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1. Extended Methods 
 

Molecular models. The models of CIII and CIV are identical to the ones used in our 

previous studies (1, 2). Briefly, CIII’s dimer was built from a combination of four 

experimental structures (PDB entries: 1l0l (3), 1sqb/1sqq (4) and 2a06 (5)), excluding the six 

hemes and two iron-sulfur clusters. CIV’s (monomer) was built from the PDB entries 1occ 

and 2occ (6), also excluding two deeply buried hemes. CG conformations of CIII and CIV 

together with their annular lipid shell were extracted from our recent 100 µs simulations from 

which CL binding sites on the individual complexes were identified (1, 2) (Fig. 1). 

 

Molecular systems. 9 CIII dimers and 27 CIVs and their annular lipid shell were placed on a 

grid and randomly rotated along the membrane normal (Fig. 1). A 1:15 CL:POPC molar ratio 

lipid bilayer was used to mimic the mitochondrial membrane, corresponding to ~13% 

phosphorus content due to CL (6.5 molar %), within the range of experimental values (10 to 

20% (7, 8)). In the case of the system devoid of CL in the bulk, two CLs were conserved in 

sites Ia and Ib of CIII (1) to prevent the otherwise collapse of subunit G. The two membrane 

environments have identical phosphorus content.  

 

Simulation details. Simulations were performed using the GROMACS simulation package 

version 4.0 (9) and the Martini CG force field 2.0 for biomolecules (10) and its extension 2.1 

to proteins (11) together with the ElNeDyn approach (12). The Martini model is well suited to 

study a large variety of membrane related processes (13), including membrane protein self-

assembly (14, 15).  

Conventional simulation setups associated with the use of the Martini force field were used. 

The trajectories described in this work were ran using an integration time step of 20 fs for 

production runs (10 fs for equilibration) and non-bonded interactions cutoff at 1.2 nm with 

the Lennard-Jones potential shifted from 0.9 to 1.2 nm. The electrostatic potential is shifted 

from 0.0 to 1.2 nm  and a relative dielectric screening constant of 15 is used. The protein, 

membrane bilayer (POPC and CL) and aqueous phase (water and Na+ ions) were coupled 

independently to an external temperature bath at 300 K using a Berendsen thermostat (16) 

with a relaxation time of 0.5 ps. The pressure was weakly coupled (Berendsen barostat (16)) 

to an external bath at 1 bar using a relaxation time of 1.2 ps following a semi-isotropic 

pressure scheme. CG sodium ions were used to neutralize the systems. CL topology and 

parameters were taken from the work of Dahlberg et al. (17). The ElNeDyn approach, which 



defines an elastic network between the backbone beads to control the conformation of a 

protein, was used on each subunit of the complexes separately; i.e. springs are not present 

between the subunits. The integrity of the complex is only dependent on non-bonded 

interactions. Extend of the network was 0.9 nm and the force constant of the springs was set 

to 500 kJ.mol-1.nm-2 (12). Trajectory snapshots were saved every 1 ns for the analyses. The 

simulations proved the complexes and their subunits to be numerically and structurally stable 

over the time scale of the simulations. 

 

Supercomplex characterization.  

Protein contacts. Buried protein surfaces were used to characterize protein-protein contacts. 

Buried surfaces or protein burials between complexes 𝑖 and 𝑗, 𝑎ij, were computed as 

𝑎i + 𝑎j − 𝑎ij where 𝑎i is the accessible surface of the complex 𝑖 isolated and 𝑎ij the accessible 

surface of complexes 𝑖 and 𝑗 assembled. Buried surfaces were computed used the g_sas tool 

available in the GROMACS suite, which uses the double cubic lattice method (18). The 

probe radius was fixed to 0.26 nm, which corresponds to the van der Waals radius of a 

Martini bead. Alternatively, the number of contacts between complexes was used as a metric 

for protein-protein interactions. It is a considerably less computationally demanding approach 

and reports on the same observable (Fig. S13). In addition it allows a precise quantification of 

different contributions for protein-protein interactions. Protein-protein contacts were cutoff at 

0.8 nm. The differentiation between intramembranous and extramembranous parts of each 

complex was based on a simple rule: if contacts with lipids are formed at any moment of the 

previously analyzed 100 µs trajectories (1, 2), the residue is assumed as being part of the 

intramembranous section. 

