Protein Interface. In the current work, we have investigated
this functional agonism or antagonism involving the lipid
polar headgroups and the acyl chains in further detail. We
specifically tested whether matching of the average sponta-
neous curvatureH0

L of the lipids to the bilayer curvatureHL

adjacent to the lipid/protein interface can be the determinant
of protein conformation and function (3, 4, 18). For the pure
lipid systems, increasing the amount of DOPE relative to
DOPC leads to formation of the HII phase, where a smaller
radius of curvature corresponds to a larger (negative)
monolayer spontaneous curvature (H0) (81). The present
work reveals that matching of the spontaneous curvature (3,
4) of the DOPE/DOPC mixtures can explain the effects of
the bilayer lipid composition in the case of rhodopsin. We
propose thatlipid agonistsfor the activation of rhodopsin,
in a strict operational sense, act by increasing the elastic
stress/strain in the meta I state and/or decreasing the chain
packing energy (protein solvation energy) in the meta II state.
In the case of rhodopsin lipid agonists have anegatiVe
spontaneous curVature. Consequently, there is a shifting of
the equilibrium to the right, toward the activated meta II state.
By contrast, lipid antagonistsact oppositely, again in a
strictly operational sense. For rhodopsin the lipid antagonists
have approximatelyzero spontaneous curVature and yield
an increased elastic stress/strain in the meta II state, possibly
together with an increase in chain packing energy. Hence
the meta I-meta II equilibrium is shifted to the left, toward
the inactive meta I state. The above formulation leads to the
new principle of matching the spontaneous curvature of the
bilayer lipids to the mean curvature of the lipid/water
interface adjacent to the protein as a unifying biophysical
paradigm.

New Biomembrane Model.The influences of lipid poly-
morphism and the role of the (average) spontaneous curvature

of the membrane lipid bilayer (4, 25) are summarized
schematically in Figure 9. We propose that phospholipids
such as DOPC which have approximately zero spontaneous
curvature H0

L favor the planar (LR) state, part a, and
stabilize the meta I form of rhodopsin. Conversely, phos-
pholipids such as DOPE with a negative spontaneous
curvatureH0

L (toward water) form the reverse hexagonal
(HII) (or inverted cubic) phase, part b, and stabilize the meta
II conformation. Part c of Figure 9 shows the inactive meta
I state of the membrane, where the mean curvatureHL of
the bilayer lipids is approximately zero, thus matchingH0

L

of the LR-forming lipids; cf. part a. Last, part d indicates the
activated meta II state in cross section, in which rhodopsin
is more exposed (78) and the membrane surface has a
negative mean curvatureHL, geometrically conforming to
H0

L of the HII-forming lipids in part b. Due to the meta
I-meta II conformational change of rhodopsin, the curvature
frustration of the membrane is reduced in the meta II state,
which balances the energetic cost of the increased intramem-
braneous hydrophobic protein surface. It follows that the
curvature free energy change of the membrane in the meta
I-meta II equilibrium is energetically coupled to the
mechanical work of rhodopsin photoexcitation in the visual
process. From the slope of the curve in Figure 8, part a, one
can estimate the difference in average curvatures of the lipids
in the meta I and meta II states. An heuristic calculation
assumesκ ≈ 10 kBT andN ) 50 (per monolayer), withA )
70 Å2/lipid, H0

DOPE ) 1/40 Å, andRMI ) 2RMII . Applying eq
17, we estimateRMII ≈ 350 Å for the curvature radius in the
meta II state, consistent with a balance of the curvature free
energy and the protein solvation energy (vide supra). The
corresponding value of∆Gc, using eq 16b, is-4.8 kJ mol-1

for XDOPE) 0.75 at pH 7.0. Thus, a more negative curvature
at the lipid/protein interface in the meta II state versus meta
I would provide a means of free energy coupling of the

FIGURE 9: Schematic illustration of the flexible surface model for
coupling the free energy of bilayer lipids to the conformational
energetics of an integral membrane protein. (a) Planar, liquid-
crystalline (LR) phase of lipids having zero spontaneous curvature,
H0

