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Abstract: Many integral membrane proteins assemble to form oligomeric structures in biological membranes.
In particular, seven-transmembrane helical G protein-coupled receptors (GPCRs) appear to self-assemble
constitutively in membranes, but the mechanism and physiological role of this assembly are unknown. We
developed and employed coarse-grain molecular dynamics (CGMD) models to investigate the molecular
basis of how the physicochemical properties of the phospholipid bilayer membrane affect self-assembly of
visual rhodopsin, a prototypical GPCR. The CGMD method is a mesoscopic simulation technique in which
groups of atoms are mapped to particles on the basis of a four-to-one rule. This systematic reduction of
the degrees of freedom allows for computationally efficient calculation of the structure and dynamics of
molecular assemblies for larger time and length scales than accessible to atomistic models, providing here
an unprecedented view of spontaneous protein assembly in biomembranes. Systems with up to 16 rhodopsin
molecules at a protein-to-lipid ratio of 1:100 were simulated for time scales of up to 8 us. The results
obtained for four different phospholipid environments showed that localized adaptation of the membrane
bilayer to the presence of receptors is reproducibly most pronounced near transmembrane helices 2, 4,
and 7. This local membrane deformation appears to be a key factor defining the rate, extent, and orientational
preference of protein—protein association. The implications of our findings are discussed within a framework
of a generalized mechanism of membrane protein self-assembly.

Introduction In order to address the question of how lipigrotein interac-

) ) . . tions and continuum elastic membrane properties influence the
The classical fluid mosaic model of cell membrardsscribes  11000mer versus dimer stability or the oligomerization propen-

a two-dimensional liquid-like solution of membrane proteins. sity of TM proteins, we attempt to establish a model system

In many cases, integral membrane proteins, including channels,menaple to both experimental and theoretical approaches. Our
and receptors for transmembrane (TM) signaling, assemble 'ntolong-term goal is a detailed thermodynamic picture of the self-

oligomeric structures during biogenesis or in response to ligand assembly process of TM proteins together with a description

binding. In addition, self-assembly or self-organization of 4 nrotein structural features that facilitate or counteract self-
membrane proteins into dimers and higher-order SUUCIUIeS ygqembly. Understanding the interplay between specific-ipid

seems 1o be involve%én sorting and compartmentalization of pqtein interactions and continuum elastic membrane properties
membrane componertSin particular, 7-TM.heI|caI G protein- is thought to be one of the central challenges in biological
coupled receptors (GPCRS), such as the visual receptor rhOdOp'chemistnf?

sin, appear to self-assemble constitutively in membréanes. Hydrophobic mismatch, defined as the difference between
However, the mechanism and physiolqgical role of this assembly 4, length of the hydrophobic part of a TM protein and the
are unknown. Moreover, at least in some cases, randomgqijinrium hydrophobic bilayer thickne&d? was shown to
interactions might have been mistaken for true dimerization. promote self-assembly of rhodopsin reconstituted in membrane
bilayers!'~14 Moreover, the effect of bilayer thickness on the
acid—base equilibrium coupled to rhodopsin activation appeared
to be directly correlated with changes in the oligomerization
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state!* This rather unexpected finding was a key motivation to sociation as a multi-stage mechanism, similar to recent models
investigate the association mechanism in molecular detail. developed for globular proteirt§:3!

Although it has several unique features due to its role as apjethods

photoreceptor molecule, rhodopsin is a prototypical family A )
GPCR and has been employed extensively as a GPCR model Models. In our CG modef? small groups of atoms (35 heavy

. atoms) are united into single interaction centers. All particles interact
5,16 O .
system,>*®our findings may thus apply to other GPCRs. through pairwise short-range Lennard-Jones and Coulomb potentials.

