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chapter i

Introduction

C. Arnarez

Department of Molecular Dynamics, University of Groningen, The Netherlands 



Abstract

Mitochondria are essential intracellular structures found in most eukaryotic 
cells. These membrane-bound organelles synthesize most of the energy 
used by our cells to function. A complex mechanism involving a series 
of oxidoreduction reactions carried out by several enzymes embedded 
in the inner membrane of mitochondria is responsible for this synthesis, 
known as the respiratory chain. The whole mechanism has been shown 
to functionally depend on specific collective conformations of the proteins 
involved in the process, and on the composition of the surrounding lipid 
content. 
This introductory chapter brushes through a description of the various 
molecular components, the different existing hypotheses and the current 
state of the knowledge available on the respiratory chain processes, and 
introduces the content of this thesis against that background.
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“Conceptually simple, oxidative phosphoryla-
tion is mechanistically complex.”

— Jeremy Berg, John Tymoczko, Lubert 
Stryer, Biochemistry (2006)

Oxidative phosphorylation and the respi-
ratory chain

Cells are manufacturing plants; as 
such, they require energy to function and 
produce.

The function of the cells is maintained 
through a high rate recycling of adenosine 
diphosphate (ADP) back into adenosine 
triphosphate (ATP). As an illustration, the 
sum of the energy required by all the cells 
of an average human body at rest is about 
2000 kcal per day, which can be converted 
to about 80 kg of ATP per day. At any given 
time, however, the whole human body con-
tains only about 250 g of ATP. In our (eukary-
otic) case, this recycling takes place in the 
inner membrane of the mitochondria present 
in each cell of our organism. It is believed 
mitochondria got embedded in cells during 
an endosymbiotic event, in which the bac-
terial ancestor of mitochondria got internal-
ized, lost part of its DNA making it incapable 
of independent living; in return, the host cell 
became dependent on the production of 
ATP provided by the mitochondria. 

The ATP recycling process is known 
as oxidative phosphorylation (OxPhos), and 
is the result of electron transfers between 
various electron carriers and the concur-
rent movement of protons out and back into 
the mitochondria. During this process, ATP 
is formed from ADP. The dependency of 

our cells on the OxPhos system makes any 
mitochondrial disorder dramatic. More and 
more diseases are now related to mitochon-
dria as our understanding of its biochemistry 
increases. Organs that are highly demand-
ing in ATP (heart and nervous system for in-
stance) are the most vulnerable to mutations 
in mitochondrial DNA and the resulting dys-
functions. The accumulation of mutations in 
mitochondrial DNA seems to directly con-
tribute to the aging process, several types 
of cancer and several disorders such as my-
opathies for instance.

Amongst the proteins found in the 
mitochondrial membrane, three specific en-
zymes forming the respiratory chain are re-
sponsible for OxPhos. These three proteins, 
complex I (NADH:Q oxidoreductase or NADH 
dehydrogenase; shortened to CI in the rest 
of this thesis), complex III (QH2:cytochrome c 
oxidoreductase or cytochrome bc1; CIII) and 
complex IV (cytochrome c oxidase; CIV) act 
in unison to create the proton gradient re-
quired by the ATP synthase — often called 
the complex V of the respiratory chain — 
to convert ADP into ATP. Another complex 
(complex II, succinate dehydrogenase) is not 
directly involved in the building of the gradi-
ent and therefore not further described here.

The function of the respiratory chain 
complexes

The proton gradient used by the ATP 
synthase to construct ATP is the result of a 
series of electron transfers. Most of these 
transfers are carried out between specific 
redox centers included in, or diffusing be-
tween, the three respiratory chain protein 
complexes CI, CIII and CIV. Each of these 
proton-pumping enzymes and electron car-
riers has a specific role in the overall mech-
anism, which is detailed in the following 
subsections. The complete mechanism is 
summarized in Figure 1.1. 

Complex I: CI oxidizes the reduced form of 
the nicotinamide adenine dinucleotide (NADH) 
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molecules present on the matrix side of the 
membrane. NADH is one of the products of 
glycolysis, fatty acid oxidation or citric acid 
cycle. Most of the protons released during the 
oxidation of NADH are directly pumped into 
the intermembrane space (cytoplasm), while 
some are used to reduce the cofactor ubiqui-
none (Q) into ubiquinol (QH2). The ubiquinone 
reduction is possible due to the capture and 
transfer of the electrons released during the 
oxidation by various metallic centers (iron-
sulfur clusters) located in the extramembrane-
ous section of CI. Once reduced into QH2, the 
Q previously bound in a pocket of the protein 
complex is released in the membrane and dif-
fuses to CIII, while oxidized NAD+ will be re-
used in the above-mentioned biological cycles 
as precursor for NADH. The chemical reaction 
taking place in CI can thus be written:

NADH + Q + 5H+ → NAD- + QH2 + 4H+
cytoplasm

Complex III: CIII then oxidizes QH2, releasing 
the protons into the inter-membrane space. It 
also captures the electrons through the iron 
centers of the internal hemes and transfers 
them to cytochrome c (Cytc), a small heme-

containing protein located in the intermem-
brane space of the mitochondria. Cytcox (car-
rying an extra electron) diffuses to CIV, while 
QH2 oxidized into Q returns to CI for a new 
cycle. This ability of easily switching from one 
oxidoreduction state to the other is what gave 
the “ubiquitous” prefix to this compound. The 
chemical reaction involving CIII is as follows:

QH2 + 2Cytcox + 2H+
matrix → Q + 2Cytc-

red + 4H+
cytoplasm

Complex IV: CIV is the last actor of the pro-
ton-pumping process. It uses the electrons 
received through Cytc-

red, together with pro-
tons from the proton pool available on the 
matrix side of the inner membrane, to reduce 
O2 brought from the lungs by blood flow into 
water:

4Cytc-
red + 8H+ + O2 → 4Cytcox + 2H2O + 4H+

cytoplasm

With this last step the electrons initial-
ly freed are concealed and an effective pro-
ton gradient is built across the membrane. 
The membrane potential created by the dif-
ference of charge between the two sides of 
the membrane, as well as the local pH gra-

Figure 1.1 | “Un bon croquis vaut mieux qu’un long discours.” (A good sketch is better than a long 
speech — Napoleon Bonaparte). The different actors of the respiratory chain, and the direction of 
chemical fluxes occurring during the oxidative phosphorylation.
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Figure 1.2 | Electron microscopy maps obtained 
for supercomplexes extracted from bovine heart 
[8], potato [3], and yeast [12] mitochondria (A), 
B) and C) respectively). In each case, atomistic 
structures of the complexes involved in the su-
percomplexes were fitted inside the densities: 
complex I (yellow or blue in A) and B) respec-
tively), complex III (green, red or blue in A), B) and 
C) respectively) and complex IV (blue, yellow or 
pink). See the respective publications for more 
detailed information on the figures.

dient, compel the free protons to flow back 
into the matrix to equilibrate the charge; this 
flow is captured by the ATP synthase (which 
possesses proton channels within its trans-
membrane section) and drives the genera-
tion of ATP. Peter Mitchell was the first to 
propose this hypothesis in 1961 and was 
awarded the Nobel Prize in Chemistry in 
1978 for his work.

Respiratory chain supercomplexes

In the previous section, we described 
that one cycle of the respiratory chain in-

volves at least three protein complexes (CI, 
CIII and CIV) and two electron carriers (QH2 
and the Cytc-

red). Some reactions even re-
quire more than one copy of these carriers 
to be completed. The build up of the proton 
gradient, and, by extension, the rate of ATP 
synthesis are thus limited by the encounter 
rate of these molecules and would depend 
critically on the large scale organization of 
the respiratory chain complexes. Up to date, 
the mechanism by which the respiratory 
chain complexes self-organize is highly de-
bated.

The first mechanism, proposed by 
Hackenbrock et al. in 1986 [1], was based 
on a stochastic assembly of the enzymes. 
This model postulates that electron carriers 
— together with the complexes — are con-
stantly and freely diffusing in the inner mito-
chondrial membrane, and the electron trans-
fers are carried out according to the random 
contacts between the different actors of the 
respiratory chain. In the last decade, how-
ever, the existence of a higher-order orga-
nization of the respiratory chain has been 
demonstrated through various techniques, 
notably blue-native gel electrophoresis (BN-
PAGE) and electron microscopy. The three 
protein complexes seem to assemble into 
larger structures named supercomplexes 
(together defining the respirasome) and 
have been observed in various organisms 
such as potato [2,3], plants [4-6], beef [7-10] 
and yeast — although in the last case CI is 
absent from the inner membrane of mito-
chondria and a slightly different organization 
of the supercomplexes has been reported 
[11,12]. Recently published electron density 
maps and resulting molecular models are 
reported in Figure 1.2. These observations 
lead to the emergence of a new model, de-
scribing the series of respiratory chain reac-
tions within the frame of a static arrange-
ment of complexes. The smaller molecular 
actors (QH2/Q, and Cytc) could benefit from 
this optimized spatial ordering, being chan-
neled by the close proximity of the enzymes, 
as proposed by Schägger and Pfeiffer when 
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they showed the existence of such super-
structures [13] (based on the ligand channel-
ing model established by Kholodenko and 
Westerhoff [14]). As a direct consequence 
the whole process would have its produc-
tion rate increased. Evidence exists for 
even higher levels of organization between 
these supercomplexes at specific conditions 
[3,15], hypothetically further increasing the 
efficiency of the respiratory chain.

Although the recent structural evi-
dences are in favor of this static model, mak-
ing it largely accepted nowadays, several 
hypotheses concerning its stability and its 
functionality need yet to be demonstrated. 
The increased efficiency brought about by 
such supramolecular assemblies has not 
been clearly quantified and is still an as-
sumption of the model. The proximity of the 
electron carrier reactive sites in the existing 
supercomplex structures seems to point 
towards a channeling function. But a close 
look at the conformations reveals the exis-
tence of a gap separating the complexes, 
presumably filled with immobilized lipids in 
real membranes, and preventing fast diffu-
sion rates. Furthermore, the stoichiometry 
of the complexes involved in supercomplex-
es is not matching their relative respective 
concentrations in the membrane, indicating 
a pool of freely diffusing complexes is still 
present. This last observation suggests a 
potential equilibrium between free complex-
es and associated supercomplexes, which is 
not taken into account by the static model. 
The presence of CIVs not associated in su-
percomplexes (large majority) but still partic-
ipating in the respiratory chain mechanism, 
and the known fact they can receive elec-
trons from other sources than these three 
complexes, are additional lines of evidence 
that the static model is too simplistic. Recent 
studies showed that the membrane potential 
could be governing the association and dis-
sociation of supercomplexes: at low poten-
tial (small difference in proton concentration 
on each side of the membrane) the complex-
es might be associated, while at high poten-

tial (large concentration difference resulting 
from proton pumping) they might dissociate 
to avoid physiological problems [16-18].

