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As supporting online information we collected the information that supports and 
complements the data presented in the main manuscript. First, the systems simulated and 
their construction are presented, followed by a detail description of the model (force 
fields) used in this study. Then details of the protocol of simulation are described, 
followed by the depiction of technical details of the analysis preformed. In a final section 
we present data relevant to this study and not shown in the main manuscript. 
 
Additional movies of the simulations and the force field can be found at the URL:  
http://sakmarsgi.rockefeller.edu/~hubert/RHO-CG/rhodopsin.html  
 
 
 
Systems 
 
The model system used in this study is the GPCR visual pigment rhodopsin embedded 
into phospholipid bilayers.  The visual signaling process has been intensively investigated 
(1, 2).  Rhodopsin belongs to the largest family of GPCRs, the family A or rhodopsin-like 
GPCRs.  GPCRs are involved in signal transduction across cell membranes in processes 
as diverse as vision, taste, olfaction, and neurosynaptic transmission.  GPCRs share a 
common 7-transmembrane (7-TM) helix bundle organization that constitutes the 
transmembrane domain, as exhibited by the crystal structure of rhodopsin. 
 

 S1

http://sakmarsgi.rockefeller.edu/%7Ehubert/RHO-CG/rhodopsin.html


The rhodopsin was studied in 6 unique phospholipid types, which are listed in Table 1.  
The individual systems are shown in Table 2.  Simulations of one rhodopsin in any of the 
6 different phospholipids were performed for a protein to lipid ratio of about 1:470.  The 
simulations with 16 rhodopsin molecules embedded in 4 different lipids involved a 
protein to lipid ratio of exactly 1:100.  The former system was design to model a 
rhodopsin in infinite dilution conditions, whereas the latter was a representation of 
physiological and experimental conditions.   
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Table 1: A summary of the phospholipids used in this study. 

Phospholipid name Label 
1,2-Didodecanoyl-sn-glycero-3-phosphocholine (C12:0)2PC 
1,2-Dihexadecanoyl-sn-glycero-3-phosphocholine (C16:0)2PC 
1,2-Dieicosanoyl-sn-glycero-3-phosphocholine (C20:0)2PC 
1,2-Di(10-cis-hexadecenoyl)-sn-glycero-3-phosphocholine (C16:1)2PC 
1,2-Di(10-cis-eicosenoyl)-sn-glycero-3-phosphocholine (C20:1)2PC 
1,2-Di(10-cis-eicosenoyl)-sn-glycero-3-phosphoethanolamine (C20:1)2PE 

 
 
 
A single rhodopsin was first inserted at the centre of pre-equilibrated bilayers containing 
512 lipids and the lipids overlapping with the protein were removed.  The energy of the 
system was minimized before being free to evolve for 8 μs in each lipid bilayer.  The 
starting conformations for the 16-rhodopsin systems were built as a repeat of the systems 
containing one rhodopsin after minimization.  Lipids were first removed to match the 
1:100 protein to lipid ratio and the system was copied 4 times on both x and y directions 
(the membrane plane).  The energy of the systems was minimized and the membrane was 
relaxed for 40 ns with position restrains applied on the Cα atoms of the protein.  Then the 
systems evolved totally free of restraints for 4 and 8 μs.  Conformations were saved every 
nanosecond for analysis.  The amount of water used to solvate all systems was chosen to 
be sufficient to avoid any possibility of contact between rhodopsin and its periodic 
images in the direction perpendicular to the membrane.  In the pure bilayer simulation a 
typical lipid hydration was about 55 “real” water molecules per lipid, resulting in a lipid 
hydration from 60 to 70 real water molecules per lipid in the systems containing one and 
sixteen rhodopsins, respectively.  Note that in the CG model one water bead represents 4 
real waters (see below).  Table 2 summarizes the simulations performed in this study. 
 
