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Methods 
 

Systems Setup. The starting structure of each protein, after removal of all the non-protein 

molecules, was converted in a CG model using the martinize protocol as described on Martini 

website (http://www.cgmartini.nl/), choosing the option of applying an elastic network on atom 

pairs within a 0.9 nm cut-off. One elastic network was applied when multiple chains were 

present, with the exception of AQP1, for which separate elastic networks were applied, one for 

each monomer of the tetramer. In the case of P-gp, the distance cut-off for the elastic network 

was increased to 1.0 nm, in order to include few elastic bonds between the two cytosolic 

domains. The initial simulation setup for GluA2 did not include the elastic network, which was 

added after 38 µs of simulation time, for additional 10 µs.  

For each protein, the transmembrane region was identified using the corresponding entry of the 

OPM database.
1
 Four copies of each CG protein were placed in a simulation box of ca. 42x42 

nm in x and y, and lipids, in a composition corresponding to the plasma membrane model 

developed by Ingólfsson and colleagues,
2
 were added using insane,

3
 for a total of ca. 6000 lipid 

molecules in each system. Overall, the following lipid classes were included: Cholesterol 

(CHOL), in both leaflet; charged lipids phosphatidylserine (PS), phosphatidic acid (PA), 

phosphatidylinositol (PI), and the PI-phosphate, -bisphosphate, and -trisphosphate (PIPs) were 

placed in the inner leaflet, and ganglioside (GM) in the outer leaflet. The zwitterionic 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), and sphingomyelin (SM) lipids were 

placed in both leaflets, with PC and SM primarily in the outer leaflet and PE in the inner leaflet. 

Ceramide (CER), diacylglycerol (DAG), and lysophosphatidylcholine (LPC) lipids were also 

included, with all the LPC in the inner leaflet and CER, and DAG primarily in the outer leaflet.
2
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The exact lipid composition of each system is given in Supporting_Information_File_1.xlsx. 

Water molecules, counterions and 150 mM NaCl were also added.   

Simulation Setup. Simulations were performed using the GROMACS simulation package 

version 4.6.3,
4
 with the standard Martini v2.2 simulation settings.

5
 After initial energy 

minimization with position restraints applied on the protein beads (using a force constant of 1000 

kJ mol
-1

 nm
-2

),
 
short equilibrium runs were performed first with the position restraints applied to 

all the protein beads, and then to the backbone beads. All simulations were performed with a 20 

fs time step, a temperature of 310 K set using a velocity-rescaling thermostat,
6
 with a time 

constant for coupling of 1 ps (2 ps for equilibrium runs). A semi-isotropic pressure of 1 bar 

maintained with the Berendsen barostat,
7
 with a compressibility of 3·10

-4
 bar

-1, 
and a relaxation 

time constant of 5 ps. Production runs of the duration of 30 µs were performed in the presence of 

position restraints applied to the backbone beads, with a force constant of 1 1000 kJ mol
-1

 nm
-2

. 

DAT and GLUT1 were simulated with the presence of position restraints on the PO4 beads of 

selected phospholipids (POPC and PIPC in the upper leaflet), as in Ingolfsson et al.
2
 All the 

analyses, unless otherwise specified, were performed on the last 5 µs of each simulation system. 

Additional simulations or extended simulations were carried out for the following systems. The 

simulation for Kv1.2 was extended to 50 µs. For AQP1, we extended the production run to 50 µs 

and the following additional simulations were performed: (i) 50 µs simulation with no position 

restraints on the backbone beads and with position restraints on the PO4 beads of PIPC and 

POPC lipids in the upper leaflet, as in ref. 
2
 (Setup 2 in Supporting_Information_File_2.xlsx); (ii) 

50 µs simulation with no position restraints on the backbone beads and no glycolipids in the 

system (Setup 3 in Supporting_Information_File_2.xlsx); (iii) as Setup 2 but with polarizable 
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water model,
8
 (Setup 4, in Supporting_Information_File_2.xlsx). For Na,K-ATPase, after the 30 

µs long simulation performed with position restraints on the backbone, the glycolipids were 

removed from the membrane, and the system was simulated for additional 20 µs (Setup 5 in 

Supporting_Information_File_2.xlsx).



