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Abstract
Photoactivation of rhodopsin in lipid bilayers results within milliseconds in a metarhodopsin I
(MI) – metarhodopsin II (MII) equilibrium that is very sensitive to the lipid composition. It has
been well established that lipid bilayers that are under negative curvature elastic stress from
incorporation of lipids like phosphatidylethanolamines (PE) favor formation of MII, the rhodopsin
photointermediate that is capable of activating G protein. Furthermore, formation of the MII state
is favored by negatively charged lipids like phosphatidylserine and by lipids with longer
hydrocarbon chains that yield bilayers with larger membrane hydrophobic thickness. Cholesterol
and rhodopsin-rhodopsin interactions from crowding of rhodopsin molecules in lipid bilayers shift
the MI – MII equilibrium towards MI. A variety of mechanisms seems to be responsible for the
large, lipid-induced shifts between MI and MII: adjustment of the thickness of lipid bilayers to
rhodopsin and adjustment of rhodopsin helicity to the thickness of bilayers, curvature elastic
deformations in the lipid matrix surrounding the protein, direct interactions of PE headgroups and
polyunsaturated hydrocarbon chains with rhodopsin, and direct or lipid-mediated interactions
between rhodopsin molecules.
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1. Introduction
Despite recent progress with expression, purification, crystallization and structural studies of
several G protein-coupled membrane receptors (GPCR) of class A, rhodopsin, the
mammalian dim-light receptor, remains the best-studied GPCR. The initial events of
scotopic visual transduction take place in the disk membranes located in the rod outer
segment (ROS) of rod cells. Each mammalian ROS consists of a stack of 1,000–2,000
distinct disks enclosed by the plasma membrane. The disks are formed from evaginations of
the plasma membrane and move up the length of the rod cell as the disks age [1]. Rhodopsin
is the major protein component (>90%) of a given disk and occupies approximately on third
of its area [2]. The average disk membrane phospholipid composition consists of
approximately 44% phosphatidylcholine (PC), 41% phosphatidylethanolamine (PE), 13%
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phosphatidylserine (PS), and 2% phosphatidylinositol (PI) [3]. The disk membrane contains
a high proportion of the polyunsaturated fatty acid DHA in PS, PE, and PC [4 ]. Cholesterol
concentration decreases from 30 mol% of all phospholipids to about 5 mol% as the disks age
[5, 6]. Lipid distribution is asymmetric with a preferential location of PE and PS in the outer
leaflet [7].

Rhodopsin has seven transmembrane helices (TM) that are connected by cytoplasmic and
extracellular loops as well as an eights amphipathic cytoplasmic helix that follows TM7 and
runs parallel to the membrane surface. The integral membrane receptor consists of the opsin
apoprotein and the chromophore 11-cis retinal which is covalently bound by a protonated
Schiff base to Lys 296 in TM7 and acts in the dark as a strong inverse agonist to constrain
rhodopsin in the inactive conformation with a visible light adsorption maximum at λmax=500
nm [8, 9].

Absorption of a photon generates the moderately strong agonist, all-trans retinal, in situ and
leads to the formation of a spectrally distinguishable equilibrium between a heterogeneous
population of G protein-binding competent metarhodopsin II (MII, λmax=380 nm) and an
inactive metarhodopsin I (MI, λmax=478 nm) [10]. MI formation occurs within a few
microseconds and involves a series of fast transformations mainly occurring near the retinal
binding pocket so that its overall conformation is very similar to dark-adapted rhodopsin
[11]. In contrast, MII formation takes place on the timescale of milliseconds and is
characterized by larger conformational changes taking place outside the protein
photochemical core that are the consequence of three sequential events (i) the deprotonation
of the retinal Schiff base and protonation of its complex counterion [12, 13], (ii) an outward
tilt of TM6 [14, 15], and (iii) the proton uptake by a glutamic acid residue in the
microdomain that forms the ionic lock between TM3 and TM6 [13]. Those structural
changes alter the cytoplasmic receptor surface to allow G protein binding. MII activates
multiple copies of the G protein transducin (Gt) in succession [16], setting off a biochemical
amplification cascade that ultimately results in vivo in the signaling of second order neurons
and the visual signal. In rod outer segments, the reaction ends with rhodopsin
phosphorylation by rhodopsin kinases that allow arrestin binding and prevent further
activation of Gt [17]. Eventually, the photolyzed chromophore is released and opsin is
formed. In a physiological setting, 11-cis-retinal is metabolically supplied during the visual
cycle and the 11-cis-retinal-bound dark adapted state is regenerated [18].

