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Abstract

Understanding how membrane proteins interact with their environment is fundamental to the understanding of their
structure, function and interactions. We have performed coarse grain molecular dynamics simulations on a series of
membrane proteins in a membrane environment to examine the perturbations of the lipids by the presence of protein.
We analyze these perturbations in terms of elastic membrane deformations and local lipid protein interactions. However
these two factors are insufficient to describe the variety of effects that we observe and the changes caused by membranes
proteins to the structure and dynamics of their lipid environment. Other factors that change the conformation available
to lipid molecules are evident and are able to modify lipid structure far from the protein surface, and thus mediate
long-range interactions between membrane proteins. We suggest that these multiple modifications to lipid behavior
are responsible, at the molecular level, for the lipophobic effect we have proposed to account for our observations of

membrane protein organization.
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Introduction

Biological membranes are complex structures that form
the barrier between the living cell and its environment.
The protein and lipid components of the membrane or-
ganize themselves to form a dynamic 2D fluid, the struc-
ture and function of which is vital for life. Within this
membrane, lipids, through their influence on the proteins,
are important in membrane protein insertion [1-4], folding
[4, 5], assembly into larger complexes [6, 7] and activity [8—
10]. It is thus important to understand the complexity of
lipid-protein interactions to decipher the interplay between
protein sequences in one hand and the lipid composition
on the other hand.

Current understanding of interactions between mem-
brane proteins and their lipid environment comes from
two different schools. First a mechanical elastic vision pi-
oneered by Helfrich [11] considers the lipid membrane as
an elastic sheet that is more or less deformed by curva-
ture. This planar two dimensional vision was extended by
the membrane mattress model [12] where the sheet was
given thickness and embedded proteins. In this field view,
the membrane perturbations are described in terms of hy-
drophobic mismatch [12-16] or curvature mismatch [17-
22]. In both cases these are envisioned as a mismatch be-
tween the local lipid properties and those of the embedded
proteins.

A second view relies on a chemical and molecular de-
scription where interactions and perturbations are seen as
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the affinity or binding of specific lipids or lipid classes to
the membrane protein surface [23-25], and additionally
the existence of annular lipids [26-28] with modified struc-
ture and dynamics. In this descriptions protein—protein
interactions are influenced by modifications to both lipid
packing and the annular lipid preferences [29]. This situ-
ation is similar to the solvation water found around solu-
ble proteins which has modified structure and dynamics.
The differences between the water and water far from so-
lutes are responsible for the hydrophobic effect. Some of
these changes in molecular properties of the solvent can be
observed by experimental measures, such as the measure-
ment of the nmr order parameter Scp[30].

These two visions can both accommodate the possibility
that the membrane contains regions with different chem-
ical composition and mechanical properties, notably the
existence of more or less stable domains or phase sepa-
rated regions [20].

Despite its success in describing forces that arise from
perturbation of the pure lipid membrane properties, the
elastic description concerns a very abstract protein de-
scribed essentially as a hydrophobic conical segment that
gives little place to local interactions. In particular it can
not represent the effect of the topography of protein sur-
faces.

The molecular view is increasingly extended, especially
by integrating aspects that initially came from elastic mod-
els. However the description of the molecular perturba-
tions at the origin of long range interactions is complex.
An important question not currently be treated is how the
modulation of membrane protein properties could influ-
ence long range interaction for example for the control of
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supra-molecular assembly [31].

Among the tools that have recently advanced our un-
derstanding of membrane protein assembly are molecular
dynamics simulations. Such simulations have been able:
to successfully reproduce specific lipid binding sites seen in
electron diffraction experiments [32, 33]; and to describe,
at atomic resolution, some of the perturbation associated
to the lipid annulus [34], including the reproduction of
NMR order parameters. This coming of age of chemical
simulation is the result of the attractive molecular vision
that can be provided, the maturity of the force fields that
have been developed, and a wider appreciation of their
power and limitations [35-41].

Despite these advances, classical chemical simulations
are hard to use on the time-scale (10 to 100 us) frequently
required for the description of complex biomolecular sys-
tem. Fortunately, coarse grain (CG) molecular dynamics
simulations have demonstrated their ability to reproduce
many such phenomena. CG simulations of lipids have been
used to: study phase transitions [42, 43]; lipid (de)mixing
[44, 45]; or vesicles dynamics [46, 47]. Many aspects of
lipid—protein interactions have also been reproduced in CG
simulaions despite the reduction of resolution and the sim-
plification of the energy potential [48-52]. Such simula-
tions have also been used to successfully study membrane
protein interactions [52-56].

