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chapter iii

Cardiolipins and Cytochrome bc1

This chapter is based upon the manuscript:

Evidence for cardiolipin binding sites on the membrane-exposed surface of the cytochrome bc1

C. Arnarez, J.P. Mazat, J. Elezgaray, S.J. Marrink, X. Periole, Journal of the American 
Chemical Society 2013, 135, 3112—3120



Abstract

The respiratory chain is located in the inner membrane of mitochondria 
and produces the major part of the ATP used by a cell. Cardiolipin (CL), 
a double charged phospholipid composing ~10-20% of the mitochondrial 
membrane, plays an important role in the function and supra-molecular 
organization of the respiratory chain complexes. We present an exten-
sive set of coarse-grain molecular dynamics (CGMD) simulations aiming 
at the determination of the preferential interfaces of CLs on the respiratory 
chain complex III (cytochrome bc1, CIII). Six CL binding sites are identified, 
including the CL binding sites known from earlier structural studies and 
buried into protein cavities. The simulations revealed the importance of 
two subunits of CIII (G and K in bovine heart) for the structural integrity of 
these internal CL binding sites. In addition, new binding sites are found on 
the membrane-exposed protein surface. The reproducibility of these bind-
ing sites over two species (bovine heart and yeast mitochondria) points to 
an important role for the function of the respiratory chain. Interestingly the 
membrane-exposed CL binding sites are located on the matrix side of CIII 
in the inner membrane and thus may provide localized sources of proton 
ready for uptake by CIII. 
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Introduction

Mitochondria are intra-cellular organ-
elles, also referred to as the “power plant” 
of cells. They produce energy through the 
oxidative phosphorylation (OxPhos) system, 
which is embedded in their inner membrane. 
The OxPhos operates a series of electron 
transfers mainly carried out by three large 
membrane protein assemblies, the so-called 
“respiratory chain complexes” (complex I, 
CI, NADH quinone oxidoreductase; complex 
III, CIII, cytochrome bc1; complex IV, CIV, 
cytochrome c oxidase) and by some small 
electron carriers (quinones and cytochrome 
c). The tortuous electron paths through the 
respiratory chain trigger the transport of 
protons from the inside (matrix) to the out-
side (intermembrane space, IMS) of the mi-
tochondrial inner membrane, leading to an 
electro-chemical gradient ultimately used by 
the complex V (ATP synthase) to synthesize 
ATP from ADP.

Cardiolipin (CL) — the signature 
phospholipid of mitochondrion — has broad 
and complex implications in the function of 
the OxPhos and other mitochondrial activi-
ties [60,61]. CLs are anionic phospholipids 
formed by two phosphatidyl groups bound 
by a glycerol. They compose ~10‒20% of the 
lipid of the mitochondrial inner membrane 
[21,62-65] but are also found in other parts 
of the mitochondria. CL deficiency associ-
ates with numerous diseases [25,61,65] in-
cluding the Barth syndrome [27] and heart 
failure [26]. Notably the formation, stability 
and function of individual respiratory chain 
complexes [66,67] and of the supercom-
plexes they associate into to function [13] 
strongly depends on the presence of CLs 
in the membrane environment [28-30,67-

70]. Structural studies of complexes I [71], III 
[29], IV [72] and V [73] from various organ-
isms pointed to several CLs bound to the 
individual complexes, leading to hypothesis 
on, for instance, their possible involvement 
in a proton uptake pathway in CIII [74] and in 
assuring the structural integrity of individual 
complexes [72,73] CLs also associate with 
ADP/ATP protein carrier function [75].

It is however unclear from the location 
of the CLs in the protein structures by which 
mechanism they might for example operate 
to “glue the respiratory chain together” [28,29] 
or make full use of their ability to trap protons 
[33,76]. Most co-crystallized CLs are indeed 
difficult to access from the bulk membrane 
as they are either deeply buried in cavities 
inside the protein or physically separated 
from the bulk by a specific subunit. It is 
likely that these CLs are tightly bound to the 
proteins and thus remain after protocols of 
protein purification, in which detergents are 
often used to wash away the lipid membrane 
[66]. Here we explore the hypothesis accord-
ing to which CLs present in the bulk mem-
brane play an active role in the function of 
the respiratory chain in complement to the 
ones found within the protein structures. 

To characterize the interaction be-
tween CLs found in the bulk membrane 
and CIII, we performed a series of coarse-
grained molecular dynamics (CGMD) simu-
lations of wild type bovine and yeast CIII, as 
well as a couple of mutants, embedded in 
mixed palmitoyloleoyl-phosphatidylcholine 
(POPC)/CL membrane bilayers. MD simula-
tions have been successfully used to explore 
the binding of lipids to a variety of membrane 
proteins [7,77-83]. Most of these studies rely 
on the Martini force field [46,50], which we 
also used here. Our simulations reproduce 
the known CL binding sites and highlight key 
features of two subunits in controlling their 
stability and dynamics. In addition the simu-
lations reveal the existence of well-defined 
CL binding sites on the membrane-exposed 
protein surface of CIII. These new binding 
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sites suggest possible involvement of CLs in 
the proton uptake by CIII. 