 

Lipid contacts. In the determination of the lipid content at the surface of the individual 

complexes and their interface in a supercomplex, a lipid was counted in contact if its head 

group (PO4 or GL5 beads for POPC and CL, respectively) was within 1.0 nm of the protein. 

As in our previous studies (1, 2), CL was considered to occupy a binding site if the center of 

mass (COM) of its headgroup (glycerol plus phosphatidyl moieties) is within 0.8 nm from the 

COM of the binding site. Interfacial lipids are lipids that are in contact with at least one of 

protein interfaces, while shared lipids are in contact with both partners. The protein interface 

was defined for each complex by the set of residues in contact with the annular lipids (< 1.0 

nm) common to both complexes (< 1.0 nm) and averaged over the last µs of the simulation.  

 



Supercomplex architecture. The architecture of a SC was defined by the relative orientation 

of the two complexes following the virtual bond analysis (19) as we did previously in the 

case of rhodopsin (15). Φ1 and Φ3 define the orientation of CIII and CIV relative to CIV and 

CIII, respectively, in the plane of the bilayer (Fig. S14A). Alternatively the relative 

orientation of the complexes in a SC can be monitored from the location of the COM of the 

protein interfaces on both complexes defining γ1 and γ3 (Fig. S14B). The two definitions 

provide similar results (see Fig. S14C,D) although slightly different information.  

In the case of a membrane bilayer the motion of proteins are in two dimensions, reducing the 

description of their relative orientation to one distance and two angles. These were monitored 

using three anchor points on each complex. For CIII, these three reference points were 

defined as the COM of the sites ICIII and I’CIII, the COM of the four subunits A, A’, B and B’ 

and the COM of site ICIII. For CIV, the COM of the subunits A, F and C were respectively 

used. The C2 symmetric axis of CIII dimer was taken into account while determining the 

CIII/CIV relative orientations. 

 

CL binding sites contact map. The involvement of CL binding sites in the interface between 

complexes was quantified by measuring the distances between sites over the simulation. Two 

sites were assumed to be in contact or shared between the two complexes when the distance 

between their COM was less than 3.0 nm. 

 

CL non-binding surface. We compared lipid-binding affinities on CL binding sites 

(specifically on IICIV) to a non CL-specific surface of the protein using free energy 

calculations (described in the next section). The non-binding surface was defined as a portion 

of the protein (CIV) between sites IVCIV and VbCIV. A set of residues was manually selected 

by visual inspection of the protein surface. This surface was chosen on the matrix side in such 

a way that while allowing a clear separation from the neighboring sites (IVCIV and VbCIV), it 

keeps the similarity with site IICIV to which it is compared. The center of mass of the 

backbone beads of these residues was used as reference point for the pulling calculations (see 

below). The selected residues cover 4 subunits of CIV and are: A:Gly269, A:Met271, 

B:Ala58, E:His2, E:Ser4, E:His5, F:Glu63, F:Glu64 and F:Thr68; reported as chain:residue. 

 

Lipid binding strength. Potentials of Mean Force (PMFs) were used to quantify the binding 

affinities or binding strength of lipid molecules to CL binding sites and non CL-specific 

surface of CIV. PMFs were calculated using the umbrella sampling technique following our 



previous protocol (2). The system used was composed of a CIV embedded in a patch of ~360 

POPC lipids and one molecule of the lipid of interest. We tested the binding of CL with 

various charges (from -2 e to 0 e) and tail contents (mono- and dilyso-CL), and a range of 

phospholipids common to the inner mitochondrial membrane: POPG (from -2 e to 0 e), POPS 