Together, these observations led to a 
recently proposed mechanism, mixing the 
features of both the dynamic and the static 
hypotheses: the plasticity model, first sug-
gested by Acín-Pérez et al. in 2008 [19]. This 
model postulates that electron transfer can 
occur in both supercomplexes and by ran-
dom collisions of the mobile independent 
components. One could imagine that the 
balance between static and dynamic (re)ar-
rangements of the supercomplexes is con-
dition dependent, similar to the switching 
behavior observed for the photosynthetic 
complexes in the thylakoid membrane [20].

Cardiolipin, signature lipid of the mito-
chondrial membrane

The respiratory chain complexes are 
localized in the mitochondrial inner mem-
brane, which separates two compartments 
necessary to build the electrochemical gra-
dient. This membrane embeds a high num-
ber of proteins, having only about 50% of 
its mass as lipids. The lipid environment in-
cludes a specific variety of head groups, with 
three major components being phosphati-
dylcholine (PC), phosphatidylethanolamine 
(PE) and cardiolipins (CL). The latter is very 
abundant (~20% of the lipidic phosphate 
moiety in bovine heart mitochondria for in-
stance [21]) and found almost exclusively in 
mitochondrial membranes; it is often men-
tioned as the signature lipid of mitochondria 
and was used in the past to locate mito-
chondria in cells. CL was first isolated from 
cells extracted from bovine heart (explaining 
the name “cardiolipin”) and characterized in 
the early 1940s by Mary Pangborn [22]. Its 
structure includes two phosphatidyl groups 
linked by a glycerol moiety; each phosphati-
dyl supports the regular aliphatic lipidic tail 
bound by two glycerol linkers (Fig. 1.3).

The bilayer phospholipid distribution 
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is asymmetric; in mitochondria extracted 
from bovine heart, for instance, about 40% 
of the total PC and PE lipids, and at least 
~75% of CL, is found on the matrix side of 
the inner membrane [21]. The lower concen-
tration of CL on the intermembrane space 
leaflet is compensated by a higher number 
of PC and PE lipids. The specific lipid com-
position of the different membranes is cru-
cial for the metabolic processes occurring 
in their vicinity and the inner membrane of 
mitochondria is not an exception; its compo-
sition, as well as the asymmetric lipid distri-
bution, have been shown to play significant 
roles in different processes. The importance 
of this asymmetry can be illustrated by the 
role of CL in triggering cell apoptosis for 
instance. Under specific biological circum-
stances, a major flip-flop of the CLs from the 
matrix leaflet to the intermembrane space 
leaflet of the inner membrane is triggered. 
The higher CL concentration is recognized 
by a specific enzyme (from the oxygenase 
family), which transfers oxygen from the O2 
present in the intermembrane space to CL, 

in the OxPhos process, most notably CL, 
which has been shown to have an effect on 
both stability and functionality of the whole 
respiratory chain. Its absence from the 
membrane, or a drastically modified struc-
ture (shorter aliphatic tails for instance, or 
peroxides formed during apotosis), system-
atically results in a dysfunctional respiratory 
chain [25,26]. In Barth syndrome (mutation 
leading to cardiomyopathy, skeletal myopa-
thy, growth retardation), the mitochondrial 
inner membrane shows a lower content of 
CL and/or a spread in the composition of 
their alkyl tails [27]. BN-PAGE analyses per-
formed on such cells report a decrease in 
supercomplex formation and an increase in 
monomeric free complexes. Thus, CL seems 
to be involved at every level of the respira-
tory chain process: maintaining the function-
ality of independent complexes, allowing the 
formation of supercomplexes and stabiliz-
ing them, and preserving the functionality of 
these assemblies [10,28-32].

How can CL be so important? The ex-
isting molecular models available for these 
protein complexes feature co-crystallized 
CLs. Since successful crystallization re-
quires most of the time lipids to be washed 
away with surfactants, these CLs can only 
be preserved if their binding to the protein 
is strong. Without any exceptions, these 
co-crystallized lipids are found embedded 
within the protein, in close proximity of elec-
tron carrier binding sites and proton pump-
ing pathways (see Fig. 3.1 and Fig. 4.8 of this 
thesis). These observations led to a hypo-
thetical role for CL: electron transfers being 
coupled with proton movements. As CL can 
easily trap and release protons [33], it can 
thus provide a pool of available protons in 
direct vicinity of these reaction centers [34], 
and act as transfer antenna for proton trans-
location (see Discussion section of reference 
[35] or Chapter III of this thesis). This hypoth-
esis could explain the mandatory presence 
of CL associated with the function of inde-
pendent complexes. 

Figure 1.3 | Atomistic (united-hydrogens) rep-
resentation of cardiolipin (left: gray for carbon, 
white for hydrogen, red for oxygen and ochre for 
phosphate; right: cardiolipin headgroup in red, 
and the four acyl tails in nuances of blue).

converting them into peroxides and inducing 
a change in CL conformation. This modifica-
tion results in a migration of CL to the outer 
membrane where it associates with cyto-
chrome c to form pores [23]. The release of 
cytochrome c in the cell cytoplasm activates 
receptors stimulating the release of calcium 
ions, which once above a critical concentra-
tion trigger cell death [24]. 

Cardiolipin and the respiratory chain

The composition of the inner mito-
chondrial membrane plays a critical role 
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Another important role for CL is to 
stabilize supercomplexes [28]. From the ex-
isting models of supercomplexes available in 
the literature, the 3D electron density maps 
obtained by tomography show a clear gap 
between complexes associated in super-
complexes; this gap is undoubtedly filled by 
lipids in real membranes, indicating protein/
lipid interactions are partly responsible of 
the association of these proteins into su-
percomplexes. The observation that, again, 
the presence of CL is absolutely mandatory 
to reconstitute supercomplexes [10,28-32] 
suggests a major role for CL in the assembly. 
Zhang et al. labeled CL as the “glue holding 
supercomplexes together” [28]. This com-
ment can be pushed even further: amongst 
the major lipids present in the inner mem-
brane of mitochondria, only CL is ionic, the 
PC and PE lipids being zwitterionic. Recent 
studies have shown that lowering the pH 
(resulting in the complete protonation of the 
acidic groups of the lipid moiety) causes 
supercomplex dissociation in plant mito-
chondria [36]. We can then safely infer that 
electrostatic interactions are a major driving 
force for supercomplex association, and are 
being mediated by CL in the membranous 
sections of the supercomplexes. However, 
the bulky tails of CL are also important, since 
other charged lipids — such as phosphati-
dylglycerol (PG), present in lesser propor-
tions than CL in the inner membrane of mi-
tochondria — do not support supercomplex 
association [32].

Aim and contents of this thesis

The work described in this thesis uses 
a computational approach to test some of 
the hypotheses discussed in the preceding 
sections. In particular, the role of CL in the 
respiratory chain is being investigated and 
two main hypotheses are tested here:

Experimental studies suggest a direct 
involvement of CL in the proton transfer pro-
cess. The locations of the reaction centers 
and proton pathways on each complex are 

known; CL should then have specific binding 
sites in close vicinity of those. This hypoth-
esis was tested through molecular dynamics 
(MD) simulations of independent CIII and CIV 
embedded in a mitochondrial model mem-
brane; the results are presented and dis-
cussed in Chapter III and Chapter IV.

Common conformation of supercom-
plexes have been obtained and published 
by several research groups for various or-
ganisms. Because of its demonstrated in-
volvement in supercomplex formation and 
stability we can anticipate the presence or 
absence of CL to affect the interfaces formed 
between complexes. This hypothesis was 
tested by large-scale MD simulations, and is 
presented in the Chapter V of this thesis.

The size of protein complexes and 
the timescale of the mechanisms studied in 
this thesis are also challenges for the model-
ing techniques I used to perform this work. 
These techniques, together with the inherent 
limitations caused by these challenges, are 
presented in the next chapter (Chapter II). As 
an attempt to address this problem, a modi-
fication of the current technique is proposed 
in Chapter VI, theoretically allowing and fa-
cilitating the study of even larger systems 
in future computational studies. In the con-
cluding Chapter VII, I provide a perspective 
on the thesis as a whole. §
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chapter ii

Computational Methodology

C. Arnarez

Department of Molecular Dynamics, University of Groningen, The Netherlands 



Abstract

In this chapter I will first introduce the general principles of the compu-
tational approach used in this thesis. The main theory and equations of 
molecular dynamics will then be discussed, followed by an overview of 
the definitions and parameterization of molecular interactions. In the final 
section, I will present the general simulation set-up as used in the studies 
included in this thesis
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“There are currently three types of science: 
theoretical and experimental of course, which 
have to count now with computational. This 
latter would not exist without theoretical stud-
ies, and would not make sense without experi-
mental results.”

— Wanda Andreoni, Zernike Chair Lecture, 2011

Computational sciences

Since the invention of the computer 
— ENIAC, the first programmable computer 
with electronic switches built by the United 
States Army to compute ballistics, and lat-
er to conduct calculations on the hydrogen 
bomb [37] — and the demonstration of its 
potential for using mathematical methods to 
process vast computations, the field of com-
putational sciences and numerical methods 
has risen to become an intellectual disci-
pline by itself. The miniaturization and fine-
tuning of electronic components, as well as 
the decrease in production cost, has lead to 
the rapid popularization of computers that 
we know today. Uncountable theories have 
been converted into algorithms in the past 
half-century; with the exponential increase 
of computational power and the revolution 
brought about by parallel computing, com-
putational sciences have grown to be a pow-
erful and indispensable tool. Computational 
methods are now applied daily in a wide 
range of established fields, such as: market 
prediction, fluid dynamics, nuclear engineer-
ing, medical imaging, behavioral anthropolo-
gy and sociology, and, of course, chemistry, 
which is the field we will evolve in this thesis. 