Typically the dimension of the rectangular box containing the unit cell was x=13, y=13 
and z=10 nm, and x=25, y=25 and z=10 nm for the one and 16 rhodopsins systems, 
respectively.  The number of beads ranged from 12406 (464x10 lipids + 727 for 
rhodopsin + 7039 water beads) for one rhodopsin in (C12:0)2PC to 64664 (1600x14 
lipids + 16x727 for rhodopsin + 30632 water beads) for 16 rhodopsins in C(20:0)2PC (see 
Table 2).  A full atomistic representation of these systems would result in 139115 atoms 
(464x106 lipids + 5463 for rhodopsin + 7039x4x3 for the water) and 701392 atoms 
(1600x154 lipids + 16x5463 for rhodopsins + 30632x4x3 for the water), respectively. 
 
The CG model (see description below) allows the simulation of systems that are at least 
one order of magnitude bigger than a corresponding full atomistic representation. 
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Table 2: Summary of the simulations performed. Sim 1 and Sim 2 refer to two 
independent simulations. 
 
 

 

number of 
rhodopsin 

phospholipid Protein to lipid 
ratio 

Simulation length 
(μs) 

Number of 
CG beads 

Number of 
atoms 

1 (C12:0)2PC 1:464 8 12406 139115 
1 (C16:0)2PC 1:472 8 13526 - 
1 (C20:0)2PC 1:472 8 14470 - 
1 (C16:1)2PC 1:476 8 13522 - 
1 (C20:1)2PC 1:476 8 14474 - 
16 (C12:0)2PC 1:100 4 55520 - 
16 (C20:0)2PC 1:100 4 64664 701392 
 
16 

 
(C16:1)2PC 

 
1:100 

Sim 1 
4 

Sim 2 
8 

 
59248 

 
- 

16 (C20:1)2PC 1:100 4 8 62448 - 

 
 
Model 
 
The hallmarks of the description of the systems are shape, hydrophilicity, dynamics, and 
speed. These criteria are fulfilled by the CG representation used in this study. The CG for 
lipids has been described in detail elsewhere (3). The following section underlines the 
major principles of the CG model for lipids and describes the CG model of rhodopsin. 
 
Lipid models 
In the CG model (3) small groups of atoms (4-6 heavy atoms) are united into single 
interaction centers.  All particles interact through pairwise short-range Lennard-Jones 
(LJ) and Coulomb potentials.  The strength of the interaction depends on the nature of the 
particles, which differ by their degree of hydrophilicity. The lipid head groups consist of 
two hydrophilic particles, one representing the phosphate group and one representing the 
choline site, in the case of PC.  Two sites of intermediate hydrophilicity are used to 
represent the glycerol ester moiety.  Each of the two tails is modelled by 3 to 5 
hydrophobic sites. Bonded interactions are described by a weak harmonic potential: 
Vbond(R) = 1/2Kbond(R-Rbond)2, where Kbond = 1250 kJ mol-1 nm-2 and Rbond = 0.47nm. The 
angles, θ, between CG triplets are described by a weak harmonic potential of the cosine 
type: Vangle(θ)=1/2Kangle(cosθ-cosθ0)2, where Kangle = 25 kJ mol-1 rad-2 and θ0=180o for 
most angles. Unsaturated C-C bonds in the tails are described by setting the equilibrium 
angle of the CG triplet to 120o and Kangle = 35 kJ mol-1 nm-2. 
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The CG model (3) reproduces many structural, dynamics, and elastic properties of both 
lamellar and non-lamellar states observed experimentally and/or in all atom MD 
simulations for a variety of phospholipids.  These include the area per head group, 
electron density distribution, lateral diffusion, bending modulus, area compressibility, 
line tension (3), spontaneous aggregation of phospholipids into a bilayer (3), thermal 
phase transition from liquid-crystalline to gel phase (3, 4), formation of the inverted 
hexagonal phase for DOPE (3, 5) and phase separation in DLPC/DSPC mixtures (6).  The 
force field parameters for lipids are available at the URL: 
http://sakmarsgi.rockefeller.edu/~hubert/RHO-CG/rhodopsin.html  
 
Rhodopsin model 
The CG model of rhodopsin was build to preserve the shape, the surface hydrophilicity 
and the dynamic properties of the “real” protein. The shape was modeled with respect to 
the crystal structure 1L9H (7) (available structure at the time) in which the missing 
residues in loop 3 on the cytoplasmic side and in the C terminus were built as previously 
described (8). The hydrophilicity of the surface of rhodopsin was represented by the CG 
model for protein described below.  The dynamic properties of the CG model of 
rhodopsin, rotational and translational diffusion, were measured in different membrane 
environments and protein to lipid ratios. The results are presented in the main manuscript 
of this article and show that the model agrees well with the available experimental data. 
 