The influence of lipid bilayer properties on rhodopsin photoactivation has been studied for
the past 25 years by the laboratories of Litman and Mitchell [19, 20], Brown [21, 22], and
more recently by us. The aim of this review is to summarize those data and to provide a
mechanistic interpretation of results.

2. Experimental observations
The MI-MII equilibrium is sensitive to:

• Bilayer curvature elastic stress. Addition of PE to the lipid matrix generates
negative curvature elastic stress in lipid monolayers and shifts the MI-MII
equilibrium towards MII with increasing PE concentrations [21, 23–25].

• Structure and dynamics of annular lipids. Lipids with a positively charged amino
group like PE or methylated PE, or lipids with polyunsaturated acyl chains like
docosahexaenoic acid (DHA) favor formation of MII by additional mechanisms
unrelated to curvature elastic stress. Rhodopsin function is influenced by direct
interactions of PE headgroups and DHA chains with rhodopsin [24].
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• Membrane thickness. With increasing thickness of bilayers composed of di-
monounsaturated PCs, the MI-MII equilibrium is shifted toward MII for lipids with
14–18 carbon atoms per chain. The equilibrium shifts back toward MI for lipids
with 20–24 carbon atoms per chain [26]. For a series of PCs with a perdeuterated,
saturated sn-1 hydrocarbon chain and a monounsaturated sn-2 chain, both with 14–
20 carbons per chain, the MI-MII equilibrium shifts steadily toward MII with
increasing acyl chain length [27]. The lipids adjust to the length mismatch to
rhodopsin by stretching or compressing hydrocarbons chains as detected by 2H
NMR order parameter measurements. The crossover from stretching to
compression occurs at a bilayer hydrophobic thickness of 27 Å [28]. Furthermore,
an increase of the helicity of rhodopsin with increasing hydrocarbon chain length
was detected by circular dichroism (CD) suggesting that the length of
transmembrane helices adjusts to bilayer thickness [27].

• Rhodopsin-rhodopsin interactions. For rhodopsin in POPC or SDPC bilayers, the
MI-MII equilibrium is shifted towards MI with increasing rhodopsin concentration
[26, 28, 29]. This shift is correlated with a reduced fraction of perturbed lipids per
rhodopsin detected by 2H NMR [28] as well as an increase of Förster resonance
energy transfer (FRET) efficiency between labeled rhodopsin molecules suggesting
that the shift toward MI is related to rhodopsin oligomerization [26]. The onset of
oligomerization depends on the degree of mismatch of hydrophobic thickness
between the lipid matrix and rhodopsin [28, 30–32] .

• Electric membrane surface potential. Increasing concentrations of negatively
charged phosphatidylserine (PS) at neutral pH or the lowering of pH shift the MI-
MII equilibrium toward MII [33].

• Cholesterol concentration. Addition of cholesterol to PC membranes shifts the MI-
MII equilibrium towards MI [34–36].

3. Rhodopsin-lipid interaction
In this section we attempt interpretation of the experimental results presented above. How
are the properties of membranes linked to the MI-MII equilibrium? The free energy of MI or
MII in a lipid matrix is the sum of the protein’s intrinsic free energy plus the energy of the
surrounding lipid domain perturbed by lipid-protein interactions. The position of the MI-MII
equilibrium depends on the free energy difference between MI and MII. Rhodopsin resides
with higher probability in the state that has lower free energy. Readers that want to learn
more about the thermodynamics of the MI-MII equilibrium in a lipid matrix are referred to
publications by the Brown laboratory [23, 25].

