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Abstract

The lipid composition of cell membranes has increasingly been recognized as playing an

important role in the function of various membrane proteins, including G Protein-Coupled

Receptors (GPCRs). For instance, experimental and computational evidence has pointed to

lipids influencing receptor oligomerization directly, by physically interacting with the recep-

tor, and/or indirectly, by altering the bulk properties of the membrane. While the exact role of

oligomerization in the function of class A GPCRs such as the μ-opioid receptor (MOR) is still

unclear, insight as to how these receptors oligomerize and the relevance of the lipid environ-

ment to this phenomenon is crucial to our understanding of receptor function. To examine

the effect of lipids and different MOR conformations on receptor oligomerization we carried

out extensive coarse-grained molecular dynamics simulations of crystal structures of inac-

tive and/or activated MOR embedded in an idealized mammalian plasma membrane com-

posed of 63 lipid types asymmetrically distributed across the two leaflets. The results of

these simulations point, for the first time, to specific direct and indirect effects of the lipids,

as well as the receptor conformation, on the spatio-temporal organization of MOR in the

plasma membrane. While sphingomyelin-rich, high-order lipid regions near certain trans-

membrane (TM) helices of MOR induce an effective long-range attractive force on individual

protomers, both long-range lipid order and interface formation are found to be conformation

dependent, with a larger number of different interfaces formed by inactive MOR compared

to active MOR.

Author Summary

The μ-opioid receptor (MOR) is an important pharmaceutical target in the treatment of

pain. In order to develop novel pain therapies, devoid of the serious side-effects of present

opioid analgesics, we need to understand the fundamentals of how MOR works on the

molecular level. While some studies suggest that oligomers of MOR could play a role in

signaling, how MOR forms dimers, which interfaces form, and the exact role of oligomers
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in MOR function remain unclear. While research has shown that the membrane environ-

ment can affect membrane protein function, most previous computational work to study

oligomerization has been performed in a very simple membrane. Here, we use molecular

dynamics simulations of MOR in a heterogeneous plasma membrane model (comprising

63 lipid types) to investigate how the presence of the protein modulates its lipid environ-

ment, affecting species distribution and sculpting characteristic order and thickness pro-

files around the receptors. Such modulations, in turn, induce long-range interactions

between the proteins and favor the formation of specific dimeric conformations.

Introduction

Elucidating the impact of the lipid environment on membrane proteins, including G Protein-

Coupled Receptors (GPCRs), is increasingly being recognized as a crucial part of understand-

ing how these proteins function. Cholesterol (CHOL), the lipid for which the most is known

about its effect on GPCRs, has been shown to affect receptor thermal stabilization [1,2], agonist

affinity [3,4], and oligomerization [5–8]. The conformational equilibrium of the prototypic

GPCR rhodopsin is known to be sensitive not only to CHOL levels, but also to phospholipid

headgroup and chain saturation [9]. Lipid headgroup charges have also been shown to play a

role in the function of the β2 adrenergic (β2AR) [10] and the neurotensin NTS1 receptors [11].

The role of the lipids has primarily been attributed to indirect effects such as changing the

physical properties of the membrane (e.g., thickness, curvature, surface tension, and elastic

properties). Transmembrane proteins frequently experience hydrophobic mismatch in which

the lengths of the hydrophobic chains of the lipids and the hydrophobic part of the protein are

different. To rectify this mismatch, the protein adopts several strategies, including conforma-

tional changes and remodeling of the membrane thickness by changing the order of the lipids

[12]. On a larger scale, heterogeneous membranes are organized into domains which are either

liquid-ordered (lo) or liquid-disordered (ld) regions. Notably, some of these domains (e.g.,

lipid rafts) are enriched in CHOL and sphingolipids, two lipids which have a high propensity

of being ordered [13], i.e., parallel to the membrane normal. While the exact role of lipids rafts

is debated, they appear to aid in lateral organization of the proteins in the membrane, increas-

ing the propensity of the necessary components of a cell signaling complex to come together

[13,14].

In addition to modulating the physical properties of the plasma membrane, lipids can inter-

act directly with membrane proteins. Several crystal structures of GPCRs, including β2AR [2]

and the adenosine A2A receptor [15], have been crystallized with interacting CHOL, suggesting

that these molecules are strongly bound to the protein. A conserved consensus CHOL binding

motif (CCM) has been identified in a number of GPCRs [2], while a sphingolipid binding site

has been proposed for the serotonin 5HT1A receptor [16]. CHOL-receptor interactions have

also been suggested to play a role in oligomerization based on inferences from crystal struc-

tures of GPCRs (e.g., the β2AR [17] and the metabotropic mGlu2 receptor [18]) showing

CHOL molecules at putative dimeric interfaces.

Molecular dynamics (MD) simulations of membrane mimetic systems continue to comple-

ment experiments by offering a mechanistic understanding of the dynamics not readily avail-

able to most experimental techniques. Early coarse-grained (CG) simulations of rhodopsin

embedded in bilayers of lipids with different chain lengths and saturation levels showed that

the membrane deforms to adapt to the protein [19]. Activation of rhodopsin was also shown

to be affected by the physical properties of the membrane [20]; while lipids with unsaturated
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chains promote activation, CHOL, which is a much more rigid molecule, inhibits activation.

Furthermore, while unsaturated lipids were shown by MD to preferentially cluster at the recep-

tor in a non-specific manner [21,22] putative binding sites were identified for CHOL, notwith-

standing the typically dynamic interaction between CHOL and GPCRs [23–26]. Notably, MD

simulations of β2AR performed with different concentrations of CHOL showed that CHOL

binding to conserved sites could prevent some dimer interfaces from forming [6].

While most published MD simulations have been performed in a single or dual component

membrane, an average idealized multi-component plasma membrane parameterized recently

within the Martini CG force-field [27] offers an unprecedented opportunity to study the

impact of lipid composition on the spatio-temporal organization of GPCRs in a more realistic

environment. This 63-component membrane mimetic contains combinations of all major

lipid headgroups with different fatty acid tails, asymmetrically distributed between two plasma

leaflets (see Ref. [27] for more details). Specifically, the following lipid species were included: i)

the charged species phosphatidylinositol (PI), phosphatidylserine (PS), and phosphatic acid

(PA), phosphatidylinositol mono-, bis-, and tri-phosphate (PIP1-3), and gangliosides (GM); ii)

the zwitterionic lipid species phosphatidylcholine (PC), phosphatidylethanolamine (PE), and

sphingomyelin (SM), and iii) the minor species diacylglycerol (DAG), ceramide (CER), and

lysophosphatidylcholine (LPC). Simulating receptor self-association in this membrane model

provides further insight into how lipids can affect oligomerization, adding to what we had pre-

viously concluded from simulations of opioid receptors in an environment composed of 1-pal-

mitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 10% CHOL [28].

The μ-opioid receptor (MOR) is an ideal test case to examine the role of lipids and receptor

conformation on oligomerization. First and foremost, the crystal structures of both inactive

[29] and activated [30] MOR have been solved with the latter showing the expected outward

swing-out movement of TM6. While a crystallographic TM1,2,H8/TM1,2,H8 interface was

observed in both active and inactive structures, a TM5,6/TM5,6 interface was identified in the

crystal structure of the inactive receptor, but not in that of its activated form. Furthermore,

although the exact role of MOR oligomerization in signaling is still under debate, the potential

of developing new, more effective therapies in the treatment of pain [31] by selectively target-

ing MOR heterodimers makes these systems worthy of further investigation. Finally, while

there is evidence both for [32] and against [33] the association of MOR with lipid rafts, CHOL

has been shown to be important in the spatio-temporal signaling by MOR [34]. In fact, it has

been shown to promote homodimerization of MOR [5], agonist binding [35], coupling with

G-proteins [5,35], and translocation of β-arrestin [36].

Here, we present the results of CG MD simulations of arrays of 16 inactive and/or activated

MORs in the aforementioned multi-component plasma membrane carried out to further eval-

uate the role of both lipid environment and protein conformation on MOR oligomerization.

Results

Lipid Distributions around Individual Receptors

The 63 lipid types in the plasma membrane model were grouped by their headgroup to exam-

ine the preferred regions of association between the lipids and the receptors during simulation.

Specifically, for this analysis, we used the final 2 μs of membrane equilibration of four sets of

simulations: 16 inactive or active receptors in either a 50×50 nm2 or 25×25 nm2 membrane

(referred to as low and high receptor density membranes, respectively). To analyze the behav-

ior of the lipids, the GL1 or AM1 bead was used for all non-sterol lipids while the ROH bead

was used for CHOL (See S1 Fig for a depiction of representative lipids). The normalized 2D

probability distributions of lipids with zwitterionic headgroups (i.e., PC, PE, SM) in the
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simulations of the plasma membrane model with low density of inactive or active receptors are

shown in Fig 1 whereas the distributions of all charged lipid types (i.e., GM, PS, PI, PIP1-3, and

PA) are shown in S2 Fig. Unlike the distributions of PA, PI and PIP1-3, the distributions of PC,

PE, SM, PS, or GM appear to be qualitatively similar around inactive and activated receptors.