(-1 e), POPE and POPC molecules. For each case we ran simulations with a set of umbrella 

potentials that covered from the lipid-bound situation to free in the bulk membrane; ~2.5 nm 

from the bound state. This distance assures that the profile reaches a plateau value. The 

umbrella potentials were applied to the distance between the center-of-mass of the lipid head 

group and of the set of residues defining the binding site with a 1000 kJ mol-1 nm-2 force 

constant. These choices resulted in 20 to 30 umbrella simulations spaced by 0.1 nm. We 

reduced the positional and rotational motions of the protein by applying a weak position 

restrain on three backbone beads of the protein. These position restraints were not applied on 

the z coordinate and used a 200 kJ mol-1 nm-2 force constant (0.42 kcal mol-1 Å-2). We 

applied the distance restraint between the centers-of-masses only along the direction normal 

to the protein surface. Therefore, an additional weak position restraint (harmonic potential, 

100 kJ mol-1 nm-2 force constant) was applied on one bead of the lipid head group (GL5 for 

CL and PO4 for regular lipids) to restrict its exploration of the direction parallel to the protein 

surface (perpendicular to the pulling direction). The direction normal to the membrane plane 

was let free. Each umbrella simulation was run for 6 µs. The weighted histogram analysis 

method (WHAM) (20) was used to combine and unbias the simulations to produce the free 

energy profiles. The Bayesian bootstrapping method was used to estimate the statistical error 

on the calculation. Each umbrella position was treated independently for the bootstrapping. 

 

2. Limitations of our approach 
 

The CGMD simulations presented in this work provide an unprecedented view of protein 

supramolecular formation and organization in biological membranes. Most notably, we 

revealed the subtle role of a particular lipid, CL, in steering the self-assembly of proteins, 

CIII and CIV, and provided a detailed view of the lipid content of the protein-protein 

interface. 

 

It is however important to point at a few limitations to our approach. Despite the 

simplification brought by the removal of some degrees of freedom in our CG approach, the 

systems simulated remain extremely large and could be studied at only a fraction of the 



biological time scales. Therefore, our 20  µs trajectories unravel only parts of the effective 

mechanism of supercomplex formation, and an equilibrium state has not been reached. In 

addition, though our system represents one of the largest membrane patches simulated till 

date and includes 36 individual protein complexes, the statistics on protein-protein contacts 

remains necessarily limited. The number of CIII/CIV and CIV/CIV interfaces the simulations 

provided amount to 21 and 9 in presence of CL, and 19 and 16 without CL, respectively. 

Although self-assembly simulations do allow for identifying relevant protein-protein 

interfaces, the lack of binding/unbinding events prevents assessing their relative strength 

even with a large set of complexes (15). More sophisticated approaches are needed to assess 

the relative stability of proteins interfaces reliably (21), but these techniques are unfortunately 

not currently practicable on systems of size studied in this work. 

 

Furthermore, the accuracy of the representation of protein-lipid and protein-protein 

interactions is potentially limited by the use of a CG model. However, the Martini model has 

been shown to reproduce experimental lipid binding sites on an increasing number of 

membrane proteins (1, 2, 22, 23). Another important issue of our models is the potential over-

stabilization of protein-protein interactions in aqueous solution, reported for both atomistic 

(24) and CG approaches (25). This might have slowed down the reorientation of the 

complexes after their encounter in our simulation. But note that protein interaction strengths 

are relatively well modeled when in the bilayer. We have reported studies of the association 

of GpA (26) and WALP peptide (27) in model membranes using the Martini CG model and 

found that the free energy profile of the GpA peptide was essentially identical to one reported 

earlier using an atomistic force field (28) and that the estimated dimerization free energy of 

the WALP peptides agreed with the value obtained from fluorescence resonance energy 

transfer experiments (29). 