Methods and analyses specific to 
the work presented in this chapter

Molecular models

Protein models: Models of CIII were 
based on their experimentally determined 
structures from bovine heart mitochondria 
(CIIIb). The Protein Data Bank (PDB) entries 
1l0l [84], 1sqb & 1sqq [85] and 2a06 [86] 

were used to build a complete model of CIIIb. 
The CIII found in yeast mitochondria (CIIIy) 
was simulated for comparison. Its structure 
was taken from the PDB entry 3cx5 [87] in 
which case the protein was fully resolved. 
Structures of bovine heart mitochondria CIIIb 
available in the PDB contain 11 subunits per 
monomer: A, B, C (cytochrome b), D (cyto-
chrome c1), E (Rieske complex), F, G, H, I 
(related to the Rieske complex), J and K (see 
Fig. 3.1A). The CIIIy is composed of subunits: 
A, B, C (cytochrome b), D (cytochrome c1), E 
(Rieske complex), F, G, H and I. While yeast 
and bovine subunits A to E are similar, yeast 

Figure 3.1 | Structural characteristics of the wild-type cytochrome bc1 (CIII) and of a cardiolipin (CL). 
A) The 11 subunits (A-K) composing a bovine heart mitochondrial CIIIb are shown in a cartoon repre-
sentation. A chain-based color-code is used on a monomer of both CIIIb and the yeast CIII (CIIIy) such 
that equivalent subunits share the same color. The second monomer is shown in transparent grey. 
Subunits I and K of CIIIb are missing in yeast. The inner membrane (IM) separating the matrix from the 
inter membrane space (IMS) is indicated in grey. In the matrix view (bottom row) the CLs known from 
structural studies (CL1 to CL3) are depicted as balls and sticks in the transparent monomer together 
with some key subunits (G/H and K). The catalytic site Qi (binding site of ubiquinol/ubiquinone on the 
matrix side) is indicated. B) Simulation box for CIIIb-WT, with the protein shown in green, POPC mol-
ecules in gray/white, CLs in red/orange and the aqueous phase in blue. Part of the aqueous phase is 
removed to ease the view of the system. The systems contains ~70,000 CG beads. C) Structure of a 
cardiolipin molecule in an all-atom (AA) and a coarse-grain (CG) representation.
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subunits F, G, H and I correspond to bovine 
subunits H, F, G and I. Bovine subunits I and 
K are missing in CIIIy. CIII is found in a di-
meric form in the crystals and is thought to 
be functionally relevant in this conformation; 
it was thus simulated as such. Details on the 
CIII complexes and their subunits are given 
in Figure 3.1A.

In addition to the wild type of the pro-
tein complexes a couple of mutants of the 
bovine and yeast CIII dimer were simulated. 
A version of the CIIIb with the subunit G trun-
cated to remove its transmembrane section 
(residue G:Q23 to residue G:A75) was used 
to test the hypothesis that this particular 
subunit might protect bound CLs from ex-
changes with the bulk. Similarly in the CIIIy 
the H subunit was truncated (residue H:K34 
to residue H:V93). CIIIy was also modeled 
with lysine to leucine mutations at positions 
288, 289 and 296 of subunit D (correspond-
ing to D:K227, D:K228 and D:K235 in the 
PDB entry 3cx5). These three lysine residues 
have been shown to be determinant for the 
function of CIIIy due to their involvement in 
the bind of catalytic CLs [74]. We tested their 
potential role in the definition of the CL bind-
ing sites found in the WT simulations.

Mitochondrial membrane: The mito-
chondrial membrane is a complex mixture 
of a large variety of lipid molecules. In our 
simulations, a mixture of POPC lipids and 
CLs models the mitochondrial membrane 
(cf. Fig. 3.1B). The CL:POPC molecular ratio 
used in the simulations is between 1:17 and 
1:19. This CL content is in agreement with 
the composition reported for both bovine 
heart [63] and yeast [62] mitochondria: ~20 
and ~16% of the total phospholipidic phos-
phorus, respectively. If we approximate the 
mitochondrial membrane to contain only PC 
lipids, this value would translate to a 1:16 
CL:PC ratio.

CLs found in the crystal structures: 
Two CLs per monomer are consistently found 
in the crystal structures of CIIIb. They are lo-
cated within a cavity buried at the surface 

of the protein (CL1a and CL1b in Fig. 3.1A). 
In contrast a single CL is found at the same 
location in CIIIy. These CLs are fundamental 
for a correct function of CIII and have been 
associated with the proton transfer pathway 
[74]. In the manuscript they will be referred to 
as the catalytic CLs. Another CL is system-
atically found in the structures of CIIIy (CL2 
in Fig. 3.1A). CL2 is deeply embedded in the 
membrane at the interface between the two 
monomers of the protein dimer. An addition-
al CL is found in the PDB entry 1sqp of CIIIb 
(CL3 in Fig. 3.1A). CL3 is also embedded in 
the large transmembrane cavity network of 
the complex but seems more accessible to 
the bulk membrane [85,88]. This might ra-
tionalize its rare appearance in the structure 
files. All buried CLs (CL1a,b and CL2) were 
included in the simulations unless otherwise 
indicated, and are referred to as co-crystal-
ized CLs.

System setup

Composition: A list of the systems 
simulated is given in Table 3.1 together with 
some key characteristics. Each system was 
placed in a rectangular box containing a sol-
vated and pre-equilibrated POPC/CL mem-
brane patch. A typical system (e.g. CIIIb-
WT, Fig. 3.1B) contains the protein (4,230 
residues; 9,358 beads), a POPC bilayer (878 
lipids; 11,414 beads) including CLs (52 CLs; 
1,404 beads) and the aqueous phase (48,835 
water beads and 118 sodium ions), totalizing 
slightly more than ~70,000 CG beads mod-
eled using the Martini CG force field [46,50]. 
Parameters for CL were extracted from the 
work of Dahlberg et al. [89]. The systems 
were simulated with the GROMACS simula-
tion package [41]. See details in Chapter II.

Preparation: Starting from the pro-
tein structures described above, the models 
were converted to CG models and embed-
ded into pre-equilibrated lipid bilayers us-
ing local scripts. CLs present in the crystal 
structures were used to fit CG CLs into the 
models. The systems were energy mini-
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mized, and relaxation periods were succes-
sively used for the solvent and side-chains. 
Each system was first simulated for 10 ns 
with positional restrains on backbone beads 
of the protein using a 10 fs integration time 
step before starting production runs.

Stability of the CG protein models: 
The complexes (CIIIb and CIIIy) and their 
respective subunits were both numerically 
and structurally stable over time scales up 
to 100 μs. The root mean square deviation 
(RMSD) of the various versions of the respi-
ratory chain complexes simulated and with 
respect to the experimental structures typi-
cally reached values of 0.3‒0.4 nm, indica-
tive of structural stability. The definition of 
elastic networks on individual subunits of 
the complexes (ElNeDyn [53]) was manda-
tory to maintain the integrity of the subunits 
although their dynamics and flexibility were 
conserved.