For all integral membrane proteins, transmembrane helices tend to be formed by mostly
hydrophobic amino acids. The matching of the hydrophobic length of transmembrane
helices to the thickness of the hydrophobic core of the bilayer is a general principle of
membrane organization that must be met [37–40]. Exposure of hydrophobic sections of
lipids or protein to water is energetically highly unfavorable and, therefore, prevented by
structural adjustments. They include (i) stretching, compressing, or tilting of the fluid
hydrocarbon chains of lipids in the lipid matrix surrounding the protein, (ii) extension or
contraction of transmembrane helices, (iii) tilting of transmembrane helices either over their
entire length, or tilting of helix segments that are separated by a kink, and (iv) a reduction of
the lipid-exposed protein surface by protein oligomerization. The adjustments in the lipid
matrix to the protein may also generate monolayer curvature [23], e.g. as a result of a tilt of
transmembrane helices. Hydrophobic coupling between lipids and proteins and the resulting
bilayer elastic deformations are interpreted by continuum elastic theory of lipid bilayers
[40–42].
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However, the influence of the lipid matrix on protein function cannot be entirely reduced to
membrane elastic deformations [43]. Intuition, experimental results [44, 45], as well as
molecular simulations [46, 47] strongly suggest that the lipids nearest to the protein
participate in pointed interactions with protein segments via (i) hydrogen bonds between
lipid headgroups and polar residues on the protein [24], (ii) electrostatic interactions
between lipid charges and dipoles in the lipid-water interface and charged amino acids [48] ,
(iii) π- π interactions between double bonds in lipid hydrocarbon chains and aromatic
sidechains on the protein [49], and (iv) cation-π-interactions between positively charged
headgroups and aromatic sidechains [50]. Those interactions are unique for the first layer of
lipids surrounding the protein, and they can not be treated by the formalism of elastic bilayer
deformations that is based on interactions of lipids with each other and with water. In
combination with structural differences between MI and MII that expose different regions of
the protein to the lipid matrix, they may shift the MI-MII equilibrium as well.

3.1. Lipid-rhodopsin hydrophobic mismatch
3.1.1. Adjustment of bilayers to rhodopsin—The experiments on membranes with
variable thickness revealed that rhodopsin prefers residing in bilayers with a hydrophobic
thickness of 27 Å [28]. If bilayers are thinner (negative hydrophobic mismatch), the protein
raises order parameters of lipids, suggesting that lipids near the protein stretch their
hydrocarbon chains to match the hydrophobic length of the protein. If membranes are
thicker (positive hydrophobic mismatch), the lipids near the protein have hydrocarbon
chains with lower order, suggesting that bilayer thickness near the protein is reduced.

Why does increasing bilayer hydrophobic thickness favor MII? Bilayers with lower
hydrophobic thickness than rhodopsin have a negative curvature in their lipid monolayers
near the protein, while bilayers that are thicker have positive monolayer curvature (see Fig.
1). As it was discussed, the transition from MI to MII involves an outward movement of
TM6 [14] and the elongation of TM5 [15], which generates negative curvature in
monolayers near the protein. Thinner bilayers like MMPC (14:0–14:1n5-PC) experience a
further increase in curvature stress from negative curvature while thicker bilayers like EEPC
(20:0–20:1n9-PC) experience a reduction of stress from positive curvature (see Fig. 1). The
reduction of curvature stress with increasing thickness of PC bilayers upon MII formation
shifts the MI-MII equilibrium towards MII as it is observed experimentally.