 

A further limitation is the simplified composition of the mitochondrial membrane in our 

simulations. Experiments show that the association and function of the respiratory chain 

supercomplexes depends on the complexes and cofactors available in the membrane (30). We 

did not include complex I (CI), for which the structure was resolved at atomic resolution only 

recently (31), and not for bovine heart mitochondria but Thermus thermophilus. Our 

simulations also do not include the Rcf1 complexes that seem to be involved in the formation 

of the SC, as recently observed in yeast (32-34). It is not clear how these omissions might 

have affected the interfaces observed in the present study. Furthermore, we have assumed 



POPC to be a good representation of the mitochondrial lipid matrix, thus omitting lipids with 

a PE head group that are found in equal amount as PC lipids (7, 8). PE lipids appear not to be 

required for SCs stability (35). In vitro, although CL-dependent reconstitution of yeast SCs 

does not require PE, no larger megacomplexes are formed in the absence of PE (W. Dowhan, 

personal communication).  Preliminary analysis of a system with a membrane composed of 

POPC:POPE:CL at a 15:15:2 molar ratio indicates that large scale SC formation is also 

observed in the presence of PE (Fig. S8). Furthermore, the PMFs of CL and POPG reporting 

on their binding strength to site II of CIV (Fig. 4A) were not significantly affected by the 

presence of PE lipids at a 1:1 molar ratio with PC (Fig. S9), suggesting that POPC is a good 

model for our study. A more detailed analysis of the effect of PE will be presented elsewhere.  

 



Supplementary Figures 
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Figure S1: Molecular system. (A) Lateral view of the bovine cytochrome bc1 (complexe III; 

CIII) and cytochrome c oxidase (complex IV; CIV), as reported in Figure 1. (B) Top view of 

the same complexes, with binding sites as described in our previous studies (1, 2). (C) and 

(D) Details of the subunits composing CIII and CIV, lateral and top view respectively. 

Bottom tables reports the various nomenclatures (36) used for protein subunits for CIII (top 

table) and CIV (bottom table).



 

Figure S2: Snapshots of the a POPC:POPE:CL (15:15:2) system viewed from the matrix side 

of the membrane. The color code is as in Figure 1. To ease the visualization solvent 

molecules were discarded and POPC/POPE lipids were removed from the unit cell so the 

periodic boundary conditions are emphasized. Similar behavior as observed for the POPC:CL 

system was observed. 



Figure S3 (external file) | Properties of each CIII/CIV and CIV/CIV interface formed during 

our self-assembly simulations. The data is presented according to the following order: 

CIII/CIV interfaces in CL-containing system (+CL); CIII/CIV in CL-depleted system (–CL); 

CIV/CIV in +CL; CIV/CIV in –CL. For each case, below the code corresponding to the 

internal numbering given to the complexes (A to I for CIII, 1 to 27 for CIV), two lines of 

snapshots and six lines of plots are presented. In that order: 

- The first line of snapshot is depicting a top view of the overall structure of the 

interface formed. In the case of CIII/CIV structures, the position of CIV (orange) has 

been symmetrized around CIII (red) and all structure have been fitted to keep the 

orientation of the central CIII fixed to ease the comparison between all interfaces. In 

the case of CIV/CIV structures, the first CIV was used as reference for the fit (red). 

- The second line reports the location of the CL binding sites (as described in (1, 2) and 

reported in Fig. S1) on each complex involved. In the case of CIII/CIV structures, the 

sites of CIII are indicated in nuances of blue and cyan, and the sites of CIV in nuances 

of red and pink. In the case of CIV/CIV structures, the sites of the first CIV in 

nuances of blue and cyan, and the sites of the second in nuances of red and pink. 

- The first line of plot reports the time evolution of the interface burial (red curve); an 

aggregated average (over complexes) is presented in Figure 2E,F. In black is reported 

the distribution of the burial for each microsecond of simulation. 

- The second line of plots reports the time evolution of the intra- and extra-

membraneous components of the burial. And aggregated set of plots is presented in 

Figure S4. 

- The third line of plots reports the time evolution of the relative angle between the two 

complexes involved. In the case of CIII/CIV structures, Φ1 is relative to CIII, Φ3 to 

CIV. In the case of CIV/CIV structures, the first and second CIV complexes are 

denoted by the subscript. 

- The fourth line of plots reports the time evolution of the number of lipids at the 

interface that will form between the involved complexes during the simulation. 

- The fifth line of plots reports the time evolution of the number of common lipids 

shared by the two complexes at the interface. 

