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Abstract

The interactions of membrane proteins are influenced by their lipid environment, with key lipid
species able to regulate membrane protein function. Advances in high resolution microscopy can
reveal the organisation and dynamics of proteins and lipids within living cells at resolutions < 200
nm. Parallel advances in molecular simulations provide near-atomic resolution models of the
dynamics of the organisation of membranes of /n vivo like complexity. We explore the dynamics
of proteins and lipids in crowded and complex plasma membrane models, thereby closing the
length and complexity gap between computations and experiments. Our simulations provide
insights into the mutual interplay between lipids and proteins in determining mesoscale (20 to 100
nm) fluctuations of the bilayer, and in enabling oligomerization and clustering of membrane
proteins.
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Introduction

Cell membranes are crowded and spatially heterogeneous environments for proteins. Recent
advances in lipidomics have provided insights into the diversity of lipids and their biological
roles (1, 2). The composition of a cell membrane depends on the cell type and also on the
organelle in which it is present (3). Thus the human plasma membrane (PM) is composed of
glycerolipids, sphingolipids, and sterols including cholesterol (Chol) and the composition of
the lipids within the plasma membrane is asymmetric between the outer and inner leaflets
(2-8). The outer leaflet is composed mostly of phosphatidylcholine (PC) and sphingomyelin
(Sph) along with glycosphingolipids such as monosialodihexosylganglioside (GM3), and
also Chol. The inner leaflet also contains Chol, alongside phosphoethanolamine (PE),
phosphoserine (PS) and phosphatidylinositols (Pls) such as phosphatidylinositol-4,5-
bisphosphate (PIP,). The presence of PS and PIs results in the inner leaflet of the plasma
membrane being anionic in nature (3-5, 9). In addition to improved descriptions of their
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compositional complexity, it is increasingly evident that cell membranes do not function
simply as a barrier between cellular compartments, but are involved in regulation of
membrane protein function, in membrane trafficking, and in membrane
compartmentalization via formation of lipid nanodomains/rafts (3, 10-15).

Recent advances in super-resolution microscopy have resulted in a greatly improved
understanding of the dynamic localization of proteins and lipids within the membranes of
living cells (7, 16-19). For example, high resolution methodologies such as stimulated
emission depletion (STED) microscopy have revealed the heterogeneity of organization of
both lipids and proteins within cell membranes at resolutions < 200 nm (16, 17, 19-21). In
parallel with developments in cell imaging, computational approaches now enable us to
explore in detail the structural and dynamic properties of model membranes (22). However,
computer simulation studies of membranes have only recently moved towards development
of more biologically realistic membrane models (23-26). This has allowed us and others to
explore, for example, the formation of lipid nanodomains within plasma membrane models
(23, 25), and to explore the ability of receptors to induce local lipid clusters (24, 27).

Coarse grained (CG) molecular dynamics simulations, as exemplified by the MARTINI
methodology (28-30), are capable of modelling /in vivo membrane complexity (23, 25, 26)
and also in principle of approaching experimental length scales of 100 nm and above. Here
we present the first such studies that close the length and complexity gap between
simulations and experiments such as superresolution microscopy. We have constructed CG
models that model key aspects of compositional complexity and molecular crowding within
a mammalian plasma membrane, at length scales > 100 nm and thus directly comparable
with current experimental approaches. We explore the behaviour of complex asymmetric
plasma membrane models with and without two types of crowded membrane proteins
present. These simulations reveal lipid-mediated oligomerisation of proteins into nanoscale
domains, accompanied by reduction of the diffusion rates of proteins and lipids. This
indicates that complexities in lateral organization are an intrinsic and emergent property of
complex and crowded cell membranes, independent of but open to modulation by
interactions of membrane proteins with the underlying cytoplasmic cytoskeleton.