3.1.2. Adjustment of rhodopsin helicity to bilayer thickness—The adjustment of
bilayer thickness to the protein is only part of the story. The increase in rhodopsin helicity
with increasing bilayer thickness indicates that the protein adjusts to the bilayer as well [27].
We suspect that the number of turns per transmembrane helix increases with increasing
bilayer thickness. This is not surprising since helices tend to form or unwind from the ends
where helical structures are less stable because they are not as well supported by intrahelical
hydrogen bonds as in the center of a helix. Therefore, with increasing bilayer thickness, and
under conditions where oligomerization can be ruled out (see below), two events are taking
place: (i) the lipid matrix tends to adjust its thickness to the protein and (ii) the protein
adjusts its structure to the thickness of the lipid matrix. Structural plasticity of rhodopsin
smoothes out interactions between the protein and the lipid matrix. Since it was reported that
MII formation results in an elongation of TM5 [15], we suspect that the increase of helicity
of rhodopsin with increasing bilayer thickness itself shifts the MI-MII equilibrium toward
MII.

3.2. Membrane curvature elastic deformation vs. direct lipid-rhodopsin interactions
3.2.1. Membrane curvature elasticity—The critical outward movement of TM6 and
the subsequent elongation of TM5 upon MII formation seem to be also responsible for the
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strong shift of the MI-MII equilibrium towards MII by lipids that generate negative
curvature elastic stress in bilayers. The shape change upon MII formation relieves a fraction
of the stress stored in the membrane which in turn lowers the free energy of MII. Our recent
data show a nice quantitative agreement between measured coefficients of curvature
elasticity for the lipid series DOPE-Me2, DOPE-Me1, DOPE and shifts in the MI-MII
equilibrium [24] as predicted by the Flexible Surface Model (FSM) proposed by Brown and
coworkers [23, 25].

However, the discrepancy between theoretical predictions for shifts in the MI-MII
equilibrium and experiments for several other lipids indicates that the change of free energy
due to a release of membrane curvature stress is not the sole determinant of the
conformational energetics of rhodopsin photointermediates. There are additional energetic
contributions that depend on the presence of lipids with certain properties in the lipid matrix,
e.g. lipids with positively charged amino groups as well as polyunsaturated hydrocarbon
chains. We assigned them to direct interactions between lipids and the protein, i.e.
interactions that take place only between annular lipids and rhodopsin [24]. The interactions
appear to be sufficiently weak and transient such that effects on the MI-MII equilibrium
scale with the mole fraction of lipids in the membrane. What could be the nature of those
interactions that contribute to shifts in the MI-MII equilibrium?

3.2.2. Hydrogen Bonding—One of those additional interactions seems to stem from the
ability of lipids to form a hydrogen bond with rhodopsin. That was established by comparing
MI-MII equilibria in POPC, DOPC, DOPE-Me2, DOPE-Me1, and DOPE bilayers. The
lipids DOPE-Me2, DOPE-Me1, and DOPE have in common that their amino group may
form a hydrogen bond with the protein, while POPC and DOPC may not. If the ability of
lipids to form a hydrogen bond with rhodopsin is a critical energetic contribution to the MI-
MII equilibrium, then the shifts in the equilibrium between DOPE-Me2, DOPE-Me1 and
DOPE bilayers should strictly follow predictions from membrane elastic theory and a jump
should occur between DOPC and DOPE-Me2 bilayers. This was confirmed experimentally
[24], suggesting that the propensity of lipid amino groups to establish a hydrogen bond with
rhodopsin shifts the MI-MII equilibrium toward MII.

3.2.3. Polyunsaturated Hydrocarbon Chains—The influence of polyunsaturated
hydrocarbon chains on the MI-MII equilibrium was quantified by replacing the di-
monounsaturated DOPC and DOPE with the mixed-chain saturated/polyunsaturated SDPC
and SDPE [24]. How do membranes rich in polyunsaturated DHA differ from membranes
with less unsaturated hydrocarbon chains? Curvature elasticity and the spontaneous radius of
curvature of SDPE monolayers were measured at our lab and determined to be close to
values of DOPE [51] which eliminates membrane curvature elastic stress as cause for the
shift toward MII. NMR studies as well as quantum chemical calculations and molecular
dynamic simulations revealed a high level of conformational flexibility of DHA chains [52,
53]. By analyzing 13C relaxation data, we showed that even the DHA chains near rhodopsin
isomerize on a timescale of 1–100 ps, and that those chains explore their entire
conformational space within 10 ns [54]. The quantum chemical and molecular mechanical
calculations demonstrated that this flexibility is caused by extremely low potential barriers
in vinyl bonds for changes of dihedral bond angles [53, 55]. We speculate that the low
potential barriers permit the polyunsaturated chains to better adjust to the structure of the
MII photointermediate, shifting the MI-MII equilibrium toward MII.