In this article we describe coarse grained (CG) molec-
ular dynamics simulations of eleven different membrane
proteins in a phospholipid bilayer and analyze them in
order to describe how membrane proteins perturb their
environments. Our objective has been to understand how
membrane proteins interact with their lipid environment,
the nature of the perturbations and the relative impor-
tance of the different parameters that have been proposed.
Recently we proposed a lipophobic effect [31], in part as an
extension and generalization of hydrophobic and curvature
mismatch, to explain our observations of membrane pro-
tein organization [57]. This term has also been recently
used to describe various related aspects of protein-lipid
interactions [29, 58]. Much as the understanding of solu-
ble protein folding depends on our understanding of the
physical-chemical basis of interactions with their solvent
particularly water through the hydrophobic effect [59] we
believe that understanding of membrane proteins will de-
pend on our understanding of their interactions with a
more complex solvent and this lipophobic effect.

Methods

System setup

The biological units of the various proteins were selected
from our non-redundant database of membrane proteins
(NORM) [60]. The proteins selected (table 1) corresponds
to proteins of various sizes originating in different organ-
isms and hence chemically diverse membranes. However, 8
of the 11 proteins come from the inner membrane of Gram

negative bacteria. Based on this we decided to model the
different membrane proteins in a membrane composed of
80% palmitoyl-oleyl-phosphatidyl-ethanolamine (POPE)
and 20% palmitoyl-oleyl-phosphatidyl-glycerol (POPG).
This mixture, much simpler in lipid composition than a
natural membrane, is expected to produce a membrane
of approximately the correct thickness and with an ap-
propriate balance of anionic and zwitterionic head groups
[44, 61, 62].

The membrane was constructed from a preformed 128
lipid POPE bilayer (wcm.ucalgary.ca/tieleman/) as fol-
lows. We used the "martinize” script, available from the
Martini web site [63] (www.cgmartini.nl) to convert the re-
sulting all atom structure into its coarse grain counterpart.
Then randomly selected lipids were converted from POPE
to POPG by deleting the single coarse grain particle that
differentiates the two lipid types. The resulting structures
for simulation were energy minimized (using 5000 steps
of the steepest descent algorithm), thermalized at 326K
to ensure bilayer fluidity in Martini throughout equilibra-
tion, and equilibrated over 4 ps using Gromacs [64]. The
resulting membrane thickness, calculated between the N
beads of the POPE in each leaflet, is on average 4.45 nm.
This is exactly the same as the distance computed from a
published all atom simulation [62] and at the upper range
of another series of simulation [44].

Then, the protein and the equilibrated CG membrane
were fused using the g_membed tools [65] available with
Gromacs 4.6. In all simulations, the dynamics of the pro-
teins subunits were corrected using the ElneDyn elastic
network [66].

Simulations

Standard parameters for Martini simulation were used,
including a 20 fs time step, the temperature was controlled
at 300K using the Berendsen algorithm [67] with a time
constant of 0.5 ps. The pressure was maintained at 1 bar
in semi-isotropic condition with the Berendsen algorithm
[67] and a time constant of 1.2 ps. Van der Waals and elec-
trostatic interaction are calculated using a shift function
from 0.9 to 1.2 nm and 0.0 to 1.2 nm respectively. The
same parameters were used for all simulated systems. The
various systems listed in table 1 were simulated over 10 us
at the CINES facility.

Analyses

For the calculation of the occupancy, the frames of the
trajectory are fitted to the first frame of the simulation
based on the protein position. In this initial frame the
membrane normal was aligned along the z axis, and the
center of mass of the protein located at the origin. With
this fitting, structural properties of the membrane can be
located in a semi-polar coordinate system expressed rela-
tive to the center of mass of the membrane protein and the
membrane normal. We termed polar averages the quan-
tities that were averaged in this coordinate system. The



average occupancy are calculated in 3D at each node of
a 0.2 nm spaced grid using the volmap tool available in
VMD [68]. The particle occupancies are averaged over
5000 frames spanning the full 10 ps simulation time. The
volmap tool was used to produce density profiles for each
type of lipid particle at various distance from the protein
surface. The projection of these profile onto the z axis
gives the transbilayer density profiles. These profiles were
used to calculate the membrane thickness, defined as the
distance between density maxima for the glycerol beads in
each of the leaflets, and the membrane midplane position,
using the center of the last acyl chain bead distribution.
The lipid positions in the membrane plane, were analyzed
by projecting the phosphorus positions onto the plane of
the corresponding monolayer.