The increasing number of available crystal structures of The strength of the interaction depends on the chemical nature of the
integral membrane proteins drives the quest for novel theoretical particles, which differ by their degree of hydrophilicity as reported by
tools to study their behavior in native-like membrane as- their partition coefficient between polar and apolar media. The latter
sembliest”1° In that regard, one technique that shows consider- iS Used as the basis for the parametrization of the model by means of
able promise is coarse-grain molecular dynamics (CGMD) the solvation free energy _differ_ence petween water a_m_d butane. The
simulations29-26 By reducing the degree of description of the procedure has been described in detail elsewhere for lipid mole€ules.

f hemical f d N The extension of the force field for the modeling of proteins was
system from atoms to chemical groups formed by63non- based on the same philosophy. Other groups have recently used similar

hydrogen atoms, this technique fulfils the required increase in approache®23 Each amino acid side chain was described by one or
system size and time scale as compared to a full atomistic more interaction sites, according to their size, and their type was selected
approach, but conserves the physicochemical properties of theto reproduce as best as possible the solvation free energy difference of
system, thus assuring the right balance of forces. This techniquetheir side-chain analogue between polar and apolar media. The backbone
has been particularly successful in describing several mesoscopitvas described by an apolar (NO) interaction site. Note that the
phenomena involving membrane bilay&&7-26As shown here, association constants of side-chain beads mimicking salt-bridge and
the CGMD method allows researchers to study organization of hydrophobic side-chain interactions were in complete agreement with

membrane proteins in systems well beyond simple pairs of TM
helices, thus closing the gap between lattice mddedsd
atomistic simulations?

atomistic simulations.

The model for rhodopsin was designed to reproduce the shape,
surface polarity, and dynamics of the inactive rhodopsin as reported
by the 1L9H crystal structur&,in which the two missing segments

Here we have extended this approach to the modeling of were built as previously describ&.In that respect, the original

proteins in order to address the question of how the physico-

chemical properties of the membrane lipids might affect self-
assembly of integral membrane proteins. In particular, we
investigate the role of lipid diversityin the self-assembly

process of rhodopsin. First, simulations of rhodopsin as a

monomer (Supporting Information, Movie 1) were used to

conformation and orientation of the helices and loops were constrained
by the addition of artificial bonds between backbone beads. The
irregularities of the structure, for example, the helix kink, are included.
The surface polarity was described by the CG model for proteins, and
the dynamics reported in the manuscript agree well with experimental
data.

Simulations. The molecular dynamics simulations were performed

characterize the response of both the protein and the bilayer toysing the GROMACS program packa(é® with the protocol devel-
the presence of hydrophobic mismatch. Next, we carried out oped for CGMD simulation® The systems were simulated at constant

multi-copy rhodopsin simulations (16 proteins per unit cell;
Supporting Information, Movies 2 and 3) at a protein-to-lipid
ratio of 1:100 in the same bilayer environments. From an initial
condition out-of-equilibrium, where the proteins were fully
dispersed and ordered in the bilayer cell, we followed the

relaxation of the system and analyzed the simulations with the

aim of characterizing the mechanism by which rhodopsins

temperature and pressure under periodic boundary conditions. A time
step of 40 fs resulted in a numerically stable integration.

The simulation times reported in the manuscript are effective times.
The CG dynamics are faster than the all-atom dynamics because the
CG interactions are much smoother compared to atomistic interaétions.
Based on comparison on diffusion constants in the CG model and in
atomistic models, the effective time sampled using the CG-§-3
fold larger. When interpreting the simulations results with the CG

progressively self-assemble into aggregates and ordered lineamodel, a conversion factor of 4 is used, which is effectively a speed-
arrays. We found that localized adaptation of the membrane up factor in the diffusion dynamics of CG water compared to real

bilayer to the protein and surface complementarity are key

factors defining the rate, extent, and orientational preference of

protein—protein association. The results show rhodopsin as-
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223244,

water??

Analysis and visualizations were performed using the GROMACS
and VMD*” program packages and our own scripts and programs.
Details of the models and simulation protocols are published as
Supporting Information.