In computational chemistry, simula-
tions are used to provide knowledge about 

the time and/or conformational evolution of 
molecules. Many techniques coming from 
a large variety of theoretical fields have 
been developed and different approaches, 
as well as levels of representation, are em-
ployed. Roughly, two main branches can 
be defined: the methods applying quantum 
mechanics to describe particles, including 
ab initio, density functional and (semi-)em-
pirical methods; and the methods employ-
ing classical mechanics, including molecular 
dynamics and molecular mechanics. 

The technique exclusively used in the 
studies presented in this thesis is molecu-
lar dynamics (MD). MD as we know it today 
was initially designed and tested in the mid-
fifties. The first example of an MD simulation, 
describing a very simple system composed 
of a linear string made of 64 particles, was 
published in 1955 [38]. The forces result-
ing from the interactions between particles 
were described by non-linear potentials. 
Very quickly, the complexity of systems 
studied through this emergent technique 
increased: simulation of a two-dimensional 
system composed of spheres was published 
in 1957 [39] — often considered to be the 
first real MD paper — and the basis of the 
approach was finalized two years later [40]. 
This technique is now daily used as a com-
plement to experiments, explaining at an 
atomic level the experimental observations, 
or as a quicker technique (in opposition to 
time- and resources-consuming series of 
experimentations) to narrow the range of ex-
periments to perform by eliminating improb-
able and unfavorable research directions. 
Alternatively, MD simulation is a solution of 
choice to study fine interactions between 
molecules, something unreachable experi-
mentally. This fact earned MD the nickname 
of “computational microscopy”.

Molecular Dynamics

Equations of motion: MD is a widely 
used technique to study the time evolution 
of atoms, described as point particles, and 
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thus the conformational space accessible to 
them. Different flavors of MD exist; the most 
common ones employ classical mechanics 
to describe the particles’ interactions and 
displacements. In classical MD, Newton’s 
laws of motion are applied to each particle in 
the system of interest: 

Fi = mi · r̈i(t)  (2.1)

Here Fi = mi · r̈i(t)is the force, Fi = mi · r̈i(t) the mass 
and r̈i the acceleration of the particle i with 
the coordinates ri and at time t. The force is 
obtained from the derivative of the potential 
Vi felt by the particle i:

Fi(t) = −∂Vi(t)

∂ri(t)
  (2.2)

Solved numerically — most of the 
time through massively parallelized compu-
tations — these equations are used to pre-
dict the positions of the interacting particles 
every step of the period of time simulated. 
Thus, a trajectory of the system is gener-
ated and statistical mechanics can be used 
to compute macroscopic properties. To in-
tegrate the equations of motion, different 
methods can be applied; in this section, we 
will concentrate on two of the integrators 
implemented in the GROMACS simulation 
package [41,42] used to generate the data 
presented in this thesis: the md and sd in-
tegrators.

In the simplest implementation of the 
md integrator in GROMACS, a Leapfrog al-
gorithm is applied to solve the differential 
equation constituting Newton’s second law 
of motion (Eq. 2.1). This algorithm gets its 
name from the fact it updates positions and 
velocities of particles at equidistant time 
points — defined by the integration time 
step Δt — positioned in such a way that they 
“leapfrog” over each other: the positions ri 
are updated at each time point t, while ve-
locities, ṙi, at each half time point T + ½ Δt. 
The solutions of the equations of motion for 

each particle can be written as: 

ṙi

(
t+

1

2
∆t

)
= ṙi

(
t− 1

2
∆t

)
+ r̈i(t) ·∆t

ri(t+∆t) = ri(t) + ṙi

(
t+

1

2
∆t

)
·∆t

 

(2.3)

A slightly different algorithm called 
Velocity-Verlet was recently implemented in 
GROMACS. It is closely related to the leap-
frog integration but with the difference that 
it calculates both positions and velocities at 
the same time frame. This algorithm is used 
only when extremely accurate integration is 
required (forces and velocities are known for 
the whole step, which is required for some 
applications), since it comes with a slightly 
higher computational cost. These integra-
tors imply a deterministic description; mean-
ing two different simulations started from 
the same initial configuration (positions and 
velocities) will generate the same trajectory 
(i.e. sample exactly the same conformational 
space).

Sampling the relevant phase space 
that is accessible to a system is one of 
the main challenges in MD simulations. 
Integrating these equations is computation-
ally very demanding, especially for many in-
teracting particles. This cost can be dimin-
ished by omitting degrees of freedom of the 
system irrelevant to the hypotheses tested 
— excluding the solvent for instance, which 
in most cases composes the majority of the 
system but is of a limited interest. In that 
case, the effects of these missing degrees 
of freedom can be mimicked by reintroduc-
ing energy through stochastic or fluctuating 
forces applied to the rest of the particles 
composing the system. With this approach, 
the time reversibility of the previous integra-
tors and the analytical identity (determinism) 
is lost.

The leapfrog-based sd — for stochas-
tic dynamics — integrator implemented in 
GROMACS adds friction and noise terms to 
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αi =

(
1− γi

mi
·∆t

)
  (2.5)

In these equations, Fi = mi · r̈i(t) the mass of 
the particle i, 
αi =

(
1− γi

mi
·∆t

)
 is the friction constant, kB 

the Boltzmann constant, T the temperature, 
and nG

i  the added noise extracted from a 
standard normal distribution.

Statistical ensemble and boundary 
conditions: Besides its approximate way(s) 
of describing particles and dynamics, MD 
has further intrinsic limitations. For instance, 
the simulation box must be large enough to 
avoid any boundary artifacts induced at its 
edges that would arise from having either 
vacuum or walls surrounding the simulated 
system. A solution to this problem lies in 
the replication of the box in all directions, 
the so-called periodic boundary conditions. 
System sizes should still be chosen large 
enough however, to avoid artifacts such as 
self-interaction with periodic images for in-
stance, resulting in a non-physical ordering.

Like for an experimental system, well-
defined state conditions have to be select-
ed. This is the case for temperature T and 
pressure p for instance, together with the 
number of particles N. To maintain these 
quantities at a desired value, thermostats 
and barostats have been developed (see be-
low). Simulations can then be run in various 
statistical ensembles; we will mention here 
only the canonical (NVT, conserved number 
of particles, volume and temperature) and 
isothermal-isobaric (NpT, conserved number 
of particles, pressure and temperature) sta-

tistical ensembles. More general ensembles 
can be described, but are not used in any of 
the work presented here and are beyond the 
scope of this chapter.

Different ways exist to algorithmically 
constrain a system to a fixed temperature. 
A relatively efficient method is to rescale the 
velocities obtained after solving the equa-
tions of motion, as is done with the popular 
Berendsen thermostat [43]. In that case, the 
temperature deviation exponentially decays 
to the desired temperature:

dT

dt
=

T0 − T

τT
  (2.6)

with T0 the reference temperature one 
wants the system to evolve in, T the instanta-
neous temperature and τT the coupling con-
stant. This approach, although intuitive and 
simple, does not reproduce a correct NVT 
ensemble since it “cuts out” the fluctuations 
of the kinetic energy. However, the extent of 
the deviation is inversely proportional to the 
number of particles simulated, and becomes 
negligible for the system sizes studied in this 
thesis. Other approaches generating a cor-
rect kinetic energy distribution (temperature) 
exist, such as the Velocity-Rescale algo-
rithm [44] which corrects the kinetic energy 
distribution by adding a stochastic term to 
the Berendsen equation above.

The concept of exponential decay can 
be similarly used to correct the pressure in 
the case of isothermal-isobaric ensemble. 
The Berendsen barostat [43] leads to an ex-

Newton’s equations of motion, which become:

ṙi

(
t+

1

2
∆t

)
= ṙi

(
t− 1

2
∆t

)
· αi + r̈i(t) ·∆t+

√
kBT

mi
(1− α2

i ) · nG
i

ri(t+∆t) = ri(t) + ṙi

(
t+

1

2
∆t

)
·∆t

  (2.4)

with
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ponential decay of the pressure deviation: 

dp

dt
=

p0 − p

τp
  (2.7)

where p denotes the instantaneous pressure 
of the system, p0 the reference pressure, 
and τp the coupling constant. The barostat 
algorithm rescales the particle positions and 
box dimensions depending on the system’s 
compressibility. The rescaling matrix can be 
diagonal (with equal components on the di-
agonal) in the case of an isotropic coupling, 
but can be more complex in the case of 
semi-isotropic or anisotropic coupling and 
with different compressibility values for each 
dimension. Most systems presented in this 
thesis contain interfaces (i.e. bilayers) and 
require a semi-isotropic pressure coupling.

Interaction potentials: The strength 
of interaction between particles is central 
to the MD method, and is defined through 
interaction potentials from which the forces 
are computed according to Equation 2.2. 
Two types of interactions are described: 
bonded and non-bonded.

The bonded interactions are repro-
ducing the chemical links existing between 
particles in a molecule; bond (2-particle 
terms) and angle (3- and 4-particle terms) 
potentials keep the overall topology of a 
compound. Many different potential forms 
can be used to describe these interactions, 
the simplest form being the harmonic poten-
tial:

Vbond, angle(X) =
1

2
kX · (X −X0)

2
 

(2.8)

where X is the oscillating quantity, X0 its 
equilibrium value and kX the related force 
constant. This description is of course 
the simplest implemented; more complex 
forms of bonded potentials can be defined. 
Sometimes bonded interactions are con-
strained to a fixed equilibrium value; typically 
to remove vibrations with high frequencies 
that get difficult to integrate using large time 

steps (> 1 fs).