Results

We constructed coarse grained models of a series of a-
helical membrane proteins (see table 1) embedded in a
lipid bilayer, and performed molecular dynamics simula-
tions over 10 usec. Examination of these trajectories al-
lows us to study how lipid structure and dynamics are
modulated by the presence of the membrane proteins,
while the simulation of multiple different proteins allows
us to investigate the effects of various protein parame-
ters. The proteins we simulated were extracted from a
database of non-redundant membrane protein structures
[60]. Our selection was made to balance structural diver-
sity, on the one hand, with the inclusion of several exam-
ples of structurally similar proteins, on the other hand.
Thus in our selection there are 3 members of the aqua-
porin family: Aquaporin M; the glycerol facilitator GlpP;
and the spinach aquaporin SoPiP2.

These simulations were designed to allow us to inves-
tigate the response of a phospholipid bilayer of constant
composition to a series of proteins with different shapes
and surfaces.

The molecular view

In common with previous investigations using all atom
representations of lipids [82], we observe multiple lipid res-
idence sites on the surface of all the proteins investigated.
In figure 1A we show regions with excess lipid density ob-
served on the surface of the potassium transporter KcsA.
As can be clearly seen the various sites do not show the
binding of entire lipid molecules but of different parts of
the lipid acyl-chains, leaving the rest of the molecule flex-
ible. While in some cases, notably aquaporins, long high
density regions representing the major part of acyl chains
are observed, as previously reported [82], more usually a
patchy and discontinuous series of densities, as shown here,
was observed. This appears to indicate that parts of the
lipid molecule are relatively well bound to the protein sur-
face while other portions remain flexible. The lipid bind-
ing regions detected share the symmetry of the proteins, as

shown in supplementary figure S1, this is a good indication
that the simulations have converged.

Tllustrated in figure 1B are a selection of conformations
of single lipid molecules occupying one of these sites. These
images show that while lipids are preferentially found at
this position on the protein surface it does not really rep-
resent part of a specific binding site, but rather something
much less fixed. Each location associating with sequen-
tially with different chemical groups of the phospholipid
and with the lipid molecule in very different conforma-
tions. For example, in the second frame the palmitoyl
SN1 chain of the lipid is bound to the protein while in
the others the oleyl (SN2) chain is associating with the
protein. Furthermore, the depth of the double bond (pink
bead) in the membrane is variable being much closer to the
membrane surface in the fourth image than the third. As
a final example of the variability of lipid conformations we
can point out the positioning of the non-bound acyl-chain.
It is in an almost parallel conformation in the second im-
age, and a very spread conformation in the fourth panel.
It is interesting to note that the the instantaneous confor-
mations shown each represents a different lipid molecule,
ie after exchange with the rest of the lipids. The trajec-
tories of several of these lipid molecules are shown in the
supplementary figure S2, to illustrate how over the course
of the simulation the lipids can exchange and diffuse long
distances visiting multiple different sites on the protein.
Thus, while the site shown is preferentially occupied by
lipids, with an acyl-chain running down the surface of the
protein, the bound lipid remains very flexible in the site,
changing conformation rapidly, and exchanging with other
lipids. The average residence time for a lipid is only about
150 ns in the site shown, reinforcing the idea that lipids
are not immobilized on the surface in specific binding sites.

Drawing on this analysis, and profiting from the longer
integration times possible in coarse-grained simulations,
we have extended this analysis to study more subtle den-
sity fluctuations around the different proteins. In figure
2 we show on the left (panels A to I) these particle den-
sity fluctuations as a function of depth and position in the
membrane around the spinach aquaporin SoPIP2. In this
illustration surface binding sites or preferential localiza-
tion sites are again clearly visible, as greenish spots near
the protein-lipid interface (see for example black arrow in
panel F). It is apparent in this view that these sites do
not necessarily correspond to depressions on the surface,
indeed some of them appear to be associated with ridges
(black arrow), while others (as in figure 1) are more un-
derstandably associated with surface depressions (white
arrow in panel G). Also visible in this figure is the dis-
tance that the ordering of lipid molecules extends around
the protein. This is apparent as colored density ripples in
the membrane. These ripples represent successive solva-
tion shells, and often suggest 4 to 5 solvation shells around
the protein at certain depths, extending out to about 1.5
nm from the protein surface. A further point in this part
of the figure that merits comment is the heterogeneity of