Results

We first analyzed the adaptation of the lipidiater interface
to the hydrophobic surface of monomeric rhodopsin (one protein
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Figure 1. Membrane bilayers adapt to the presence of rhodopsin monomers. (a) Lateral views of time-averaged density profiles over entire simulations with
the protein molecules centered and aligned before averaging. &heée@sity of rhodopsin (dark blue) is shown with the extracellular and cytoplasmic
domain toward the top and bottom, respectively. Phospholipid glycerol backbones of the bilayers are shown as isodensity surfaces (gray). Below each
bilayer graphic are shown coarse-grain representations of the phospholipids: 1,2-didodepahpgéro-3-phosphocholine, (C12:0C; 1,2-di(10eis-
hexadecenoyl$n-glycero-3-phosphocholine, (C16;PC; 1,2-di(10eis-eicosenoyl)snglycero-3-phosphocholine, (C20:PC; and 1,2-dieicosanoglrglycero-
3-phosphocholine, (C20:)C. Prominent membrane deformations (arrows) mostly consist of membrane thickening; inward deformities representing local
thinning, as well as deformations due to protein tilt. (b) Topographic color contour maps showing the membrane thickness (red-orange to nivegrbnta) def

as in panel a by the distance glycerol density maxima of each monolayer. Rhodopsin is represented by its accessible surface (gray) and by ¢iie positions
individual protein helices, which are shown in color according to the schematic representation below. The data illustrate the localized thilbgigoper

by the presence of the protein. Hydrophobic mismatch results in curvature deformation and adaptation, especially pronounced in the caseOpRGe (C12:
bilayer (far left).

per unit cell at a protein-to-lipid ratie= 1:460) in a series of  revealed a non-uniform hydrophobic length of the TM domain
four phospholipid bilayers with different acyl chain lengths. The of rhodopsin.

average membrane thicknesses, calculated from the density As a monomer, rhodopsin rotation&{;) and translational
distributions of the glycerol backbones, ranged from 2.7 nm (Dyang diffusion both decrease monotonically with the hydro-
for (C12:0pPC bilayers to 4.2 nm for (C20:4HC bilayers phobic bilayer thickness of the membrane (Figure 2a). In the
(Figure 1a). Differences in the average protein tilt and small multi-copy simulations (16 rho), the diffusion coefficients start
protein conformational changes (Supporting Information, Figure with values similar to those in the monomeric simulations
1) both contribute to slight differences in the averagedensity (Figure 2a), but as the systems evolve, protein association leads
distributions of the protein in the different bilayers. The glycerol to up to a 30-fold decrease of rhodopsin rotational mobility in
backbone densities are not homogeneous around the protein anthe case of (C12:0PC and (C16:LPC bilayers. In contrast,
differ for the two bilayer leaflets in the four model bilayers. the maximum change of the translational (lateral) mobility is
This local sampling of the hydrophobitydrophilic boundary only 5-fold, as seen in (C12:4R)C. This behavior is largely in
inscribed in the primary protein structure is consistent with agreement with the different functional dependency of transla-
earlier atomistic simulation®. Rhodopsin leads to alterations tional and rotational diffusion coefficients on the bilayer
of the bilayer thicknesses at particular interfaces between thethickness and the radius of the diffusing obje€ts!! The
protein and the membrane (Figure 1b and Supporting Informa- mobility decreases with the bilayer thickness and the size of
tion Figure 2). Bilayer adaptation is reproducibly most pro- the diffusing object with a stronger effect on the rotational
nounced as local thickening near helices H2, H4, and H7 in mobility. The increase of the effective radius of the diffusing
(C12:0%PC, (C16:1)PC, and (C20:1PC bilayers and as local ~ object upon protein association and the effect on the measured
thinning near helices H1/H8 and H5/H6 in (C2GRAL and rotational mobility® have been used to infer chain-length-
(C20:0yPC. The persistence length of these thickness deforma-dependent protein aggregation by electron paramagnetic reso-
tions is~1—2 nm, consistent with predictions from continuum
models and atomistic simulatioh5!® The localized effects