The non-bonded interactions de-
scribe terms extending from the bonded 
terms, and are thus thought to reflect the 
direct environment. Different types of inter-
actions can be encountered: the London’s 
dispersion forces describing the interac-
tions between neutral particles, to which 
electrostatic interactions can be added if 
the particles are charged. Depending on 
the force field different ways of handling hy-
drogen bonds have been implemented (e.g. 
through explicit potentials), but are more 
commonly described as electrostatic inter-
actions through the partial charges carried 
by the atoms. Even though more complex 
and detailed potentials have been derived, 
the Lennard-Jones (LJ) potential, compu-
tationally robust and easy to implement, is 
commonly used to describe the first type (in-
teractions between particles). The Coulomb 
potential is used to describe the second 
(treatment of electrostatic if the particles are 
charged). These potentials have the follow-
ing respective analytical forms: 

VLennard-Jones(Dij) =
Aij

d12ij
− Bij

d6ij

  
(2.9)

VCoulomb(dij) =
1

4πε0
· qiqj
εrdij

  (2.10)

where dij is the distance between particles i 
and j, ε0 the dielectric permittivity of vacuum. 
Five parameters need to be defined in these 
equations: the dielectric constant of the me-
dia εr, fixed in most cases to the experimen-
tal value of the solvent, the (partial) charges 
q of each particle i and j, and the interaction 
parameters Aij and Bij. These latter param-
eters are specific to each particle pair. 

The equilibrium values and associ-
ated force constants describing the bonded 
interactions, as well as the parameters de-
scribing the non-bonded interactions, are 
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gathered in large libraries called force fields. 
The definition of these force fields is depen-
dent on the philosophy against which they 
were parameterized. General parameteriza-
tion procedures are detailed in the next sec-
tion.

Force field parameterization: As men-
tioned before, different levels of resolution 
can be used to describe interactions be-
tween chemical compounds: from quantum 
methods describing interactions on their 
smallest length- and time-scales, to contin-
uum approaches focusing on macroscopic 
quantities. Following this scale, the most 
common approaches used in MD simulations 
are situated in the middle: the interactions 
are described at atomistic, or near-atomistic 
resolution. By ignoring quantum-chemical 
degrees of freedom (e.g., electrons), the in-
ter particle interactions are effective. Three 
ways of parameterizing these interactions 
are commonly used: a bottom-up approach, 
extracting parameters from extensive se-
ries of quantum calculations; a top-down 
approach, which uses quantities measured 
experimentally; and finally a mix between 
the two previous approaches. In the latter 
approach, one typically uses as a first step 
a bottom-up approaches to define an initial 
set of parameters for a compound, and in a 
second iterative step a top-down approach 
to tune the parameters to converge towards 
reproducing specific experimental data. 
Both bottom-up and top-down approaches 
have a number of shortcomings:

• Quantum calculations cannot be used to 
define interactions between compounds 
in all possible chemical environments, and 
are limited in size (particle-wise) due to the 
high computational cost. 

• Experiments are in most of the cases lim-
ited to the observation of macroscopic 
quantities, containing many inextricable 
components and averaged over many mol-
ecules and long time-scales (unreachable 
by simulations), which do not necessarily 
convey the fine interactions between com-

pounds.

The final set of parameters is there-
fore not unique, and not transferable be-
tween different force fields. 

Not surprisingly, a large number of 
force fields are currently available in the liter-
ature, each of them designed and developed 
against a certain philosophy, giving more or 
less importance to theoretical calculations 
and/or focusing their top-down approaches 
on different experimental quantities and/or 
oriented towards certain type of compounds 
(lipids, proteins, DNA, etc.). Here again dif-
ferent levels of resolution can be defined: 
atomistic force fields use atoms as interac-
tion centers, whereas coarse-grained (CG) 
force fields group atoms together in beads, 
which are then used as interaction cen-
ters. Commonly used atomistic force fields 
for biomolecules are AMBER, CHARMM, 
Gromos and OPLS (for a detailed definition 
and comparison between the philosophies 
behind these different force fields, see [45]). 
The most popular biomolecular CG force 
field is the Martini model developed in the 
laboratory of Prof. Marrink [46]. The work 
presented in this thesis makes extensive use 
of this model. It will be presented in more de-
tail in the next section.

The Martini force field

The idea of coarse-graining: The power 
of MD resides in its capacity at accessing 
a level of detail extremely challenging to 
reach experimentally, namely interactions 
between atoms themselves. But this knowl-
edge comes at a rather high computational 
cost. Analyzing interactions between protein 
and lipids, for instance, requires long simula-
tions of multi-component systems, as many 
binding/unbinding events have to be ob-
served before obtaining sufficient statistics. 
However, for such studies, the finest details 
of the interactions might not be needed. For 
instance, the fastest motion present in the 
system (vibrations of bonds involving hydro-
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gen atoms for instance) is limiting the inte-
gration time step of the equations of motion; 
in practice and in common cases, this time 
step is on the order of the femtosecond. The 
number of steps to reach the hundreds of 
nanoseconds or the microseconds needed 
by a lipid to bind the protein surface and ex-
change with other lipids of the bilayer is thus 
tremendous, and the actual time needed to 
perform such simulations is not feasible in 
most cases. 

One solution to extend the sampling 
simulation time scale is to describe interac-
tions and particles in a coarser way, mak-
ing use of CG force fields [47]. Instead of 
computing interactions between each atom 
composing a molecule, groups of atoms are 
gathered together and treated as a unique 
interaction center, possessing the properties 
of the chemical group it replaces. By per-
forming such a conversion, the number of 
particles composing the system is drastical-
ly reduced, allowing the simulation of larger 
systems, and the highest frequency motions 
present in the system are now considerably 
reduced by the increased weight of the par-
ticles, allowing the use of a larger integration 
time step (several tens of femtoseconds).

Looks of the Martini model: “Martini” is 
one of these CG force fields, developed by 
the group of S.J. Marrink at the University of 
Groningen. Initially developed to simulate lip-
ids and cholesterol [48,49], it has since been 
extended to many types of molecules such 
as proteins [50], carbohydrates [51], DNA 
and various polymers, and includes now an 
extensive library of solvents and small mol-
ecules. Martini inherited its appellation from 
the nickname of the city of Groningen, which 
possesses a tower with the same name; but 
it has been also suggested to be linked to 
“the universality of the cocktail with the same 
name: how a few simple ingredients can be 
endlessly varied to create a complex palette of 
taste” [46], which seems to fit given the ex-
tent of its development, and its intensive and 
successful use.

The Martini CG force field follows the 
principles previously enunciated: it gathers 
groups of two to six atoms in beads (cf. Fig. 
2.1A). The hallmark of the Martini philoso-
phy is that beads are parameterized to re-
produce a thermodynamic quantity deter-
mined experimentally, namely the partition 
free energy. This quantity directly relates to 
the partition coefficient of a chemical com-
pound, measuring the difference of solubility 
between aqueous and apolar phases. This 
parameterization philosophy has the main 
advantage to be derived from an experimen-
tal observable, and in consequence makes 
the model to perform closer to experimental 
behavior.

Eighteen different particle types were 
initially defined (slightly more in recent devel-
opments [50]), separated in four categories: 
apolar (C), neutral (N), polar (P) and charged 
(Q); each type has subdivisions to smoothly 
grade from extremely hydrophobic (aliphatic 
tails of lipids for instance) to completely hy-
drophilic (ions for example). The Martini ap-
proximation goes further by defining only ten 
(twenty counting the S particle interaction 
levels) levels of non-bonded interactions, 
modeled as LJ potentials, between these 
beads (Fig. 2.1B). In addition, charged beads 
interact through a Coulomb potential with a 
relative dielectric screening constant εr = 15. 
Some standard MD parameters were tested 
and tuned to obtain a maximal efficiency: for 
example, the non-bonded potentials are ar-
tificially shifted to reach at a cutoff rcut = 1.2 
nm, after which no interactions are calcu-
lated.

Advantages and limitations of Martini: The ap-
proximations inherent of the Martini model 
lead to its main advantage: the speed-up 
of simulations. A rough estimation leads to 
a gain of three to four orders of magnitude. 
This gain results from three main factors:

• Fewer calculations have to be performed 
per step since the number of particles is 
drastically reduced.



19  

chapter II

• The decrease in the number of degrees 
of freedom and removal of fast vibrational 
motion smoothens the potential energy 
surface, allowing the use of a larger time 
step without inducing integration errors, 
and making the model extremely flexible to 
external constraints.

• The smoothened energy landscape affects 
the dynamics of the processes simulated, 
increasing in most cases their kinetics 
(lower energetic barriers to overcome) by 
removing friction.

Furthermore, by limiting the size of the CG 
groups to a handful of atoms, the general 
chemistry of the molecules is conserved, al-
lowing Martini’s extensive diversification in 
term of types of compounds.

But the simplicity of the Martini ap-
proach also carries several intrinsic prob-
lems:

• The smoothened free energy surface con-
sequently affects the diffusion of com-
pounds. A comparison of the diffusion rate 
of various compounds showed no sys-
tematic shift due the CG description, but 
a wide spread that depends on the chemi-
cal details of the system simulated [52]. 
Therefore, the time scale in Martini simula-
tions has to be interpreted with care.

• The loss of structural details excludes the 
study of fine interactions such has spe-
cific hydrogen bonding. For instance, the 
conservation of the secondary structure of 
proteins has been shown to require elas-
tic networks, the so-called ElNeDyn ap-
proach [53], linking the backbone beads 
by long bonds with weak force constants. 
Consequently, the Martini protein descrip-
tion does not allow for changes in second-
ary structure.

• Grouping atoms into beads reduces the 
overall entropy of the system, and the 
missing energy component has to be rein-
troduced in the enthalpy term (G = H - TS, 
where H and S are the enthalpic and en-
tropic components of the free energy G, 
and T the temperature; this specific prob-
lem will be addressed in more details in 
Chapter VI).

• The purposely-restricted number of inter-
action levels induces its limitations too, 
leading to over/underestimated interaction 
strengths between certain compounds and 
a possible error accumulation proportional 
to the size of the interacting compounds.

• Finally, the standard Martini water model is 
not capable of explicitly screening electro-
static interactions, being essentially a neu-
tral LJ fluid. Instead, the relative dielectric 
constant εr is used as implicit screening 
factor. Note that a polarizable Martini wa-
ter model is also available [54], however, at 
the expense of larger computational cost. 
In this thesis, only the standard model has 

Figure 2.1 | Martini in a nutshell. A) Mapping of 
various compounds, from their atomistic repre-
sentations (united atoms, ball and sticks) to their 
respective Martini representations (superim-
posed transparent balls). B) The ten different LJ 
potentials — representing the ten possible levels 
of interactions — used in the Martini CG force 
field. Note that interactions between “S” particles 
are not reported here for clarity.
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been used.

Despite these limitations, the Martini model 
has been successfully applied to study a 
wide range of (bio)molecular processes. For 
a recent review, see Marrink & Tieleman [52].