 5

Analyses. For the analyses below, lipids are categorized based on the head group type (PC, PE, 

PS, PA, DAG, LPC, SM, CER, PI, PIPs, GM) or tails properties. For the tails, we define four 

classes, as in Ingolfsson et al.
2
: fully-saturated (FS), poly-unsaturated (PU), cholesterol (CHOL) 

and Others, with the last group defining lipids not present in the first three groups. The PU lipid 

class consists of DAPC, DUPE, DAPE, DAPS, DUPS, APC, UPC lipids (lipids where both the 

tails have more than two “D” type beads), while the FS class includes SM lipids (DPSM, DBSM, 

DXSM), glycolipids (DPG1, DXG1, DPG3, DXG3), ceramides (DPCE, DXCE), and LPC lipids 

(PPC).  

 Thickness, Curvature, and Lipid Composition. Membrane deformations were analyzed in terms 

of thickness and curvature. The method employed uses three interpolated grid-surfaces (upper, 

middle, and lower) from which thickness and curvature can be calculated. Surface averages are 

calculated for the last 5 µs on 30 µs long simulations, with a total of 2500 frames obtained by 

saving configurations every 2 ns.  

The three surfaces are defined using different lipid beads: PO4 and GM1 beads for the upper 

surface (plane); the last bead of each lipid tail for the middle surface; the PO4 beads for the 

lower surface. For the definition of these surfaces lipid species that do flip-flop during the 

simulations (CHOL, DAG, and CER lipids 
2
) were not taken into account. The choice of the 

GM1 bead for glycolipids was made with the help of small reference simulations (data not 

shown) consisting of binary mixtures of lipids (DPSM/DPG1) with equivalent acyl-chains and 

only differing in the headgroups. The GM4/GM1 beads of DPG1 have density peaks at positions 

equivalent to the DPSM-PO4 counterpart.  
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The method (to be published) has been implemented in C language, and has been derived from 

the numerical scheme described on a previous work that used MATLAB scripts,
9
 and where 

gradients of surfaces are defined by interpolation on squared grids with a previous averaging on 

molecular coordinates carried out by a Gaussian filter, used to eliminate noise and generate 

smooth surfaces. The grid spacing used was 0.3 nm, with a Gaussian filter that averages data for 

a maximum of 6 cells radii for every point on the grids. 

Leaflet thickness was calculated via middle surface to upper/lower surface distance for every 

point in the grids. The overall thickness was likewise calculated as distance between the upper 

and lower surfaces.  

The same surfaces defined for thickness calculation are used for the curvature analysis. The 

estimated spontaneous curvature of a grid patch is equivalent to the average curvature of the 

lipids in the upper surface, minus the average spontaneous curvature of the lipids in the lower 

surface, taking the lipid local normals to the membrane as a reference. Consequently, the 

curvature for the lower leaflet would have to be multiplied by minus one in order to find the 

correlation between membrane curvature and spontaneous curvature only for the lower leaflet. 

Thickness values are given in nm, while mean and Gaussian curvatures are expressed on inverse 

distance units (nm
-1

 ad nm
-2

, respectively). 

Lipid composition is calculated by averaging the occupancy of cells for the entire set of 2500 

frames, with units of lipid-tails per nm
2
. These values are then changed into density units of mass 

per unit of area by including lipid masses. The first tails defining the beginning of the acyl-chain 

on all lipids were used as criteria to decide the occupancy on every frame of the set of lipids 

selected. The analysis was carried out for the CHOL, FS, PU and Others lipid classes. For each 
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class, the lipid composition was first calculated in terms of lipid density, and then changed into 

enrichment levels (����) with respect to the average of the set (����). The new score, in 

percentage units, is defined by: 

���� = 
���,������ − 1� 100% 

 

where the indices [i,j] correspond to every point in the grid to be reweighted. The new score has 

the particularity to be positive for ��,� values larger than ����, and negative for values smaller 

than ����. The	100% factor simply expresses the score as percentage units, indicating 

enrichment/depletion with respect to a homogeneous mixture with ���� score. 