In crystallographic studies on occasion well structured segments of lipid molecules near
rhodopsin are detected [56]. However, in our NMR studies conducted on fluid bilayers, all
annular lipid molecules remain highly mobile and are in rapid exchange with lipids further
away from the protein [54]. Because of limits in sensitivity, we may not exclude existence of
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a small number of immobilized lipids per rhodopsin molecule that could remain undetected.
However, functional experiments on rhodopsin reconstituted into binary lipid mixtures of
variable composition suggest as well that rapid exchange with lipids in the bulk of the
matrix occurs [24].

3.4. Membrane electrical surface potential
Formation of an ionic lock between TM3 and TM6 requires that Glu134 in the ERY motif of
TM3 is deprotonated which is favored at pH of 7 or higher [13, 15, 25, 57]. A lower pH
favors the protonated state of Glu134, equivalent to an open ionic lock as in MII. The
connection between pH, the concentration of negatively charged lipids in bilayers and
increased formation of MII was studied and quantitatively interpreted by the Brown
laboratory [33]. Negatively charged lipids in the bilayer attract the positively charged
hydronium ions from the cytoplasm which lowers the pH near the surface and favors the
protonated state of Glu134 as in MII.

3.5. Rhodopsin-rhodopsin interactions
Functional studies on model bilayers show beyond doubt that at the physiological ratio of 70
lipids per rhodopsin, the rhodopsin molecules interact with each other, either by formation
of oligomers or via interactions mediated by superposition of lipid domains that surround
each rhodopsin molecule (see Fig. 2). Those interactions shift the MI-MII equilibrium
toward MI [26, 29]. The rhodopsin concentration of onset of interactions depends on
membrane hydrophobic thickness. Any deviation of hydrophobic thickness from 27 Å shifts
formation of rhodopsin-rhodopsin contacts toward lower rhodopsin concentrations [28]. The
high sensitivity of rhodopsin interactions to rhodopsin concentration and to lipid properties
suggests that affinities of rhodopsin molecules for each other are modest. It highlights the
importance of lipid-protein interaction for rhodopsin-rhodopsin contacts.

Most likely, the shift in the MI-MII equilibrium from crowding of rhodopsin molecules in
model membranes depends on both direct associations between rhodopsin molecules as in
oligomers and lipid-mediated interactions. The oligomerization of GPCR and its functional
implications has received a lot of attention lately. For rhodopsin, atomic force microscopy
suggested existence of dimers and oligomers in isolated ROS disk membranes [58].
However, this has not stopped the debate on the existence of rhodopsin oligomers since
microscopy results could have been influenced by sample preparation procedures [59]. A
recent study reported that rhodopsin in ROS is loosely packed in the center of disks [2].
Furthermore, other studies have questioned the functional role of oligomerization by
demonstrating that a rhodopsin monomer is a fully functional unit [60].

The following questions need to be address on oligomerization: what are the properties of
rhodopsin sites where protein-protein interactions occur and how do they depend on lipid-
protein interaction? The lipid-exposed surface of rhodopsin molecules appears to be
heterogeneous about its circumference. The poly- and monounsaturated lipids in the lipid
matrix interact preferentially with a limited number of sites on rhodopsin that are specific
for mono- or polyunsaturated hydrocarbon chains [44, 45]. Coarse-grained molecular
simulations (CG-MD) suggest a localized adaptation of the membrane bilayer to rhodopsin
that is most pronounced near TM2, 4, and 7 [32]. This local membrane deformation appears
to be a key factor defining the rate, extent, and orientational preference of rhodopsin-
rhodopsin associations. The possibility that rhodopsin molecules may influence each other
functionally without direct interactions needs to be better investigated as well [61]. Over
which distances do rhodopsin-induced perturbations of the lipid matrix decay and how does
this decay length depend on lipid composition?
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Experiments on various bilayers conducted as a function of rhodopsin concentration strongly
suggest that rhodopsin-rhodopsin interactions are of functional importance. Clearly, more
experiments are needed to determine the underlying causes for the observed shifts in
function.