Standard methods common to the simu-
lations presented in this thesis

Parameters for CG simulations: Unless 
stated otherwise, all simulations present-
ed in this thesis were performed using the 
GROMACS simulation package version 
4.0.x [41] and 4.5.x [42]. The systems were 
described with the Martini CG force field for 
biomolecules (version 2.0) [46], its extension 
to proteins (version 2.1) [50] together with 
the ElNeDyn approach [53], which defines 
an elastic network between the backbone 
beads to control the conformation (second-
ary structure) of a protein. Elastic networks 
were built on each subunit of the protein 
complexes separately, i.e. springs are not 
present between the subunits. The integrity 
of the protein is only dependent on non-
bonded interactions. Extend of the ElNeDyn 
network was 0.9 nm and the force constant 
of the springs was set to 500 kJ.mol-1 nm-2. If 
not otherwise mentioned, conventional sim-
ulation setups associated with the use of the 
Martini force field were used. That includes 
an integration time step of 20 fs (systems 
containing proteins) to 40 fs (systems con-
taining only lipids) for production runs and 
non-bonded interactions cutoff at a distance 
rcut = 1.2 nm. The LJ potential is shifted to 
zero from rshift = 0.9 nm to rcut. The electro-
static potential is shifted from rshift = 0.0 nm to 
rcut. For each system the proteins, lipid bilay-
er and solvent (water and salt) were coupled 
independently to external temperature baths 
using a Berendsen thermostat [43] with a re-
laxation time of τT = 0.5 ps. In the simulations 
performed in a NpT ensemble, the pressure 
was weakly coupled (Berendsen barostat 
[43]) using a relaxation time of τp = 1.2 ps 
and a semi-isotropic pressure scheme. For 
the studies presented in Chapter iii to V, the 

md integrator was used. The approach pre-
sented in Chapter VI required the use of the 
sd integrator for reasons explained later.

Resolution transformation: To convert a 
CG configuration to a fine-grained (FG) con-
figuration, we used the resolution transfor-
mation method implemented in an in-house 
modified version of GROMACS version 3.3.1 
[55]. The systems were cooled down from 
an initial temperature of 1000 K to the de-
sired target temperature in 30 ps of simu-
lated annealing, during which the atomistic 
particles were coupled to their correspond-
ing CG beads through harmonic restraints. 
Subsequently, the coupling was gradually 
removed within a time span of ~30 ps. These 
annealing simulations were carried out in the 
NVT ensemble. Constraints were replaced 
by regular bonds, and an integration time 
step of 1 fs was used. To control the tem-
perature, stochastic coupling with an inverse 
friction constant τT = 0.1 ps was applied. The 
other parameters for the resolution transfor-
mation were set to the standard values (see 
Rzepiela et al. [55] for details). 

Parameters for atomistic simulations: 
Unless stated otherwise, proteins in the at-
omistic simulations were described with the 
54A7 parameter set of the Gromos force 
field [56]. For the lipids we used an in-house 
version of a new 53A6-based lipid force field 
[57]. The SPC water model [58] was used to 
model the aqueous solvent. Temperature 
and pressure coupling were applied in a 
similar manner as in the CG simulations, with 
time constants τT = 0.1 ps and τp = 1 ps, re-
spectively. Non-bonded interactions within 
0.9 nm were updated at every time step, and 
interactions between 0.9 and 1.4 nm every 
10 steps. The long-range electrostatic inter-
actions were computed with the PME algo-
rithm [59]. In the simulations continued from 
reverse transformations, an integration time 
step of 1 fs was used for production runs. §
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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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chapter iV

Cardiolipins and Cytochrome c Oxidase

This chapter is based upon the manuscript:

Identification of cardiolipin binding sites on cytochrome c oxidase at the entrance of proton 
channels

C. Arnarez, S.J. Marrink, X. Periole, Scientific Reports 2013, 3, 1263—1270



Abstract

The respiratory chain or oxidative phosphorylation system (OxPhos) gen-
erates most of the chemical energy (ATP) used by our cells. The cyto-
chrome c oxidase (CIV) is one of three protein complexes of OxPhos 
building up a proton gradient across the inner mitochondrial membrane, 
which is ultimately used by the ATP synthase to produce ATP. We pres-
ent molecular dynamic simulations of CIV in a mimic of the mitochondrial 
membrane, and identify precise binding sites of cardiolipin (CL, signature 
phospholipid of mitochondria) on the protein surface. Two of these CL 
binding sites reveal pathways linking CLs to the entrance of the D and H 
proton channels across CIV. CLs being able to carry protons our results 
strongly support an involvement of CLs in the proton delivery machinery to 
CIV. The ubiquitous nature of CL interactions with the components of the 
OxPhos suggests that this delivery mechanism might extend to the other 
respiratory complexes. 
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Introduction

Mitochondria are the intra-cellular or-
ganelles that produce most of the chemical 
energy consumed by a cell and are there-
fore often refered to as the “power plant” of 
the cell. The energy is produced through the 
oxidative phosphorylation (OxPhos) system. 
The OxPhos system is embedded in the mi-
tochondrial inner-membrane and consists of 
four large membrane protein assemblies, the 
so-called “respiratory chain complexes” (i.e.: 
NADH quinone oxidoreductase, complex I; 
cytochrome bc1, complex III; cytochrome c 
oxidase, complex IV; ATP synthase, complex 
V) and by some small electron carriers (qui-
nones and cytochrome c). Complexes I, III 
and IV operate a series of electron transfers 
whose tortuous paths through the respira-
tory chain system is coupled with the trans-
location of protons from the inside (matrix) 
to the mitochondrial intermembrane space 
(IMS), leading to an electro-chemical gradi-
ent ultimately utilized by the ATP synthase to 
transform ADP into ATP.

Cardiolipin (CL), the signature phos-
pholipid of mitochondrial membranes, has 
crucial implications in mitochondrial pro-
cesses, and on the OxPhos in particular 
[60,61]. CLs are formed by two phospha-
tidyl-glycerol molecules linked by an ad-
ditional glycerol moiety and possess an 
anionic charge (‒2 e). They are found in sev-
eral parts of the mitochondria and constitute 
about 10% of the phospholipids of, for in-
stance, the bovine heart mitochondrial inner 
membrane [21,65]. CL deficiency correlates 
with numerous diseases [25] including the 
Barth syndrome [27] and heart failure [26]. 
Notably, the formation, stability, and func-
tion of individual respiratory chain complex-

es and of respiratory chain supercomplexes 
strongly relies on the presence of CLs in the 
membrane [13,28-30,68]. CLs bound to in-
dividual complexes have been reported by 
several structural studies on various organ-
isms [35,66,102], leading to hypotheses on 
their possible involvement in a proton uptake 
pathway [74] and/or in assuring the structural 
integrity of individual complexes [74,103-105] 
and supercomplexes (cf. Chapter V).

The focus of the present work is on 
bovine cytochrome c oxydase (CIV). It is a 
transmembrane protein complex that con-
sists of 13 subunits labeled A to M as depict-
ed in Figure 4.1A (the subunit’s nomenclature 
follows the roman number code defined by 
Kadenbach [106]). Primarily based on puri-
fication and delipidation by chromatography 
and binding affinity assays [102-104,107,108] 
two classes of CL binding sites have been 
defined: two sites with high-affinity and 
one to two additional sites with a lower af-
finity. The latter have been associated with 
the structural integrity of CIV and of its di-
meric form because these CLs stabilize the 
subunits G and H (VIa and VIb according to 
Kadenbach nomenclature [106]), which are 
mandatory for the formation of the dimer 
[103,104]. The two CLs binding CIV with high 
affinity have been associated with the regu-
lation of the electron activity of the enzyme 
[107,108].

It is only with the most recent crys-
tal structures of CIV [109,110] that CLs were 
found bound to the protein. In the dimeric 
form of CIV four CLs co-crystallize with the 
complex, defining three potential CL bind-
ing sites per complex (CL1a,b and CL2 in 
Fig. 4.1A) after consideration of the dimer’s 
symmetry. The intuitive assignment of the 
CL binding sites based on their location on 
the complex was in overall agreement with 
the in-depth photolabeling study of Sedlak 
et al. [105]. The low-affinity CL binding sites 
are located at the interface of the dimer and 
interact with subunits G (CL1a/b in Fig. 4.1A), 
while a high affinity binding site was found on 
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a more membrane exposed protein surface 
interacting with subunit J (CL2 in Fig. 4.1A). 
There is however a CL binding site identified 
by Sedlak et al. [105] that is missing in the 
crystal structure (CL3 in Fig. 4.1A).

Here we explore the binding of CL to 
complex IV in a monomeric form by means 
of coarse-grain molecular dynamics (CGMD) 
simulations. MD simulations have been suc-
cessfully used to explore the lipid/protein 
interplay [81,111] and more specifically lipid 

binding to a variety of membrane proteins 
[57,77-82]. The use of a CG model presents 
the advantage to investigate the lipid binding 
to proteins on much longer time scales than 
conventional atomistic models and thus al-
lows exploring the processes involved from 
a more realistic dynamic perspective. We 
recently applied a similar approach to the 
study of CL binding sites on the cytochrome 
bc1 [35] in which case we have character-
ized some key dynamic features of known 
CL binding sites and revealed a set of new 

Figure 4.1 | Structural characteristics of bovine heart cytochrome c oxidase (CIV). A) Structure of CIV 
with its thirteen subunits (A-M) shown in a cartoon representation with a chain-based color-code for 
one monomer. The subunit’s nomenclature is following the roman number code defined and used in 
others studies [106]. We kept on the letter code to avoid confusion with the site names. In the bottom 
view of the dimer structure as found in the X-ray structure CLs are depicted [110]. There are three CL 
binding sites per monomer (CL1a, CL1b and CL2), with one facing the matrix side (CL2) and two facing 
the intermembrane space (IMS; CL1a and CL1b). CL3 indicates the location of an additional binding 
site suggested by photolabeling experiments [105]. B) Simulation box for CIV system, with the protein 
shown in green, POPC molecules in gray/white, CLs in red/orange and the aqueous phase in blue. C) 
Structure of a cardiolipin molecule in an atomistic (AA) and a coarse-grain (CG) representation.
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membrane-exposed binding sites potentially 
involved in the formation of supercomplexes 
(see Chapter III). 