Gyration Radius Hydrophobic

PDB of oligomer thickness

Protein Name code (nm) (nm) Reference
CIC Chloride Channel (PDB ID:10TS) 171 2.07 [69]
Aquaporin M (PDB ID: 2F2B) 1.55 2.90 [70]
Sodium/Proton Antiporter (PDB ID: 1ZCD) 1.17 2.84 [71]
Glycerol facilitator (PDB ID: 1FX8) 1.78 3.01 [72]
Spinach Aquaporin (PDB ID: 1798) 1.66 2.81 [73]
Lactose permease (PDB ID: 1PV6) 1.1 3.19 [74]
Glycerol-3-Phosphate Transporter (PDB ID: 1PW4) 1.13 3.12 [75]
Vitamin B2 ABC Transporter (PDB ID: 1L7V) 1.52 3.07 [76]
Mitochondrial ATP/ADP carrier  (PDB ID: 10KC) 1.1 2.95 [77]
Potassium channel KcsA (PDB ID: 1R3J) 1.06 3.48 [78]
Neurotransmitter transporter (PDB ID: 2A65) 1.22 2.98 [79]

Table 1: The proteins that have been studied in this article. For each of the proteins examined we show, the structure taken from the PDB
along with the associated reference, and the size which was determined using the g_gyrate module from the Gromacs program suites[64] and
hydrophobic thickness obtained from PDBTM/TMDET [80, 81].

Figure 1: Lipids on the surface of the Potassium channel KcsA. A. Lipid locations on the surface of the protein. Particle densities were
averaged from 2500 frames sampled from the 10 ps of simulation. The red surfaces show zones of density greater than 1.36 times the average
lipid particle density in the membrane. To highlight the boundaries of the lipid bilayer, the phosphate particles of all the lipids in one
frame are shown as a greenish spheres. B. Gallery of five instantaneous lipid conformation showing lipids occupying the site indicated in
the left-hand panel. In these images CG beads are colored according to their chemical type as follows: head-group, blue; glycerol, green;
saturated acyl-chain, turquoise; unsaturated section, pink.
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Figure 2: Left hand panels (A to I) and diagram, lipid particle densities at various depths in the membrane around the spinach aquaporin.
Each map is colored to show the particle density from green high density through blue to red low density. Particles densities were calculated
using 5000 frames from a 10 ps simulation. Each particle in every frame was binned using the volmap tool of vind at 2A resolution in a
3D matrix. Each map corresponds to distinct volume slices (2A thick) at different depths in the membrane. Right hand panels (J and K),
preferential selection of POPG close to the spinach aquaporin protein surface. The top (J) and bottom (K) panels show the probability of
finding POPG in the extracellular (trans) and intracellular (cis) leaflet respectively at the given location. The position of the phosphate group
were extracted from 10000 frames in the 10 ps simulation and binned in a 150 x 150 matrix that samples the 30 x 30 nm membrane plane.
The integral over the bins were normalized to 1 to give a probability density function.



the slices, the slices at all depths do not appear the same,
even slices at the same depth in different leaflets are dif-
ferent. It is important to insist also that these positional
perturbations are associated with the structure of the pro-
tein. Smooth solvation shells are not observed but rather a
speckled appearance with preferred positions reminiscent
of an interference pattern of waves reflected from a surface
that varies with depth.

The maps on the right hand side in figure 4 (panel J and
K) show lipid head-group sorting due to the presence of the
protein; top (J panel) and bottom (K panel) correspond
to the outer (trans) and inner (cis) leaflet respectively. Il-
lustrated is the probability of finding a POPG molecule,
which is the less common lipid in our modeled membrane.
It is also apparent from this figure that the observed fluc-
tuations have converged as the maps are very similar on
the different surfaces of the symmetric protein thus pre-
serving the symmetry. Here we see a strong preference for
the anionic lipid POPG at certain positions round the pro-
tein, presumably resulting largely from the electrostatics
of the protein surface. Interestingly we can observe, par-
ticularly in the upper panel, that this preference extends
beyond the first solvation shell.

This molecular view thus illustrates the presence of sites
on the protein surface capable of binding selected lipids.
Theses include those leading to weak diffuse binding of
acyl-chains, or parts of acyl-chains, and those preferen-
tially binding certain head-groups. Beyond these specific
sites in the first solvation layer we observe multiple solva-
tion layers around the protein forming a complex structure
in a three dimensional pattern. Bound lipids or preferred
lipid locations and solvation shells both represent restric-
tions in the positional freedom of the lipids. These are
aspects of solvent ordering typical of a molecular view,
and are excluded from the elastic vision of a membrane.