Setup of the PM system

The membrane model consisted of a plasma membrane-like lipid mixture, with an outer
leaflet composed of PC:PE:Sph:GM3:Chol (40:10:15:10:25) and inner leaflet of
PC:PE:PS:PIP,:Chol (10:40:15:10:25). PC, PE, PS were modelled with 1-palmitoyl-2-oleoyl
(PO) lipid tails (i.e. each with one unsaturated bead) while Sph and GM3 were modeled with
the ceramide tail with one unsaturated bead. PIP, was modeled using a fully saturated tail.
The plasma membrane model (PM) without any proteins consisted of 54,000 lipids, as was
built from a 6,000 lipid plasma membrane model described earlier (23). The 6,000 lipid
patch was constructed from a pure PC bilayer which was converted into the desired
asymmetric membrane model by either renaming and thereby exchange of lipids same size
or smaller than PC or alignment and substitution for larger lipids (such as GM3 and PIP5) as
described previously in Koldsg et al. (23). The 6,000 lipid patch was concatenated onto a
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3x3 system resulting in a 54,000 lipid system with a plasma membrane-like composition.
The standard MARTINI water model was used and the system was neutralised using NaCl to
a 0.15 M concentration. The resultant system consisted of a total of 2.28 M particles (see
also Table S1). The parameters for PC, PE, PS, Sph and cholesterol was obtained from the
MARTINI webpage: (http://md.chem.rug.nl/cgmartini/images/parameters/I TP/
martini_v2.0_lipids.itp), while parameterisation of GM3 and PIP, has been described
previously (23, 31)

Setup of the TMH system

The TM domain of gp130 was modelled in PyMOL (PyMOL Molecular Graphics System,
Version 1.5.0.4 Schrodinger, LLC) as previously described (23, 27) and converted into
coarse-grained representation using the MARTINI2.2 (28) force field. The TMH system
was constructed based on concatenating 6x6 of a system containing 16 gp130 TM helixes
within a plasma membrane model (see above) consisting of 1,756 lipids as described
previously (23). The resulting system consisted of 576 copies of the gp130 TM helix and
63,342 lipids. The standard MARTINI water model was applied and the system was
neutralised using a NaCl concentration of 0.15M which yielded a total of 2.69 M particles
(see also Table S1).

Setup of the GPCR receptor system

The structure of the S1P1 receptor was derived from PDBcode:3V2W (32). The T4
lysozyme insert used in the structure determination was removed and missing residues
12-16, 40-46, 149-155, 232-243, 326-330 were modelled using Modeller 9.10 (33), which
yielded a protein model consisting of residues 12-330. Additionally the genome sequence
(K250, S251, L252) from UNIPROT (P21453) was used instead of the NV sequence from
the epithelium used by the authors of the crystal structure (32). The atomistic S1P1 receptor
model was energy minimized using a steepest descent method prior to being converted into
CG representation using the MARTINI2.2 force field and the ELNEDYN (34) elastic
network model. A single CG model of S1P1 was embedded into a PC bilayer through a 25
ns self-assembly simulation (35). The PC membrane was subsequently converted into a
plasma membrane model utilizing the in-house exchange lipid methodology (see above) to
the same composition as the PM model. The system containing the S1P1 receptor embedded
into a plasma membrane model was then equilibrated for 10 ns prior to being concatenated
into a 12x12 system. The resulting system contained 144 repeats of the S1P1 receptor
proteins, 59,616 lipids and was solvated with the standard MARTINI water model and
neutralised to a 0.15 M NaCl concentration. The GPCR system thus contained 2.60 M
particles (see also Table S1).

Coarse-grain molecular dynamics (CG-MD) simulations

All simulations were performed using GROMACS 4.6 (36) (www.gromacs.org) and the
standard MARTINI protocol. Periodic boundary conditions were applied and a timestep of
20 fs was applied in all the simulations. The temperature was maintained at 323 K using a
Berendsen thermostat (37) and the pressure at 1 bar using a Berendensen barostat. For both
the temperature and pressure a coupling constant of 1 ps was used for the PM and TMH
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system, while a coupling constant of 4 ps was used for the GPCR system. In all simulations
the reaction field coulomb type was used with a switching function from 0.0 to 1.2 nm, and
the van der Waals interactions were treated using a cut-off with a switching function from
0.9 to 1.2 nm. The LINCS algorithm was used to constrain covalent bonds to their
equilibrium values (38). All three systems were simulated for 10 ps of production run.

Diffusion coefficients were calculated using from the mean square displacement at various
intervals using a timestep of 5 ns and and the density distribution of lipid head groups were
obtained through using g_msdand g _density in gromacs respectively. VMD plugins were
used to compute radial distribution functions (39, 40). Contact data was obtained from in
house scripts and visualisation in VMD (40). The protein cluster analysis was based on
MDAnalysis (41) and in house scripts.