3.6. Cholesterol
Addition of cholesterol to membranes shifts the MI-MII equilibrium towards MI [36, 62].
The Litman laboratory related the cholesterol effect to a tighter packing of lipid hydrocarbon
chains which generates a less permissive environment for the formation of MII [62]. But
other factors may contribute as well. Bilayer thickness increases with increasing cholesterol
concentration (compare to sections 3.1 and 3.5) and the lateral area compressibility
coefficient and elastic bending modulus increase altering the energy of membrane elastic
deformations [63]. The cholesterol-induced increase of membrane stiffness increases the
decay length of protein-induced perturbations in the lipid matrix [64], effectively creating a
larger rhodopsin-lipid domain. The latter increases the range of lipid-mediated interactions
between rhodopsin monomers (compare to section 3.5).

Furthermore, cholesterol-containing lipid monolayers have lowest energy at a negative
radius of curvature, suggesting that cholesterol induces negative curvature elastic stress in
lipid bilayers [65]. But membranes under negative curvature elastic stress shift the MI-MII
equilibrium towards MII (see section 3.2.1) which is not generally the case for cholesterol.

Additionally, cholesterol may shift the MI-MII equilibrium through direct interactions with
rhodopsin. Direct interactions between rhodopsin and cholesterol were detected by
fluorescence energy transfer studies [66] and evidence for preferred sites on rhodopsin for
interaction with cholesterol was found in molecular simulations [46]. Existence of a specific
cholesterol binding site was also established for the human β2-adrenergic receptor [67].
Furthermore, it was reported that cholesterol thermally stabilizes rhodopsin [68]. However,
the role of such direct interactions for rhodopsin function remains uncertain.

Last but not least, cholesterol content of membranes is critical for the formation of lateral
domains and clusters. The Litman laboratory has shown that rhodopsin has a preference for
locating in the liquid disordered domains of a lipid matrix formed of saturated DPPC,
polyunsaturated DDPC, and cholesterol [69]. On the other hand, clear evidence for existence
of domains in the membranes of ROS disks has not been presented yet. The technique of
detection of detergent resistant membranes (DRM) by solubilization with Triton X-100 at
4 oC was applied to ROS disks [70], but its value for the study of lateral organization in
membranes is debated (see review by Albert and Boesze-Battaglia [71] and references
therein).

Most likely, cholesterol shifts the MI-MII equilibrium via a combination of several of the
mechanisms described above. More experimental data are required for a better
understanding of the role of cholesterol in rhodopsin function.

4. Are those mechanisms transferable to other GPCR?
Recently, several crystal structures of rhodopsin-like GPCR (class A) were reported.
Although the homology between their amino acid sequences is limited, the general structure
of these GPCR and their mechanisms of activation are surprisingly similar. It appears that
rhodopsin activation is representative for the entire family of class A GPCR. This raises the
question if other GPCR will show a similar sensitivity to lipid composition in their function?
Unfortunately, there are very few data for other GPCR available to make such a comparison
meaningful.
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Recently, we successfully reconstituted recombinant, peripheral cannabinoid receptor CB2
into a lipid matrix of controlled composition and investigated the dependence of G protein
activation by the receptor on anionic lipid and cholesterol content of membranes [72]. While
CB2 activity increased with PS concentration as found for rhodopsin, no changes in function
with a raise of cholesterol content was observed. We speculate that the high sensitivity of
rhodopsin to composition of the lipid matrix may be linked to the type of ligand that
activates the GPCR. While 11-cis retinal is a strong inverse agonist that turns off all basal G
protein activation by dark adapted rhodopsin, all-trans retinal seems to be a weak agonist
that makes rhodopsin activation vulnerable to a variety of cofactors, the composition of the
lipid matrix included. In difference to rhodopsin, other GPCR of class A are known to have
a significant basal activity of G protein activation [73]. It is conceivable that basal activity of
GPCR as well as the level of activation upon interaction with weakly binding ligands could
be particularly sensitive to composition of the lipid matrix.