Atomistic simulation

To test whether the protein-lipid in-
teractions might have been affected by the 

coarse-grained representation of the mol-
ecules, we also performed an MD simulation 
using an atomistic force field.

Methods: To obtain the starting struc-
ture for the atomistic simulations, the last 
frame of the μs CG simulation of the CIIIb-WT 
system was transformed to the underlying at-
omistic representation using our recent reso-
lution transformation algorithm [55]. 

System details: The snapshot after 100 
μs from the CGMD simulation of the CIIIb-WT 
system was transformed to the atomistic rep-
resentation, followed by a 100 ps simulation 
with position restraints applied to the back-
bone, and a free 100 ns atomistic MD simu-
lation. Including protein, lipids, and water 
molecules, the system comprised of about 
~700,000 particles. 

Analysis details 

The first μs of the simulations is con-
sidered as an equilibration period and is thus 
not included in the analysis. Repeat simula-
tions are first analyzed separately to judge 

Table 3.1 | Summary of the (CG) simulations performed. The name, number (#), length, 

CL/POPC molar ratio and some specifications are given.  

 

Name # 
Length 

[μs] 

CL:POPC 

ratio 
Specifications 

CIIIb-WT 1 100 1:17 Co-crystallized CL included 

CIIIb-EmpCav 2 10 1:18 Catalytic CLs removed from site ICIII 

CIIIb-ByLf 2 10 1:37 
CLs in only one leaflet at once 

Catalytic CLs removed from site ICIII 

CIIIb-woG 2 10 1:17 Partial removal of subunit G 

CIIIy-WT 1 100 1:19 Co-crystallized CL included 

CIIIy-EmpCav 2 10 1:19 Catalytic CLs removed from site ICIII 

CIIIy-woH 2 10 1:19 Partial removal of subunit H 

CIIIy-Mut 2 10 1:19 
Mutated complex 

Catalytic CLs removed from site ICIII 

CIIIy-mut-woH 2 10 1:19 
Mutated complex 

Partial removal of subunit H 

 

Table 3.1 | Summary of the (CG) simulations performed. The name, number (#), length, CL/POPC 
molar ratio and some specifications are given. 
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the convergence of the observables and 
when appropriate repeat simulations are 
concatenated to obtain better statistics. 
Trajectory snapshots were saved every 500 
ps for analysis purpose unless otherwise in-
dicated.

Binding site definition: The densities of 
the CLs were used to localize the potential 
binding site at the protein surface. The den-
sities of presence of the CLs in the systems 
were computed by means of the “occupan-
cy” option of the VolMap tool of VMD [90] 
with a 0.2 nm resolution grid. The densities 
depict an occupancy level at least 5 times 
higher than the values corresponding to the 
bulk region. CLs binding sites on the pro-
tein were defined by the following protocol. 
For each frame of the 100 μs simulations of 
the WT complexes we define time series of 
groups of residues simultaneously in con-
tact with a unique CL. A contact is counted 
when a residue found within 0.7 nm of the CL 
head group (phosphatidyl and glycerol CG 
beads). The groups obtained are then clus-
tered using a GROMOS-like algorithm [91]: 
groups with at least 66% of common resi-
dues are clustered together and the most 
populated cluster (i.e. the groups compos-
ing it) is removed from the pool of groups; 
the procedure is repeated on the remaining 
groups until the pool is empty. The residues 
present in at least 80% of the groups com-
posing a cluster are selected as the repre-
sentative group of the cluster. The symmetry 
of the dimer was used as additional refine-
ments to define the final clusters for CIIIb. 
This was only applicable to the sites IICIIIb, 
IIICIIIb and IVCIIIb; the instability of site ICIIIb in 
one monomer and the absence of symmetry 
in the cases of sites VCIIIb and VICIIIb made it 
difficult to define unique sites. Note that sev-
eral other protocols were tested for the defi-
nition of the binding sites. The final definition 
of the sites was only slightly sensitive to the 
protocol used.

Binding site averaged occupancy and 
residence times: To further characterize the 

binding sites, their CL occupancy and resi-
dence time are determined. The occupancy 
of a site j by a CL L at a time t, noted ζL

j(t), is 
determined as:

ξjL(t) =

{
1, dij(t) ≤ δL

0, dij(t) > δL
  (3.1)

where dL
j(t) is the distance between the cen-

ter of mass of the CL head group and the 
center of mass of the binding site j; δL is a 
cutoff value set to 0.8 nm. The slight differ-
ence between δL and the cutoff used to de-
fine a contact in the definition of the binding 
sites (0.7 nm) accounts for the relative large 
size of a CL head group. The instantaneous 
values of the distance are smoothed out over 
windows of 50 ns. The time series of the 
site occupancies are additionally smoothed 
out by averaging over 2.5 ns time windows, 
which results in an effective averaging of 
~55 ns. These precautions were necessary 
to discard the fast leave and return of CLs 
from the site considered (“rattling in a cage” 
type of motion). The error on the occupation 
values was estimated by splitting the tra-
jectory in 10 slices of 10 μs, computing the 
average occupation for each slice and the 
standard deviation to the mean occupation 
over 100 μs. The values presented in Table 
3.2 are thus reported with a maximum error 
of ± 0.02.