Three dynamic membrane systems

Three large (ca. 140 x 140 nm?, see Table S1 for details) plasma membrane model systems
were constructed (Figure 1). Each of these was based upon an asymmetric lipid bilayer. The
composition of the extracellular leaflet was: PC:PE:Sph:GM3:Chol = 40:10:15:10:25, and of
the intracellular leaflet was: PC:PE:PS:PIP,:Chol = 10:40:15:10:25.

The first system was a plasma membrane (PM; Fig. 1a) lipid bilayer without any proteins
present. This provided a control for comparison with two systems containing multiple copies
of proteins at biologically relevant degrees of crowding. A simple protein-containing system
(TMH; Fig. 1B), based on previous smaller scale studies (23), contained 576 copies of a
single a-helical transmembrane (TM) domain (that of the gp130 cytokine receptor)
including short (4 residue) juxtamembrane domains on each side of the membrane. In this
system the protein occupied approximately 6% of the cross-sectional area of the membrane.
A more complex model (GPCR; Fig. 1c) was constructed from a large PM patch into which
144 copies of a GPCR were inserted, the proteins thus occupying 12% of the area of the
membrane. This enabled us to probe the nanoscale organization and dynamics of a
pharmaceutically important GPCR (the sphingosine-1-phosphate 1 receptor (32) PDB:
3V2W). The S1P1 receptor is a target for the lipid-like drug fingolimod which is used to
treat multiple sclerosis (42).

Each of the three membrane systems was simulated for 10 ps. Substantial differences in the
dynamic behaviour of the membranes were observed based on the presence or absence of
membrane proteins and on the nature a degree of crowding of the protein incorporated
(Figure 1 and 2; SI movies S1-3). In particular, it is evident that the degree of local
curvature and membrane dynamics is strongly dependent on the nature of the simulation
system. Within the PM model without proteins we observed large scale membrane
curvature/deformation (Fig. 1a and Sl Fig. S1). This degree of local membrane deformation
is suggestive of incipient budding and/or tubulation of the (asymmetric) membrane, but as
neither proteins nor an underlying cytoskeleton is present, it may be more representative of
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in vitro than of in vivo behaviour of cell membranes. Examination of the TMH and GPCR
simulations indicates that the presence of (crowded) membrane proteins stabilised the
fluctuation and curvature of the membrane, with a greater degree of stabilization of planarity
correlating with an increased degree of crowding, such that the bilayer fluctuates less in the
GPCR system (ca. 12% protein) than in the TMH system (ca. 6% protein).

Membrane Area per lipid

All simulations started from a planar membrane model. To ensure that the area per lipid is
the same in both leaflets of the asymmetric bilayers we tested the area per lipid for the
different lipid species as described previously (23). We have now extended this analysis,
using APL@Voroni (43) to evaluate area per lipid for each of the different lipid species in
the different bilayers. This analysis (summarized in the Supporting Information, Table S2
and Figures S2 to S7) shows that the area per lipid overall and that for each lipid species are
the same for both symmetric and asymmetric membrane simulations. (Each condition was
tested using simulations of small bilayers of 1500 lipids with the same lipid composition as
the large PM system). Hence we are confident that the dynamics and curvature of the
membranes during simulations do not arise from differences in area per lipid between the
two leaflets of the PM and derived models.

Additionally we calculated the average area per lipid of each lipid species within the PM,
TMH and GPCR systems over the initial period (1 to 3 us) of the three simulations (Table
S3). Overall we see the same average areas per lipid for each lipid species when compared to
a smaller protein free plasma membrane model (Table S2 and Fig S6, S7). The largest
difference observed is for PIP, which has a lower area within the GPCR system, which is
most likely a result of local tight clustering of this lipid around the protein when the GPCR
is present (see below).