To confirm these observations, we calculated the standard deviation of the distribution of each

lipid type at each grid point for five runs of inactive or active receptors, and compared it to the

difference between the average lipid distributions around inactive and active receptors.

The distributions of PC and PE, which are the most populated glycerophospholipids in the

plasma membrane, show a depletion of lipids immediately next to certain receptor TM helices.

For instance, comparing Fig 1A and Fig 2, we observe that the lipid depletion at TM5 and

TM6 (yellow and green dots in Fig 1A) is due to the presence of CHOL immediately next to

the protein.

The remaining glycerophospholipids, PA, PI, PS, and PIP1-3, make up approximately 19%

of the lower leaflet and are not present in the upper leaflet (See S3 Fig for the composition of

Fig 1. The normalized probability distribution of the A) PC, B) PE and C) SM lipids around the inactive and active receptor protomers (top

and bottom panels, respectively) during the simulations with low receptor density and position restraints on the receptors. The center of mass

of the seven TM helices are indicated by the colored dots as follows: TMs 1 through 7 are colored in blue, red, grey, orange, yellow, green,

and pink, respectively. The helices of the crystal structures used as the starting structures are colored according to the same color scheme.

doi:10.1371/journal.pcbi.1005240.g001
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the membrane). Despite their random initial position, these lipids diffuse towards the proteins

during equilibration. Since there are a number of positively charged Lys (specifically, residue

number 98, 100, 1854.43, 174, 2605.66, 2696.24, 2716.26, and 344) and Arg (i.e., 951.59, 1653.50, 179,

1824.40, 2585.64, 263, 2736.28, 2766.31, 2776.32, 2806.35, 345, 348) residues on the intracellular side

of MOR, it is not surprising to see PA, PI, PS, and PIP1-3, which are all negatively charged,

localize in this region of the proteins (S2A–S2D Fig for PA, PI, PIP1-3 and PS, respectively).

Specifically, PIP1-3 molecules are found to be predominantly in contact with the intracellular

Fig 2. The normalized probability distribution of CHOL around A) inactive and B) active MOR protomers

during the simulations with low receptor density and position restraints on the receptors. The center of mass of

the seven TM helices are indicated by the colored dots as follows: TMs 1 through 7 are colored in blue, red,

grey, orange, yellow, green, and pink, respectively. Also shown are structures of the inactive and active MOR

with the residues colored by their probability of being in contact with the ROH bead of a CHOL (white to blue to

green indicates low to high probability).

doi:10.1371/journal.pcbi.1005240.g002
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ends of TM4, TM6, and TM7 of inactive MOR. Upon activation, the outward swing of TM6

away from TM3 leaves the positively charged residues on TM5 and TM6 more exposed to neg-

atively charged lipids, so that their concentration is reduced in the space between TM6 and

TM7 and increased near TM5 and H8. See S1 Table for a list of the residues most frequently in

contact with PIP1-3. Despite the small concentration of these PIP1-3 lipids in the membrane,

the maximum difference between their distributions around inactive and active receptors

(0.03) is much larger than the maximum standard deviation (0.005) of the PIP1-3 distribution

at each grid point for the five runs of inactive or active receptors, suggesting that the observed

conformation-dependent changes are larger than the sampling error. On the other hand, the

PA and PI lipids (S2 Fig Panels A and B, respectively) do not show significant changes in dis-

tribution around the two receptor conformations, because the differences in lipid distribution

around inactive and active receptors (PA: 0.003, PI: 0.006) are the same order of magnitude as

the maximum standard deviation at each grid point (PA: 0.002, PI: 0.002).

In addition to the glycerophospholipids, the plasma membrane contains a large fraction of

the sphingolipid SM. These two groups of lipids are distinguished by the linker beads connect-

ing their headgroup to the lipid tails. While each of the two linker beads of the glyceropho-

spholipids represents a nonpolar ester group, in the case of SM, one linker bead represents a

hydroxyl group and the other an amide group, both of which are polar. Similar to the PC dis-

tribution (Fig 1A), SM (Fig 1C) is depleted immediately next to the protein except at TM1,

TM5, and TM6, where the sidechains of several polar and charged residues form strong Len-

nard-Jones interactions with the polar linker beads of SM. Finally, the GM lipids (S2E Fig) are

sphingolipids which have an oligosaccharide and sialic acid head group and comprise ~5% of

the upper leaflet. During the initial portion of the membrane equilibration the GMs diffuse to

the proteins where they remain, very rarely moving back into the bulk membrane. Determin-

ing the precise protein-GM interaction, which dictates their segregation propensity, is difficult

due to the large headgroup of these lipid species, but it does not appear to be different depend-

ing on the receptor conformation. The GMs tend to cluster together in line with the observa-

tions of Ingólfsson et al. [27] and Gu et al. [37].

Composing about 30% of the idealized plasma membrane (S3 Fig), CHOL is one of its larg-

est components. Fig 2 shows the distribution of CHOL around the simulated inactive and

active MOR protomers. In agreement with experimental evidence [38], CHOL flip-flops

between the upper and lower leaflets and was frequently found to be interacting with the heli-

cal bundle region of the receptors, as shown by the structures (Fig 2) colored white to blue to

green by the probability of each residue being in contact with the ROH bead of CHOL. For

inactive MOR, the highest density of CHOL was found near TM6 and TM7 in the hydrophobic

region of the membrane. Notably, an identified CHOL hotspot near TM6 corresponds to the

location of the electron density that was attributed to a CHOL molecule in the MOR inactive

crystal structure (PDB ID: 4DKL). While a hotspot near the palmitoylation site C1703.55 was

also observed in the simulations of the inactive MOR, in those of the active MOR, the CHOL

was preferentially found between TM2 and TM5 and between TM5 and TM6. Notably, the

maximum difference between the CHOL distributions around inactive and active receptors

was 0.003 while the maximum standard deviation of CHOL distribution at each grid point of

the individual simulation runs was 0.0006, indicating that the differences are substantial.

Lipid Order and Disorder

We quantified the local properties of the lipids in the plasma membrane model by calculating

the order parameter of each non-flipping lipid species (i.e. excluding CHOL, CER, and DAG)

during the final 2 μs of membrane equilibration in which the receptors are kept fixed or the
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production runs in which the receptors are permitted to freely move in both the high and low

receptor density simulations. The lipid order parameter was defined as the angle between the

membrane normal and a vector between the first and last bead of the tail. Specifically, as

described in the Methods section, a value of the order parameter of 0 means that lipid tails are

on average ordered and parallel to the membrane normal, while larger values imply that the

lipid tails assume disordered conformations. The extreme value of π/2 means the lipid tail

forms a 90˚ angle with the membrane normal. In Fig 3 and S4 Fig we report, as an example,

Fig 3. Plots showing the average lipid order (left column) and bilayer thickness (nm, right column) during the final 2 μs of a

simulation run of inactive (top row) or active (bottom row) receptors in the low receptor density membrane with position restraints

on the receptors. The data is averaged over all lipids, excluding the ones that flip-flop across the membrane (i.e. CHOL, CER, and DAG). For

the order, a value of 0 (orange color) indicates a fully ordered lipid tail, and the larger the value, the more disordered the tail. The units of

thickness are nm. In both cases, the white color is set to the average value of the simulations with the inactive receptors. The center of mass of

the seven TM helices are indicated by the colored dots as follows: TMs 1 through 7 are colored in blue, red, grey, orange, yellow, green, and

pink, respectively.

doi:10.1371/journal.pcbi.1005240.g003
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the results of one of the simulation runs where the active or inactive receptors are fixed in the

low or high receptor density systems, respectively. The other trajectories show a similar behav-

ior, as do the trajectories of the mixed-arrays (i.e., 50% inactive/50% active MOR; S5 Fig),

which were only simulated in the high receptor density membrane. Since the pattern of

ordered and disordered regions near the inactive or active receptors in the mixed-arrays is

similar to that in the arrays of only inactive or active protomers, respectively, only the results

for all inactive or all active arrays are discussed. There are clear regions of order and disorder

in the membrane. As expected, lipid order is correlated with bilayer thickness (see Fig 3, S4

Fig, S5 Fig and S6 Fig), since a lipid with a fully extended tail has a greater z-projection of the

head to tail distance than that of a disordered lipid.