The elastic view

The simulations also allow us to evaluate the elastic de-
formations of the membrane. To estimate the hydrophobic
mismatch of the various proteins, and their influence on
membrane curvature. This information is included in fig-
ure 3, table 2 and supplementary figures S3 and S4. The
panels A and B, of figure 3, show how the thickness of
the membrane, which is thinned next to the protein due
to hydrophobic mismatch, relaxes with distance from the
protein. The points show the calculated average thick-
ness at different distanced from the proteins, while the
curve shows a exponential fit to the data. As can be read-
ily seen, and is expected, at large distances the thickness
relaxes in an approximately exponential manner with a
characteristic length scale of 0.50 nm. All the different
proteins give a similar length scale for this thickness re-
laxation (0.49 & 0.10nm), when this parameter was ad-
justed independently for the different proteins. Similarly
the membrane thickness at long distances always relaxes to
the same value (3.57+£0.09nm). This is expected as all the
different proteins are embedded in a membrane with the

same composition, and thus with the same elastic proper-
ties and intrinsic thickness. However, close to the protein
the relaxation is more complex (panel B). Indeed, extrap-
olation of the long range exponential decay to the protein
surface gives a very thin and unrealistic limit of 0.64 to 2.04
nm (table 2 column 2), depending on the protein consid-
ered, all the hydrophobic mismatches are negative in our
study. Examination of the fits close to the protein sur-
face (below about 0.75nm), figure 3B, and supplementary
figure S3B and D, show that there are considerable local
deviations which depends on the protein. This illustrates
that in this region, close to the protein, the membrane can
not be reasonably modeled as a simple centro-symmetric
elastic medium deformed by the protein.

To better understand these deviations we considered
the predicted thickness of the first shell of lipids, which
is typically at a distance of 0.5 nm (table 2 column 3),
and compare it to the thickness calculated in the simula-
tion (column 4). It is readily apparent that there is little
correlation between these 2 columns, indeed they appear
anti-correlated (Spearman rank correlation -0.81). This
suggests the elastic (exponential) extrapolation to short
distances exaggerates the hydrophobic mismatch. As a re-
sult, at short distances, the thickness extrapolated from
the elastic relaxation does not match that found in our
CG calculation.

The comparison of the values seen in our CG simula-
tions, CGy 5, with those given by PDBTM and OPM as
the hydrophobic thickness shows a very close agreement,
especially between estimates by the PPN algorithm in the
OPM database and our calculation. For example the av-
erage thickness values are almost identical, 3.04+0.13 and
3.03 +£0.19 nm respectively, and the root mean square dif-
ference is only 0.04 nm. This correspondence is also sup-
ported by good correlation between the series (Spearman
correlation coefficient 0.78). The agreement with PDBTM
is slightly less good, though still reasonable. It is notewor-
thy that the PNM algorithm does not a attempt to cal-
culate the hydrophobic thickness of membrane proteins.
Instead it consider the partitioning of surface residues and
a continuum model of membrane to calculate a position
equilibrium for the first lipid shell. So it is reassuring that
CG models give very similar results.

This analysis shows that the simulations reveal an im-
portant hydrophobic mismatch with adjustment of mem-
brane thickness round the protein. This hydrophobic mis-
match is typically envisioned as an elastic deformation pro-
jected from the protein surface, however our observations
would tend to suggest the projected relaxation is perhaps
best viewed as coming from the first solvation layer where
specific interaction between lipids and the protein surface
strongly influence lipid positioning and hide the simplistic
hydrophobic thickness.

To further describe the physical adaptation of the mem-
brane to the protein surfaces we calculated the position of
the membrane ”mid-plane” using the density of the lipid
tips (see methods). It was not possible to define the curva-
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Figure 3: Relaxation of membrane thickness and position of the mid-plane as distance from the protein surface increases. Membrane thickness,
panels A and B, was calculated as the distance between the glycerol moieties of the phospholipids and is show as a function of the distance
from the protein surface. The lines show exponential fits to the data with the parameters shown in table 2. For clarity the figure here shows
data for 4 proteins: vitamin Bi2 ABC transporter (PDB ID: 1L7V, red), Mitochondrial ATP/ADP carrier (PDB ID: 10KC, green), CIC
Chloride channel (10TS, blue) and Lactose permease (PDB ID: 1PV6, magenta). The supplementary figure S3 shows equivalent data for the
other proteins studied. Panel A shows data going out to long distances while panel B concentrates on the distortions close to the protein.
Membrane curvature, panels C and D. Displacement of the membrane mid-plane (panel C) was calculated assuming a centro-symmetric model
as a function of distance from the protein center, and the derivative of this with distance (panel D). For clarity the figure here shows data
for 3 proteins: Lactose permease (PDB ID: 1PV6, red), Potassium channel KecsA (PDB ID: 1R3J green), and Glycerol falicitator (PDB ID:
1798, blue). See the supplementary figure S4 for an equivalent figure with data for the other proteins studied.

