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chapter Vii

Retrospective and Perspectives

C. Arnarez

Department of Molecular Dynamics, University of Groningen, The Netherlands



Abstract

The two main hypotheses of the work presented in this thesis, namely the 
potential involvement of CL in the proton transfer process extrapolated 
from the location of their binding sites on different complexes of the respi-
ratory chain, and its role in the association of these complexes in super-
complexes have been assessed through a series of MD simulations. Even 
though the implications of these hypotheses have not been completely 
sampled, valuable insight has been obtained, notably on the local dynam-
ics of the lipids interacting with these complexes. This knowledge implies 
now a reevaluation of the hypotheses, opening several axes of research to 
complete our understanding of the role of lipids in the various processes 
occurring in the respiratory chain. Some of these axes are presented in 
this final chapter.
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Respiratory chain complexes and 
supercomplexes

Cardiolipin binding sites on other respi-
ratory chain complexes

In Chapters III and IV, we showed the 
existence of specific CL binding sites on 
respiratory chain CIII and CIV. The charac-
terization of these binding sites provided 
more insight in the involvement of CL in the 
electron/proton transfers occurring in these 
complexes. And the definition of supplemen-
tary binding sites on their surfaces yielded to 
hypotheses on the role of CL in the associa-
tion in supercomplexes.

Recently, the structure of the mem-
brane section of CI has been published, 
completing the structural knowledge gath-
ered so far on CI [131]. The crystalized pro-
tein was extracted from a different organism 
(thermus thermophilus), but the similarity 
across species for respiratory chain com-
plexes — illustrated for instance in Chapter 
III — implies this structure to be relevant for 
bovine supercomplexes as well. Preliminary 
simulations of CI have already been per-
formed, embedded in a bilayer containing 
CL. We have seen in Chapters III and IV that 
long scale simulations were needed to ob-
tain sufficient statistics, i.e., a large amount 
of lipid exchanges to reliably define binding 
sites. Due to the large size of the CI, very 
long simulations are needed to converge to-
wards a consistent definition of the binding 
sites. The 100 μs sufficient for CIII and CIV 
have currently been extended to 200 μs, but 
more sampling is still needed.

Another protein present in the inner 
membrane of mitochondria is the ADP/ATP 
carrier (AAC). This protein transfers one ATP 
molecule — generated by the ATP synthase 
at the end of the chain — to the intermem-
brane space in exchange of one ADP, which 
will be recycled into ATP. AAC is known to 
associate and function as a dimer [171,172], 
and here again CL seems to play a role in the 

oligomerization [67,69,75,173,174]. The pro-
tein being much smaller (~300 residues), less 
simulation time is required for the CL binding 
sites to be characterized Preliminary results 
are shown in Figure 7.1.

Due to the smaller size of AAC, in 
principle the reversible self-assembly or di-
merization of this protein can be assessed 
with affordable computational cost. More 
than the basic knowledge of the CL bind-
ing sites on the surface of AAC, the study of 
its self-association could be seen as a veri-
fication of the methodology used to study 
the free association of the supercomplexes 
themselves, and could serve as a measure 
of the convergence of such approaches (es-
pecially when complex multi-component 
lipid membranes are present). Furthermore, 
the reproduction of known experimental po-
sitions of bound CL (see Chapters III and IV) 
show that the Martini CG model is detailed 
enough to capture these interactions. And 
the increased statistics offered by its coarse 
features allow reaching the length scale nec-
essary (several tens to hundreds of μs) to 
characterize these quantities. The methodol-
ogy developed to define CL binding sites on 
CIII and CIV have been now generalized and 
tested on various cases. It can be applied to 
define localization and composition, and to 

Figure 7.1 | A) Typical simulation box contain-
ing one AAC (green) embedded in a POPC:CL 
bilayer (black/red respectively), surrounded by 
solvent (blue). B) Localization of CL binding sites 
extracted from 20 μs simulations (reproducing 
CL experimental positions found in the crystal.
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characterize residence time and occupation 
of binding sites of any ligand on any bigger 
molecule. 