The CG for protein was built as follows. Other groups have recently used similar 
approaches (9, 10). In each residue the backbone atoms were represented by one bead, 
placed at the Cα position, and the side chains use between 0 to 3 beads depending on the 
size of the side chain (see force field for details). The model was based on the same types 
of interaction sites used in the lipid CG model (see Table 2 and ref. (3)). The backbone 
bead was modeled by an apolar interaction site (N0) and the side chains beads were given 
the appropriate particle types to reproduce the experimental solvation free energy 
difference between polar (water (11)) and apolar (cyclohexane (12)) solvents of side 
chain analogues (see Table 3). The solvation free energy difference of the side chains 
analogues was derived from their partition coefficient (13) in the two mediums in CGMD 
simulations: ΔΔGsol=RT·ln[ρ(water)/ρ(butane)], where R is the universal gas constant, T 
the temperature and ρ(medium) the density of the solute in a given medium. This 
procedure is identical to the one used for the parameterization of the lipid force field (3). 
It consists in measuring the density profile of the beads or combination of beads in a 
water/butane mixture from which the density is derived for both medium. 
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Table 2: Interaction Matrix (reproduced from ref. 3). Level of interaction I (attractive), II 
(semi-attractive), III (intermediate), IV (semi-repulsive), or V (repulsive). Four different 
groups are considered: polar (P), nonpolar (N), apolar (C), and charged (Q). Both groups 
N and Q have four subtypes: 0 for no hydrogen bonding capabilities present, d for groups 
acting as hydrogen bond donor, a for group acting as hydrogen bond acceptor, and da for 
groups with both donor and acceptor options. 
 

  P N C Q 
group subtype  0 d a da  0 d a da 

P  I IV III III II V I I I I 
N 0 IV III III III III III III III III III 
 D III III II II II IV III III II II 
 A III III II II II IV III II III II 
 Da II III II II I V III II II I 

C  V III IV IV V III V V V V 
Q 0 I III III III III V III III III II 
 D I III III II II V III III II I 
 A I III II III II V III II III I 
 Da I III II II I V II I I I 

 
Table 3: Solvation free energy differences of the typical particle types. The calculated 
values have a typical error of kBT kJ mol-1. Amino acids are indicated together with their 
respective experimental values (11, 12).  
 

Type of CG Bead RT·ln[ρ(water)/ ρ(butane)] 
(kJ mol-1) Amino Acid Exp. (kJ mol-1) 

Hydrophobic (C) -22.5 

Val 
Ile 
Leu 
Met 

-17 
-20 
-20 
-10 

Hydrophobic (N0-N0) -20 Phe -17 
Hydrophobic (N0-Nd-N0) -12 Trp -9 
Hydrophobic (N0) -12 Cys -5 
Intermediate (N0-Nd) -1 Lys +2 

Hydrophilic (Nda) +11 

Ser 
Thr 
Asp 
Glu 

+14 
+11 
+19 
+11 

Hydrophilic (N0-Nda) +1 Tyr +2 
Hydrophilic (Nd-Nda) +15 His +20 

Hydrophilic (P) +23 Asn 
Gln 

+28 
+26 

Hydrophilic (Nd-Qda) > +20 Arg +24 
Notes: The analogues of Arg, Lys, Asp and Glu were modeled in their neutral form. No 
experimental data is available for the charged forms. Gly and Ala have no side chain in 
the model. Pro was modeled by a particle type C, although no experimental data is 
available for this unconventional “side chain”. 
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As an additional test of the CG force field the association constants of residue pairs were 
computed. The pairs Lys/Glu and Leu/Leu, chosen to be representative for salt-bridge 
and hydrophobic interactions, were placed in a box of water and run for 400 nanosecond 
in the NPT ensemble. The association constant Kij between two entities i and j can be 
estimated by Kij=1/C·p(bound)/p(free)2, where 1/C is a factor correcting for the 
concentration of the species in the system, and p(X) the probability to find the complex in 
the X state (14). Here C=1/(NA·V), where NA is the Avogadro number and V the volume 
of the box. The bound and unbound states were differentiated by the mean of the solvent 
accessible surface area (ASA) of the complex. A value of the solvent ASA of the 
complex below a given cutoff indicates that the two residues are in contact, whereas a 
value of the solvent ASA above the same cutoff indicates that the residues are free in 
solution. Association constants obtained with the CG model and with atomistic 
simulations (15, 16) are listed in Table 4. The similitude of the values obtained with the 
two approaches suggests that the contacts observed in the CG model are of reasonable 
strength.  
 