Protein Hydrophobic thickness (nm)
Name EO,() E0.5 CGO'5 PDBTM OPM
CIC Chloride Channel (PDB ID: 10TS) 147 223 297 2.10 2.97
Aquaporin M (PDB ID: 2F2B) 2.00 254 285 2.55 2.90
Sodium/Proton Antiporter (PDB ID: 1ZCD) 1.92 253 284 2.60 2.84
Glycereol facilitator (PDB ID: 1FX8) 1.17 2.05 3.1 2.60 3.01
Spinach Aquaporin (PDB ID: 1Z98) 1.14 2.03 3.00 2.65 2.81
Lactose permease (PDB ID: 1PV6) 092 1.89 3.17 3.05 3.18

Glycerol-3-Phosphate Transporter (PDB ID: 1PW4) 0.64 1.71  3.21 3.20 3.12
Vitamin Bj2 ABC Transporter (PDB ID: 1L7V) 092 1.89 3.8 3.25 3.07

Mitochondrial ATP/ADP carrier (PDB ID: 10KC) 1.25 2.10  3.05 3.30 2.95
Potassium channel KcsA (PDB ID: 1R3J) 1.85 248 3.12 3.45 3.48
Neurotransmitter transporter (PDB ID: 2A65) 2.04 2.60 2.98 2.95 2.98
Average 1.39 219 3.04 2.88 3.03

Standard deviation 049 0.31 0.13 0.41 0.19

Table 2: Fitted of elastic membrane parameters for the different proteins. The calculated membrane thickness at different distances from the
protein surface was fit to a single exponential function. The value for Thickness~o and characteristic relaxation length were fitted globally,
the same for all proteins, to 3.56 nm and 0.50 nm respectively. Values for the extrapolated hydrophobic thickness at the protein surface
Ep.0 and at 0.5 nm, the first solvation layer, Fp. 5 are tabulated, followed by the thickness calculated for this first lipid shell CGg.5. Finally
hydrophobic thickness determined by PDBTM [81] and OPM [83] are also tabulated.
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ture of those plane because it is locally very close to zero.
However we could calculate a variation of the tip position
as a function of distance from the protein 3C.

The three proteins illustrated caused membrane adapta-
tion of various degrees. Curves for the remaining proteins
are shown in supplementary figure S4. For example KcsA
(PDB ID: 1R3J) and lactose permease (PDB ID: 1PV6)
induce a large displacement in the position of the midplane
while for the spinach aquaporin (PDB ID: 1Z98) almost no
perturbation is observed. These curvatures are fully in line
with the form of the proteins, i.e. an enlarged membrane
spanning domain on the periplasmic side for KcsA, the
cytoplasmic size for the lactose permease structure and a
very symmetric structure for the aquaporin. For all the
proteins that induced membrane curvature, at long dis-
tances, greater than about 2.5 nm this relaxes more or less
exponentially. This relaxation results from the interplay
of bending rigidity and membrane tension.

As for the membrane thickness, at shorter distances be-
havior is much more varied, showing peaks or troughs and
sudden departures from the expected elastic relaxation.
This is particularly visible in the slope of the change of
the membrane midplane position (Fig 3D). For example
in the case of the aquaporin with an apparent stepwise
shift in the midplane position at 1.2 nm form the pro-
tein surface. This would seem to indicate that membrane
curvature close (<2.5 nm) to the protein is modulated by
effects other than a simple relaxation induced by the mis-
match between the protein hydrophobic surface and the
membrane normal. However we were unable, as in the
case of the membrane thickness to find a simple explana-
tion for the varied behavior we observed.

This elastic analysis reveals that while at long distances
from the protein the membrane thickness and curvature
behave as predicted by a simple elastic model closer to the
protein more specific effects are at play with the proteins
significantly modifying the elastic properties of the mem-
brane in their vicinity. As predicted by elastic models and
observed, the perturbations caused to membrane thickness
and curvature return to their intrinsic values over the first
few nm.

Other long range effects

To further characterize the structural modifications of
the lipids around the various membrane proteins, we an-
alyzed the depth in the membrane of each of these beads
(Heads, Glycerol and Unsaturation groups) this for each of
the two membrane leaflets (figure 4). The three proteins
illustrated show rather different behaviors. In the case of
the glycerol facilitator GlpF, panel 4A and 4B the three
beads behave in essentially the same manner. The posi-
tions can be seen to relax more or less homogeneously with
characteristic distances of several nm, here, though there is
a small deviation for the unsaturation close to the protein
surface. In the case of the neurotransmiter transporter,
panels 4C and 4D while the glycerol and head group re-
lax together the length scales are rather different on the

two leaflets, and the relaxation of the double bond posi-
tion is complex (not a simple exponential) and has a very
long characteristic distance more than 3 nm in the outer
leaflet. Finally for the lactose permease shown in panels
4E and 4F we again see complex effects, in particular for
the position of the double bond.