(39) Saffman, P. G.; Delbok, M. Proc. Natl. Acad. Sci. U.S.A975 72, 3111~
3113

(40) Gambin, Y.; Lopez-Esparza, R.; Reffay, M.; Sierecki, E.; Gov, N. S;
Genest, M.; Hodges, R. S.; Urbach, Rtoc. Natl. Acad. Sci. U.S.2006
(38) Huber, T.; Botelho, A. V.; Beyer, K.; Brown, M. Biophys. J2004 84, 103 2098-2102.
2078-2100. (41) Guigas, G.; Weiss, MBiophys. J2006 91, 2393-2398.
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Figure 2. Membrane bilayer thickness affects rhodopsin self-assembly.
(a) Protein rotationallo) and translational@yang diffusion coefficients

are plotted for rhodopsin in (C1245C, (C16:1)PC, (C20:1)PC, and (C20:
0),PC bilayers with increasing thickness from left to right. The results for
simulations using one rhodopsin (1 rho) and 16 rhodopsins (16 rho) per
simulation cell can be compared for different time intervals, as shown. The
dramatic reduction of rotational mobility in simulations with multiple
rhodopsins in short-chain lipids is indicative of the formation of higher
order protein structures. Rotational mobilit.§) is much more highly
affected than translational mobilitp{a,9 when rhodopsin self-assembles.

the EPR studies, the different chain lengths were compared at
different temperatures, complicating the interpretation as a
purely hydrophobic mismatch effect. In order to clarify the
situation, we studied rhodopsin packing in membranes as a
function of bilayer thickness by fluorescence resonance energy
transfer (FRET) experiments. The results for the homologous
series of unsaturated lipids §),PC (at 20°C and~1:100
protein-to-lipid ratio) gave clear evidence for non-random (non-
ideal) dispersion of rhodopsin in membranes for bilayer thick-
ness deviating from an optimal acyl chain length= 20—22
(Figure 2b)* in good agreement with our simulations.

The evolution of protein contacts from the initially dispersed
proteins in the membrane was analyzed as the buried accessible
surface area (ASA) per proteis,. It reflects the surface area
of the proteins involved in proteifprotein contacts and thus
not accessible to contact with water and membrane phospho-
lipids. Averaged over all proteins and plotted as a function of
time, a,(t) shows how proteifrprotein contacts progressively
exclude intervening phospholipid molecules (Figure 2c). A clear
dependency on the lipid chain length can be appreciated. With
increasing bilayer thickness in the series (C12Q), (C16:
1),PC, and (C20:%1)C, the kinetics of surface burial slows down
progressively. However, in the thickest bilayer studied, (C20:
0),PC, rhodopsin association again accelerates. Note that, in
contrast to the pure bilayet$,we observed that rhodopsin
inhibits gel-phase formation of this lipid. The time series of
the radial correlation functions in the different phospholipid
bilayers revealed a similar kinetics of the self-assembly process
as a function of the bilayer thickness: it proceeds slowest in
(C20:1)PC (Supporting Information Figure 3). The self-
assembly process proceeds beyond dimers (see below), and it
is not straightforward to assign simple rate and equilibrium
constants. Consequently, we restrict ourselves to a qualitative
description in the present development.

Visual inspection of snapshots of the (C16HP¢ and (C20:
1),PC systems evolving over time (Figure 3a,c; Supporting
Information, Movies 2 and 3) confirms the higher propensity
for protein—protein contact interactions in (C16;PC. The
probability histograms?(ay), accumulated over ks segments,
show a rather narrow distribution close to zero within the first
microsecond for both simulations (Figure 3b,d); rhodopsin
monomers predominate initially. However, the formation of

(b) Fluorescence resonance energy transfer (FRET) was used to probeprotein—protein contacts, reflected by the appearance of popula-

rhodopsin packing in membrad&The FRET efficiency is plotted for a
series of lipids (@:1),PC, with the acyl chain length ranging from 14 to