- The last line of plots reports the contact between binding sites in the interface formed 

between the two complexes. 



 

Figure S4. Evolution of the protein burial per interface type (total) with the contribution 

from the inside (intra) and outside (extra) of the bilayer. Each interface is indicated in light 

gray, the average value in plain colored line and the standard deviation by a shaded area. The 

time reported corresponds to the interface maturation, t = 0 corresponding to the time of 

formation of the first contact of an interface. 

 



 

Figure S5. Lipid content of protein surroundings and at interfaces between complexes. (A) 

The number of annular lipids (within 1.0 nm of the protein) per complex CIII and CIV is 

reported in presence (+CL) and absence (–CL) of cardiolipins. (B) Number of shared lipids 

for CIII/CIV and CIV/CIV interfaces. Each interface is indicated in light gray, the average 

value in plain colored line and the standard deviation by a shaded area. The time reported 

corresponds to the interface maturation, t = 0 corresponding to the time of formation of the 

first contact of an interface. 



 

Figure S6: Location of supercomplex (SC) contact interfaces on CIV surfaces using the γ1/γ3 

formalism (see Fig. S10 and Methods for details). (A) A stick represents the projection of an 

interface onto a circle surrounding the protein placed at its center and its length reports the 

corresponding protein burial, ab. The location of the CIV/CIV interfaces projected onto CIV 

are shown for both lipid environments (+CL and –CL, respectively). In the bottom subpanels 

are reported the location of contacts on CIV from CIV/CIII and CIV/CIV interfaces put 

together. (B) Contact map of CL binding sites in CIV/CIV SCs from the simulations +CL and 

–CL. Sites are assumed to form a contact when distant by < 3.0 nm (see Methods).



 

Figure S7. Location of supercomplex (SC) contact interfaces on CIII and CIV surfaces using 

the Φ1/Φ3 formalism (see Fig. S11 and Methods for details). A stick represents the projection 

of an interface onto a circle surrounding the protein placed at its center and its length reports 

the corresponding protein burial, ab. The location of the CIII/CIV and CIV/CIV interfaces 

projected onto CIII and CIV are shown for both lipid environments (+CL and –CL, 

respectively). In the bottom subpanels are reported the location of contacts on CIV from 

CIV/CIII and CIV/CIV interfaces put together. The positions of conformations defining the 



favored interface found in our simulations (Fig. 2H) are shown with enlarger circles. The 

dark crosses the position of the bovine and yeast interfaces as defined by the experimental 

models (37-40). The less defined zones of contacts when compared to γ1/γ3 maps (Fig. 2G, 

S5) reflects the fact that protein contacts mostly do not form in between the centers of masses 

of the two proteins so Φ1/Φ3 maps are a slightly off. 



 

Figure S8. Complexes contact map. Projection of the self-assembly trajectories of all 

associating pairs of CIII and CIV onto the Φ1 and Φ3 surface denoting the relative orientation 

of CIII and CIV, respectively (see Methods). The protein burial associated with the interface, 

ab, is used as third dimension to emphasize when the complexes are in contact. Both lipid 

environments are reported for CIII/CIV (A) and CIV/CIV (B) interactions. The shaded areas 

correspond to the ranges of angles in which CL binding sites would be facing the interacting 

complex. Only the sites located on the surface of the proteins and susceptible to interact are 

thus reported here: i.e., ICIII, VICIII, VIICIII, and VICIV, VIIaCIV, VIIbCIV are not shown. The 



black crosses indicate the orientation of the experimental models built from EM data 

extracted from bovine heart (37, 38) (b) and yeast mitochondria (39, 40) (y). The 

experimental orientations are encircled together with interfaces that resemble them in the 

simulations. Additional circles indicate groups of similar orientations. See text for more 

details. 

 

 



 

Figure S9: Lipid binding affinities. The binding free energy profile (PMF) of CL (black) and 

PG (green) in a pure POPC (plain lines) and a POPE:POPC mixture at a 1:1 ratio (dashed 

lines) bilayers are reported. The PMFs were performed on the CL binding site II on CIV. See 

the Method section for technical details. The data show only little effect of the membrane 

composition tested on the binding strength of both lipid species.