The set of CGMD simulations present-
ed here clearly identified the precise posi-
tions of the two CL with high-affinity binding 
sites on CIV [105]. The lack of the low-affinity 
binding sites expected at the interface of the 
dimer are not observed in the simulations, 
which confirms that they are strongly asso-
ciated with the dimer form of CIV and might 
only exist with the dimer. Five additional CL 
binding sites with low-affinity are found and 
may be easily rationalized in light of the posi-
tion of other co-crystallized lipids [110] and 
their common features. Most remarkably 
two of the binding sites are found located 
at the matrix entrance of known proton up-
take pathways (D and H). We show how the 
structure of the protein reveals extensions 
of these pathways that directly link the CLs 
in these binding sites to the entrance of the 
pathways. In the context of the ability of CL 
to trap protons our data strongly support that 
CL maximizes CIV electron transport activity 
by providing proton to the uptake pathways.

Methods and analyses specific to 
the work presented in this chapter

Molecular models

The model of CIV was built based 
on its experimentally determined structure 
from bovine heart mitochondria. The Protein 
Data Bank (PDB) entries 1occ and 2occ [112] 
were used to built a complete model of CIV. 
Structures of bovine heart mitochondria CIV 
available in the PDB contain 13 subunits la-
beled A to M. Although CIV is found in a di-
meric form in the crystals, it was simulated 
as a monomer, its functional form. Details 
on the complex and its subunits are given in 
Figure 4.1A.

In the structure of CIV four CLs co-
crystallize with the protein in its dimeric form 
(Fig. 4.1A). The consideration of the symme-

try of the dimer arrangement in the crystals 
results in three CL binding sites per mono-
mer (Fig. 4.1A). One CL binding site, CL2, 
is located on a membrane-exposed protein 
surface with its headgroup facing the matrix 
side of the inner-membrane. The two other 
sites, CL1a/b, are located at the interface 
of the dimer of the complex with their head 
groups facing the IMS. In contrast to earlier 
studies [105,110] we differentiate CL1a and 
CL1b because although the symmetry of the 
dimer makes them equivalent they do form 
two dissimilar binding sites on each mono-
mer. We simulate CIV in a monomeric form 
and since they are exposed to the mem-
brane bulk the CL positions described above 
were not included in the initial conformation 
of the system.

System setup

The atomic protein structure de-
scribed above was converted to a CG mod-
el and embedded into a pre-equilibrated 
POPC/CL membrane patch with a 1:20 
CL:POPC ratio. The system was energy min-
imized and simulated for 10 ns with position-
al restraints on the backbone beads of the 
protein to relax the solvent and side-chains 
before starting production runs. The system 
shown in Figure 4.1B contains the protein 
(1,780 residues; 4,117 beads), a POPC bilayer 
(966 lipids; 12,558 beads) including CLs (48 
CLs; 1,296 beads) and the aqueous phase 
(51,549 water beads and 103 sodium ions). In 
total, the system contains slightly less than 
70,000 CG beads and runs at a speed of ~1.3 
μs/day using 120 CPUs with a clock rate of 
2.6 GHz.

Simulation details

Three 20 μs simulations starting with 
randomized initial velocities were initially 
performed and analyzed to judge the con-
vergence of a few observables. The results 
presented are extracted from a 100 μs sim-
ulation, with the first μs of the simulations 
excluded, considered as an equilibration 



cardiolipins and cytochrome c oxidase

46

period. The root-mean-square deviation of 
the protein complex (with respect to the ex-
perimental structures) typically reached val-
ues of 0.3‒0.4 nm indicative of its structural 
stability. All simulations were performed with 
the GROMACS simulation package [41], to-
gether with the Martini CG model [46,50] and 
the ElNeDyn approach [53] (for more details 
please refer to Chapter II). Parameters for CL 
were extracted from the work of Dahlberg et 
al. [89].

Analysis

Binding sites definition, occupancy 
lengths, and residence times were comput-
ed as described in Chapter III.

Potentials of mean force (PMFs)

PMFs were used to quantify the bind-
ing affinities of specific lipid molecules with 
respect to CL binding sites on CIV. PMFs 
were calculated using the umbrella sampling 
technique. The system used was composed 
of a CIV embedded in a patch of ~360 POPC 
and one molecule of the lipid of interest. We 
tested the binding of CL, TGL 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 (the profile reaches a pla-
teau value). The umbrella potentials were 
applied to the distance between the center-
of-mass of the lipid head group and of the 
binding site using a harmonic potential with 
a 1000 kJ mol-1 nm-2 force constant. This 
choice resulted in 20 to 30 umbrella simu-
lations spaced by 0.1 nm. We reduced the 
positional and rotational motions of the pro-
tein 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 ap-
plied the distance restraint between the cen-
ters-of-masses along the direction normal 
to the protein surface only; therefore an ad-
ditional weak position restraint (100 kJ mol-1 

nm-2 force constant) was applied on one 
bead of the lipid head group (GL5 for CL, 
GLY for TGL and PO4 for POPC) to restrict 
its exploration of the direction parallel to the 
protein surface (perpendicular to the normal 
of the protein surface). The direction normal 
to the membrane plane was let free. Each 
umbrella simulation was run for 250 to 700 
ns; the first 50 ns were excluded from the 
analysis. The weighted histogram analysis 
method (WHAM) [113,114] was used to com-
bine and unbias the simulations, and to pro-
duce the free energy profiles. The Bayesian 
bootstrapping method was used to estimate 
the error on the calculation.

Results

Identification of seven CL binding sites 
on bovine heart cytochrome c oxidase 

We characterized the CL density 
around the protein from a 100 μs CGMD 
simulation of this complex embedded in a 
POPC/CL (20:1 POPC:CL molar ratio) mem-
brane. The average densities of CLs (Fig. 
4.2A) demonstrate the existence of several 
preferential sites of interaction of CL with the 
protein. We define CL binding sites as the lo-
cations having a CL density more than five 
times the bulk value. For details about the 
definition and characterization of these bind-
ing sites, see the method section of Chapter 
III. Accordingly, seven binding sites are 
found on either leaflet of the membrane and 
are labeled I to VII (Fig. 4.2A). Sites I-V are on 
the matrix side of the membrane and sites VI 
and VII on the side of the IMS. Sites V and VII 
may be occupied by two CLs and are there-
fore subdivided into Va/Vb and VIIa/VIIb. A 
hierarchy of binding strength was observed, 
starting with many CL binding/unbinding 
events for some sites (e.g. 380 exchanges 
for site VIIb) but only few exchanges for oth-
ers (e.g. few unbinding events for site I) dur-
ing the same amount of simulation time. For 
all sites but site I, binding events by at least 
4 CLs were observed, allowing us to extract 
meaningful statistical averaged occupations 
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and CL residence times listed in Table 3.1. 
The detailed structural characterization of 
the binding sites is presented in Figure 4.2B-
H.

Site I quickly bound a single CL that 
remained bound during the entire simulation 
although reorientation of the CL led to mul-
tiple short unbinding events (Fig. 4.3). These 

events complicated the computation of the 
lifetime estimated at more than 50 μs (Tab. 
4.1). In this site the CL mainly interacts with 
the subunit C and with a couple of residues 
of subunit J (Fig. 4.2B). Sites II and III are ad-
jacent to site i and located at the junction of 
subunits A and L and subunits C and G, re-
spectively (Fig. 4.2C-D). They both bind one 
CL at a time and have slightly lower occupan-

Figure 4.2 | Cardiolipin (CL) binding sites on cytochrome c oxidase (CIV). Binding sites are extract-
ed from a 100 μs of CGMD simulation of the complex embedded in a CL/POPC membrane bilayer. 
A) From left to right: matrix, membrane (two orientations) and inter membrane space (IMS) views of CIV 
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 as shaded grey cylinders with the CL densities projected onto 
them. B-H) Detailed description of the CL binding sites i to VII, respectively. The residues are num-
bered as follows: “chain:residuesubsite”. For each site, the subunits involved in the interactions with the 
CLs are depicted as colored cartoon as in Figure 4.1. The rest of the protein is shown in a transparent 
gray cartoon.
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Figure 4.3 | Occupancy of site I to III (top to bottom). Illustration of the hierarchy of CL’s binding site 
strength and dynamics. Sites I and II and strong binder and are only sporadically disrupted. In Site I it 
is actually the same CL that is bound the all time of simulation. In site II it is a unique CL that binds at 
t = 40 μs and remains for the rest of the simulation, but three other unsuccessfully attempted to bind 
earlier in the simulation (t ~ 10‒20 μs). Both behaviors contrast with the very dynamic one observed 
in site III and offering enough statistics to compute the auto-correlation. This analysis was not pos-
sible in the cases of site I and site II in which cases the statistics is obviously not sufficient. Instead we 
qualitatively estimated the lifetime to 50 and 30 μs. Much longer simulations would be required to get 
more precise values.

Table 4.1 | Occupation (Ξ) and residence time (𝜃𝜃, μs) of cardiolipin binding sites on 

cytochrome c oxidase (CIV). The values are averaged over a 100 μs CGMD simulation. 

The accuracy of the occupation levels is ± 0.02 at most and of the residence times within 

±0.1 μs. See the method section of Chapter III for details about the binding sites 

definition and characterization. #CLs is the number of different CLs getting in contact 

with a site and #events the number of binding/unbinding events. The lipids described by 

Shinzawa-Itoh et al. [110] (see Fig. 4.7) at the locations corresponding to the CL binding 

sites found in the simulations are indicated in the bottom row. The CL binding site 

predicted by Sedlák et al. [105] at the site II is also indicated. 

 

Site I II III IV Va Vb VI VIIa VIIb 

Ξ 0.99 0.60 0.57 0.36 0.74 0.68 0.52 0.88 0.50 

θ > 50a > 60a 1.0 0.5 0.4 0.6 0.4 10.3 0.2 

#CLs 1 4 17 11 20 10 13 4 20 

#events 18 11 104 109 235 122 147 41 380 

Ref. [105]  

2dyr [110] 

– 

CL 

CL 

TGL2 

– 

PE3 

– 

PE1 

– 

TGL3 

– 

TGL3 

– 

– 

– 

TGL1 

– 

TGL1 
 

a the strong binding of CLs in sites I and II led to poor binding/unbinding events statistics 

and prevented us from determining accurate residence time; instead we indicate a rough 

estimate obtained from the binding behavior (Fig. 4.3).   