The relaxation in the positions of the glycerol and phos-
phate positions largely reflects the relaxation of membrane
thickness and curvature around the protein. It is hard to
understand, at the molecular level, why the perturbations
affecting the position of the unsaturated bond relax in such
an unexpected manner, and persist to such large distances
from the protein. We were unable to identify particular
structural metrics that were perturbed, for example the
order parameter if the oleyl chains are not markedly mod-
ified round the neurotransmitter transporter. However, we
did observe a correlation with fluctuations in the number
of particles in a given volume, see supplementary figures
S5 and S6. These changes in fluctuations were particularly
strong for double bond particles, we anticipate that this
effect could be related to local compressibility and heat
capacity changes within the membrane.

Discussion

CG simulations have been previously used to study in-
dividual membrane proteins embedded in various lipid bi-
layers. These studies aimed to examine either distinct
lipid propensities for the interface [48-52], or mismatches
in thickness or curvature [51], particularly in the context
of protein-protein interactions [54, 55, 84, 85]. They also
reproduce features corresponding to the dynamical lipid
annulus [86]. Here, we proposed a more systematic study
of these features using an extended subset of membrane
proteins in a unique environment. Also, we confronted
CG simulations with the elastic model, and the dynamic
annulus, the two main theoretical frameworks used to de-
scribe the relationship between membranes and their em-
bedded proteins. Our results are both in agreement with
previous simulation studies and reproduce features coming
from each of the two frameworks. However, beyond this
we show that the lipids close to a membrane protein are
perturbed in multiple different manners, in a protein de-
pendent manner. In agreement with the literature and the
elastic vision, we observe changes in membrane thickness
and curvature that relax on lengths scales of a few nanome-
ters [42, 87]. However, this relaxation not only depends
on the mismatch but also on the details of the behavior
of individual lipids in the vicinity of membrane protein,
giving rise to a large variety of relaxation scheme and per-
turbations. Unexpectedly in polar averages (see methods)
other perturbations are also visible that do not correspond
to these previously described effects. In particular, devi-
ations in the relaxation of curvature and thickness near
to the protein surface figure 3 can be observed and, more
unexpectedly, a large perturbation and often complex re-
laxation over very long distances of the position of the
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Figure 4: Profiles showing changes in the depths of different groups in the membrane as a function of the distance from the protein. Profiles
are shown for the inner (A,C,E) and outer (B,D,F) leaflets of the membrane. Profiles for three different proteins are illustrated: the glycerol
facilitator GIpF (PDB ID: 1FX8), panels A and B; the neurotransmitter transporter (PDB ID: 2A65), panels C and D; and lactose permease
(PDB ID: 1PV6), panels E and F. Three different chemical groups are shown: the oleyl double bond (blue lines); the head group (red lines),
and the glycerol (green lines).



double bond in the membrane figure4. These observations
suggest that, even in a centro-symmetric field like vision
of the membrane, protein-lipid interactions are much more
extended, and diverse, than simply modifications in the
membrane curvature and hydrophobic thickness.

In agreement with the molecular vision of protein lipid
interactions we observe preferential lipid sites, figure 1,
on the protein surface, and selection of lipids with certain
head-groups, figure2, corresponding to bound and annular
lipids. Unexpectedly we observe several other modifica-
tions in lipid structure around proteins that appear not to
have been previously reported, notably multiple solvation
shells figure2 and fluctuations in the position and density
of the double bond in unsaturated lipid chains, figure 4 and
supplementary figures S5 and S6. These unexpected novel
perturbations of lipid structure and organization around
the proteins we have studied also extend for long distances
from the protein surface.

The perturbation observed in the position of double
bond particles, which correlates with the fluctuations in
the number of these particles, is particularly striking. The
observation that the similar perturbation can be made for
other particles, supplementary figure S5, suggests that the
perturbation to the membrane properties is extensive. The
fact that we can observe changes in the amplitude of fluc-
tuations suggest that this effect may at a thermodynamic
level be linked to such parameters as local compressibility
,and possibly heat capacity. However, elucidation of the
molecular origins of this perturbation, both at the protein
surface, and through the lipid molecular configurations,
requires further work.