The residence time (also referred to 
as the survival or lifetime [92,93], θL

j(t), of a 
CL L in a binding site j is obtained from the 
normalized time-correlation, σL

j(t), which can 
be expressed as: 

σj
L =

1

T − t

T−t∑

ν=0

ρjL(ν, ν + t)  (3.2)

where T is the total time of simulation and 
ρL

j(σ, σ + t) a function taking the value of 1 if 
the CL L has occupied the site j for a time T 
after coming in contact with the site at time 
ν, and 0 otherwise. ρL

j(t) is obtained from the 
time series of the site’s occupancy by a CL 
described above. In practice the CLs are not 
differentiated since they occupy a site one at 
the time and as before a 2.5 ns window aver-
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aging was used to discard the fast leave and 
return movements of CLs. The residence 
time of CLs in a specific site j, θj(t), is ob-
tained by fitting the time-correlation function 
relative to this site using:

σj ≈ exp

(
− t

θj

)
  (3.3)

Note that the values of the CL’s resi-
dence time were quite sensitive to the ex-
act protocol used. Notably the smoothing 
of the raw data to remove the quick bind-
ing/unbinding events was found important 
to capture the relevant behavior of the CL. 
Alternatively, when the number of CLs ex-
changing in a site was not sufficient to ob-
tain a statistically relevant σj(t), the residence 
time of CLs for a specific site was estimated 
by collecting the stretches of time during 
which that site is occupied.

Results

Identification of six CL binding sites on 
bovine heart cytochrome bc1

The starting structure of our simula-
tion consisted of the wild type bovine CIII 
(CIIIb) dimer, including two of the co-crystal-
lized CLs per monomer that are buried inside 
the protein (CL1a and CL1b, Fig. 3.1A). Based 
on a 100 μs simulation (CIIIb-WT, Tab. 3.1) of 
this complex embedded in a CL:POPC mem-
brane with a 1:17 molecular ratio (Fig. 3.1B), 
we characterized the CL density around the 
protein. The average densities of CLs are 
shown in Figure 3.2A and demonstrate the 
existence of several preferential sites of in-
teraction of CL with the protein. The densi-
ties were systematically reproducible in the 
various simulations performed (Tab. 3.1). 
We define CL binding sites as the locations 
with more than five times the bulk density 
and symmetric densities must be observed 
on both monomers. Using this definition, six 
binding sites are found and all are located on 
the matrix side of the protein although CLs 
are present in both layers of the membrane 

and uniformly visit both matrix and IMS sides 
of CIII. The sites are labeled I to VI as indi-
cated in Figure 3.2A. The analysis of the sets 
of residues simultaneously in contact with a 
CL allowed the structural characterization 
of the binding sites shown in Figure 3.2B-F. 
Only sites I to IV are well defined. Site V and 
VI are more dynamic and a set of contact-
ing residues could not be determined. Sites I 
and IV may be occupied by two CLs, and are 
therefore subdivided into Ia/Ib and IVa/IVb. 
Average occupation and CL residence time 
for each site are listed in Table 3.2.

Site I corresponds to a site previously 
described in numerous crystal structures 
and associated with proton uptake [74] (site 
close to the catalytic center Qi). It contains 
two CLs in bovine heart CIII and is located 
in an external protein cavity at the junction 
of the subunits C, D and F. Most contacts 
between the CLs and the protein are made 
with the core subunit C and subunits D and 
G (Fig. 3.2A, C-D). The cavity is “closed” by 
the subunit G, which lays a helical segment 
on the membrane surface across the entire 
cavity. In the simulation the site is doubly oc-
cupied (Tab. 3.2) and the CLs, being pres-
ent from the start, do not exchange with 
the bulk; their associated lifetimes are infi-
nite on the time scale of our simulation. The 
structural integrity of this external cavity is 
further discussed below. Sites II and site III 
each contain a single CL and are located on 
the surface of the protein, surrounding site 
I (Fig. 3.2A, B, E). They both strongly inter-
act with the section of subunit G laying on 
the membrane surface (on the opposite side 
of site I): site II with its C-terminus and sub-
unit F and site III with the N-terminus and 
subunit E. Site II is significantly more occu-
pied (94%) than site III (68%). CLs are more 
strongly bound to site II than to site III, with 
a lifetime of 5.5 μs versus 1.4 μs (Tab. 3.2). 
Site IV binds two CLs and is located at the 
entrance of a large inner cavity in the core of 
the protein embedded in the membrane (Fig. 
3.2A). Sites IVa,b are connected and in both 
sites CLs interact strongly with the subunit A 
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Figure 3.2 | Cardiolipin (CL) binding sites of cytochrome bc1 (CIII) extracted from a 100 μs CGMD simu-
lation of the complex embedded in a CL/POPC membrane bilayer. A) Inter membrane space (IMS), 
membrane side and matrix views of CIIIb with the CL densities shown in yellow volume maps at an 
isovalue corresponding to at least 5 times the bulk density. The protein is shown in a shaded grey stick 
representation with the CL densities projected on top of them in the IMS and Matrix views. In the mem-
brane view the backbone of the transmembrane core of the protein is shown with the chain-based 
color-code used in Figure 3.1A. The subunits G and K are highlighted in the IMS and matrix views. 
B-F) Detailed description of the CL binding sites I to VI, defined for CIIIb. The residues are numbered 
as follows: “chain:residuesubsite”. For each site, the subunits involved in the interactions with the CLs are 
depicted as colored cartoon, following the color-code defined in Figure 3.1A. The rest of the protein is 
shown in a transparent gray cartoon. G) Matrix view of the CL densities extracted from a 20 μs CGMD 
simulation of yeast CIII embedded in a CL/POPC membrane bilayer. The red arrow points at the extra 
density in site ICIIIy where a CL penetrates the cavity at ~25 μs.

Table 3.2 | Occupation (Ξ) and residence time (θ, μs) of CL binding sites of the wild type 

CIIIb, averaged (aver) over 100 μs of CGMD simulation (CIIIb-WT) for both monomers (mer 

1/2)a. The errors are ± 0.02 and ± 0.1 at most for the occupancies and residence times, 

respectively.  