Fig 3 suggested that the regions close to TM5, TM6, and–to a lesser extent–TM1, show

more order while the regions near TM4 show more disorder. To confirm this behavior, we cal-

culated the average membrane thickness and lipid order near the individual helices (shown in

top and lower panels, respectively, of Fig 4 for the low receptor density simulations in which

the receptor was permitted to move freely). Interestingly, the extent of the order is not only

helix dependent, but also conformation dependent (Fig 4). The region near TM5 and TM6

(yellow and green dots in Fig 3, yellow and green lines in Fig 4) is thicker (and more ordered)

in the simulations with the inactive receptor than those with active receptors, while the region

near TM4 (orange in Figs 3 and 4) is more disordered next to both the active and inactive

Fig 4. The bilayer thickness (nm, top row) and lipid order (bottom row) of the non-flipping lipids

within 3.125 nm of the protein center of mass as a function of the helix index for the low receptor

density simulations in which the proteins were permitted to move freely. For the thickness, the average

and standard error are indicated by a black line and a grey band, respectively. The overall average value of

the order is indicated by a red dashed lines in the bottom panels. The location of the center of mass of the

helices is indicated by the vertical lines and TMs 1 through 7 are colored in blue, red, grey, orange, yellow,

green, and pink, respectively. Because of the large tilt of TM3, its center of mass appears to the right of TM4.

doi:10.1371/journal.pcbi.1005240.g004

Effect of Lipids and Protein Conformation on μ-Opioid Receptor Oligomerization

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005240 December 13, 2016 8 / 29



protomers. The trends in the helix-dependent lipid order are not influenced by the overall pro-

tein density nor by the restraints imposed during the equilibration. In fact, similar results were

obtained for the low receptor density simulations in which the proteins were permitted to

move freely (Fig 4) as well as the low and high receptor density simulations of restrained recep-

tors (S7 Fig and S8 Fig, respectively) despite the inability of the receptors to tilt when they were

kept fixed (S9 Fig). The correlation between the locations of ordered regions with SM enrich-

ment was confirmed by calculating a 55% to 45% ratio for the probability to find a SM mole-

cule in a region with order parameter larger or smaller than the average in the high receptor

density simulations. For all other lipid species, including CHOL, the two probabilities are

equivalent. Notably, the presence of inactive receptors shifts the overall distribution of the

order parameter towards smaller values (i.e., higher order) with respect to the active protomers

(S10 Fig).

Snapshots of the production runs are shown in S11 Fig for representative high receptor

density simulations of inactive and active MOR (upper and lower panels, respectively), and the

first 10 μs of a representative inactive trajectory is shown in S1 Movie. All high receptor density

simulations show a similar behavior. The lipids closest to the proteins are those that show the

broadest distribution of angles. In contrast, in the regions far from the protein, the distribution

of order values is much narrower. Thus, the introduction of proteins into a membrane pro-

motes the formation of lipid regions that are either more ordered or more disordered than in

the membrane simulated alone. When two receptors get closer together, the lipid regions

between them become disordered for the interface to form.

We then investigated the interplay between the relative lateral position of protomers and

the profile of membrane properties, by calculating, for selected interfaces (Fig 5 and S12 Fig),

the average order and thickness of the lipids in the region separating two receptors as a func-

tion of the distance from the protein center d and of the relative protein-protein distance r.

Not surprisingly, in agreement with the distinct effect of different helices reported above (Fig

4), the membrane profile is also strikingly dependent on the relative orientation of the

proteins.

We show this for the two protein regions that are maximally involved in the observed

dimers, i.e. TM1,2,H8 and TM5 (see below). Despite both these protein regions favoring the

formation of ordered lipid domains, the dependence of such effect on distance is, interestingly,

different. In the TM5/TM5 case (Fig 5A and S12A Fig, for the inactive and active receptors,

respectively), for well-separated protomers (r�r0, where r0 is protomer average radius), the

membrane is perturbed up to d�2.5 nm from the protein center, confirming that isolated pro-

tomers are accompanied in this case by a stable region of ordered lipids and a thicker mem-

brane. A second regime is established when the protomers are within r�7 nm of each other

and cooperative effects of the nearby protomers start to appear. Thus, each protomer appears

to start experiencing the influence of the other one at a distance of ~7 nm, which is larger than

the sum of the range of the perturbations for the isolated protomers (~2.5×2� 5 nm). In con-

trast, for the TM1,2,H8/ TM1,2,H8 interface, the modulation of the membrane properties

when protomers are far from each other (r�r0) is very weak on average (Fig 5B and S12B Fig,

for the inactive and active receptors, respectively), and the lipid ordering arises almost exclu-

sively from cooperative effects when two protomers are closer than r�6 nm. The results

obtained for asymmetric interfaces, e.g., the TM1,2,H8/TM5 interface (S12 Fig Panels C and

D for the simulated systems with inactive or active receptors, respectively) are similar to

those obtained for symmetric interfaces, although the recorded cooperative effect is weaker for

r<6 nm.

Since CHOL is a key player in the stabilization of ordered phases in plasma membranes

[13] and it flips between leaflets, we investigated its ordering behavior separately. While
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CHOL does not have a tail, it is possible to calculate an order parameter (see Methods section

for details) which reveals the orientation of the molecule with respect to the membrane normal

(Fig 6). Since CHOL was seen to flip-flop between the leaflets in all simulations, its order was

calculated separately for the headgroup regions and the hydrophobic core of the bilayer. Most

of the CHOL molecules in the headgroup region were found to be in ordered regions (orange

in Fig 6), i.e. they were parallel to the membrane normal, but there were regions close to the

protein in which CHOL was tilted (purple in Fig 6), mostly between TM4 and TM5 (orange

and yellow dots, respectively). The regions in which the CHOL molecules were tilted roughly

correspond to the regions in which the remaining lipids were also disordered (Figs 3 and 4).

On the other hand, CHOL molecules away from the protein were, on average, always ordered

(i.e., close to parallel to the membrane normal), even when the other lipid regions were disor-

dered. In contrast, CHOL molecules in the hydrophobic part of the membrane exhibited a

much broader range of order values (see S13 Fig), which are skewed toward 90˚.

Lipid Residence Time and Transverse Movement

Niemelä et al. used CG simulations to show that the mobility of lipids is reduced when they are

in the vicinity of proteins [39]. To assess the mobility of lipids near MOR in the high receptor

density simulations with freely moving receptors, local residence times were calculated for the

lipids with the largest mole fraction (i.e., CHOL and the PC lipids; see S3 Fig) in the proximity

of each helix (S14 Fig). Consistent with their homogeneous distribution around the proteins,

the residence time of the PC lipids is similar for all the helices (~3.5 ns on average) of both

inactive (blue points in S14 Fig) and active (red points in S14 Fig) MOR.

Fig 5. Average lipid thickness (upper triangle) and order (lower triangle) as a function of protein-protein distance r and lipid position d for interfaces TM5/TM5

and TM1,2,H8/TM1,2,H8 between inactive receptors (panels A and B, respectively).

doi:10.1371/journal.pcbi.1005240.g005
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In contrast, the residence time of CHOL differs depending on the helix to which the

molecule is in proximity. The CHOL molecules nearest to TM6 stay close to these helices for

longer (~5–6 ns for inactive and active MOR, respectively) than the CHOL molecules near the

other helices (~4 ns, on average). The CHOL residence time at TM6 or TM7 is longer for the

inactive receptor than the active receptor, possibly due to the outward swing of TM6 upon

activation.

The only lipids that moved transversely through the bilayer in our simulations, i.e. flip-

flopped between the leaflets, were CHOL, CER, and DAG, which are the same lipids that were

seen to flip-flop in the published simulations of the plasma membrane without proteins [27].

The rate of CHOL flipping in our low receptor density membrane (inactive: 7.23±0.07×106 s-1,

active: 7.29±0.03×106 s-1) was comparable to the rate of 6.53±0.01×106 s-1 in the plasma mem-

brane without proteins [27] as was the rate of DAG flipping (inactive: 6.34±0.30×106 s-1, active:

6.62±0.21×106 s-1, plasma membrane: 5.87±0.05×106 s-1). The flipping rates of CHOL (inac-

tive: 3.97±0.04×106 s-1, active: 4.03±0.04×106 s-1) and DAG (inactive: 3.38±0.39×106 s-1, active:

3.37±0.46×106 s-1) in the high receptor density membrane were much slower than in the low

receptor density membrane and plasma membrane without proteins. Consistent with the very

low rate of flipping seen by Ingólfsson et al. [27], the CER switched leaflets very infrequently,

on the time scale of our simulations.