 

 

Table 4.1 | Occupation (Ξ) and residence time (θ, μs) of cardiolipin binding sites on cytochrome c oxi-
dase (CIV). The values are averaged over a 100 μs CGMD simulation. The accuracy of the occupation 
levels is ± 0.02 at most and of the residence times within ±0.1 μs. See the method section of Chapter III 
for details about the binding sites definition and characterization. #CLs is the number of different CLs 
getting in contact with a site and #events the number of binding/unbinding events. The lipids described 
by Shinzawa-Itoh et al. [110] (see Fig. 4.7) at the locations corresponding to the CL binding sites found 
in the simulations are indicated in the bottom row. The CL binding site predicted by Sedlák et al. [105] 
at the site II is also indicated.

a the strong binding of CLs in sites I and II led to poor binding/unbinding events statistics and prevented us from 
determining accurate residence time; instead we indicate a rough estimate obtained from the binding behavior 
(Fig. 4.3). 
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cies (60%) than site I. Although it is difficult 
to precisely determine the time scale of CLs 
binding to site II (Fig. 4.3; estimate ~60 μs) it 
is significantly longer than in site III in which 
CLs exchange on a time scale of ~1 μs. Site 
IV is located on the face of CIV that corre-
sponds to the dimer interface in the crystal 
structure. This site, involving subunits A and 
C, is occupied only 36% of the time and CLs 
bind on a sub-microsecond timescale. Site 
V is located at the other extremity of CIV as 
compared to site I. CLs in site Va and Vb in-
teract with subunits B, E and I, and A and B, 

respectively. They have similar occupancies, 
~70%, and similar residence times, ~0.5 μs. 
Site VI is located on the IMS side of CIV. It 
involves the C-termini of subunits L and M, 
has a low CL occupancy, 50%, and a small 
CL residence time, ~0.4 μs. Site VII is locat-
ed on the same protein surface as site V, but 
on the opposite leaflet (IMS). CLs in site VIIa 
and VIIb primarily interact with subunits A, 
B, D and I on the IMS side of the protein. 
Site VIIa is significantly more occupied (88%) 
than site VIIb (50%) and has a relatively long 
residence time of ~10 μs. The difference be-
tween sites VIIa and VIIb might reflect that 
site VIIa is buried deeper in a cavity formed 
by helices of subunits B and I, whereas site 
VIIb is more exposed to the membrane.

We further characterized the binding 
strength of CL to CIV by determining the po-
tentials of mean force (PMFs) of CL’s binding 
to a selection of the sites (Fig. 4.4). The data 
clearly indicates that CL’s binding to site I 
and II is stronger than to the other sites. Site 
III was taken as a reference site because it 
is relatively well occupied, accessible to the 
membrane and explored by many CLs so 
that the statistics obtained is reliable (Tab. 
4.1). The data also indicate that CL binds 
slightly stronger to site II than to site I. The 
comparison of the PMFs of a CL binding 
to site II with or without the ‒2 e charge of 
its head group indicates that although the 
charge of the head group bears the most 
significant contribution to the binding, the 
tails also contribute to CL’s binding strength. 
The contribution from the CL’s bulky tail is 
by itself larger than the binding strength of a 
POPC molecule. 

Residue content of the binding sites

Interesting features emerged from the 
analysis of the residues in contact with CLs 
during the 100 μs simulation (Fig. 4.5). First, 
all the residues that made at least one con-
tact with a CL molecule virtually span the en-
tire transmembrane region of the protein, in-
dicating that the CLs explored the complete 

Figure 4.4 | Potential of mean force for binding of 
various lipids to sites I, II and III. A) Comparison 
of CL’s binding strength to site I (cyan), II (blue) 
and III (green). B) Comparison of binding strength 
of TGL (yellow), POPC (orange) and CL to site II. 
Two CLs were tested; double charged (‒2 e) and 
neutral, blue and green curves, respectively. In 
both panel the relative free energy of the system 
is expressed as a function of the distance, dCoM, 
between the center of mass of the lipid head 
group and of the binding site as defined in Figure 
4.2. The error on the measure (estimated using 
the Bayesian bootstrapping method) is shown by 
the shaded area behind the curves
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transmembrane protein surface. As expect-
ed, the distribution of contacts as a function 
of the residue type (grey bars in Fig. 4.5) is in 
general agreement with the amino acid dis-
tribution in integral membrane proteins [94] 
keeping in mind that a residue would need to 
be exposed to the membrane to be in con-
tact with a CL. Furthermore, focusing on the 
composition of the CL binding sites (black 

bars in Fig. 4.5), the positively charged ami-
no acids (lysine and arginine) were found 
to account for ~25% of the CL ligands. The 
large contribution from positively charged 
residues might be expected since CL carries 
a ‒2 e charge and is illustrated by the strong 
correlation between the locations of the CL’s 
binding sites with the positive regions of 
electrostatic potential on the protein’s sur-

Figure 4.5 | Residue 
content of the CL bind-
ing sites of cytochrome 
c oxidase (CIV). The 
gray sticks indicate the 
percentage of each resi-
due type at least once in 
contact with a CL; e.g. 
present in the section 
of the CIV accessible to 
CLs. The black sticks 
give for each residue 
type the percentage of 
its participation to the 
CL binding sites.

Figure 4.6 | Electrostatic map of the CIV. The electrostatic potential was computed using the DelPhi 
package [115]. Four orientations are shown with the position of the sites defined in this study also 
indicated. Positive regions are reported in blue, negative in red. Note the strong correlation between 
regions of the protein surface with a positive electrostatic potential and the location of the CL binding 
sites (see also CL densities shown in Fig. 4.2). The approximate location of the inner membrane (IM) 
is indicated by a grey shade. The IM defines the separation between the inter membrane space (IMS) 
and the matrix compartments.
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face (Fig. 4.6). Lysine is slightly favored over 
arginine (14 vs. 11%), which contrasts with 
the results obtained previously for CIII [35]. 
In that case arginine was significantly more 
represented in the binding sites than lysine, 
which then represented only ~5% of the CL’s 
ligands against for arginine. Phenylalanine 
and leucine were found to be a relatively im-
portant contribution to the CL binding sites 
(> 10%) in both CIII and CIV.

Discussion

A thorough analysis of the lipids 
bound to CIV was presented by Shinzawa-
Itoh et al. [110] combining a crystal struc-
ture of the complex with mass spectros-
copy. They discussed up to seven species 
of lipids per monomer of CIV among which 
three CLs, three phosphatidylethanolamines 
(PEs), four phosphatidylglycerols (PGs) and 
three triglycerides (TGLs). These lipid types 
are found in the native mitochondrial inner 
membrane [21] (TGL only recently [110]) and 
their presence in the crystal is therefore not 
expected to be an artifact of the crystalliza-
tion process. Their positions are depicted in 
Figure 4.7 together with the CL binding sites 
found in the simulations. The comparison 
of the two sets of molecules allows to un-
ambiguously identifying the two CL binding 
sites with high-affinity and involved in CIV’s 
proton transport activity, and suggesting the 
most likely candidates for the low-affinity 
binding sites that have been linked to CIV’s 
structural integrity. Our interpretation is in 
complete agreement with earlier predictions 
of Robinson and co-workers [102,105,108]. 

Among the three CL binding sites per 
monomer found in the dimer structure of CIV 
[110] (CL1a,b and CL2 in Fig. 4.7), only CL2 is 
observed in the simulations. It is located at 
the site I. This site is filled early in our simu-
lation and remains occupied during the en-
tire simulation (Tab. 4.1 and Fig. 4.3), which 
gives it one of the highest binding affinities 
observed in the simulations. This result is in 
agreement with its presence in the crystal 

structure and the PMFs described above, 
and confirms that it corresponds to one of 
the high-affinity sites as predicted by Sedlák 
et al. [105]. CL1a/b, located at the dimer in-
terface in the crystal structures [109,110], 
are not stable in our simulations of CIV as 
a monomer. These two CLs have been sug-
gested to be the ones loosely bound to CIV 
and strongly connected to the existence of 
the dimeric form of CIV by their stabilization 
of subunits G and H [104,105]. Our simula-
tions indicate that the tight association of 
CIVs in the dimer is a determinant factor for 
the stability of CL1a and CL1b. To test this 
hypothesis, additional simulation of the di-
meric structure of CIV including the experi-
mental CL1a/CL1b were performed. Both 
sites were found stable on the μs time scale.

The site II defined by the simulations 

Figure 4.7 | Location of the co-crystallized phos-
pholipid positions and densities computed with our 
CGMD simulation. The experimental positions (upper 
part) were extracted from the PBD entry 2dyr [110]. 
The densities (lower part) are extracted from the 100 
μs CGMD simulation. Views from the matrix (left) and 
the IMS (right) sides of CIV are shown. CL: cardiolipin; 
PC: phosphatidylcholine; PE: phosphatidylethanol-
amine; PG: phosphatidylglycerol; TGL: triglyceride.
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(Fig. 4.2 and 4.7) confirms the location of the 
second high-affinity CL binding site predict-
ed by Sedlák et al. [105] using photolabeling 
and missing in the crystal structures (CL3 in 
Fig. 4.1). The relatively low occupancy and 
residence time (Tab. 4.1) might be surpris-
ing at first but reflect that it took ~40 μs for 
a CL to enter the protein cavity forming the 
binding site (Fig. 3.3). Once the CL made the 
proper contacts the site is fully occupied 
and therefore corresponds to a high-affinity 
binding site. This result is corroborated by 
the PMF of CL binding to site II, which shows 
a similar bonding strength to site I (Fig. 4.4A). 
It is interesting to note that a TGL (TGL2 in 
Fig. 4.7) occupies the site II in the crystal 
structure [110]. From our understanding of 
the system it is extremely unlikely that both 
CL and TGL molecules occupy site II. The 
PMFs of the binding of a CL vs. a TGL (Fig. 
4.4B) demonstrate not only that CL binds 
much stronger but also that TGL is not sta-
ble in site II. Unrestrained simulations con-
firm this observation: a TGL placed in site II 
left it quickly and went to mix with the bulk 
after exploring the surrounding of the protein 
surface around the site. The PMFs showed 
that an important part of the CL’s binding 
strength is due to coulombic interactions, 
which might rationalize the weak binding of 
TGL; it is a neutral molecule. It is not clear at 
this point why a TGL molecule is present in 
the crystal although it was argued not to be 
an artifact of the purification [110]. One might 
speculate that the TGL molecule had the ca-
pability to replace the CL using the similar-
ity of their bulky tails. This scenario implies 
however that the CL was first destabilized, 
which might occur by disruption of the inter-
action of its head group during the crystal-
lization process. Note the PMFs showed a 
neutral CL still binds site II stronger than TGL 
suggesting that TGL’s bulky tails are not suf-
ficient to stabilize it. 