 

Site Ia Ib II III IVa IVb Vb VIab VIb 

Ξ 

mer 1  0.99 1.01 0.91 0.69 0.63 0.73 0.3 < 0.1 1.3 

mer 2 0.95 1.71c 0.96 0.66 0.91 0.71 < 0.1 0.85 2.7 

aver 0.97 1.01 0.94 0.68 0.77 0.72 – – 2.0 

θ 

mer 1 > 100 > 100 7.4 0.5 2.6 0.8 ~1 < 0.1 ~20 

mer 2 3.4 1.0 3.5 2.3 1.4 0.9 < 0.1 > 100 > 100 

aver > 100 > 100 5.5 1.4 2.0 0.9 – – – 
 

a more details are given in the Methods section. 

b the analysis is based on a qualitative definition of the sites in contrast to sites I-IV. 

c the motion of CLs in site Ib made the calculation inaccurate; it is not used in the 

average. 

 

Table 3.2 | Occupation (Ξ) and residence time (θ, μs) of CL binding sites of the wild type CIIIb, averaged 
(aver) over 100 μs of CGMD simulation (CIIIb-WT) for both monomers (mer 1/2)a. The errors are ± 0.02 
and ± 0.1 at most for the occupancies and residence times, respectively

a more details are given in the Methods section.
b the analysis is based on a qualitative definition of the sites in contrast to sites I-IV.
c the motion of CLs in site Ib made the calculation inaccurate; it is not used in the average.
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(Fig. 3.2F). The rest of the CL contacts with 
the protein involve subunit J and K for site 
IVa and IVb, respectively. The two subsites 
have a similar occupancy (~70‒80%) and ex-
change CLs on a time scale of ~1‒2 μs. Site V 
is located on the other side of the inner cav-
ity entrance and although CL densities are 
observed at the same location in most simu-
lations of CIII they were slightly asymmetrical 
(Fig. 3.2A) and the cluster analysis did not 
converge to a consistent set of residues. The 
dynamic behavior of subunit K (see below) 
may be hold responsible for this inconsisten-
cy. The occupancy level for site V is 30% and 
the binding time around 1 μs. Site VI corre-
sponds to the inner cavity itself and contains 
up to three CLs. A first CL penetrates the 
inner cavity of one monomer quite early in 
the simulation and reaches the site VIa cor-
responding to the CL3 found in the crystal 
structure (PDB structure 1sqp [85]; see Fig. 
3.1A) after ~15 μs. This site stays occupied 
during the remainder of the simulation, giv-
ing rise to an occupancy of 85% (Tab. 3.2). 
Two additional CLs rapidly follow the first 
one in the cavity where they remain for the 
rest of the simulation. In the other monomer 
CLs also penetrate the cavity but are more 
dynamic and do exchange with the bulk CLs 
on a timescale ~15 μs. Averaged over both 
monomers the occupancy level of the inner 
cavity is 2.0 CLs (Tab. 3.2). Additional de-
scription of the inner cavity is given in the 
next paragraph.

CL binding sites are conserved over spe-
cies

To probe the conservation of CLs 
binding sites on CIII over species we com-
pare the binding sites found in bovine heart 
mitochondria to the ones found in yeast mi-
tochondria. Based on the CL densities ob-
tained from a 20 μs simulation performed on 
wild type CIIIy (CIIIy-WT, Tab. 3.1), we define 
six binding sites found on both monomers 
and labeled ICIIIy-VICIIIy (Fig. 3.2G). These CLs 
binding sites are virtually identical to the 
ones described above for bovine heart (Fig. 

3.2A-Matrix view versus Fig. 3.2G). The re-
gions of high CL density that relate to these 
six sites systematically show up at the same 
location of CIII in both species and involve 
analogous subunits. The similarities of the 
location of the sites found on membrane-ex-
posed protein surfaces (sites II-V) in the two 
species is even more remarkable than for the 
ones buried in protein cavities (sites I and VI) 
and strongly suggest that these sites might 
have a function conserved across species. 

It is important to make a few remarks. 
First in yeast only one CL fills the site I in the 
crystal structures [87] and thus in the initial 
conformation of our simulation (CL1 in Fig. 
3.1A). On an extended 100 μs time scale an 
additional CL finds its way into the cavity of 
site ICIIIy of one the monomers after ~25 μs of 
simulation (red arrow on Fig. 3.2G); the pen-
etration of the CL shows up as an additional 
density. In the other monomer the trans-
membrane section of the subunit G slightly 
collapses to occupy the extra space avail-
able, thus preventing the entry of an addi-
tional CL. Second, the CL density observed 
in the center of CIIIy in between the two sub-
units C of the dimer corresponds to the posi-
tion of a CL found in the crystal structure of 
the protein [87] (CL2 in Fig. 3.1A). Third, the 
subunit homologous to bovine heart subunit 
K is missing in CIIIy. The lack of this subunit 
opens a wide access to the inner cavity of 
CIIIy (Fig. 3.1A). As a result CLs penetrate the 
cavity and explore site VI much faster and 
diffuse more easily in the simulation of CIIIy 
compared to CIIIb. 

Subunit G important for the structural in-
tegrity of catalytic site ICIII

The catalytic site I is buried in a cav-
ity at the surface of CIII (Fig. 3.2A, C, D, G). 
The experimental structures suggest that 
the subunits G in bovine heart and its ho-
mologous H in yeast physically separate the 
cavity from the bulk membrane. A helical 
segment of the subunit G (residues 30 to 46) 
in CIIIb lays parallel to the membrane surface 
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and interacts on one side with the CL head 
groups occupying the sites Ia,b and on the 
other side with the bulk lipids and CLs in sites 
II and III. Our simulations confirm this sepa-
ration: lipids do not exchange between the 
site and the bulk membrane during the simu-
lations. There is also no exchange in an ad-
ditional simulation in which POPC molecules 
replace the CLs within the site (simulations 
CIIIb/y-EmpCav, Tab. 3.1). Neither POPC mol-
ecules exchange with the bulk nor CLs enter 
the site to replace the POPC molecules. 