Membrane fluctuations and deformations

Significant fluctuations were observed within the first few microseconds and continued
throughout the simulation (Figure 2). Comparable fluctuations have been seen in smaller
(6,000 lipid) PM models (23), and in a number of extended simulations of simple lipids
bilayers (44). The visualization in figure 2 suggests that the overall amplitude of the
fluctuations is dependent on the simulation systems such that PM > TMH > GPCR. This
was quantified via normalised density distribution of the lipid head groups averaged over the
course of the simulations (Figure 3). This analysis confirms that the protein free PM system
showed the largest fluctuations and deformations of the planar bilayer, these fluctuations
becoming most pronounced over the second half of the simulation. This suggests that the
large membrane deformation is not a result of the initial setup of the system, as relatively
stable fluctuations are observed in the first part of the simulation before a large deformation
spontaneously occurs (Figure 2 and 3a)

Similarly the large curvature observed for the TMH system (Figure 1 and 2) is reflected in
the head group density distribution (Figure 3b).

JAm Chem Soc. Author manuscript; available in PMC 2017 September 09.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Koldsg and Sansom

Page 6

As seen for the protein free system, large (> 40 nm) scale fluctuations are observed
throughout the TMH simulation, starting within the first 0.5 us and reaching their largest
extent over the final 4 ps. The curvature in the TMH system is less localized than in the PM
system without any proteins, as indicated by comparison of the shapes of the 8-10 ps
distributions for the two systems (Figure 1-3). Significantly, the more crowded (12% protein
fractional area) GPCR system showed much smaller membrane fluctuations than observed
for the other two simulations. This can be seen from the head-group distribution, which
reveals a bimodal structure typical of a planar bilayer projected onto the normal (i.e. z-axis)
for the first half of the simulation (Figure 3c).

We further analysed the extent of the membrane deformation by examining the final (10 ps)
system configurations according to the z-positions of the lipid head groups (Figure 4). This
reveals that the PM system without proteins has a clear localized deformation, ~20 nm in
diameter and extending at its peak beyond 25 nm on z. A substantive (25 nm on z)
deformation is also observed for the TMH system, but for this system (containing ca. 6%
protein) the curvature is less localised and more evenly distributed throughout the system. In
contrast, for the GPCR system the curvature is much less localized within the plane of the
bilayer and as noted above is of significantly smaller amplitude.

From this combination of analyses, it is clear that the presence of a complex membrane
protein in a crowded system stabilizes the (mixed lipid and asymmetric) bilayer against large
amplitude fluctuations on a microsecond timescale. In principle, analysis of these
fluctuations in the context of Helfrich-Canham (HC) elastic theory may be used to derive a
membrane bending modulus. However, HC analysis is not strictly applicable to asymmetric
membranes and so has not been applied in the current study.

Since both the transmembrane helix and the GPCR are more or less cylindrical in cross
section, the ‘damping’ effect is more likely to be a result of crowding rather than the protein
shape. However the role of the shape of transmembrane domains (e.g. some potassium
channels are conical in shape) in modulating dynamic fluctuations of membranes will be of
interest to explore further.

Lipid diffusion

To explore the local dynamics of the different lipid species and the proteins we calculated
the diffusion coefficient of the different lipids species throughout the simulations. A number
of studies on simpler membrane systems, both experimental (45, 46) and computational (47—
50) have indicated that crowding may slow lateral diffusion of both lipids and proteins.
Diffusion coefficients were derived from mean square displacement measurements of lipids
and of proteins. Within the PM system (i.e. without any proteins present, Fig. 5) we
observed slower diffusion of GM3 relative to other lipids, as previously seen in smaller
membrane simulations (23), and as has been observed for glycolipids in living cells (16).
The presence of crowded single TM helices (TMH; Fig. 5) did not change the overall
pattern of diffusion of the lipids. As anticipated the protein diffused more slowly than the
lipids. However, a significant difference was observed in the presence of the GPCRs
(GPCR; Fig. 5). Overall, the crowding effect of this protein reduced lipid diffusion
coefficients by a factor of ca. 1.5. This in turn suggests that the observed decrease in bilayer
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undulations in the presence of GPCRs is not simply a consequence of slower lipid diffusion,
as the GPCR undulations after 10 ps are smaller than the PM undulations after 2 ps. This
slowing of lipid diffusion was especially clear for cholesterol and for PIP,. Not surprisingly
given the difference in protein size, the diffusion of the S1P1 receptor is slower than was
observed for the single TM domain of gp130. Overall, our calculations of lipid diffusion
coefficients indicate that protein crowding slows lipid diffusion in a similar manner to that
seen previously from experiments and simulations, and that this effect is more marked for
those lipids (e.g. cholesterol, PIP,) which interact specifically with membrane proteins. This
latter observation suggests that slower lipid diffusion is because the more tightly interacting
lipids diffuse together with the proteins with which they interact.