We are now in the position to combine 
our CG methodology with the experimental 
molecular models built from the electron 
density maps obtained by tomography, to 
obtain a detailed picture of protein aggre-
gates embedded in realistic membranes. 

Binding of and on CI and CIII

Ubiquinone (Q) and its oxidized form 
ubiquinol (QH2) are two important cofac-
tors of the respiratory chain. The localization 
of Q and QH2 reactive sites on CI and CIII 
has been known for several years now. Q is 
known to bind and climb up inside the ex-
tramembrane section of CI. Once oxidated, 
QH2 is released back in the membrane, and 
diffuses to CIII. CIII possesses two binding 
sites per monomer, located on each side of 
the membrane and embedded deeply inside 
the complex (see Fig. 3.1). Different hypoth-
eses exist on the reduction mechanism oc-
curring in these binding sites, involving a 
simultaneous or a sequential reduction of 
QH2. The sequential hypothesis is based on 
the fact that QH2 has a long aliphatic tail and 
some steric problems can happen when four 
cofactors are bound to CIII at the same time. 

Recently, Q and QH2 have been pa-
rameterized for Martini (de Jong et al., in 

preparation). We want to extend our knowl-
edge of the respiratory chain by simulating 
the dynamics of these compounds in both 
CI and CIII. Notably, the dynamics of the ali-
phatic tails in the tight space of the cavities 
in CIII can be assessed, and the extent of 
steric hinder can be studied. The diffusion of 
Q/QH2 into and out of the cavities of CIII can 
provide information on the relative kinetics 
of the binding/unbinding process. The simu-
lations can be performed both in presence 
and absence of CL, providing insight on the 
effects of CL on the diffusion and binding 
mechanisms of ubiquinone.

Effect of PE lipids on CIII/CIV supercom-
plex formation

We presented in chapter V the first 
ever simulations of the dynamic association 
of respiratory chain complexes III and IV into 
supercomplexes. One of the aspects that 
has not be taken into account in the simula-
tions so far is the effect of other lipids than 
POPC and CL. For instance, the composi-
tion of the inner membrane of mitochondria 
includes phosphatidylethanolamine (PE) 
lipids, in a concentration similar to phos-
phatidylcholine (PC) lipids. Contrary to PC, 
both PE and CL phospholipids are non-bi-
layer forming lipids, possessing a negative 
spontaneous curvature; the effect of a large 
fraction of PE in the membrane could have 
consequences on the association dynamics. 
To probe the effect of PE, another simulation 

Figure 7.2 | Lateral view of the final conformation (20 μs) of a free-association simulation of CIII and CIV 
embedded in a bilayer containing POPC, POPE and CL (respectively in black, green and red on the 
figure; CIII and CIV in blue). 
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was recently run where POPE lipids replaced 
half of the POPC of the model membrane. 

Although a thorough analysis has not 
been performed yet, the snapshot of the sys-
tem (Figure 7.2) already reveals a striking dif-
ference with the results presented in chapter 
V: the presence of a large deformation of 
the membrane, not observed in the case of 
pure POPC or mixed POPC/CL membranes. 
The effects of such deformation on the as-
sociation are still to be described; specific 
analysis methods to quantify them need to 
be designed.

Dry Martini, towards a complete 
model?

Throughout all chapters of this thesis, 
we often mentioned statistics as a limit of 
MD simulations. The computational cost to 
study the reversible association/dissociation 
of supercomplexes, for instance, is still out 
of reach, even for coarse-grained systems. 
One solution to this problem is to further re-
duce the degrees of freedom in our systems. 
The final chapter of this thesis proposes to 
achieve this by removing the aqueous sol-
vent. But as we have seen in Chapter VI, this 
approximation comes with its own compli-
cations and limitations. The sources of these 
limitations are now understood, and reme-
dies to overcome them are currently being 
designed and actively tested: adjusting the 
levels of interactions depending on the local 
packing of the molecules could lead to sig-
nificant improvements for instance. §