To further investigate the possible 
protecting role of subunit G (H in yeast), 
simulations were performed with the trans-
membrane section of this subunit removed, 
leaving the site I accessible to the bulk (CIIIb-
woG and CIIIy-woH, Tab. 3.1). Indeed, CLs 
spontaneously bind the site and dynamically 
exchange with the bulk in both bovine heart 
and yeast CIII simulations. On average about 
one CL binds to both bovine heart and yeast 
versions of CIII lacking the transmembrane 
segment of subunit G/H (Tab. 3.3). The pen-
etration and stability of CLs in the site ICIIIy 
is however sensitive to the presence of ly-
sines in the binding site, as is evident from 
the simulation CIIIy-mut-woH (Tab. 3.1) of the 
triple mutant K288L/K289L/K296L of sub-
unit D. In this case the CLs only marginally 
penetrate and bind to site ICIIIy as shown by 
the almost null occupancy of the site (Tab. 
3.3). This stabilization of the CL in site ICIIIy by 

these three lysines was hypothesized earlier 
to rationalize the effects of this mutation on 
the structural and functional integrity on CIIIy 
and its interactions with CIV [30,31,74].

Subunit K acts as a gate for the wide in-
ner cavity of CIIIb

We have seen that lipid molecules 
(POPC and CL) penetrate the transmem-
brane inner cavity (site VI in Fig. 3.2A) in 
both bovine heart and yeast CIII. We have 
also noted the increased dynamics by which 
CLs penetrate and explore the cavity in 
CIIIy as compared to in CIIIb’s one, resulting 
from the absence of the subunit K in CIIIy. 
This difference suggests that the subunit K 
in CIIIb restrains the dynamics of CLs within 
the transmembrane inner cavity and might 
thereby stabilize the binding of CLs. Here we 
describe an additional observation that fur-
ther supports an important role of the sub-
unit K in controlling CL entry into the inner 
cavity of CIIIb. 

The subunit K is mobile and quite dy-
namic in the simulations (Fig. 3.3A-B). The 
time course of a pair of distances between 
subunit K and the complex illustrates this 
behavior in the case of one monomer (Fig. 
3.3B). The data shows that a quick “open-
ing” of the cavity entrance allows for the 
subsequent penetration of three CLs into the 
inner cavity. Afterwards the subunit K adopts 

Table 3.3 | Occupation of the sites ICIII by CLs in bovine heart and yeast mitochondria. 

The average error on the values reported is ± 0.01 and was estimated on the 100 μs 

simulations (see Methods section of this chapter). Note that the subsites a and b of site 

ICIII are not considered in this analysis. Occupations are given for site ICIII as a single 

cavity. The labels of the simulations are given in Table 3.1. 

 

Simulation CIIIb-WT 
CIIIb-woG 

CIIIy-WT 
CIIIy-woH CIIIy-mut-woH 

sim 1 sim 2 sim 1 sim 2 sim 1 sim 2 

ΞL 

mer 1 1.99 1.07 0.98 1.00 0.85 0.83 0.07 0.03 

mer 2 2.00 0.76 1.25 1.66a 0.91 0.64 0.23 0.02 

aver 2.00 1.02 1.33 0.81 0.09 
 

a reflects the entrance of an additional CL in site I as described in the previous paragraph 

and by the CL densities in Figure 3.2G. 

 

 

Table 3.3 | Occupation of the sites ICIII by CLs in bovine heart and yeast mitochondria. The average 
error on the values reported is ± 0.01 and was estimated on the 100 μs simulations (see Methods 
section of this chapter). Note that the subsites a and b of site ICIII are not considered in this analysis. 
Occupations are given for site ICIII as a single cavity. The labels of the simulations are given in Table 3.1.

a reflects the entrance of an additional CL in site I as described in the previous paragraph and by the CL densities 
in Figure 3.2G.
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Figure 3.3 | Dynamic features 
of CL binding to cytochrome 
bc1 (CIII). A), B) Opening and 
closing motion of subunit K at 
the entrance of the inner cav-
ity, which is composed of sub-
unit K (its N-terminus (red), a 
small helix segment laying on 
the membrane surface (orange) 
and the transmembrane section 
(yellow)), and the subunit C (light 
green). Panel A depicts (from 
left to right) three representative 
conformations of the subunit K 
and the CL content of the inner 
cavity extracted from the CIIIb-
WT simulation: open with one 
CL, half open with three CLs, 
and closed with three CLs. CLs 
are shown in purple, blue and 
cyan. The light grey surface 
shows the rest of the protein. 
The distances between resi-
due K:L2 and C:H309 (red), and 
K:R9 and C:F200 (orange) illus-
trates of the motion of the sub-
sections of subunit K (the color 
code follows the one in the sub-
sections) and the occupancy of 
the inner cavity are shown in the 
top and bottom graphs of panel 
B, respectively. C), D) Exchange 
of two CLs (yellow and green) in 
site IICIIIb (red spheres) formed 
by subunits F (cyan) and G 
(blue). In panel C the exchange 
is depicted by four successive 
snapshots of the simulations 
CIIIb-WT. The panel D shows 
(top) the distance between the 
center of mass (CoM) of the CLs 
head group and the CoM of the 
site and (bottom) the occupa-
tion of site IICIIIb. The colors in 
the distance plot corresponds 
to the colors of the CL. E) Time-
correlation functions (orange 
curve) and distribution of resi-
dence times (red in the inserts) 
for four sites of CIIIb. The time-
correlation functions are used 
to extract the residence time of 
CL in the binding sites (Tab. 3.2) 
and are representative of the 
strength of CL binding.
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a “closed” conformation similar to the one 
found in the crystal structure. At this point, 
the N-terminus of the subunit extends to-
wards site V and completely obstructs the 
entrance of the cavity thereby trapping the 
three CLs inside (Fig. 3.3A-B). In the other 
monomer the subunit K also opens the ac-
cess to the inner cavity and CLs are able 
to go in. However, the cavity gets filled with 
three CLs only very late in the simulation and 
for a short time; closure of the gate is not 
observed. This behavior should not be con-
fused with instability in the model but rather 
illustrates that the definition of force field 
(independent elastic networks for each sub-
unit) gives enough flexibility to the model to 
allow reorientation of subunits (Fig. 3.3A-B).