Depletion-enrichment index. The depletion-enrichment (D-E) index of a given lipid type was 

calculated for three distance cut-offs from the proteins, at 0.7, 1.4 and 2.1 nm. For a generic lipid 

type L, we first defined the ration of lipid L within a given cut-off x (namely �����(�)�), and the 

ratio of the lipid L with respect to bulk (namely	�����(�)��� ) as follow: 

 

�����(�)� =	 (!�. �)�
(���. !�. #�$�%&)� 

    

�����(�)��� = ���. !�. (�)
���. !�. #�$�%& 

 

The enrichment of the lipid L for a given cut-off x is then calculated from the following ratio: 

'!(�)ℎ+,!�(�) = �����(�)�
�����(�)���  
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Selected beads were used to calculate the number of lipids within a cut-off x from any bead of 

the protein: the ROH bead was chosen for cholesterol, while GL1 or AM1 beads were used for 

all the other lipid types.  

For all the systems, the enrichment was calculated for the last 5 µs for each individual lipid 

type for the upper and lower leaflet separately. For cholesterol, DAGs (PODG, PIDG, PADG, 

PUDG) and CERs (DPCE, DXCE, PNCE, XNCE), the analysis was performed by combining the 

two leaflets together, due to the possible flip-flop of these lipid species. The enrichment was also 

calculated for groups of lipids categorized based on their headgroups (PC, PE, PS, PA, DAG, 

LPC, SM, CER, PI, PIPs, GM) or tails (FS, PU, CHOL and Others). In this case, the enrichment 

was calculated by combining the two leaflets together.  

The final values shown in Figure 2A and Tables S1-S5 correspond to the average values 

obtained from the enrichment values of the four protein copies. Standard deviations are also 

reported. 

The statistical significance of the D-E index was evaluated via a single sample T-test, according 

to the formula: 

� = -' − 1
.'  

where DE is the average D-E index calculated for a given lipid type (lipids grouped based on 

head group type or tail) within the chosen cut-off (0.7, 1.4, 2.1 nm); 1 is the null hypothesis, 

indicating that there is no enrichment or depletion of the chosen lipid type due to the proteins 

(based on our definition of the D-E index value this value is 1); SE, standard error, from a 
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population of 4 copies of each protein. We report the p-values, calculated from a two-tailed 

distribution and evaluated with a confidence level of 0.05 (Tables S6-S9). 

Lipid count. The number of PC, GM, PE, and PIP lipids in contact with the proteins, as a 

function of time, was approximated by the number of PO4 (for PC, PE,), GM1 (for GM lipids) 

and CP (for PIP lipids) beads found within a 0.7 nm cut-off from the protein, as done similarly in 

previously published studies (Figures S7-S8).
10,11

 The calculation was performed using the 

g_select tool implemented in GROMACS.
4
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Detailed discussion on GM and PIP lipids interactions with the proteins. GM-protein 

interactions are involved in a number of cellular functions, as GM-enriched domains participate 

to signal transduction and contribute to protein localization in the membrane.
12,13

 In our 

simulations, GM aggregation around the proteins is detected for all the systems. There is, 

however, limited experimental data available on specific GM-protein interactions that could be 

used to validate the results, and the interactions between the large lipid polar group and the 

proteins might also be over-estimated by the force field.
14

 GM-GM interactions as well as GM-

protein interactions have been extensively studied with both atomistic and CG simulations.
15-22

 