 
Table 4: Association constant of Leu-Leu and Lys-Glu residue pairs obtained using the 
Coarse Grain (CG) model and atomistic model.  
 

 Association Constant (M-1) 
 CG Atomistic 

Leu – Leu 13.2 6.6a 
Lys - Glu 33.7 35.2b 

    a Yang and Elcock (16), b Thomas and Elcock (15) 
 
 
The topology of the CG rhodopsin was generated as follows: 
 
i) The backbone bead was positioned on the Cα atoms of each residue as found in 

the 1L9H structure.  
ii) The side chain beads were initially positioned at the location of side chain atoms 

as found in the 1L9H structure. They were minimized and relaxed in the force 
field for a few 100 picoseconds. 

iii) The bonds and angles between Cα atoms were set to the values found in the 
crystal structure 1L9H, Kbond was set to 9250 kJ mol-1 nm-2 and Kangle to 25 kJ 
mol-1 rad-2. 

iv) The angles Cαi-Cαi+1-Cβi+1, Cβi-Cαi-Cαi+1 were also set to their value in the 
crystal structure and Kangle set to 1.0 kJ mol-1 rad-2. 

v) The bonds and angles internal to a residue were set to default values chosen to 
reproduce the size and flexibility of each residue (see force field topology file). 

vi) To maintain the secondary structure elements, mainly α-helices, artificial bonds 
were defined between Cα atoms separated by 4 positions (Cαi-Cαi+4) and 10 
positions (Cαi-Cα i+10). The equilibrium distance was set according to the crystal 
structure and a force constant of 9250 kJ mol-1 nm-2 was used. 
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vii) To maintain the tertiary structure of the protein artificial bonds were defined 
between secondary structure elements. The equilibrium distance was set 
according to the crystal structure and Kbond was set to 1250 kJ mol-1 nm-2. 

viii) The disulfide bridge between C110 and C187 was modeled by a covalent bond. 
ix) Post-translational modifications (sugars and palmitoyl chains) were not included 

in the model. 
x) The protonation states of titratable residues were chosen according to their pKa 

values (17) at a pH of 7. Asp83, Glu122 and Glu181 were protonated.  (In the CG 
model Gln and Asn residues replace protonated Glu and Asp, respectively.)  
However the protonation state of buried residues is not expected to have a 
significant effect in the simulations. 

 
The CG model of rhodopsin described above was designed such that no significant 
conformational change could occur during the simulation. The irregularities of the 
structure, e.g. helix kink due to the presence of prolines, are present in the model. 
However typically the root mean square deviation from the starting structure ranges from 
0.3 to 0.5 nm and from 0.15 to 0.20 nm for full set of Cα atoms and the TM domain, 
respectively (Fig. S1). These values compare quite well with full atomistic simulation 
results (8, 18). They mostly reflect thermal atomic fluctuations within the TM domain 
and small changes in the loop region.  
The complete topology of rhodopsin and the CG model for proteins used in this study can 
be downloaded from the URL:  
http://sakmarsgi.rockefeller.edu/~hubert/RHO-CG/rhodopsin.html  
 
 
Simulation details 
 
All simulations were performed using the GROMACS 3.1 MD program package with the 
standard protocol developed for CG simulations (3). In all simulations the solvent 
molecules, the lipid bilayer and the rhodopsin(s) were, independently, weakly coupled to 
300 K with a relaxation time of τT=0.1 ps. The pressure was weakly coupled to 1 atm 
with a relaxation time of τP=1 ps following a semi-isotropic scheme in which the (x,y) 
plane and the z direction are coupled to separate baths. The non-bonded interactions were 
treated with a switch function from 0.0 to 1.2 nm for the Coulomb interactions and 0.9 to 
1.2 nm for the LJ interactions. With an integration time step of 40 fs and an update of the 
neighbor list every 10 steps all systems were stable. 
 