To determine the effect of the protein on the equilibrium distribution of these lipids, we

used the final 2 μs of the membrane equilibration of the high receptor density simulations to

calculate the density of molecules as a function of the z-coordinate of CHOL’s ROH or CER/

DAG’s linker beads (AM1 or GL1) and either (a) the minimum distance to the backbone (BB)

beads of inactive or active MOR (S15 Fig) or (b) the lipid order in the plasma membrane with

embedded inactive MOR, embedded active MOR, or no receptors (Fig 7 for CHOL and S16

Fig for DAG and CER). The majority of CHOL molecules were found close to parallel to the

Fig 6. The average order of CHOL molecules in the lipid headgroup region of the upper and lower leaflets next to the inactive

receptors (top) and activated receptors (bottom) during the final 2 μs of the low receptor density simulations with the backbone beads

kept fixed. In both cases, the white color is set to the average value of the simulations with the inactive receptors. The center of mass of the

seven TM helices are indicated by the colored dots as follows: TMs 1 through 7 are colored in blue, red, grey, orange, yellow, green, and pink.

doi:10.1371/journal.pcbi.1005240.g006
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membrane normal in both the upper and lower leaflets of the plasma membrane with or with-

out receptors. As also seen in S13 Fig, Fig 7 shows CHOL molecules in the hydrophobic region

of the membrane that are perpendicular to the membrane normal. Notably, there are more of

these perpendicular CHOL molecules in simulations of the plasma membrane with receptors

than without them. To confirm that the CHOL distributions are substantially different near

the inactive or active receptors, we repeated the analysis for each individual run and found a

similar CHOL density in the hydrophobic part of the membrane for all of them. While the

concentration of CHOL in the upper and lower leaflets is asymmetric in the simulations of

both the inactive receptors and the plasma membrane without receptors, the distribution of

these molecules is symmetric in the case of the active receptors. Lastly, an additional distribu-

tion of CHOL at an angle between π/3 and π/4 with respect to the membrane normal is seen

only in the simulations of the active receptors.

The calculated z-coordinate of CHOL’s ROH beads as a function of their minimum dis-

tance from the protein’s BB beads (S15 Fig) shows minima in the middle of the bilayer (-0.8

nm< z < 0.8 nm) that are immediately next to the protein (minimum distance ~0.5 nm), sug-

gesting that the protein binds CHOL at these sites, consistent with the regions of high choles-

terol density seen in Fig 2. A kinetic model was built to determine whether these minima in

the hydrophobic region of the bilayer next to the protein are involved in the flipping mecha-

nism of CHOL. The five most frequently occurring pathways of CHOL movement in the z-

direction are shown in S17 Fig. The two largest states (6 and 7 in S17 Fig) in the models for

both the active and inactive simulations correspond to CHOL in the upper or lower leaflets,

respectively, which have no contacts with the protein. For both the inactive and active proto-

mers, the largest fluxes were between states 6 and 7 indicating that the main route of CHOL

flipping is through the membrane away from the proteins. The most probable pathway for a

CHOL molecule from the upper to lower leaflet through a bound state is via state 1 for the

inactive protomer and state 4 for the active protomer, although the flux is much lower through

this pathway than through the membrane.

The distributions of CER and DAG lipids were also examined, although these lipids each

make up less than 1% of the membrane. The location of the deepest minimum in the plots of

the order of DAG lipids as a function of z are different in the simulations of the plasma

Fig 7. Distribution of CHOL in the plasma membrane with inactive receptors, activated receptors, or no proteins as a function of

the z-coordinate and lipid order. The simulations with the receptors are those with high receptor density and the receptor backbone

beads kept fixed. The middle of the membrane is set to z = 0.

doi:10.1371/journal.pcbi.1005240.g007
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membrane with or without receptors (S16 Fig). For the inactive receptors, the deepest mini-

mum of DAG lipids is in the middle of the bilayer, while it is in the lower or upper leaflet for

the active receptors or membrane without proteins, respectively. In contrast, the distributions

of the CER lipids are similar among themselves, except for a shallow minimum in the middle

of the bilayer in the case of the simulations of the inactive receptors.

Interfaces Formed by Inactive/Inactive, Active/Active, or Inactive/Active

Receptors

Removing the position restraints on the receptor BB beads allowed the receptors to move freely

in the membrane and to eventually self-assemble within the initial microseconds of the high

receptor density simulations. While a quantitative assessment of the dimer formation kinetics

cannot be obtained with our data, the time decay of the number of monomers in the membrane

(S18 Fig) shows that the inactive system forms aggregates slightly more quickly than the active.

However, once formed, the interfaces did not dissociate over the 20 μs of simulation time.

To characterize the structural features of the formed complexes, the interfaces formed by

the final microsecond of simulation time were clustered by their contact maps. While the sim-

ulations do not provide enough statistics to definitively quantify the stability of each interface,

their formation or absence is telling. The fraction of interfaces formed is listed in S2 Table and

depicted in Fig 8A, 8B and 8C for dimers formed between two inactive receptors, two active

receptors, or one active and one inactive receptor, respectively.

There is only one interface that was formed by inactive/inactive, active/active, or inactive/

active receptors, i.e. irrespectively of the conformation of the participating protomers: TM1,2,

H8/TM5. In this interface, TM2 only forms extracellular contacts with TM5, while H8 and

TM5 form intracellular contacts.

For the inactive proteins, nine different interfaces were formed, but over 50% of them

involved the TM1,2,H8 region of one protomer and the TM4/TM5 region of the other. In par-

ticular, the TM1,2,H8/TM4,5 interface constituted the ~15% of the observed interfaces while

the similar interfaces TM1,2,H8/TM4 and TM1,2,H8/TM5 made up ~31% and 8%, respec-

tively, of all observed interfaces. In the TM1,2,H8/TM4 and TM1,2,H8/TM5 interfaces, the

second protomer is slightly rotated either clock- or counter-clockwise relative to that of the

TM1,2,H8/TM4,5 interface, such that no contacts are formed with TM5 and TM4, respec-

tively. In all of these interfaces, TM2 forms extracellular contacts with TM4,5, while the major-

ity of the contacts are formed by TM1. The inactive receptors formed two interfaces involving

Fig 8. Schematic of the interfaces formed by a) two inactive receptors, b) two active receptors, and c) one active and one inactive receptor. The

opacity of the color linking the two sides indicates the probability of formation

doi:10.1371/journal.pcbi.1005240.g008
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TM7, which were not observed in the active or mixed proteins. In the TM4/TM7 (~7%) inter-

face, TM7 is in contact with TM4 on the intracellular side, while TM7 forms extracellular con-

tacts with TM1 in the TM1,H8/TM6,7 interface (~8%). The TM1,2,H8/TM1,2,H8 (~8%), one

of the crystallographic interfaces, TM4/TM5 (~8%) and TM5/TM5 (~8%) interfaces were also

observed in the simulations of inactive MOR. While the TM5/TM5 interface met our criteria

for interface formation (see Methods section), it is not as compact as the other interfaces with

some lipid tails located in between the protomers.

The most frequently formed interfaces in the simulation of all active MORs are the TM1,2,

H8/TM5,6, TM1,2,H8/TM1,2,H8, and TM1,2,H8/TM5 interfaces which are all seen with

approximately the same frequency (~25%). In the TM1,2,H8/TM5,6 interface, TM6 forms

contacts on the extracellular side only, which allows the interface to form without preventing

the outward swing of TM6 in the active structure. The contacts formed by TM1 and TM2 in

the TM1,2,H8/TM1,2,H8 interface are on the extracellular side, while H8 forms contacts on

the intracellular side. Another frequently seen interface between active receptors is the TM4/

TM4 interface (~17%) in which contacts are formed only by TM4. Both the TM4/TM4 and

TM1,2,H8/TM5,6 interfaces were unique to the active protomers.

In the case of the dimers in which one protomer was in the inactive conformation and one

was in the active conformation, only two interfaces were formed. However, what appeared as a

new interface, TM2,H8/TM4, was structurally very similar to the TM1,2,8/TM4 interface

formed by inactive receptors except that one protomer was slightly rotated, lengthening the

distances between TM1 and TM4 beyond our threshold to form a contact. The TM1,2,H8/

TM5 asymmetric interface is the most favored (~60%) and is formed by either an inactive/

active or active/inactive combination. The symmetric TM1,2,H8/TM1,2,H8 interface was not

formed by the combination of one active and one inactive protomer, which is surprising since

it was formed by either two inactive protomers or two active protomers. In the crystal struc-

tures of the two conformations, the intracellular ends of TM7 do not overlap, shifting H8

slightly. Thus, formation of the TM1,2,H8/TM1,2,H8 interface in this mixed system may

require some adjustments in the position of H8, which the model is not able to capture due to

the elastic network required to maintain the receptor tertiary structure.

The highest-order oligomer seen in the simulations was a trimer, but only few of them were

recorded. For instance, only three trimers were seen in the simulations of inactive receptors

with the following interfaces: 1) TM7A/TM4B and TM4A/TM1,2,H8C, 2) TM5A /TM5B and

TM4A /TM5C, and 3) TM4A/TM1,H8B and TM1,2,H8A/TM4C, where subscripts A, B, and C

identify the three protomers participating in the trimer. Only one trimer was seen in simula-

tions of all active receptors, and it consisted of a TM1,2,H8A/TM1,2,H8B interface and a

TM5,6A/TM1,2,H8C interface. In the mixed-array simulations, one trimer formed as the result

of the association of two active receptors (B and C) with an inactive receptor (A) in the middle.

In this configuration, the inactive protomer contributed TM5 to a TM5A/TM1,8B interface

and TM2,H8 to a TM2,H8A/TM4C interface.