Protein-lipid interactions

A global picture of protein-lipid interactions may be obtained from evaluation of radial
distribution function of lipids around the proteins within the two systems containing proteins
(Figure 6 and S8). This analysis revealed comparable behaviour between the two different
protein systems, with the main protein-lipid interactions being with PIP,, with cholesterol
(Figure 6), and with GM3 (Figure S8). We have explored the protein-lipid interactions
pattern of these three selected lipids in more detail by calculating the mean frequency of
interaction between the lipid species and the different residues of each protein averaged over
the entire simulation. For the TMH simulation we observed the pattern of behaviour
described previously for smaller and shorter simulations. In particular PIP, was observed to
form specific interactions with the C-terminal juxtamembrane basic residues (23), as has
also been observed in simulations of receptor tyrosine kinase TM+JM domains in (simple)
lipid bilayers17. For the GPCR system we observed clear patterns of interactions of PIP,
and of cholesterol with the S1P1 receptor protein (Figure 7).

The intracellular facing surface of the S1P1 receptor is enriched in basic residues (as is
frequently the case for transmembrane proteins (6, 24)). These basic residues form frequent
interactions with the headgroup of PIP, molecules within the intracellular leaflet of the
membrane, explaining the reduced mobility of PIP, when S1P1 receptors are present (see
Figure 5). Given the interactions between PIP, and the S1P1 receptors are evenly distributed
around the intracellular face of the protein, the anionic lipid seems to form an annulus
around the protein (51-54). This annular interaction between PIP, and S1P1 receptors is
found in all 144 proteins for over 75 % of the simulation time, indicating that this lipid
indeed forms a stable layer around the protein.

The interactions of GPCRs and cholesterol are of especial interest as it has been suggested
that cholesterol is able to regulate GPCR function (13). Cholesterol has been found to
stabilise the dimerization interface of class C GPCRs (55), and bound cholesterol molecules
are seen in the crystal structures of a number of class A GPCRs (56, 57) (although not the
S1P1). We observed that hydrophobic residues on lipid-exposed surfaces of each of the TM
helices of the S1P1 formed interactions with cholesterol over the entire simulation time in all
144 S1P1 receptors, and annulus of cholesterol around the GPCR (Fig. 7b). Furthermore,
residues on the extracellular surfaces of TM1, TM2 and TM3 formed strong interactions to
the cholesterol headgroup (SI. Fig. S9). Interestingly, TM1, TM2, TM3 (in addition to TM4)
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have been suggested to play a role in cholesterol mediated dimerization of metabotropic
glutamate receptor (55) and in the cholesterol binding site within p2-adrenergic receptors
(56-58) based on crystal structures. Additionally we observe a clear cholesterol headgroup
interaction site involving two basic residues within the intracellular segments of TM5 and
TMS6 (SI. Fig. S9). This is of potential interest, especially as TM6 movement is believed to
be involved in the main conformations change upon activation of GPCRs (59).

The interaction between PIP, and protein was stable and specific, with the lipid remaining
largely bound throughout the simulation for each copy of the protein (Fig. S10). In contrast,
cholesterol interacts more transient: cholesterol was observed to bind and dissociate
throughout the simulations on a sub-microsecond timescale (Fig. S11).