It must be pointed out that most experiments on reconstituted rhodopsin in model bilayers
have limitations related to sample preparation. While rhodopsin molecules in ROS disks are
oriented with the C-terminal end facing outside, reconstitution of rhodopsin by rapid dilution
most likely produces proteoliposomes with rhodopsin of both orientations. Furthermore,
while lipid composition of monolayers in ROS disk membranes is known to be asymmetric,
the composition of monolayers in recombinant proteoliposomes is likely to be equal. Those
differences in sidedness between ROS disk membranes and model systems may have
consequences for lipid-lipid and lipid-protein interactions that need to be investigated in the
future.

5. Conclusions
Functional studies on rhodopsin reconstituted into bilayers with well-characterized
biophysical properties revealed that the equilibrium of rhodopsin MI-MII
photointermediates responds to membrane hydrophobic thickness, curvature elastic stress,
lipid order, negative electric surface potentials, direct interactions with rhodopsin via PE
headgroups and polyunsaturated hydrocarbon chains, membrane elastic properties, and last
but not least to direct or lipid-mediated interactions between rhodopsin molecules. A
functional influence from rhodopsin-rhodopsin interactions was already observed at
rhodopsin concentrations that are significantly lower than concentrations in rod outer
segment disks. The latter is a reminder that concentration of integral proteins in the lipid
matrix is typically very high. Every protein is surrounded by just a few layers of lipids that
are somewhat perturbed by the presence of the protein. Even if protein molecules have low
affinity for each other, because of their crowding in a lipid matrix an influence on protein
function from oligomerization or lipid-mediated interactions seems almost unavoidable.
This subject requires more attention. It may at least partially explain the frequently observed
crosstalk between GPCR signaling pathways. Cholesterol is known to trigger formation of
lipid domains and clusters. Therefore, cholesterol is likely to play a major role in regulation
of lipid-mediated interactions between GPCR as well.
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GPCR G protein-coupled membrane receptors
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TM transmembrane helix

Gt G protein transducin

MI metarhodopsin I

MII metarhodopsin II

ROS rod outer segments

CD circular dichroism,

FRET Förster resonance energy transfer

EPR electron paramagnetic resonance

EM electron microscopy

CG-MD coarse-grained molecular dynamic simulations

FSM Flexible Surface Model

HII inverse hexagonal phase

PC phosphatidylcholine

PE phosphatidylethanolamine

PS phosphatidylserine

DHA docosahexaenoic acid (22:6n-3)

POPC 1-palmitoyl-2-oleolyl-sn-glycero-3-phosphocholine (16:0-18:1n-9-PC)

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1n-9-18:1n-9-PC)

SDPC 1-stearoyl-2-docosahexaenoyl- sn-glycero-3-phosphocholine (18:0-22:6n-3-
PC)

DOPE-Me1 1,2-dioleoyl-sn-glycero-3-monomethyl-phosphoethanolamine
(18:1n-9-18:1n-9-PE-Me1)

DOPE-Me2 1,2-dioleoyl-sn-glycero-3-dimethyl-phosphoethanolamine
(18:1n-9-18:1n-9-PE-Me2)

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (18:1n-9-18:1n-9-PE)

SDPE 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphoethanolamine
(18:0-22:6n-3-PE)

MMPC 1-myristoyl-2-myristoleoyl-sn-glycero-3-phosphocholine (14:0-14:1n-5-
PC)