Lipid Distributions around Dimers

The distribution of the lipids around frequently occurring interfaces in the inactive (e.g.,

TM1,2,H8/TM4 and TM1,2,H8/TM4,5) and active (e.g.,TM1,2,H8/TM5,6, TM1,2,H8/TM1,2,

H8, or TM1,2,H8/TM5) dimers was calculated to determine possible correlations between the

location of lipids near the protomers and the formation of specific dimeric interfaces. The con-

centration of the PA, PS, PI, and PIP1-3 lipids in the lower leaflet is too low to draw robust con-

clusions on any role these lipids play at the interface. While the distributions of the PC, PE,

and SM lipids revealed no specific hotspots at dimer interfaces, CHOL molecules were always
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present at the dimer interfaces for the five interfaces listed above. The model structures in S19

Fig, which are colored according to the probability of a CHOL molecule being in contact with

the helices involved in a dimer interface, provide an example of these interactions at the

TM1,2,H8/TM4 and TM1,2,H8/TM1,2,H8 interfaces formed between inactive or active recep-

tors, respectively and the residues frequently in contact with the bundle are listed in S3 Table.

All of the residues with which CHOL forms contacts for more than 50% of the simulation

are on the helical bundle. As seen in S3 Table, four out of five interfaces involving TM1 exhibit

contacts of CHOL with A731.37, S761.40, I771.41, and T1202.56. All five interfaces exhibit CHOL

contacts with L1162.52 and S1192.55. While S1192.55 has one of the highest probabilities of being

in contact with CHOL when MOR is monomeric, I2425.48 is frequently in contact with CHOL

in both protomeric and dimeric configurations. The three interfaces involving TM5 have

CHOL most frequently bound at I2385.44, F2415.47, I2425.48, M2435.49, and V2455.51.

Discussion

Lipid Order/Disorder Facilitates Dimerization

Studies from several groups [6,19,40–43], including ourselves [28,44], have computationally

explored the effects of the lipid bilayer on the formation of GPCR complexes. In this work, we

further investigate the impact of the lipid environment on the spatio-temporal organization of

inactive and/or active MOR employing, for the first time, a more realistic 63-component

plasma membrane [27] model.

The effects of lipids on protein association in the membrane are classified as either specific

(i.e., direct) or non-specific effects [45]. Specific effects refer to possible interactions of individ-

ual lipid molecules with specific residues on the protein surface, whereas non-specific effects

are attributed to the modulation of the properties of the membrane (e.g. bilayer thickness).

Our analysis of MOR simulations shows an interesting interplay between these two types of

effects with individual helices of the receptor promoting regions of the membrane with differ-

ent average order. Specifically, the enrichment of SM at helices TM1, 5 and 6 promotes regions

of ordered lipid molecules next to these helices, while helix TM4 is most frequently adjacent to

less ordered regions of the lipid.

Recently, Katira et al. [46] suggested a mechanism by which the stabilization of phases with

specific order by proteins in a homogeneous membrane can lead to membrane-mediated

interactions between proteins. In their model, a disordered phase of a simple DPPC membrane

was stabilized around an idealized protein by setting the length of the protein hydrophobic

core to be less than the thickness of the surrounding ordered membrane. When two proteins,

each surrounded by their own disorder lipid phase, approach each other, it is energetically

favorable for the two regions of disordered lipids to merge to minimize the size of the order/

disorder interface, resulting in an effective, long-range, induced interaction between the pro-

teins. A similar mechanism appears to be occurring in the MOR simulations reported here.

However, in contrast to the homogeneous idealized proteins studied by Katira et al., MOR in

the heterogeneous membrane appears to induce order/disorder depending on the helix and

the lipids closest to it. In the complex plasma membrane in our simulations, the hydrophobic

length of the individual helices as well as the modulation of the local bilayer compositions by

the protein produce specific hydrophobic mismatches that lead to helix-dependent regions of

order and disorder. Despite these important differences, the simulations reported here show

how ordered lipid regions will tend to coalesce to reduce the energetic cost of merging ordered

and disordered regions in the membrane.

Although the high-protein concentration in our high receptor density simulations, and the

limited length of the low receptor density simulations prevent us from addressing the effect of
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this mechanism on the translational dynamics of the proteins since the average protein-protein

distance is relatively small in our system, it is clear that the lipid order influences the orienta-

tion of protomers that eventually come together to dimerize. Specifically, interfaces formed by

helices next to order-inducing regions (e.g. TM1,2,H8/TM5) are more frequently formed than

those next to disorder-inducing regions (e.g. TM4/TM4) or those next to regions with opposite

order preference. At a shorter range, the proteins will then proceed to form bona fide dimeric

structures depending on specific residues at the interface, shape complementarity, and phy-

sico-chemical properties of the interface. The presence of ordered lipid regions next to helices

TM1, 5, and 6 fades when the distance between protomers is only a few nm. On the nanometer

length scale it is reasonable to assume that shape complementarity and specific interactions

start playing a role in dictating the shape of the interaction free-energy and ultimately deter-

mining whether an interface can form or not. Thus, whether the helices involved in interface

formation induce ordered or disordered lipid regions ceases to play a role once the protomers

are close together.

Our simulations show an area of high CHOL density near the palmitoylated C1703.55

located between TM4 and TM5 of MOR, which had been previously suggested to trap CHOL

molecules and to promote dimerization [5]. This palmitoylation site appears to help order the

lipids around TM5 in simulations of the inactive but not the active MOR which may explain

why the TM5/TM5 interface is formed between inactive but not active receptors. While

increasing the lipid order and the membrane thickness near TM4 enhances the propensity of

inactive MOR to form a dimerization interface involving this helix, the outward movement of

TM6 upon activation appears to affect the ability of this helix to be involved in dimerization of

active MOR by virtue of a decreased lipid order and membrane thickness near that helix.

The results presented here offer testable hypotheses for experimental investigation. For

instance, regions of lipid order immediately next to the MORs are found to be rich in SM,

which is known to contribute to ordered regions of a membrane [47]. We find that the polar

linker beads of SM lipids associate with polar/charged side chains on TM 5 and 7 of MOR (e.g.

Y2275.33, N2305.36, F3137.30, Q3147.31). Mutating these residues to Ala might decrease lipid

order and interface formation since the attraction between SM and the protein is predicted to

decrease.

Lipid rafts have long been thought to compartmentalize cellular processes by contributing

to the assembly of signaling molecules [48]. There is support for localization of activated MOR

in lipid rafts [32,35], but the involvement of lipid rafts in GPCR signaling is likely dependent

on the signaling pathway and the cell type [49]. The plasma membrane used in the simulations

reported herein is too small to eventually see formation of lipid rafts, but we can speculate that

the ordered/disordered lipid regions mimic the role of lipid rafts in guiding the assembly of

receptors, and may also contribute to orienting the receptors so as to guide their interaction

with specific regions of the intracellular proteins, e.g., the G-proteins, that are in contact with

the membrane.

Direct Lipid-Receptor Interactions Do Not Trigger Transbilayer (Flip-Flop)

Lipid Motion

Transmembrane lipid translocation, or flip-flop, is essential to maintain the required composi-

tion of cell membranes. In the simulation reported here, only three lipid types were observed

to flip-flop from one leaflet to the other, specifically CHOL, CER, and DAG, which are the

same three lipids found to flip-flop in published simulations of the plasma membrane without

proteins [27]. Although GPCRs have recently been shown to act as phospholipid scramblases

[50], helping them move from one leaflet to the other, phospholipids did not flip within the
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20 μs of our simulations. This is likely due to the timescale of our simulations. Notably, pub-

lished umbrella sampling simulations of different sets of lipid bilayers showed that the energy

barrier for a dipalmitoylphosphatidylcholine (DPPC) lipid to flip-flop though a DPPC bilayer

is increased by 26 kJ/mol for a 20% CHOL membrane relative to a pure DPPC bilayer [51].

The flipping rate of DPPC was estimated to be on the order of hours in a pure membrane and

on the order of years in a DPPC/CHOL membrane.

The distribution of CHOL in the hydrophobic region of the bilayer (S13 Fig, solid lines)

show that the CHOL molecules are either perpendicular to the membrane normal or close to

perpendicular, which is consistent with neutron scattering experiments showing the presence

of disordered CHOL in a PC membrane with polyunsaturated tails [52]. Previous simulations

have shown that CHOL flips in a membrane by first tilting, and then migrating to the middle

of the bilayer where it is perpendicular with respect to the membrane normal [53–55]. While

we also see CHOL in the middle of the membrane where it is bound to the protein, our kinetic

model shows that the main route for CHOL flipping is through the membrane away from the

proteins. The mechanism by which transmembrane proteins promote lipid flip-flopping has

been attributed to either thinning of the membrane near the protein or the formation of

hydrophilic interactions between lipid and protein, both of which would reduce the energy

barrier to flipping. Here we see that CHOL flipping via states that are bound to the protein

reduces the overall translocation rate, suggesting that the same would be true for other lipids

with hydrophilic heads.