24. The lower the transfer efficiency, the more distant are the probes and
thus the more dispersed are rhodopsins. The optimal chain length for

maximal dispersion i ~ 20—22. Data forn = 24 may include a
contribution from gel-state lipids. (c) The extent of protein association was
quantitated by the buried ASAy,, averaged oveall proteins (probe radius
0.26 nm) and plotted as a function of timey(t), for each of the
simulations listed. By definitiona,(0) = 0 at the beginning of the
simulation and increases over time as proteins associate in the bilayer t

tions of proteins with increasea, is different in (C16:1)PC
and (C20:1)PC. In (C16:1)PC, most monomers are recruited
within 1—2 us, and the system rapidly rearranges into growing
clusters with a strong bias toward highvalues. In (C20:1LPC,
monomer recruitment primarily yields the formation of dimers
within the first 4us (Figure 3c, central panel). Remarkable is
the evolution of the histogram during the same period of

oSimulation. There is a clear reorganization and increase of the

exclude intervening phospholipid molecules. The time-dependent increasedimer interfaces, indicating a search for shape complementarity

in a_b(t) is correlated to bilayer thickness (see Figure la). Protein self-

assembly is highest in thinner bilayers due to greater hydrophobic mismatch.

nance (EPR) experiments® and electron microscopif:#?
Accordingly, our simulations show the highest rotational mobil-
ity in the (C20:1)PC bilayer, which is slightly thicker than the
(C16:0)PC found from the EPR experimerfsHowever, in

(42) Chen, Y. S.; Hubbell, W. LExp. Eye Resl973 17, 517-532.

that maximizesa,. The reorganization of the interfaces is also
visible from the snapshots of the system evolving in time (Figure
3a,c). During the last 4s, more monomers are recruited,
resulting in proteins with more partners corresponding to the
broad distribution ofa, values. The final snapshots show
extended string-like clusters or organization in the (CL&C)
system, whereas in (C20;P)C bilayers, isolated aggregates are
most abundant (Figure 3a,c).

J. AM. CHEM. SOC. = VOL. 129, NO. 33, 2007 10129
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Figure 3. Spontaneous protein oligomerization in bilayers depends on hydrophobic mismatch. (a) Snapshots of instantaneous configurations of the proteins
in the (C16:1)PC bilayer at 0, 2, 4, 6, and& are shown from left to right. The central zone (green) indicates the simulation cell surrounded by periodic
images (light gray). The proteins are uniquely color-coded. (b) The probability distribution histogram of the burieB(AgAfor each individual protein

(probe radius 0.52 nm) for a/s segment of the s simulation in (C16:LPC. The average af, over all molecules is shown as a function of tinag(t)

(red line). (c) Snapshots of instantaneous configurations of the proteins in the (PZDii)ayer. (d) Pdy) in (C20:1»PC. Note that the distribution @,

values for individual proteins in later segments varies more in the case of the (§XD:tijlayer. This indicates that the proteins are less associated than
those in the (C16:%PC bilayer.

To evaluate the structure of the protein assemblies formed Interestingly, the high and lowdCdensity regions in the first
during the simulations (Figure 4a), we constructed the in-plane shell surrounding the central reference protein density exhibit
projections of the @ density of the TM helical segments around some similarities in the different lipid environments, which

each monomer in the system (Figure 4b,c). On thd-2s time

suggests the existence of preferential protgirotein interaction

scale, the projection maps (Figure 4b) show increasing protein sites in rhodopsin. The number of contact interfaces is clearly

Ca density around the reference protein in the series,

(C20:1)PC < (C20:04PC < (C16:1)PC < (C12:0)PC

higher in (C12:0)PC and (C16:1PC, where strong forces are
introduced by the hydrophobic mismatch, than in (C2R0
and (C20:0)PC, where the forces are more in balance. Three
contact zones are clearly visible on the&us time scale in

consistent with the hydrophobic-mismatch-driven process de- (C20:1»PC (Figure 4c). They include previously suggested

scribed above. This order is preserved at th@4s time scale,

homo- and heterodimerization interfaces in rhodopsin and other

where available (Figure 4c). The maps indicate that, on a GPCRs involving the exposed surfaces of the helices H1/H2/
microsecond time scale, two-dimensional short-range order H8, H4/H5, and H6/H7, respectively (reviewed in ref 15). The
evolves in all systems, characteristic for a liquid-like condensed projection maps and contact zones may be compared with the
state of the proteins in the membrane plane, which is consistentpacking of frog rhodopsin in 2D crystai$,which maintains

with the fluid mosaic paradigm, including the feature of lipid-
mediated proteiftprotein interactions.