Furthermore, our results indicates that the molecular
modifications in the solvating lipids seem to be dictated
by the details of the protein surface with certain features
on the surface nucleating the long range perturbations.

The composition of a biological membrane is much more
complex than the membrane we have modeled. Even the
relatively simple inner membrane of Gram negative bacte-
ria contains more than two components, in particular there
are about 10 mol % cardiolipins, acyl chain heterogeneity
and lipid asymmetry, none of which we have considered.
Most other membranes have an even more complex com-
position. This molecular diversity may result in more com-
plex lipid sorting, than we have observed here. However
such sorting represents an additional route to relaxing the
perturbations that we have described here.

These observations have implications for the interac-
tions between membrane proteins and their assembly. Sol-
vent perturbation can results in attractive or repulsive
forces between different solutes. To assess the importance
of these forces it is necessary to evaluate the different en-
ergetic contributions. The elastic vision allows estimation
of these forces using measured macroscopic parameters.
While in the molecular vision estimation of forces is com-
plex, depending as it does on thermodynamic integration
or calculations of configurational entropy. Unfortunately
our results would seem to indicate that while elastic forces

allow an at least partial description of long range inter-
actions they are probably less useful for estimating short
range interactions.

We have previously argued that a “lipophobic” effect
operating over long distances is necessary to explain the
observed organization of membrane proteins [31]. Our ob-
servations here suggest that this lipophobic effect is more
complex than hydrophobic and curvature mismatch and
contains multiple additional aspects. These include at
short distances lipid sorting and binding, and and longer
distances subtle perturbations of lipid organization. In
this manuscript we provide molecular view of these differ-
ent types of lipid perturbation.
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Supplementary data

Figure S1: Lipids on the surface of the Potassium channel KcsA. Lipid locations on the surface of the protein for the four monomers in
the KcsA tetramer, showing the convergence of density and its dependence on the details of the protein topography. As in figure 1 particle
densities were averaged from 2500 frames sampled from the 10 us of simulation. The red surfaces show zones of density greater than 1.36
times the average lipid particle density in the membrane.

Figure S2: Trajectories of three selected lipids that bind on the surface of the Potassium channel KcsA (viewed from the extracellular side),
at the site illustrated in figure 1, sampled in every 4 ns. The green trace corresponds to a single lipid that visited the site on 3 of the 4
monomers. The surface density patches are the same as in figure 1 and supplementary figure S1.
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Figure S3: Relaxation of membrane thickness as distance from the protein surface increases. Membrane thickness, was calculated as the
distance between the glycerol moieties of the phospholipids and is show as a function of the distance from the protein surface for the protein.
The lines show exponential fits to the data, with the parameters shown in table 2. The left panels show data going out to long distances
while right panels concentrate on the distortions close to the protein. Panels A and B correspond to 3 proteins that can be well fitted from
long distance to the first shell of lipids using a simple elastic model of membrane thickness: aquaporin M 2F2B turquoise, the sodium proton
antiporter 1ZCD, black; the glycerol facilitator GlpF 1FX8 red. Panels C and D correspond to 4 other proteins for which thickness relaxation
at the protein boundary can not be extrapolated from long range relaxation: the Glycerol 3 phosphate transporter 1PW4, black; the spinach
aquaporin SoPIP2 1798, turquoise; 2A65, red; the potassium transporter KcsA 1R3J, blue.
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Figure S4: Membrane curvature. Displacement of the membrane mid-plane (panel A) was calculated assuming a centro-symmetric model as
a function of distance from the protein center, and the derivative of this with distance (panel B). From upper to lower curve (left edge of
panel A), the 1A proteins pdb codes are: 1R3J, 1L7V, 2F2B, 2A65, 1FX8, 1298, 1ZCD, 10KC, 1PW4, 10TS and 1PV6.
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Figure S5: Fluctuation of particle number in voxels around the neurotransmitter transporter system (PDB ID: 2A65). Fluctuations were
computed using 0.125 nm3 boxes and either considering double bond beads (left) or to all lipid beads (right). The results are shown for the
center plane of the membrane (panels B and F) or for planes corresponding to maximum of density for each group of particle (A, C and E,
G). The position of these planes are illustrated using the longitudinal section of the system (panel D).
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Figure S6: Fluctuation of particle number in the central plane of the different system considered in figure 4: the glycerol facilitator GlpF
(PDB ID: 1FX8), panels A and B; the neurotransmitter transporter (PDB ID: 2A65), panels C and D; and the lactose permease (PDB ID:

1PV6), panels E and F. The fluctuation either corresponds to double bond beads (left; panel A, B, C) or to all lipid beads (right; panel D,
E, F).
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