The dimer structures also showed CHOL bound to the helical bundle. The helices to which

CHOL binds when MOR is isolated are not the same helices to which it binds when the recep-

tor is in a dimeric configuration. However, there is no correlation between CHOL bound at

specific regions of the helical bundle and dimerization. It is unclear if the CHOL molecules

bind an individual protomer before the interface forms or if they insert themselves between

protomers after dimerization. The limited statistics of the simulations presented here does not

allow us to derive quantitative inferences about the behavior of individual CHOL molecules at

the dimer. A new set of simulations is currently being performed to answer this question.

Lipids with Negatively Charged Headgroups Appear to Play a Role in

Activation but not Oligomerization

The non-sterol lipids which make up the bulk of the membrane (PC, PE, SM; 60% in the upper

leaflet and 53% in the lower leaflet) show a ring-like distribution around the individual recep-

tor protomers. While some of these zwitterionic lipids are localized around the helices, these

preferences are mostly independent of the protein conformation. In contrast, the negatively

charged PIP lipids which are present only in the lower leaflet have significant differences in

their distribution around the inactive and active conformations supporting experimental infer-

ences that they favor the latter conformation. The PA, PS, and PI lipids all have a charge of -1,

but the PIP1-3 lipids are derivatives of the PI lipids which have been phosphorylated once

(PIP1), twice (PIP2), or three times (PIP3) and thus have charges of -3, -5, and -7 respectively.

These lipid distributions are consistent with experimental and computational evidence show-

ing that negatively charged residues promote activation not only in GPCRs [10,11,56] but also

in ion channels and transporters [57]. For instance, in the case of β2AR, the presence of the

negatively charged lipid phosphatidylglycerol (PG) promoted agonist binding and activation

while the neutral PE lipid promoted antagonist binding and the inactive conformation [10].

Recent all-atom MD simulations of β2AR showed that a PG lipid can insert itself inside the

receptor between TM6 and TM7, forming a salt bridge with R3.50 and stabilizing active

conformations [56]. While the rigidity of the elastic network applied to the coarse-grained
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receptor structure in our simulations prevents lipids from entering the MOR, the PIP1-3 and

PA lipids prefer to localize at the crevice between TM6 and TM7 formed upon activation of

the receptor as a result of TM6 swinging outward. The ability of negatively charged lipids to

promote activation has also been shown for another GPCR, the neurotensin receptor NTS1,

as coupling between NTS1 and Gq-proteins increased with PG content [11]. The results of

our simulations are consistent with a conformation-dependent role of negatively charged

lipids in membrane protein function, but due to the low concentration of these lipids in the

idealized plasma membrane, we cannot derive a clear conclusion about their role, if any, in

oligomerization.

Interface Formation Is Affected by Receptor Conformation

Early cysteine cross-linking experiments have suggested that inactive and active GPCRs do

form different interfaces [58–60]. The present simulation results show that the interfaces

formed by the MOR receptors are also dependent on the conformation of the protein. Specifi-

cally, while both the inactive and active receptors formed the TM1,2,H8/TM1,2,H8, TM1,2,

H8/TM4, and the TM1,2,H8/TM5 interfaces, each conformation also formed mutually exclu-

sive interfaces.

Both the inactive and active crystal structures of MOR show dimeric packing interactions

involving TM1, TM2, and H8. The Cα RMSD of TM1 and TM2 of the simulated inactive/inac-

tive dimer was 4.2 Å (referenced to the MOR inactive crystal structure 4DKL) or 2.8 Å (refer-

enced to the MOR active crystal structure 5C1M). In the case of the active/active simulated

dimer, the RMSD was 4.8 Å (referenced to 4DKL) or 2.9 Å (referenced to 5C1M). Unlike the

crystal structure of active MOR, the crystal structure of inactive MOR also showed a symmetric

TM5,6/TM5,6 packing interaction [29]. The fact that this interface is neither seen here nor in

previous simulations we carried out on the inactive MOR in a POPC/10% CHOL environment

[28] further supports the suggestion that the TM5,6/TM5,6 interface is either kinetically

impaired or it may represent a crystallographic artifact.

Similar to the results of our previous simulations of inactive MOR in a POPC/CHOL mem-

brane [28], the simulations carried out here suggest that interfaces TM1,2,H8/TM1,2,H8,

TM1,2,H8/TM4,5, and TM5/TM5 are likely to form in a mimetic membrane environment. In

contrast, the TM1,2,H8/TM5,6 and TM4,5/TM5,6 interfaces seen in the POPC/CHOL mem-

brane did not form between inactive protomers in the 63-component plasma membrane, but

we believe that this is most likely due to differences in the modeled intracellular loop 3 (IL3).

Several other GPCR crystal structures show packing interactions that are similar to those

seen in our simulations. Both the inactive δ-OR (DOR, PDB ID: 4DJH) [61] and inactive β1

adrenergic receptor (β1AR, PDB ID: 4GPO) [62] crystal structures form TM1,2,H8/TM1,2,H8

interfaces. The Cα RMSD of the inactive/inactive simulated dimer was 3.8 Å relative to DOR

and 2.8 Å relative to β1AR. Two of the asymmetric interfaces resulting from the simulations of

inactive MOR were seen in the crystal packing of chemokine receptors: TM1,H8/TM6,7 in

CXCR4 (PDB ID: 3OE8) [63] and TM4/TM7 in CCR5 (PDB ID: 4MBS) [64], with RMSD of

4.5 Å and 4.4 Å, respectively. Interestingly, the chemokine receptors have been suggested to

form heterodimers with MOR [65]. Another interesting observation is that no higher-order

oligomers other than trimers are identified in our simulations, but this may be due to our

choice of strict interface criteria, which limits the higher-order complexation to trimers in the

afforded timescale.

In summary, we have performed over 300 μs of CG MD simulations of inactive and/or

active MOR in an idealized plasma membrane and concluded that the impact MOR conforma-

tion has on dimerization is two-fold. First, the two conformations induce different patterns of
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order and disorder with merging ordered regions determining protomer orientation with

respect to one another. Second, the shape complementarity between different conformations

affects both the number and type of interfaces formed. While indirect lipid effects are found to

play a major role in receptor dimerization, direct effects through specific lipid-receptor inter-

actions require further investigation.

Methods

System Set-Up

The inactive and active crystal structures of the mouse MOR (PDB ID: 4DKL [29] and 5C1M

[30], respectively) were used as the starting structures after removal of all non-receptor atoms

(e.g. the ligands, as well as the fused T4L lysozyme and the nanobody in the inactive and the

active crystal structures, respectively). The missing intracellular loop 3 (IL3) of the inactive

structure was added using the high-resolution structure of the δ-OR (PDB ID: 4N6H) [61] as a

template for homology modeling. The N-terminal region of the active structure was removed,

while the missing residues of helix 8 (Η8) were added so that both proteins consisted of resi-

dues 65 to 352. All missing residues and side chains were added using MODELLER [66]. The

resulting structures were coarse-grained according to the Martini force field version 2.1 [67–

69] using the martinize.py script. Receptor tertiary structure was maintained with a modified

version of the elastic network [70,71]. Specifically, a harmonic force was applied between all

BB beads within a cutoff of 0.9 nm using a force constant of 1000 kJ mol-1 nm-2 for helical resi-

dues, or 250 kJ mol-1 nm-2 for residues in unstructured regions. In agreement with experimen-

tal inferences [5], C1703.55 (the superscript follows the Ballesteros-Weinstein numbering scheme

[72]) was palmitoylated by adding four C1 beads with a bond length of 0.47 nm and force con-

stant of 1250 kJ mol-1 nm-2 and angles of 180˚ with a force constant of 25 kJ mol-1 rad-2.

Two membrane sizes were used for the simulations reported in this work. Arrays of 16

coarse-grained proteins were placed in either a large membrane patch of 50×50 nm2 or a

smaller patch of 25×25 nm2, corresponding, respectively, to 6.4×103 and 2.5×104 receptors/μm2.

We use “low receptor density” to refer to the large membrane patch and “high receptor density”

to refer to the small membrane patch. The proteins were evenly spaced, and each of the proto-

mers was randomly rotated around its z-axis. Two types of arrays were created, using all inactive

or all active receptors, respectively. For each of the four protein set-ups (active and inactive con-

formations, high and low receptor density), five sets of arrays were created for a total of 20 start-

ing protein configurations. Furthermore, a third type of array, containing 50% inactive/50%

active (hereafter indicated as “mixed arrays”) receptors, was prepared (in five replicas) for the

high receptor density setup, adding 5 more starting receptor configurations. In the case of the

mixed arrays, 50% of the proteins were randomly assigned to be inactive, while the others were

in the active conformation (see S20C Fig for an example of an initial configuration of mixed

arrays for the high density system, while S20 Fig Panels A and B show examples of all inactive

and all active receptor set-ups for the high receptor density systems, respectively).