EEPC 1-eicosanoyl-2-eicosenoyl-sn-glycero-3-phosphocholine (20:0-20:1n-9-PC)

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (16:0-16:0-PC)

DDPC 1,2-didocosahexaenoyl-sn-glycero-3-phosphocholine (22:6n-3-22:6n-3-PC)

Glossary

Curvature
elastic stress

Lipid monolayers may bend to accommodate lipids with, e.g. smaller
headgroups and wider hydrocarbon chains such as DOPE. In a bent
conformation, those monolayers have lowest energy. When lipid
monolayers form a bilayer, their ability to bend is limited by the
apposing lipid monolayer. For simplicity, let’s assume that a bilayer is a
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flat sheet. Monolayers that have lowest energy when curved are now
elastically deformed to be flat - they are under curvature elastic stress.
The stress in such bilayers can be raised or reduced by integral
membrane proteins, depending on their shape. A protein shaped like an
hourglass is reducing stresses in bilayers composed of lipids like DOPE

Hydrophobic
mismatch

Lipid membranes have a hydrophobic core of hydrocarbon chains, and
integral membrane proteins have sections with transmembrane
orientation formed by amino acids with hydrophobic sidechains. A
difference between the thickness of the bilayer hydrophobic core and the
length of hydrophobic protein sections is called hydrophobic mismatch.
Since exposure of hydrophobic residues to water is energetically costly,
such mismatch results in either an elastic deformation of the membrane
to match the length of hydrophobic protein sections and/or a change of
protein conformation to match the thickness of the hydrophobic layer of
membranes
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Highlights

• adjustment of the thickness of lipid bilayers to rhodopsin,

• adjustment of rhodopsin helicity to the thickness of bilayers,

• curvature elastic deformations in the lipid matrix surrounding the protein,

• direct interactions of PE headgroups and polyunsaturated hydrocarbon chains
with rhodopsin,

• direct or lipid-mediated interactions between rhodopsin molecules.
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Fig. 1.
Schematic presentation of the rhodopsin MI-MII equilibrium in a bilayer with (A) small
hydrophobic thickness as in MMPC (14:0-14:1n-5-PC) and (B) large hydrophobic thickness
as in EEPC (20:0-20:1n-9-PC). The structural transition from MI to MII is shown as change
of shape from cylindrical (MI) to conical (MII). (A) Rhodopsin in thin bilayers has reduced
helicity, probably reflecting a reduction in length of transmembrane helices (transition from
grey to black). The bilayer near rhodopsin adjusts to the length of hydrophobic
transmembrane helices by stretching and tilting of lipid hydrocarbon chains. Lipid
monolayers near the protein have negative radii of curvature. (B) Rhodopsin in thick
bilayers adjusts to bilayer hydrophobic thickness with an increase in helicity (transition from
black to grey). Furthermore, the bilayer adjusts to rhodopsin with a reduction of thickness.
Lipid monolayers near rhodopsin have positive radii of curvature.
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Fig. 2.
Schematic presentation of rhodopsin-rhodopsin interactions triggered by crowding of
rhodopsin molecules in the lipid matrix. At low rhodopsin concentrations (A) rhodopsin
(crosshatched circle) exists preferentially as monomers. The first layer of lipids near the
protein (small grey circles) influences protein function via direct interactions with
rhodopsin. Furthermore, rhodopsin is surrounded by a domain of lipid molecules (shaded
area) that is deformed elastically to adjust the lipid matrix to the protein. Lipids in the first
layer, in the lipid domain surrounding the protein, and in the bulk of the lipid matrix are in
rapid exchange on the timescale of microseconds. At high rhodopsin concentrations, the
rhodopsin molecules interact with each other via (B) a superposition of domains with
elastically perturbed lipid layers or (C) via rhodopsin oligomerization. Oligomerization
reduces the fraction of lipids per rhodopsin that is perturbed by lipid-protein interactions.
The latter is detected by NMR experiments on samples with variable rhodopsin
concentration.
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