 

Figure S10 (first part; caption next page) 



 

Figure S10 (second part): Dynamic of the subunit K for each CIII (each monomer) and 

evolution of the occupancy of the cavity closed by this subunit. For each set of graphs, the 

top panel depicts a pair of distances representative of the motion of the two subsections of the 

subunit K (see Fig. 3A in (1)); the bottom panel reports the occupancy of the inner cavity. 



 

Figure S11: Distance between cytochrome c binding sites on CIII and CIV. The distances are 

taken between the cytochrome c bound to the CIII (PDB structure 3xc5 (41); red) and the 

subunit II from the CIV (green) as reported by Mileykovskaya et al. (40). 



 

Figure S12. Fit of the favored interface found in our simulation (Fig. 2H,K) onto the 

CI1CIII2CIV1 model of bovine heart mitochondria by Althoff et al. (37). (A) Althoff’s model. 

(B) The six conformations contributing to the most populated orientation found in the 

simulations (Fig. 2H,K). In green are cases where the model would fit into the CI1CIII2CIV1. 

In red are cases where CIV would clash with CI. 



 

Figure S13. Correlation plot between protein buried surface, ab, and number of protein 

contacts. A conversion factor of 2.81 was derived using all available values, e.g. all values of 

all CIII/CIV and CIV/CIV interfaces formed in the 20 µs simulations in both systems (+CL 

and –CL). 



 

Figure S14. Definition and comparison of the angles reporting the relative orientation of the 

complexes. (A) Angles defined by the virtual bond analysis (19), and (B) by the center of 

masses (COMs) of the interfaces formed. (C) Projection of all associating pairs of CIII and 

CIV in the self-assembly trajectory onto the Φ1 and Φ3 surface denoting the relative 

orientation of CIII and CIV, respectively. (D) Projection of all associating pairs of CIII and 

CIV in the self-assembly trajectory onto the angle the γ1 and γ3 surface. The values are 

reported only for the system containing CL, and were averaged in both cases over the last 

microsecond of simulation. Note the similarity of the two definitions. At the bottom and on 

the right size of the figure are reported the orientation of the complexes, representing the 

angle ranges for which each site is facing the other complex. These ranges are indicated on 

the maps by shaded areas. Circled are the dots representing the new interface found in our 

simulations. Color and shapes are varied for each interface to ease the comparison between 

the two definitions. On the plot of Panel C is reported the relative orientation (Φ1/Φ3) for the 



bovine (b) and yeast (y) experimental models (37, 39). The difference between the location of 

interfaces in Φ1/Φ3 when compared to γ1/γ3 maps reflects the fact that protein contacts mostly 

dot not form in between the centers of masses of the two proteins. Thus γ1/γ3 are better 

reporting on the locations of the interfaces on the complexes but do not report on the relative 

orientations of the complexes, where Φ1/Φ3 are more precise. 

 



Supplementary Tables 
 

Table S1. Lipid molar ratios (CL:POPC and POPC:CL) at different levels of resolution of the 

protein surfaces and their interfaces. The values were extracted from the analysis in Figure 3 

and S4. 

  Annular lipids 
CIII  CIV 

 +CL –CL  +CL –CL 
time (µs) 0 20 0 20  0 20 0 20 

CL 28 32 – –  15 15 – – 
POPC 120 90 160 130  75 63 100 85 

ratio  CL:POPC 
 POPC:CL 

0.23 
4.3 

0.36 
2.8 

   0.20 
5.0 

0.24 
4.2 

  

 

Interfacial lipids 
CIII/CIV  CIV/CIV 

 +CL –CL  +CL –CL 
interface status before after before after  before after before after 

CL 10 9 – –  8 6 – – 
POPC 35 20 50 30  35 20 47 27 

ratio  CL:POPC 
 POPC:CL 

0.29 
3.5 

0.45 
2.2 

  0.23 
4.4 

0.30 
3.3 

 
Shared lipids 

CIII/CIV  CIV/CIV 
 +CL –CL  +CL –CL 

interface status before after before after  before after before after 
CL – 4 – –  – 2.5 – – 