The simulation times reported in the main manuscript are effective times. The CG 
dynamics is faster than the all-atom dynamics because the LJ interactions are much 
smoother compared to atomistic interactions. Based on comparison on diffusion constants 
in the CG model and in atomistic models, the effective time sampled using the CG is  
3–6-fold larger. Note that this factor affects ALL the dynamics present in the system. The 
relative dynamics present within the system appear to be well preserved (within a factor 
of 2). When interpreting the simulations results with the CG model, a standard 
conversion factor of 4 is used, which is effective speed up factor in the diffusion 
dynamics of CG water compared to real water (3). 
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The large integration time step (40 fs) used to propagate the system in time according to 
the Newton’s equation of motion, and possible due to the nature of the CGMD 
simulations, increases the accessible time scale of the simulations by at least one order of 
magnitude (19).  
 
Analysis 
 
All analyses were performed using the GROMACS tools (20), VMD (Visual Molecular 
Dynamics) (21) and our own scripts. 
 
Translational diffusion 
To determine the self diffusion coefficient, DA, of an object A one can use the mean 
square displacement (MSD) in the Einstein relation: lim(t->∞) < ||rA(t)-rA(t0)||2 > = 6DAt, 
where rA(t) is the vector position of the object A at time t. When the diffusion of the 
object occurs in a plane such as the lateral diffusion of membrane proteins the right side 
of the above equation becomes 4DAt. In the present case the object was the centre of mass 
(COM) of the rhodopsin. Before fitting the MSD curve of the COM of rhodopsin the 
movement of the COM of the system was removed. Trajectories with conformations of 
the system saved every 4 ns were used for the calculation. In the main manuscript Dtrans 
refers to DA. 
 
Rotational diffusion 
To determine the rotational diffusion coefficient, Drot, of rhodopsin in the membrane 
plane a trajectory of the vector defined by the COM of the first (residues 1 to 174) and 
second half (residues 175 to 348) of rhodopsin was built and the autocorrelation function 
(ACF) of the 1st order Legendre polynomial of cos(Θ), where Θ is the angle between 
these vectors projected on the membrane plane (x,y), was calculated. Drot was extracted 
by fitting the ACF with a single exponential. Trajectories with conformations of the 
system saved every 4 ns were used for the calculation. 
 
3D density 
To visualize the adaptation of the membrane to the presence of rhodopsin (response to 
mismatch conditions: Figure 1 in the main manuscript), we computed the 3D density of 
the glycerol bead (GL1) around rhodopsin and plotted isosurfaces (density volumetric 
map). The rotation and translation of rhodopsin in the (x,y) plane were removed prior to 
calculation so as to take into account the protein tumbling in the z direction. The density 
was averaged over the 8 μs simulation with conformations separated by 40 ns. A 0.1 nm 
grid was used and the beads were assigned a 0.25 nm radius. The density of rhodopsin 
was also determined; the calculation was then restricted to the backbone beads of the 
protein.  
 
Membrane thickness 
The membrane thickness was defined as being the distance between the maxima of the 
glycerol bead (GL1) density (see 3D density) of the top and bottom leaflets. The densities 
were determined using a 0.5 nm volume grid and the GL1 bead was assigned a radius of 
1.0 nm. The rotation and translation of rhodopsin in the (x,y) plane were removed prior to 
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calculation, allowing the protein to tumble around the z axis. The membrane thickness 
was then projected into the (x,y) plane using a 0.25 nm grid. 
 