Protein oligomerization

Visualization of the TMH simulation (Fig. 4b and SI movie S2) reveals oligomerization of
the gp130 TM helices. In previous smaller scale simulations formation of TM dimers and
trimers was observed (23). Thus, the current large scale simulations allow us to explore in
more detail clustering/oligomerization of both simple (TMH) and more complex (GPCR)
membrane proteins. Examination of the GPCR simulation (Fig. 4cd and SI movie S3)
suggests that whilst for most of the time the S1P1 receptors are largely present as monomers,
transient dimers can be seen and occasionally trimeric and larger scale clusters appear. This
may be compared to e.g. previous CG studies of rhodopsin (up to 64 proteins in a
simulation) within simple model membranes which revealed formation of linear assemblies
of the GPCR (60, 61). In our simulations rather than large assembles of GPCRs we observe
that the S1P1 receptor monomers come into proximity to each other, sometimes form small
oligomers (dimers, trimers, etc.) which subsequently dissociate allowing monomers to
diffuse away from each other (SI Movie S3). This association and dissociation of the S1P1
receptor monomers during the simulation suggests a more dynamic behaviour of protein-
protein interactions of GPCRs may be seen when they are simulated within “/n vivo’ like
bilayers compared to simpler membranes previously use computationally.

One may quantify the formation of dimers and higher oligomers during the TMH and
GPCR simulations. For the TMH simulation within the first microsecond of the simulation
more than 50% of the TM helices form dimers and higher oligomers, and after
approximately 5 ps of simulation the oligomerization pattern appears to have reached a
plateau (Sl Fig. S12) such that the system is a mixture of dimers, trimers and higher order
oligomers in addition to a small (20% or less) fraction of monomers. Significantly, the
proteins do not assemble into one large cluster, but rather exist as a mixture of smaller
localized oligomers (Figure 4b). In contrast, for the GPCR simulation (Figure 8a) there is a
small and slow decline in the fraction of monomeric proteins, such that in the latter part of
the simulation the systems consists of largely monomers with a small fraction of dimers
(~20%) and trimers (~5%).

As discussed above, lipids form co-clusters with the proteins in both the TMH and the
GPCR systems and in particular cholesterol, PIP; and GM3. A number of studies have
suggested that lipid mediated effects may influence protein-protein interactions within
membranes (60, 62—65). Detailed examination of S1P1 dimers observed in the GPCR
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simulation suggests that indeed cholesterol may mediate the protein-protein interactions
(Fig. 8b-d). Taken together, these results indicate that co-clustering of proteins and lipids
strongly influences the dynamics and organisation of the S1P1 receptor within the (model)
plasma membrane.

Discussion

The simulations presented here allow us for the first time to explore the dynamics of protein
and lipids at experimental length scales in an /n vivo like environment. The presence of large
numbers of copies of membrane proteins in our simulations allows us to gather statistically
significant information on protein and lipid diffusion and on protein-lipid interactions in
membranes where the degree of crowding approaches that seen in cell membranes (66). Our
simulations of complex asymmetric membranes with and without membrane proteins are at
length scales comparable to those accessible by experiments such as STED (16) microscopy,
and the degree of complexity approaches that found in plasma membranes (2—4, 8-10, 67).
These models therefore provide a valuable complement to aid interpretation of experimental
data. For example, we may compare the large fluctuations in our PM simulations with the
experimentally observed formation of blebs in regions of plasma membrane which are
separated from the underlying cytoskeletal cortex (68). Such blebs are micron-sized, and so
the sub-micron scale of the large deformations observed in our simulations (performed in the
absence of any model of the cytoskeletal cortex) may correlate with the early events of bleb
formation.

We are able to observe differences in membrane dynamical fluctuations and in lipid
diffusion depending on the system studied. In particular, the membrane proteins have a
significant effect on the fluctuations and undulations of the plasma membrane. We have
observed restricted movement of particular the glycolipid GM3 and of PIP,, similar to what
has been observed in smaller simulation systems (23, 25). This is in agreement with
experimental observations showing anomalous diffusion of another glycolipid, GM1, in
living cells (16, 69). Importantly, we see that the extent and the dynamics of protein
clustering and oligomerization depend on the nature of the membrane protein embedded
within the plasma membrane model. Thus, as a single TM helix from the cytokine receptor
gp130 clusters rapidly into oligomers, whilst a G-protein coupled receptor (S1P1) seems to
form “looser’ oligomers in which the protein-protein interactions are mediated by lipids,
especially cholesterol.