(43) Schertler, G. F. X.; Hargrave, P. Rroc. Natl. Acad. Sci. U.S.A995
92, 11578-11582.
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Figure 4. Hydrophobic mismatch drives self-assembly of receptors into liquid-like structures with short-range order. (a) Snapshots of instantage@ti®oonfi
of proteins in four different membrane environments ats4 High-order aggregates are visible in (C122@ and (C16:1LPC, whereas mono-, di-, and
trimers are predominant in (C20PC and (C20:QPC. (b) Projection density maps show the lateral density profile of helicadt6ms around a rhodopsin
protein in a central reference position, with their helices oriented similar to the magnified scheme depicted in the lower right corner. The genjsities
obtained from averages in the-2-us range are shown for (C12:@)C, (C16:1)PC, (C20:1)PC, and (C20:QPC bhilayers. The data for (C16:P)C and
(C20:1)PC are averages of two independent simulations. The color scale (red to blue) denotesléresi@y of the TM helical segments. (c) The projection
density maps obtained from averages of a single simulations in-tBeu6 range are shown for (C16:PC and (C20:1LPC bilayers. The density maps (b,c)
exhibit several local maxima in the direct vicinity of the central density, which corresponds to the reference protein, consistent with alghod-iknge
order of the receptors.

the asymmetric protein orientation of the native membranes and How do the data presented here relate to a mechanism of
exhibits receptor packing very similar to the model inferred from rhodopsin self-assembly in membranes? The adaptation of the
atomic force microscopy (AFM) studies of bovine rhodopsin phospholipids to the non-uniform shape of the polar and
in disc membrane&* 1t is striking to compare the locations of  hydrophobic interfaces of the protein results in local deformation
these interaction sites with the regions of the protein that drive of the bilayer from its equilibrium thickness (Figure 1b). This
the strongest response of the membrane to mismatch (Figurecan be assimilated to medium- and long-range attractive forces
1b), most pronounced for (C12:8)C. The fact that they overlap  between protein¥. The simulations with multiple rhodopsins,
indicates that lipie-protein and proteirrprotein interactions  starting from a (non-equilibrium) well-separated initial config-
compete for the same interfaces (see below). uration, allow us to follow the kinetics of the early relaxation
toward equilibrium for rather small ensembles of molecules.
Apparently, strong deformations of the bilayer (Figure 1b) are
In general, proteifrprotein complex formation can be correlated with increased rates of protein association, measured
described as a multi-stage process. The initial step of diffusional py ;b(t) (Figure 2c). In the absence of strong deformation, the
association leads to the diffusional encounter complex, and giffusional encounter appears biased toward non-random sites
subsequent non-diffusional rearrangement yields the fully bound (Figure 3b,d, Figure 4b,c; Supporting Information Figure 4).
complexz?~3t For fast-associating protein pairs, the diffusional - poreover, non-uniform shape limits possible arrangements with
association process is determined by long-range forces, suchyeasonable surface complementarity (Figure 4b,c) that would
as electrostatic interactions, which enable translational and 4yimizea, (Figure 3b,d). The results are consistent with the
orientational steering of proteins toward an aligned diffusional 4tions that local distortion of the bilayer is likely to influence
encounter complex that influences the kinetics of protein 5 gtein interactions and that, for example, the peripheral energy
protein associatioff: Rearrangement of the encounter complex ¢ gistorting the bilayer may enhance interactions that reduce
to the fully bound complex involves desolvation of the protein o heripheral contour leng@Eurthermore, it has been shown
interfaces, and recognition of matching conformations on the y,a+'e|astic deformations of a bilayer, due to either positive or
basis of shape complementarity is a key controlling fattor. negative hydrophobic mismatch, both result in attractive pretein
(44) Liang, Y.; Fotiadis, D.; Filipek, S.; Saperstein, D. A.; Palczewski, K.; Engel, _pmtein interaCtions’ but for ne_g_ative mismaFCh the_‘ attractions
A. J. Biol. Chem2003 278 21655-21662. is less pronounced and an additional energetic barrier apffears.