While some of these studies used simplified membrane mixtures to study GM-protein 

interactions, here we show the ability of CG simulations to retrieve such interactions in the 

context of a more complex plasma membrane mixture. These lipid-sorting events appear linked 

to the presence of membrane proteins, and may be in line with the lateral compartmentalization 

of the membrane, i.e. the GM-enriched lipid raft hypothesis for protein localization and 

recruitment.
23

 However, we did not observe large-scale lipid sorting phenomena in our 

simulations, as GM segregation lasting over tens of µs occurred only in close proximity of the 

proteins. While working on our set of simulations, due to the striking results on the protein-GM 

interactions, we tested further the reliability of such interactions.
14

 Although the simulation 

conditions and parameters can have strong impacts on lipid-lipid interactions, the effects on 

lipid-protein interactions are not easy to interpret,
14

 and our control simulations here show that 

for AQP1 the observed GM clustering is not sensitive to the simulation conditions, and in 

particular to the type of water model in use. 
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In the lower leaflet, the membrane components that behave most similarly to the GM lipids of 

the upper leaflet are PIP lipids. Indeed, PIP lipids form small clusters in lipid bilayers and 

interact or bind with membrane proteins in many simulation studies.
2,17,20,21

 Here, common to 

most of the systems is a clear PIP lipids enrichment, which persists over few lipids shells around 

the proteins. The strength of electrostatic interactions between lipids and proteins might be 

biased by the use of the standard water model, here applied to all the simulation systems. 

However, the control simulation on AQP1 revealed a significant enrichment of PIP lipids even 

with the polarizable water model.
24

 Moreover, direct interaction between PIP lipids and 

membrane proteins has been shown for a number of channels and receptors, including EGFR and 

DAT, which are among the systems we simulated.
25-27

 Given the variety of roles of this lipid type 

in the plasma membrane, from peripheral proteins localization, signaling, membrane trafficking 

and membrane protein function regulation,
28,29

 it is not surprising that the simulations detect 

interactions between PIP lipids and many other membrane proteins, thus providing new details 

on possible specific lipid-protein interactions to investigate further. 
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Figure S1. Membrane Proteins. Atomistic structures of the membrane proteins selected for this 

study. Each protein is shown as cartoons, coloured from light yellow to brown when multiple 

chains are present. The gray-shaded area represents the hydrophobic region of the membrane. 

 

AQP1 COX1 DAT EGFR GluA2

GLUT1 Kv1.2 Na,K-ATPase δ-OPR P-gp



 13 

 

Figure S2. Lipid density maps. Lipid density analysis, for upper and lower leaflet, of the poly-

unsaturated (PU), fully-saturated (FS), and cholesterol (CHOL) classes. The lipid density is 
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represented by x and y 2D maps, averaged between 25 to 30 µs. The maps are colored by relative 

enrichment (red) or depletion (blue), calculated with respect to the average (white) density of a 

given class. The portion of the protein intersecting the upper and lower surfaces used for the 

calculation is shown in yellow ribbons.  
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Figure S3. Specific CHOL binding sites in DAT and Kv1.2. (A) The panel on the left shows 

the lateral view of cholesterol number density (in cyan) for each of the four DAT molecules of 

the system. The protein shown corresponds to the atomistic crystal structure used in the 

simulation, superimposed to its CG model after aligning the BB beads to the α-carbons. The 

bound cholesterol is shown as orange sticks, while the side-chains of nearby residues are shown 

as spheres. On the right are two examples of possible CHOL binding modes (cyan sticks, with 

tan ROH beads) near its crystallographic binding site. As a reference, the side-chains of Y273 

and L37 are shown in green and white spheres, respectively. (B) The panel on the left shows the 

cholesterol number density (in cyan) for each of the four Kv1.2 molecules of the system (the 

initial atomistic structure is shown), seen from the extracellular side. The monomers of each 

tetramer are shown in yellow, orange, pale yellow and sand cartoons, while the side-chains of 

some of the residues lining the CHOL binding site are shown as spheres. The panel on the right 