POPC – 6 – 10  – 6 – 7 
ratio CL:POPC 
 POPC:CL 

 0.67 
1.5 

   0.42 
2.4 



Table S2. Cardiolipin binding sites' occupation. CL’s occupation of the binding sites defined 

previously (1, 2) for the complexes CIII and CIV are reported while CIII and CIV are in 

isolation (isolated), i.e. as reference, averaged over the 9 and 27 copies of the complexes for 

the last µs of the self-assembly simulation (in SCs) and averaged over the bindings sites on 

either CIII and CIV when involved in a contact with another complex (shared). The numbers 

in parenthesis indicate the number of cases used in the averaging of shared binding sites. 

Occupancy values in isolation have been corrected to account for the increased CL:POPC 

ratio from 1:17 and 1:20 for CIII and CIV respectively to 1:15 in the SC self-assembly 

simulation.  
 

CIII isolated in SCs shared with CIV 
before after 

Ia 1.08a 0.87 – – 
Ib 1.50a,b 1.12b – – 
II 1.07a 0.86 0.92 0.81  (6) 
III 0.74 0.60 0.54 0.69  (8) 
IVa 0.85 0.53 0.73 0.65  (7) 
IVb 0.78 0.48 0.58 0.39  (9) 
V 0.23 0.16 0.18 0.10  (6) 
averagec 0.73 0.47 0.59 0.53 
 

CIV isolated in SCs shared with CIII shared with CIV 
before after before after 

I 1.29a 0.78 0.80 0.69  (3) 0.80 0.81  (2) 
II 0.80 0.29 0.01 0.40  (2) 0.13 0.13  (3) 
III 0.73 0.36 0.43 0.53  (4) 0.55 0.28  (3) 
IV 0.48 0.31 0.25 0.39  (4) 0.32 0.25  (2) 
Va 0.97 0.38 0.57 0.33 (10) 0.34 0.31  (2) 
Vb 0.87 0.37 0.25 0.34  (6) 0.74 0.31  (2) 
VI 0.63 0.21 – – 0.15 0.37  (3) 
VIIa 1.16a 0.66 – – 0.53 0.18  (3) 
VIIb 0.67 0.24 – – 0.33 0.26  (3) 
averaged 0.86 0.42 0.39 0.45 0.48 0.35 

 

a indicates an occupancy exceeding 1 due to renormalization. b indicates an occupancy 

exceeding 1 due to motion of CL within site ICIII. c sites Ia and Ib were not included. d sites 

VI, VIIa,b were not included. 



Table S3. Effect of modifying head group charges and acyl chain on the binding strength of 

CL and POPG. Energies are reported in kJ.mol-1. CL2- is considered the physiological species 

(although one could argue on its exact protonation state in physiological conditions) with two 

tails per glycerol group, head group, (2t|2t), is used as reference to determine the relative 

position of the other lipid species. All energies reported in here are thus differences relative 

to this reference; a null value meaning an equivalent binding strength to the binding site, a 

positive value meaning a less favorable interaction. The relative binding strength is assumed 

to be reflected by the position of minimum of the PMF shown in Fig. 4 in the main 

manuscript. Dashes indicate undetermined values (conditions not simulated). mlCL and dlCL 

denote monolyso (one lipid tail missing) and dilyso (two lipid tails are missing) CL, 

respectively. In the case of dlCL we tested the removal of the tails on the same glycerol 

(2t|0t) or one on each (1t|1t). The second case turned out to be really hard to sample, the 

bulky head of CL not being properly supported by the lacking tails when single- and double-

charged (when attraction to the binding site is the highest). Note that it is relatively difficult 

to associate accurate errors to the values reported. 

 CL (4 tails) mlCL dlCL POPG 

 2t|2t 2t|1t 2t|0t	
   1t|1t 2t 

-2 e reference 0 +4 +12 +15 

-1 e +8 – +10	
   +12 +10 

 0 e +8 – +22 +22 – 
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