L. (b) Cross section through a reverse hexagonal (HII) phase lipid
nanotube, with a negative spontaneous curvature. (c) Inactive
conformation of a membrane protein stabilized by lipids with
approximately zero spontaneous curvature. (d) Cross section through
the active conformational state involving nonlamellar-forming lipids
with negative spontaneous curvature. Matching of thespontaneous
curVatureof the membrane lipids to the curvature at the lipid/protein
interfaceHL gives a means of coupling the free energies of the
two components (cf. text).
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bilayer lipids to rhodopsin. Exposure of the G protein binding
sites of rhodopsin can thus be controlled by properties of
the membrane lipid bilayer.

In consequence, the meta I state of rhodopsin is energeti-
cally favored by lipids forming the LR phase, whereas the
meta II state is stabilized by lipids tending to form the
nonlamellar HII or cubic phases. Moreover, for recombinant
bilayers containing cholesterol, we suggest adecreasein
H0

L favors the planar LR state (4) and hence formation of
meta I as observed experimentally (33, 60). By contrast,
osmotic stress increases the magnitude ofH0

L due to a
dehydration of the lipids (13) and favors meta II, in
agreement with experimental observations (34). In this
manner, we are able to account for the influences of diverse
membrane lipids on the conformational energetics of pho-
tolyzed rhodopsin associated with visual signal transduction.
A role of nonspecific biophysical properties of the lipid
bilayer is suggested, centering about the nonlamellar forming
tendency of the mixtures in relation to the photochemical
function of rhodopsin, as defined by the meta I-meta II
transition. It is both the strength and weakness of our
approach that molecularly specific details are not explicitly
considered. Accordingly, the dependence of the meta I-meta
II equilibrium of rhodopsin on the lipid curvature energy
reinforces the hypothesis that rhodopsin functions optimally
when the membrane is under curvature elastic stress (18).

BIOCHEMICAL CONCLUSIONS

The issues of lipid diversity and lipid regulation of cellular
function are addressed in this paper within the framework
of a new biomembrane model. Typically, in biochemistry
textbooks only the planar, lamellar phase of the membrane
lipids is described, as in the standard fluid-mosaic model of
biomembrane structure. Yet evidence is increasing that the
presence of lipids with a tendency to form nonlamellar phases
close to the physiological conditions plays a significant role
in membrane-related activities. Deformation of the bilayer
in conjunction with protein conformational changes explains
the lipid influences on key membrane functions, such as
visual signal transduction. Here we have further tested a new
flexible surface model (4) involving a nonspecific mechanism
for coupling the free energy of the bilayer lipids to membrane
proteins. The central idea involves extending the concept of
the monolayer curvature free energy, as formulated by
Helfrich (59) for surfactant films, to the mesoscopic length
scale characteristic of lipid-protein interactions. In a phos-
pholipid membrane, there can be an appreciable bending
energy associated with instability of the bilayer. This renders
the meta I-meta II transition of rhodopsin sensitive to the
spontaneous curvature of the membrane lipids. The above
hypothesis predicts that the lowest energy state of the
membrane is one in which the curvature free energy of the
lipid film is balanced by the solvation energy of the lipid/
protein interface. This new principle involves matching the
spontaneous curVature of the lipids to the local curvature
of the bilayer surface adjacent to the protein as a unifying
paradigm. Biological activity can then be regulated by
membrane lipids whose spontaneous curvature most closely
matches the active state of the proteolipid assembly. The
compensatory influences of the polar headgroups and acyl
chains of membrane lipids point to the role of chemically

nonspecific material properties of the membrane bilayer in
governing the conformational energetics of membrane pro-
teins, e.g., G protein-coupled receptors such as rhodopsin.
Thus the tightly regulated composition of the retinal rod
membranes may involve mixtures of nonlamellar-forming
lipids having material properties which govern the confor-
mational energetics of rhodopsin in the process of visual
signal transduction.
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