Using the insane.py [73] script, the protein arrays were then embedded in a coarse-grained

63-component plasma membrane with the same composition as that obtained by Ingólfsson

et al. [27] (see S3 Fig) scaled so that the protein to lipid ratio was approximately 1:200 and

1:100, respectively for the low and high receptor density setups. The total number of lipids in

each membrane was approximately 3200 (or 800) in the upper leaflet and 3000 (or 750) in the

lower leaflet for the low receptor density (or high receptor density) systems. As in Reference

[27], a 2 kJ mol-l nm-2 restraint was placed on the phosphate bead of POPC and PIPC lipids in

the upper leaflet in the z direction to prevent large membrane undulations. The height of the

box was set to 11 nm.
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The protein-membrane systems were solvated with water, and ions were added to neutral-

ize the total charge. To provide a direct comparison of the plasma membrane without proteins,

the final structure from the 40 μs trajectory of Ingólfsson et al. [27] was retrieved from the

Martini force field website (http://md.chem.rug.nl) and used as the starting point for a 700 ns

trajectory using the same settings as the simulations with the receptors.

Simulation Details

Following 10,000 steps of steepest descent energy minimization, the systems were simulated

for 100 ns using a timestep of 10 fs keeping position restraints on the backbone beads of the

receptor. To equilibrate the membrane and determine the distribution of the lipids around the

individual protomers, each system was run for 5 μs using a timestep of 20 fs, while still main-

taining position restraints on the receptors. In preparation for the production run, four 10 ns

runs with decreasing restraints on the proteins (500, 100, 50, and 10 kJ mol-1 nm-2) were per-

formed. The production runs were 20 μs and 3 to 5 μs long for the high receptor density and

the low receptor density systems, respectively, giving a cumulative time of over 300 μs for the

three simulated protein combinations. The simulations were run in the NPT ensemble, with

reference temperature of 310 K controlled with the v-rescale algorithm (τt = 1.0 ps) [74], and

reference pressure of 1 bar, controlled with the Berendsen algorithm (τp = 5.0 ps) [75]. The

Coulomb interactions between 0 and 1.2 nm decayed smoothly to 0, while the van der Waals

interactions between 0.9 and 1.2 nm decayed smoothly to 0. All simulations were performed

with GROMACS 4.6 [76,77].

Lipid Analysis

The analysis of the lipids around receptor protomers was performed on the final 2 μs of the

membrane equilibration part of the simulation–in which the proteins were kept fixed with

position restraints–and on the protomers extracted from the production runs. In the latter, a

receptor was considered monomeric if the distance between the center of mass of the protein

and every other protein was at least 5 nm. Since the atomic coordinates were recorded every ns

and each frame has 16 receptors, each lipid distribution around the receptors was calculated

from 5×2000×16 sets of lipid-protein positions. The analysis of the lipids around the dimers

was performed on the frames from the final 1 μs of simulation time of the high receptor density

production runs, which was also used for interface clustering. The ROH beads of the CHOL or

the first linker bead (GL1 or AM1) of the non-sterol lipids were used for the lipid analysis (see

S1 Fig for a depiction of representative lipids). Lateral lipid density was calculated by binning

the position of the lipid beads into 50×50 square bins with a side of 0.2 nm in the membrane

plane and calculating the normalized probability distribution. In order to quantify the order

and disorder of the lipid tails, the angle between the average membrane normal (z direction)

and the vector from the linker bead (AM1/2 or GL1/2) to the last bead of the tail was calculated

for both tails of each lipid. While the metric used to calculate the lipid order, which is akin to

that suggested by Katira et al. [46], does not follow the traditional definition of lipid order

parameter, it is more computationally efficient, and it allows us to use the same metric to char-

acterize the order of non-sterol lipids and CHOL. While CHOL does not have a tail, the angle

was calculated between the membrane normal and the vector from the ROH bead to the final

bead. For CHOL, the membrane was split in three parts with the middle of the bilayer defined

to be 1.6 nm thick by plotting the histogram of the z-coordinate of the ROH bead. Order distri-

bution plots were obtained by averaging the order in 1.75×1.75 Å2 square bins parallel to the

xy plane. The local thickness of the membrane was defined as the difference between the aver-

age z-coordinate of the linker bead to which the headgroup is attached (AM1 or GL1) in each
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of the two leaflets, on the same 1.75×1.75 Å2 grid used to calculate the order. The dependence

of the membrane modulation on the relative position of proteins was analyzed by selecting all

frames in both the high receptor density and low receptor density production runs with two

protomers at a given distance r = ||R1–R2|| (where R1 and R2 denote the COMs of the two pro-

teins), and with relative orientation described by angles α and β in the regions α2Oα = [α0–π/

6, α0+π/6] and β2Oβ = [β0–π/6, β0+π/6], where α0 and β0 specify the region of the two proto-

mers facing the dimerization interface (0 or –3/4π, respectively for the TM1,2,H8 and TM5,6,

interfaces). The position lipid molecules relative to the protomers was described as dvd+nnd in

the frame of reference given by the versor vd/R1–R2 and its normal nd. We report averages of

membrane thickness and order over Oα, Oβ, and n<r0 (where r0 = 1.7 nm is the average proto-

mer radius), as a function of r (protomer distance) and d (lipid position). Only frames for

which no other protein was found within r0 from the line connecting the COMs (i.e., n<r0) of

the two protomers were included in the analysis. The averages are calculated and reported for

d2[r0, r–r0].

A kinetic model of the CHOL movement was generated with PyEmma [78] using the con-

tacts formed between the ROH and BB beads to perform the geometric clustering. A hidden

markov model was used to kinetically lump the clusters into 8 macrostates.

The mean residence time of the lipids around a helix of the monomer was calculated for the

production runs together with the last 2 μs of their corresponding equilibration runs. For

every lipid, the length of time spent within 1.2 nm of any sidechain bead (SC) of each helix was

calculated in order to obtain a distribution of residence times per lipid species and helix per

run. The total mean residence times and standard deviation were obtained by averaging over

the distributions from each replica.

Interface Analysis

All interface analysis was performed on the high-density simulations. To characterize the inter-

faces formed during the production runs, k-means clustering was performed on the final 1 μs of

the trajectories, using the Euclidean norm d2 = Tr(DTD) of the difference of contacts maps D as

a dissimilarity measure. An interface was considered to be formed when at least ten residues on

each protomer formed contacts with the other protomer, with a contact defined as two back-

bone beads lying within 0.8 nm of each other. Helices with three or more residues forming con-

tacts were used in the interface name. The relative frequency of each observed interface and

their variance were estimated using a multinomial model Xj ~ Multinomial(n,pj), where Xj is

the number of observed dimers for interface j and n is the total number of observed dimers.

Specifically, the well-known relation to the Poisson model was exploited to rewrite the model as

Xj ~ Poisson(λj) and pj = λj/∑ λj. We took a Bayesian approach, and sampled the posterior distri-

butions of pj with normal uninformative (standard deviation 100) priors on γj = log(λj) using

the observed values of Xj for each trajectory. Results are reported as mean and 95% credible

intervals. Sampling was performed with the rstan 2.8.0 interface to the Stan language [79]. The

RMSD of the simulated interfaces relative to the crystal structures was determined after aligning

the Cα of the two dimers. The RMSD was calculated using only the Cα atoms of the helices par-

ticipating in the interface to ensure that the RMSD captured only the differences between the

interfaces. The structures of the interfaces were rendered in pymol. Scripts for the lipid analysis

and interface clustering employed the MDAnalysis python libraries [80].

Supporting Information

S1 Table. The fraction of the final 2 μs of the low receptor density simulation with fixed

receptor backbone (BB) beads during which the BB beads of the residues are in contact
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with the GL1 bead of a PIP1-3 lipid. All residues listed are in contact with either the inactive

or active receptor at least 10% of the simulation time. Residues exhibiting the greatest differ-

ence between the two receptor conformations are shown in bold.

(PDF)

S2 Table. Fraction of interfaces formed between inactive, active, and inactive/active MOR

determined by clustering the conformations observed during the final microsecond of the

high receptor density trajectories in which the receptors were free to move. The mean frac-

tion of dimers belonging to each specific interface is reported along with its 97.5% credible

intervals. The most frequently observed interfaces for each dimer type are highlighted in bold.

(PDF)

S3 Table. The residues on helices involved in dimer interfaces with which CHOL is in con-

tact for more than 50% of the final microsecond of the high receptor density simulations

with the receptors free to move. Residues in contact with CHOL for more than 75% of the

simulation time are in bold.

(PDF)

S1 Fig. Structure of A) a cholesterol, B) a PC/SM lipid, and C) a GM lipid with the ROH, GL1,

and AM1 beads used in the lipid analysis colored in cyan. The headgroup beads are in pink

and the remaining tail beads in grey.

(PDF)

S2 Fig. Lipid distributions of A) PA, B) PI, C) PIP1-3, D) PS, and E) GM around individual

protomers during the final 2 μs of the low receptor density simulations with the BB beads of

the receptors fixed. The dots indicate the centers of mass of the BB beads of the receptor heli-

ces.