We have previously explored the effect of protein crowding on lipid mobility and complexity
on smaller length scales (23, 47). Here we move closer towards simulations of biologically
realistic membranes at experimentally relevant length scales. Our models still, of course, are
an approximation to the membranes of living cells. In particular, we note the absence of a
model of the underlying cytoskeleton from our simulations. However, since membrane
compartments are believed to be in the order of 40-300 nm in size, only a small number of
compartments would be present within our simulation systems and this effect is believed to
minimal (70). Additionally, our models only contain one single protein species, which is
obviously an approximation to the multiple protein species of cell membranes. The degree of
crowding effect in our models is also little lower (~6-12% membrane area occupied by
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protein) compared to cell membranes which can be up to 50 % protein by mass yielding a
membrane area fraction of 25 % (66) occupied by protein.

Nevertheless, these membrane models provide multiple advances compared to studies of
membrane and lipid organisation in smaller systems with simple membrane compositions.
We are able to observe much more dynamic organisation and oligomerization of GPCRs,
which have previously been observed to form string-like oligomers when simulated in single
lipid species (PC) bilayers (60, 61). We are able to explore specific-protein lipid interactions
mediating the organisation of this particular GPCR, the S1P1 receptor, within the plasma
membrane model. This illustrates the importance of lipid complexity in global organization
of proteins within a cell membrane. For the S1P1 receptor we can identify specific
interaction sites, particularly for PIP, molecules within the intracellular leaflet. This may
allow this signalling lipid to cocluster with the S1P1 receptor, potentially modulating
downstream signalling. Additionally, it has been shown that cholesterol is able to regulate
the function of GPCRs (13) and interestingly we observe a strong interaction pattern
between the S1P1 receptor and cholesterol within our simulations. We observe specific
interactions sites of the cholesterol headgroup around residues within TM1, TM2 and TM3.
These particular helices have previously been shown to form cholesterol binding sites in
crystal structures of both class A (56-58) and class C (55) GPCRs. In addition we also see
specific interactions between cholesterol and intracellular basic residues within TM5 and
TMB®. This is an interesting observation, as TM6 is particularly believed to play a key role in
the activation mechanism of GPCRs as this transmembrane helix undergoes the largest
conformation changes upon interactions with the associated G-protein (59). Furthermore, we
also observe that cholesterol forms an annulus around the entire membrane embedded
portion of the receptor.

A possible limitation of the current study is the approximations implicit in the use of coarse-
grained force field. Although this approach captures many aspects of lipid-protein (71) and
protein-protein interactions (60) within membranes, it has a number of limitations including
the use of an elastic network model which prevents the proteins from undergoing large
conformational changes, which in turn may influence their interactions. We also note that
polarizable models are available for water and proteins within the MARTINI force field.
However, since the lipids are currently not included in this polarizable model we have
imposed a consistent level of granularity throughout the systems by using the standard (i.e.
non-polarizable) MARTINI force field.

A limitation of most current simulations — even those employing coarse-grained and related
methods — is that the time scales which are achievable during simulations are so short that
complex systems are unlikely to reach an equilibrium or a steady state. In the current study
we can see that although the simulations are approaching a steady state, it is difficult to
judge whether the more complex and crowded systems are equilibrated. Future increases in
computer power will help to address this limitation.

In summary, we have for the first time closed the gap between experiments and simulations
both in terms of complexity and length scale at a resolution that preserves the key
interactions of both the protein and lipids. The simulations presented here clearly show an
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agreement between dynamical behaviour of lipids in living cells as illustrated by
experiments (72) and the reduced mobility we observe for e.g. GM3. Additionally, these
models allow us to explore the dynamical behaviour of co-clustering of proteins and lipid
nanodomains. Our results illustrate that the organisation of a cell membrane is controlled by
various factors, and that the protein-lipid interactions play a key role in organization within
the plasma membrane. The models and methods presented here provide a generalizable
computational approach to explore membrane proteins in more native-like lipid
environments and thereby obtain an improved understanding of the local organisation within
the cell membranes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CG Coarse grained

GPCR G-protein coupled receptor

S1P1 sphingosine 1-phosphate receptor 1
MD Molecular dynamics

STED Stimulated emission depletion

Sph Sphingomyelin

GM3 monosialodihexosylganglioside
PM Plasma membrane

PC phosphatidylcholine

PE phosphatidylethanolamine

PS phosphoserine

PIP, phosphatidylinositol-4,5-bisphosphate
Chol Cholesterol

™ transmembrane

IM juxtamembrane
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Upper: PC:PE:Sph: :Chol
Lower: PC:PE:PS:PIP,:Chol

Figure 1. Membrane models at the start and end of the 10 ps simulations.