Residue content of the CIIIb CL binding 
sites

The analysis of the residue composi-
tion of the CL binding site based on the 100 
μs simulation of CIIIb-WT revealed a few in-
teresting features (Fig. 3.4). We first collect-
ed all the residues at least once in contact 
with a CL during the simulation. This set of 

residues basically covers the entire trans-
membrane region of the protein surface in-
dicating that during the simulation the CLs 
explore the complete protein surface. Not 
surprisingly the distribution of contacts as 
a function of the residue type is in global 
agreement with the amino acid distribution 
in integral membrane proteins [94] keeping 
in mind that a residue would need to be ex-
posed to the membrane to be in contact with 
a CL. 12% of these residues participate to 
the CL binding sites in CIIIb. Arginine is the 
most prominent residues in the CL binding 
sites (18%). Together with lysine they ac-
count for 22% of the CL ligands in CIIIb. This 
large contribution from positively charged 
residues might be expected since a CL car-
ries a double negative charge. Serine resi-
dues also have a strong contribution to the 
binding sites found in CIIIb. The phenylala-
nine, alanine, leucine, threonine and tyrosine 
also populate the CL binding sites in CIIIb. 
Interestingly, only a limited fraction of the 
full set of contacts made by a residue type 
with CLs is actually part of the binding sites. 
This is most evident in the case of arginine 
residues, which have a high contribution to 
the binding sites but only 28% of arginines 
in contact with a CL participate to a site (Fig. 
3.4). Overall these observations demonstrate 
that the CLs explored uniformly the full pro-
tein surface exposed to the membrane and 
that the interactions between CLs and the 
protein are specific. Notably not only elec-
trostatic interactions are determinant for the 
binding of a CL, but various non-charged 
residues are also important. This is in line 
with earlier reports focusing on CIV [66] and 
another study that showed that lipid tails 
were more resolved than the head groups 
in binding regions, and that electrostatic in-
teractions (shut down by mutating specific 
charged residues) were playing a minor role 
in the definition of these binding sites [79].

Figure 3.4 | Residue content of the CL binding 
sites of CIIIb. The gray sticks indicate for each resi-
due type the percentage from all the residues of 
that type that makes a contact with a CL during 
the simulation. In other words the proportion of this 
type of residue that is found in the section of CIII 
visited by CLs: the transmembrane section of CIII 
exposed to the membrane. The black sticks give 
for each residue type the percentage of its partici-
pation to the CL binding sites.
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Discussion

Limitations of the approach

In this work we used CGMD simu-
lations to investigate the CL binding sites 
on the respiratory chain complex III, cyto-
chrome bc1. The ability of the approach to 
identify all the locations of the known CL 
binding sites (CL1-3 in Fig. 3.1A) even when 
buried in cavities of the protein gives us con-
fidence in its reliability. However, our simula-
tions are still limited by the accessible simu-
lation time of 100 μs. A hierarchy of binding 
times is observed, with many CL binding/
unbinding events for some sites (e.g. more 
than 200 exchanges for site IVb) but only lim-
ited statistics for others (e.g. no unbinding 
events for site I). The time scale of different 
classes of CL exchange may be appreciated 
in Figure 3.3C-E. We note that a qualitative 
level of convergence (i.e. densities shown in 
Fig. 3.2) is reached after approximately 10 
μs of simulation but a quantitative analysis 
of the lipid binding dynamics requires much 
longer time scales, especially pertaining to 
sites i and VI. Another important matter con-
cerns the CG level of description, necessary 
to achieve the amount of sampling. To ap-
preciate the importance of atomistic details 
for the description of CL binding sites, we 
performed a resolution transformation of the 
final configuration from our CG simulation 
CIIIb-WT to a full atomistic description. The 
100 ns simulation following the transforma-
tion at the atomistic resolution confirmed the 
stability of all six CL binding sites of CIIIb. A 
structure file (PDB) of the system at the at-
omistic resolution is available upon request 
to the authors. 

Validation of the binding strength of 
CLs, however, is not possible at the atomis-
tic resolution level, and there is also no clear 
and precise experimental data that can be 
used to calibrate the interaction strength in 
our CG model. Especially the ability of the 
Martini force field to accurately represent 
salt-bridges could be questioned. In a re-

cent study de Jong et al. [95] have probed 
amino-acid side-chain binding using the 
Martini force field and compared them to 
atomistic force fields. It was found that inter-
action strengths between charged residues 
(salt bridges) were well modeled by Martini 
in polar solvents typical of an aqueous en-
vironment or the interface between water 
and lipid head groups. In addition, in a simi-
lar study on CL binding to CIV (presented in 
Chapter IV of this thesis) [96], we were also 
able to reproduce experimental binding sites 
of CL at the surface of the protein. Finally, 
in the recent work of Schmidt et al. [97], the 
Martini force field predicted binding sites of 
PIP2 lipids on a potassium channel, positions 
consistent with the X-ray structures resolved 
at this day; atomistic simulations were per-
formed to validate and refine the binding 
sites. 

Biological significance of membrane-ex-
posed CL binding sites as proton carriers 

A key result of our simulations is the 
prediction of several new CL binding sites on 
the membrane-exposed surface of CIII. We 
identified three main sites (II, III and IV in Fig. 
3.2) per monomer of CIII that are exposed 
to the bulk membrane and that were not 
known from the crystal structures. Another 
potentially relevant site (V in Fig. 3.2) was ob-
served but the mobility of subunit K prevent-
ed a precise definition. The use of protocols 
to purify proteins in which detergents often 
wash away lipids that are exposed to the 
bulk membrane can easily rationalize the ab-
sence of bound CLs in these additional sites 
in the crystal structures. Analysis of the dis-
tribution of residues in contact with the CLs 
show that, in general, the binding sites are 
enriched in positively charged residues; ar-
ginine notably, constituting around one third 
of the sites (Fig. 3.4). This behavior is consis-
tent with the negative charge of cardiolipins. 
However, the salt bridges formed between 
CL and arginine in the membrane-exposed 
sites occur near the water/membrane inter-
face and are presumably not strong enough 
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to prevent their removal in the crystallization 
process.