In plane projection of rhodopsin densities 
The local packing of protein molecules was visualized as two-dimensional probability 
distribution functions (PDFs) of the Cα atoms projected in the membrane plane.  The 
PDFs were constructed by iterating over all 16 protein copies averaged over all trajectory 
snapshots for a given time segment.  In fluid membranes, the protein and lipid motions 
are usually cylindrically symmetric about the average director axis, that is, the 
macroscopic bilayer normal (22).  However, under periodic boundary conditions the 
system is strictly speaking not axially symmetric and the analysis has to be restricted to 
the local neighborhood of a protein within the central unit cell.  To monitor the 
interacting interfaces between monomers, rather than looking at all pairs individually, we 
constructed the in-plane projections of the density around each monomer in the system 
containing 16 proteins. The analysis was performed on the Cα atoms of the 
transmembrane segments of the protein. The rotation and translation of rhodopsin in the 
(x,y) plane were removed prior to calculation.  First, the system is translated to set the 
reference protein to the origin.  Then the surrounding proteins are wrapped around the 
periodic boundaries to obey the minimum image convention relative to the reference 
protein.  Finally, a rotation around the z-axis in the simulated systems, which corresponds 
to the membrane normal, orients the system relative to the inertial axes system of the 
reference protein that defines a standard orientation for the density averages.  The 
densities of the Cα atoms are then accumulated for all proteins and all stored trajectory 
time points of a given time segment. 
 
Solvent accessible surface area 
To probe protein-protein association we monitored the protein burial, ab, or buried 
solvent accessible surface area (ASA) of the protein, which was defined for each protein 
at a time t by: ab,i(t) = ASAi(t) − asai(t) where ASAi(t) is the ASA of the protein i isolated 
from the rest of the system and asai(t) is the ASA of the protein when the other proteins 
are present. In the main manuscript the average of ab(t) over the 16 proteins is reported, 

b ( )a t , and histograms the values for individual proteins were constructed. ASA was 
computed using the double cube lattice algorithm (23) with a probe radius of 0.26 or 0.52 
nm. A probe radius of 0.26 nm (vdW radius of the beads) was used for b ( )a t . A probe 
radius of 0.52 nm was used for the histograms of ab; this increases the contrast between 
interacting and non-interacting proteins in the simulations. 
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Supporting Information Figures 

 
Figure 1. Tilt angle and rmsd of rhodopsin. The tilt angle of rhodopsin with respect to 
the membrane normal is shown for (C12:0)2PS, (C16:0)2PC, (C20:0)2PC, (C16:1)2PC, 
(C20:1)2PC and (C20:1)2PE lipid environments. Helix 4 was chosen as representative of 
rhodopsin tilt in the membrane. a) Probability distribution of the tilt angle. b) Average tilt 
angle as a function of the bilayer thickness. c) The root mean square deviation of 
rhodopsin from the starting structure is given from the same series of six lipid 
environments. Both complete set of Ca and Ca belonging to the eight transmembrane 
helices are shown in function of time. 
 

 S12



 
Figure 2. Local membrane thickness deformation around the protein. The membrane 
thickness is defined here by the distance between the density maxima of the glycerol 
backbone beads distribution function along the average membrane normal, the z-axis of 
the simulated system, in each monolayer. Rhodopsin is schematically represented by 
solvent accessible surface in grey with the helices shown in color. The orientation is 
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identical to that shown in Figure 1 of the main manuscript. The distances are in Å. The 
projection of the membrane thickness is depicted for the full set of membrane 
environment simulated: (C12:0)2PS, (C16:0)2PC, (C20:0)2PC, (C16:1)2PC, (C20:1)2PC 
and (C20:1)2PE. They were averaged over 8 μs. One can clearly see the evolution of the 
membrane adaptation to the presence of rhodopsin with the increase of membrane 
thickness. 
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Figure 3. Radial distribution function (rdf) of rhodopsin center of mass. The rdf are 
shown for (C12:0)2PS, (C16:1)2PC, (C20:1)2PC and (C20:0)2PC. Simulations 1 are in red 
and simulation 2 in black for (C16:1)2PC and (C20:1)2PC bilayers. Data are averaged 
over 1-μs time windows from the bottom to the top. It can be appreciated that whereas 
there is a significant organization in the first shell around rhodopsin, there is only little if 
any beyond the first shell. This supports a liquid-like condensed state of the proteins. 
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Figure 4. Projection density maps: lateral density profile of helical Cα atoms around 
a rhodopsin protein in a reference orientation. A partial set of the in-plane projected 
density is shown as Figure 4 of the main manuscript. The similarities and evolution of the 
zones involved in protein-protein contacts in the four different environments can be 
appreciated.  
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