A

B

Kv1.2, mol. 1 Kv1.2, mol. 2

Kv1.2, mol. 3 Kv1.2, mol. 4

DAT, mol. 1 DAT, mol. 2

DAT, mol. 3 DAT, mol. 4

I396
P405
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W266
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shows one of the tetramers (transparent yellow surface), with four cholesterol molecules (in 

yellow, brown, green and magenta sticks) bound. Each cholesterol molecule is shown every 2 ns, 

from 25 to 30 µs. As a reference, the side-chain of I396 is shown in red spheres. In (A-B) the 

number density was calculated in proximity of each protein molecules for the last 5 µs of the 

simulation, as described in Mehmood et al.
11

 All the voxels with a density value that is above 

99% of the maximum observed density value are displayed as volume maps with PyMOL 

(Schrodinger, L., 2015, The PyMOL Molecular Graphics System, Version 1.8). 
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Figure S4. Membrane thickness. For each of the simulation systems, membrane thickness is 

shown as x and y 2D maps, averaged between 25 to 30 µs. Upper, middle and lower surfaces 

were defined by PO4 and GM1 beads (upper), last bead of each lipid tail (middle), and PO4 and 

CP beads (lower), respectively. Overall thickness, i.e. the distance calculated between the upper 

and lower surfaces, is shown color-coded according to a 3.5 to 4.7 nm range. Over the systems, 

the 2D maps highlight a complex thickness landscape, with islands of higher or lower thickness, 

often localized and confined near the proteins. The thickness for the upper leaflet (as distance 

between the upper and the middle surface) and for the lower leaflet (as distance between the 

lower and the middle surface) is shown on a different color scale, ranging from 1.6 to 2.2 nm. 

The position of the four protein copies in each simulation box is indicated by representing the 

proteins in yellow ribbons.  
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Figure S5. Mean curvature (KM) maps. 2D maps of KM calculated for each simulation system, 

and averaged between 25 to 30 µs. The upper, middle and lower surfaces used to calculated 

thickness were employed to derive the values of KM, defined with respect to the normal of the 

upper surface. Stronger negative (blue) and positive (red) values are found in the immediate 

proximity of each protein, occasionally extending to the neighbors molecules, as, for example, in 

the case of P-gp. The position of the four proteins in each simulation box is indicated by 

representing the proteins in yellow ribbons. DAT and GLUT1 were excluded from this analysis 

as these systems were simulated in the presence of position restraints on the PO4 beads.  
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Figure S6. Gaussian curvature (KG) maps. 2D maps of the KG calculated for each simulation 

system and averaged over the simulation from 25 to 30 µs. KG was calculated for the same 

surfaces used for KM. Saddles (negative KG, magenta) and convex/concave regions of the 

membrane (positive KG, green) are often found near the proteins. For AQP1, COX1, EGFR, and 

GluA2 saddled regions spread greatly over the simulation box. The position of the four proteins 

in each simulation box is indicated by representing the proteins in yellow ribbons. DAT and 

GLUT1 were excluded from this analysis as these systems were simulated in the presence of 

position restraints on the PO4 beads.  
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Figure S7. Lipid count for PC and GM lipids in the upper leaflet. Number of upper leaflet 

PC (blue) and GM (red) lipids that as a function of time are found within 0.7 nm cutoff from the 

proteins. The lipid count was calculated based on the number of PO4 beads (for PE lipids) or 

GM1 beads (for GM lipids) that satisfy the cutoff. Plotted are the running averages calculated 

from the four protein molecules in each system, over windows of 1 µs. Standard deviation is 

shown in gray.  
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Figure S8. Lipid count for PE and PIP lipids in the lower leaflet. Number of lower leaflet PE 

(cyan) and PIP (magenta) lipids that as a function of time are found within 0.7 nm cutoff from 

the proteins. The lipid count was calculated based on the number of PO4 beads (for PE lipids) 

and CP beads (for PIP lipids) that satisfy the cutoff. Plotted are the running averages calculated 

from the four protein molecules in each system, over windows of 1 µs. Standard deviation is 

shown in gray. For COX1, embedded only partially in the upper leaflet, no PE or PIP lipids were 

detected within the chosen cutoff.
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