The similarity of the main three mem-
brane-exposed binding sites in bovine heart 
and yeast CIII is quite remarkable and sug-
gests an important function. CLs have been 
associated with the proton transport activity 
of the respiratory chain complexes but the 
exact mechanism by which they operate is 
still unclear. They may be part of the proton 
uptake pathway [74] or supply the membrane 
water interface with a high proton buffering 
capacity [34] by using their ability to act 
as a proton trap [33,76]. In that context the 
CL binding sites, which are all found on the 
side of the proton uptake (matrix side of the 
protein), may well serve as proton sources. 
Previous simulations of CL binding to CIV 
indicate a similar potential role [96]. These 
protein bound CLs may define the precise 
location of proton uptake and subsequent 
delivery to the pumping process. The new 
membrane-exposed CL binding sites on 
CIII are likely to complement other binding 
sites described earlier. Notably sites II and 
III on the protein surface enclose site I that 
lies buried in the external cavity and which 
was associated with a proton uptake path-
way [74]. The CLs identified in the inner cav-
ity (site VI) may also have an active role in the 
proton uptake; site VIa was described earlier 
[74,85,88]. Further investigation is needed to 
define the exact role of these new CL binding 
sites in the proton uptake/release activity of 
CIII. We also note that one might expect an 
effect of CLs on the binding of the quinone 
molecules, whose binding sites are located 
in close vicinity of CL binding site I. Arias-
Cartin et al. [98] have recently described a 
lack of binding of the quinones molecules in 
the absence of CLs in the membrane. The 
absence of CLs was interpreted by a struc-
tural destabilization of a nearby heme center 
involved in quinone binding.

Biological role of CLs in the stabilization 
of supercomplexes

Respiratory chain complexes self-or-
ganize into supramolecular structures called 
respiratory “supercomplexes” or “respira-
somes” [3,13,99,100]. Numerous experimen-
tal studies have shown the existence of su-
percomplexes consisting of CIII and CIV [11]. 
The formation and stability of these super-
complexes strongly depends on the pres-
ence of CLs in the membrane environment 
[28-30,67-70]. It is very tempting to speculate 
on the mechanism by which the membrane-
exposed CL binding sites on CIII, revealed 
by the simulations, may relate to this stabi-
lizing effect. The presence of CLs at specific 
locations of the protein surface might pre-
vent the binding of potential partners at that 
same location (“protective mode”) or the CL 
binding sites might define the actual loca-
tion at which the proteins interact and CLs 
would be shared and glue the proteins to-
gether (“bridging mode”). This hypothesis is 
addressed in more details in Chapter V. 

The role of subunits in protecting cata-
lytic CL binding sites

We find a pivotal role of the subunit G 
in CIIIb (H in CIIIy) in protecting the catalytic 
CL binding site I. Our data show that while 
this subunit is not necessary for CL binding 
to site i it is of primary importance to preserve 
the structural integrity of the site. It prevents 
lipid (POPC and/or CL) from exchanging with 
the bulk membrane and stabilizes the two 
CLs bound. Interestingly, our data also point 
to the potential presence of two CLs in yeast 
CIII, although only a single CL is present in 
the crystal structures. A double occupancy 
of site ICIIIy may be expected considering that 
the space available in the cavity of bovine 
heart and yeast are similar. Site I of chicken 
CIII also contains two CLs [101]. Ongoing in-
vestigations will help resolve whether or not 
the site I contains two CLs in yeast. 

We also find that, in yeast, D:K288, 
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D:K289 and D:K296 are mandatory for the 
binding of CLs to site ICIIIy. This result corrob-
orates the earlier interpretation of the effect 
of these mutations on the catalytic activity 
of CIIIy [31,74], namely the loss of activity be-
ing a consequence of the structural destabi-
lization of the CLs bound to site I. One can 
easily extend the role of these lysines from 
the stabilization of the CLs bound to site I to 
the stabilization of subunit H (G in CIIIb) that 
strongly interacts with these CLs (Fig. 3.2C-
D, G). A destabilization of the subunit H could 
explain the effect of these mutations on the 
stability of III-IV supercomplexes since sub-
unit H has been suggested to be part of the 
interface [29]. In that context it is worth to 
recall the contribution of subunit H (G in CIIIb) 
to sites II and III, which might be involved in 
the interface between complexes.

The subunit K present in CIIIb and 
absent in CIIIy is often missing in the crystal 
structures. Our simulations depict a very dy-
namic subunit K and suggest that in bovine 
heart it may act as a gate to the wide inner 
cavity (Fig. 3.3A-B). In both CIIIb and CIIIy up 
to three CLs penetrate the inner cavity but 
exchanges with the bulk are much more dy-
namic in CIIIy than in CIIIb. In the case of CIIIb 
the subunit K performs an opening/closing 

movement that controls the accessibility of 
the cavity. Also notable is that after a third 
CL has penetrated the cavity, the subunit 
physically closes the entrance of the cavity 
(Fig. 3.3A-B). This event might be isolated 
and needs to be investigated in more detail. 
It is, however, quite possible that subunit K 
in CIIIb has a similar CL-stabilizing role as we 
described for subunit G in CIIIb (H in CIIIy) in 
relation to site I. 

In summary, we have presented an ex-
tensive set of CGMD simulations that char-
acterizes the preferential interfaces of CLs 
on the respiratory chain CIII of bovine heart 
and yeast mitochondria. We showed that CL 
binding sites in both buried protein cavities 
and membrane-exposed protein surfaces 
appear in a highly reproducible manner and 
are conserved over species. These bindings 
sites open multiple new perspectives on the 
possible mechanism by which CLs might af-
fect the catalytic activity of CIII but also of 
the respiratory chain in general. They nota-
bly suggest the existence of localized proton 
sources on the matrix side of the protein and 
anchors for the formation of supercomplex-
es. It will be interesting to study these hy-
potheses in the future both by computational 
and direct experimental methods. §
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