(PDF)

S3 Fig. The fraction of lipids with each headgroup in the plasma membrane at the start of

all of the simulations. ‘Other’ in the upper leaflet includes: CER (0.7%), LPC (1.0%), and

DAG (0.4%). ‘Other’ in the lower leaflet includes: PA (1.5%), PIP1-3 (1.6%), CER (0.1%), and

DAG (0.5%). The total number of lipids in the upper and lower leaflets was approximately 805

and 750, respectively for the high receptor density membrane and 3200 and 3000 for the low

receptor density membrane.

(PDF)

S4 Fig. Plots showing the average lipid order (left column) and bilayer thickness (nm, right

column) during the final 2 μs of membrane equilibration for one high receptor density sim-

ulation run of inactive (top row) or active (bottom row) receptors with fixed BB beads. The

data is averaged over all lipids, excluding the ones that flip-flop across the membrane (i.e.

CHOL, CER, and DAG). For the order, a value of 0 (orange color) indicates a fully ordered lipid

tail, and the larger the value, the more disordered the tail. The units of thickness are nm. In both

cases, the white color is set to the average value of the simulations with the inactive receptors.

The center of mass of the seven TM helices are indicated by the colored dots as follows: TMs 1

through 7 are colored in blue, red, grey, orange, yellow, green, and pink, respectively.

(PDF)

S5 Fig. Plots showing the average lipid order (left) and bilayer thickness (right) for one

high receptor density simulation run of a mixed array of inactive and active MOR during

which time the BB beads of the receptors were fixed. The data is averaged over all lipids,

excluding the ones that flip-flop across the membrane (i.e. CHOL, CER, and DAG). For the
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order, a value of 0 indicates a fully ordered lipid tail, and the larger the value, the more disor-

dered the tail. The units of thickness are nm. In both cases, the white color in the color bar is

set to the average value of the simulations with the inactive receptors. The centers of mass of

the seven TM helices are indicated by the colored dots as follows: TMs 1 through 7 are colored

in blue, red, grey, orange, yellow, green, and pink, respectively. The ‘I’ and ‘A’ indicate if the

receptor is in the inactive conformation or the active conformation.

(PDF)

S6 Fig. The correlation between the bilayer thickness and the lipid order for the high

receptor density simulations of inactive (left) or activated (right) MOR with the BB beads

of the receptors fixed. For each bin, the average order is plotted vs. the average thickness.

(PDF)

S7 Fig. The bilayer thickness (nm, top row) and lipid order (bottom row) of the non-flip-

ping lipids within 3.125 nm of the protein center of mass calculated as a function of the

helix index during the last 2 μs of membrane equilibration of the low receptor density sim-

ulations with the BB beads of the receptors kept fixed. For the thickness, the average and

standard error are indicated by a black line and a grey band, respectively. The overall average

value of the order is indicated by red dashed lines in the bottom panels. The location of the

center of mass of the helices is indicated by the vertical lines and TMs 1 through 7 are colored

in blue, red, grey, orange, yellow, green, and pink, respectively. Because of the large tilt of

TM3, its center of mass appears to the right of TM4.

(PDF)

S8 Fig. The bilayer thickness (nm, top row) and lipid order (bottom row) of the non-flip-

ping lipids within 3.125 nm of the protein center of mass calculated as a function of the

helix index during the last 2 μs of membrane equilibration of the high receptor density

simulations with the BB beads of the receptors kept fixed. For the thickness, the average and

standard error are indicated by a black line and a grey band, respectively. The overall average

value of the order is indicated by a red dashed lines in the bottom panels. The location of the

center of mass of the helices is indicated by the vertical lines and TMs 1 through 7 are colored

in blue, red, grey, orange, yellow, green, and pink, respectively. Because of the large tilt of

TM3, its center of mass appears to the right of TM4.

(PDF)

S9 Fig. Tilting of the principal axis of the active or inactive MOR in the low receptor den-

sity simulations with either restrained BB beads or freely moving receptors. The angle θ
(radial coordinate, measuring the amount of tilting) is the angle between the protein principal

axis and the normal to the membrane, while φ (polar angle, representing the direction of the tilt-

ing) is the angle between the projection of the principal axis on the xy plane and the projection

of the vector connecting the center of mass of the protein with the center of mass of helix TM1.

(PDF)

S10 Fig. Normalized distribution of lipid order during the final 2 μs of membrane equili-

bration for lipids near inactive MOR (blue) or active MOR (red) in the high receptor den-

sity simulations with the BB beads of the receptors kept fixed. The thick lines are the

average of the five individual runs which are shown as thin lines. The individual runs are an

average over all 16 protomers in the protein array.

(PDF)

S11 Fig. Plots showing the average the lipid order as a function of time for one of the runs

in the high receptor density simulations of inactive (top row) or active (bottom row)
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MORs. The data is averaged over all lipids, excluding the ones that flip-flop across the mem-

brane (i.e. CHOL, CER, and DAG). A value of 0 (orange color) indicates a fully ordered lipid

tail, and the larger the value, the more disordered the tail. In both cases, the white color of the

color bar is set to the average value of the simulations with the inactive receptors. The centers

of mass of the seven TM helices are indicated by the colored dots as follows: TMs 1 through 7

are colored in blue, red, grey, orange, yellow, green, and pink, respectively.

(PDF)

S12 Fig. Average lipid thickness (upper triangle) and order (lower triangle) calculated as a

function of the protein-protein distance r and the lipid position d for the following interfaces:

TM5/TM5 and TM1,2,H8/TM1,2,H8 for the active MOR (panels A and B, respectively), and

TM1,2,H8/TM5 for the inactive or active MOR (panels C and D, respectively). Trajectories

from both the high and low receptor density simulations with the receptors free to move were

used to generate the plots.

(PDF)

S13 Fig. Probability distribution of CHOL order in the headgroup region of the membrane

(dashed line) and the hydrophobic part of the membrane (solid lines) during the low

receptor density simulations in which the BB beads of the receptors were kept fixed.

(PDF)

S14 Fig. Residence time of PC (left) or cholesterol (right) during the production runs of

the membrane with high receptor density. The error bars represent the deviation over the

five runs.

(PDF)

S15 Fig. The z-coordinate of the CHOL’s ROH or CER/DAG’s AM1 or GL1 beads as a

function of the minimum distance to the BB beads of the protein for inactive MORs (top

row) or active MORs (bottom row) during the final 2 μs membrane equilibration in the

simulations with high receptor density and the BB beads of the receptors kept fixed.

(PDF)

S16 Fig. The z-coordinate of the AM1 or GL1 beads as a function of lipid order for the

DAG (top row) or CER (bottom row) lipids in the plasma membrane with inactive MOR,

active MOR, or no receptors. The data in the plots for the membranes with receptors are

from the final 2 μs membrane equilibration in the simulations with high receptor density and

the BB beads of the receptors fixed.

(PDF)

S17 Fig. Kinetic network of the cholesterol movement in the z-direction as a function of the dis-

tance from the protein for the A) inactive and B) active MORs generated with the plot_network

routine of pyemma using the final 2 μs of membrane equilibration of the simulations with high

receptor density and the BB beads of the receptors fixed. The initial geometric clustering was per-

formed using the contacts formed between a single cholesterol molecule and the residues of the

protein. The five pathways with the highest fluxes are shown with the thickness of the arrows

indicative of the relative flux. The size of the circle is proportional to the size of the state. The states

are colored according to their average order with orange corresponding to a cholesterol oriented

parallel to the membrane normal and dark purple representing a perpendicular orientation.

(PDF)

S18 Fig. Average of the number of isolated receptors calculated as a function of time dur-

ing the production runs of the membrane with high receptor density. Values for the
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simulations with inactive or active receptors are reported in blue and red, respectively.

(PDF)

S19 Fig. Model structures of the A) inactive/inactive MORs interacting at the TM1,2,H8/TM4

interface and B) active/active MORs interacting at the TM1,2,H8/TM1,2,H8 interface during

the final μs of the high density simulations in which the BB beads of the receptors were kept

fixed. Helices involved in the interface are colored by frequency of interaction with cholesterol

(white to blue to green indicates low to high probability).

(PDF)

S20 Fig. Snapshot of the production runs of the simulations with high receptor density at 0, 5,

10, and 20 μs for the A) inactive, B) active, and C) mixed arrays of MOR. The lipids are in grey,

the inactive proteins in blue, and the active proteins are red.

(PDF)

S1 Movie. Movie showing the average of the lipid order as a function of time for one run

with inactive receptors in the membrane with high receptor density. The snapshots in S11

Fig were taken from this trajectory. The data is averaged over all lipids, excluding the ones that

flip-flop across the membrane (i.e. CHOL, CER, and DAG). A value of 0 (orange color) indi-

cates a fully ordered lipid tail, and the larger the value, the more disordered the tail. In both

cases, the white color of the color bar is set to the average value of the simulations with the

inactive receptors. The center of mass of the seven TM helices are indicated by the colored

dots as follows: TMs 1 through 7 are colored in blue, red, grey, orange, yellow, green, and pink,

respectively.

(MP4)
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