PC is shown in dark blue, PE in purple, Sphingomyelin (Sph) in dark grey, GM3 in light
blue, Cholesterol (Chol) in green, PS in light grey and PIP, in orange. (@) PM model
without any proteins consisting of 54,000 lipids; (b) TMH system containing 576 repeats of
a single TM helix (in red) from the gp130 cytokine receptor and 63,342 lipids; (c) GPCR
system containing 144 repeats of the S1P1 receptor (in pink) and 59,616 lipids.
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2.5 us 5.0 us 7.5 us 10 us

Figure 2. Dynamic evolution of membrane models.
Evolution of membrane fluctuations over time illustrated with snapshots at 2.5, 5.0, 7.5, and

10 ps of simulations for the PM, TMH and GPCR systems. Colours are as in Fig. 1.
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Figure 3. Lipid head group density distributions.
(a) Density of the head groups of all lipids except cholesterol at various intervals from the

PM simulation. (b) Density of the head groups of all lipids except cholesterol at various
intervals from the TMH simulation. (c) Density of the head groups of all lipids except
cholesterol at various from of the GPCR simulation.
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a b
- 10 NM

Figure 4. Membrane curvature and deformations.
Membrane curvature of the three simulation systems at 10 ps. The colour scale corresponds

to the lipid headgroup z-position using a 0 (blue) to 25 nm (red) scale. (a) PM system
without any proteins. (b) TMH system with the proteins shown in red. (c) GPCR system
with the proteins shown in pink. (d) Zoom in on selected S1P1 oligomers within the GPCR
system shown in (c).
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Figure 5. Lipid diffusion.

Lateral diffusion constant as obtained from fitting to the mean square displacement for each
lipid species and the proteins within different intervals using a timestep of 5 ns for the PM,

THM and GPCR systems.
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Figure 6. Protein-lipid interactions.
Protein-lipid interactions measured by the spherical radial distribution function of PC,

Cholesterol and PIP, lipid species around the protein (blue = PC, green = cholesterol, orange
=PIPy). (a) TMH system. (b) GPCR system. The area under the curve of the radial
distribution has been normalized to unity to allow for comparison between lipid species.
Radial distribution functions for all lipid species are shown in Sl figure S8.
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Figure 7. Protein-lipid interactions in the GPCR receptor system.
Interactions between PIP, and cholesterol have been mapped onto the structure of one of the

S1P1 receptors. The colour scale illustrates the mean fraction of time there is an interactions
with all 144 repeats of the S1P1 receptor. Thus, a value of 1 indicates a lipid forms a contact
with a given residue in all proteins over the entire duration of the simulation. (a) Interactions
between the phosphoryl head group of PIP, and the S1P1 receptor. Residues having
interactions more than 75% of the time are shown as spheres. The basic residues within the
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residues have been labelled. (b) Interactions between any part of the cholesterol molecule
and the S1P1 receptor.
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Figure 8. GPCR oligomerization.
(a) The clustering of S1P1 receptors within the GPCR system over time. Clustering was

calculated using a cut-off distance of 6.0 nm between the centres of mass of adjacent
proteins. (b) a S1P1 receptor (pink) with transmembrane helix 1 (H1; in black) and
transmembrane helix 5 (H5; in cyan). (c) Orientation of the 144 GPCRs after 10 ps of
simulation with the proteins colored as in (b) while all lipids are colored in light gray (d)
zoom in on one of the GPCR oligomers. Cholesterol molecules within 5 A of the proteins
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are shown in green and the distance between the centres of mass of the two proteins is
shown in blue.

JAm Chem Soc. Author manuscript; available in PMC 2017 September 09.

Page 24



	Abstract
	Introduction
	Methods
	Setup of the PM system
	Setup of the TMH system
	Setup of the GPCR receptor system
	Coarse-grain molecular dynamics (CG-MD) simulations
	Analysis

	Results
	Three dynamic membrane systems
	Membrane Area per lipid
	Membrane fluctuations and deformations
	Lipid diffusion
	Protein-lipid interactions
	Protein oligomerization

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