Discussion
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Our observation of low-occupancy regions surrounding the  In conclusion, we addressed the problem of membrane protein
central protein in the case of (C20;BIC, and to a smaller extent  solvation by lipid bilayers. In particular, we investigated the
in the case of (C20:3pPC (Figure 4b,c), might reflect such effect of hydrophobic mismatch between the bilayer and protein
energetic barriers due to localized negative mismatch. In on protein oligomerization. We chose a model system, the
addition, shell-like structure of solvating lipids results in GPCR rhodopsin, in which self-assembly or self-organization,
energetic barriers for the desolvation process upon proteinas opposed to ligand-induced association or assembly during
contact formatiort® and in analogy to the hydrophobic effect, biosynthesis, predominates, although the functional consequence
it has been suggested that lipid entropy may be an importantof rhodopsin dimerization has been controversial. CGMD
driving force for membrane protein complex formatinive simulations of single and multi-copy rhodopsin in four different
propose that, in membranes, lipid-mediated protgirotein mismatch conditions were performed. In summary, translational
interactions provide an additional mechanism that governs the and rotational protein mobility, protein buried ASA, protein
association procedsby long-range forces and possibly inter- protein radial correlation functions, and projected @ensities
mediate-range repulsive barriers. all describe qualitatively the same behavior of self-assembly
With respect to the oligomeric state of rhodopsin, early kinetics with bilayer thickness: the presence of hydrophobic
biophysical experiments described rhodopsin as a mobile mismatch favors rhodopsin aggregation. Moreover, pretein
monomer in the roecell disc membrané“°in line with the protein interactions inside a membrane bilayer show a site
classical view of a freely diffusing particle in a fluid membrdne. preference related to localized mismatch. Any model system
Recently, AFM images showed rhodopsins arranged in rows has intrinsic limitations, and accurate descriptions of complex
of dimers? 25-50 nm long, tightly packed togethea static biological systems are difficuf However, careful parametriza-
distribution that would appear to conflict with a freely diffusing tion and a dramatically expanded time scale and size dimension
rhodopsir® In agreement with earlier experimental repo#s; of the simulated membrane system have allowed us to identify
our simulations show that rhodopsin does tend to oligomerize novel principles relevant to understanding receptor assembly
and that the membrane environment affects the extent ofin complex biological membranes. We anticipate that future
oligomerization. In addition, we observed a liquid-like order application of the CGMD method will contribute to a better
of the protein in the membrane with a site preference for understanding of the role of lipid diversftgnd protein structufe
protein—protein contacts. Therefore, our view of rhodopsin self- in lipid-mediated proteir-protein interactions. The detailed, yet
assembly in membranes is consistent with the “mosaic” aspectstatic, view on models of complex biological membranes, such
of the fluid mosaic model,where short-range order (patches) as synaptic vesiclég, may be enhanced by our method by
is predicted. The original fluid mosaic model, proposed more addition of the fourth dimensientime.
than three decades ago, already suggested the possibility of
“short-range order” in the membrane, even though order was  acknowledgment. The work was supported by Ellison
thought to be absent over distances of “a few tenths of a \jedical Foundation (T.P.S.) and the Allene Reuss Memorial
micrometer and greate"In the ongoing debate regarding the  Ty,st (T.P.S.). The use of the Dutch national supercomputing

functional and physiological relevance of 7-TM receptor oli- facjlities (SARA) is gratefully acknowledged.
gomerization, especially in Type 1 GPCRg;!51651 these

findings present a future challenge for both experimental and
theoretical approachédecause true dimerization will have to
be discriminated from transient random proteprotein con-
tacts! as well as from hydrophobic-mismatch-driven protein
protein contacts.

Supporting Information Available: Three movies illustrating
typical CGMD trajectories for some systems; detailed descrip-
tion of the forces fields and models used here, additional analysis
plots (Supporting Information Figures-#), and complete refs
21 and 52. This material is available free of charge via the
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