The remaining CL binding sites (III-VII) 
found in the simulations are relatively weak 
binders and unless they are buried within a 
large protein cavity (sites Va and VIIa) they 

have a low occupancy. They all correspond 
to the location of binding of another lipid type 
in the crystal, which is in line with previous 
studies showing the conservation of binding 
sites by different lipid types [66]. We review 
the several cases observed in CIV and show 
that it is quite straightforward to rationalize 
the discrepancies from the similarities of 
CLs with PGs and TGLs (CL and PG share 
a negatively charged head group, while CL 
and TGL bulky tails).

The high degree of conservation of 
lipid binding sites on CIV from various or-
ganisms [66] suggests an important func-
tional role of these bound lipids. CLs have 
been shown to affect CIV in two ways. First, 
there is extensive data demonstrating that 
the presence of two CLs with high-affinity 
binding to CIV, which we have shown are 
bound in site I and II, is mandatory for a fully 
functional CIV [108]. It is however unknown 
by which mechanism they operate. CIV en-
zymatic activity is often summarized by its 
electron transport activity (uptake from cyto-
chrome c) but CIV uses as many protons as 
electrons to transform a dioxygen molecule 
into two water molecules. CLs have the abil-
ity to trap protons [33] and thereby can fa-
cilitate proton translocation along the mem-
brane surface [34]. This particular feature of 
CL has been suggested to be an important 
aspect of CIII mechanism for proton transfer 
[74,76,116] and might extend to CIV by pro-
viding proton sources to either of the D-, K- 
or H-pathways [112,117-119]. The proximity 
of CL3 to the D-pathway entrance has sug-
gested that CL might be acting as a proton 
antenna to this pathway [105] although only 
limited structural insight is available since 
this site is not occupied in the crystal struc-
tures [109].

Our data confirm that this ability of CL 
to carry protons is indeed relevant to sites II 
but might also be to site Vb. Both sites are 
located on the matrix side of the IM where 
the protons are taken up. Site II corresponds 
to CL3 (Fig. 4.1, 4.7) and is very close to 
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the D-pathway entrance (~1.1 nm; Fig. 
4.8), while site Vb is close to the entrance 
of the H-pathway (~0.8 nm; Fig. 4.8). Up to 
now residues A:D91 (A:D132 in Rodobacter 
sphaeroides) and A:D407 define the matrix 
side entrances to the D- and H-pathways, 
respectively. Only little is known on the pro-
ton path before these residues. A close in-
spection of the protein structure revealed in 
both cases the existence of a strong H-bond 
network starting at the CL binding sites II 
and Vb and leading to the entrances of the 
D- and H-pathways, respectively (Fig. 4.8). 
These networks form clear extensions of 
the D- and H-pathways towards the exterior 

of the protein on the matrix side. They di-
rectly connect the CL binding sites to A:D91 
(A:D132 in Rodobacter sphaeroides) and 
A:D407, respectively, and thereby strongly 
support the idea that CLs provide a source 
of protons at the surface of the membrane 
facilitating CIV electron transport activity.

It is also notable that up to four 
CLs occupy the protein cavity close to the 
H-pathway; two lipids in sites Va/b and VIIa/b 
on the matrix and IMS side of the membrane, 
respectively. This aggregation of CLs might 
be relevant to the “dielectric channel” activ-
ity of CIV proposed by Rich [120]. 

Figure 4.8 | H-bond networks leading from the cardiolipin (CL) binding sites to the entrance of D- and 
H-pathways, A:D91 and A:D407, respectively. The CL binding sites are shown in stick representation. 
The yellow surface maps depict the CL densities shown in Figure 4.2. A:D91 and A:D407 are shown in 
large sticks. The residues and water molecules (red spheres) participating to the networks are shown 
in a ball-and-stick representation and numbered as in Figure 4.2. The bottom row shows side and 
top views of CIV with the CL densities, the residues involved in the sites in blue, the residues involved 
in the transmembrane section of the proton pathways (red arrows) in orange spheres and the heme 
molecules in green. The large red spheres position the entrances (A:D91 and A:D407) of the pathways.
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The second way by which CLs affect 
CIV is by providing structural integrity. Two 
additional CLs, which we propose being 
CL1a and CL1b in the crystal structures (Fig. 
4.1, 4.7), serve the structural integrity of CIV 
by stabilizing subunits G and H, and thereby 
its dimeric form [103]. These two CLs have 
been shown to bind CIV with a low-affinity 
[105] and are not observed in the simula-
tion of the monomeric form of CIV (Fig. 4.2) 
but are stable in the dimeric structure. This 
ability of CLs to stabilize CIV dimers can be 
extended to high-order oligomers of the re-
spiratory chain complexes as it was reported 
in the context of the formation of supercom-
plexes. This behavior is most notable for the 
formation of supercomplexes CIII2-CIV and 
CIII2-CIV2 [28,29]. Our recent CGMD simula-
tions of the CIII [35] suggested that CL bind-
ing sites on the surface of the complex might 
define the location of protein-protein contact 
with CIV. The CL binding sites found on CIV 
might share a similar function.

In summary, the CGMD simula-
tions used in this study to investigate the 
CL binding sites on the respiratory chain 
complex IV, cytochrome c oxidase, provide 

new and valuable insights on the way CLs 
participate to the function of proteins. The 
locations of the CL binding sites that most 
likely correspond to both the high and low-
affinity CL binding to CIV are identified with 
high level of confidence. They agree with 
and reconcile all known experimental data. 
CL binding sites on the surface of the pro-
tein are found at the proximity of two of the 
three known proton-uptake pathways, the 
D- and H-pathways. Two clear interaction 
networks connecting the CL binding sites 
to the entrances of these two pathways are 
uncovered. To our knowledge they provide 
the first complete proton pathway between 
the membrane surface (CL binding sites) 
and the D- and H-pathways in cytochrome 
c oxidase. This data strongly supports that 
CLs take active part in the proton delivery 
mechanism. Given the wide impact of CL in 
the respiratory chain machinery the role sug-
gested by our data should extend to other 
components of the respiratory chain. §
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chapter V

Cardiolipins and Supercomplexes Formation

This chapter is based upon the manuscript:

Self-assembly of complexes III and IV of the respiratory chain into supercomplexes

C. Arnarez, S.J. Marrink, X. Periole, in preparation



Abstract

Mitochondria produce most of the ATP consumed by the cells through 
the so-called respiratory chain.  It is now well established that the protein 
complexes forming the respiratory chain assemble into larger structures, 
the supercomplexes. Cardiolipin (CL), signature phospholipid of mito-
chondria, composes ~20% of the mitochondrial inner membrane and is 
crucial for the formation and the functionality of these supercomplexes. 
Using coarse-grained molecular dynamics we have previously shown that 
CL forms specific binding sites on the membrane exposed surface of the 
complex III (CIII) and complex IV (CIV) suggesting an involvement in pro-
ton delivery and supercomplex formation. Here we investigate the role of 
CLs and these bindings sites in the formation and stabilization of protein-
protein interfaces by comparing large scale self-assembly simulations of 
CIIIs and CIVs embedded in bilayer with and without CLs. We observe 
the progressive formation of supercomplexes in both systems over 20 μs. 
In the absence of CLs, a significantly larger protein burial is observed 
due to formation of more CIV/CIV interfaces and an increased number 
of direct contacts between the complexes. When CLs are present, CLs 
strongly populate CIII/CIV interfaces, suggesting a potential role in form-
ing and strengthening these interfaces. The slow dynamics of the protein 
aggregates and the limited number of interfaces formed in the simulations 
prevents a more quantitative assessment on the relative orientation and 
preferred stoichiometry of the complexes in supercomplexes. Together, 
our data show that lipids act as lubricant during the formation of super-
complexes, and CLs at the interface act as traffic control agents steering 
the complexes together.
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Introduction

The respiratory chain, hosted in the 
inner membrane of the mitochondria, is re-
sponsible for the synthesis of most of the 
ATP used by our cells. Following a complex 
path, electrons are transported and ex-
changed by two main ligands — ubiquinone 
and cytochrome c — and three different pro-
tein complexes —NADH dehydrogenase, 
(complex I; CI), cytochrome bc1 (complex 
III; CIII) and cytochrome c oxidase (complex 
IV; CIV) — through a set of oxido-reduction 
reactions. The exchange of these electrons 
results in a proton gradient across the mem-
brane, ultimately used by the ATP synthase 
(complex V) to synthesize ATP from ADP.

The respiratory chain electron trans-
fer process has been extensively studied 
over the last decades, and hypotheses have 
arisen for these complexes to function in 
close spatial proximity to minimize the dis-
tance the electron carriers need to travel to 
release or fetch electrons. First revealed by 
mass spectroscopy, and in the last ten years 
with the progress of 3D imaging techniques 
(electron spectroscopy principally), large as-
semblies of the respiratory chain complexes 
have been evidenced. These assemblies are 
referred to as “supercomplexes” or “respi-
rasomes”. Depending on the organism stud-
ied, different types of supercomplexes can 
be found: supercomplexes involving CI, CIII 
and CIV for mitochondria extracted from 
bovine heart [7-10] or potato [2,3], and su-
percomplexes formed of different stoichiom-
etry of CIII and CIV in yeast [11,12]. In plant 
chloroplasts, analogues of these supercom-
plexes were found involving photosystem 
I and photosystem II [121]. Highly resolved 
images in which the relative orientations of 

each complex can be defined are now avail-
able for bovine or yeast and supercomplex-
es, allowing the building of molecular mod-
els. However, the relative orientations of the 
complexes are quite different between the 
two models from the two organisms. As it 
stands, it remains currently unclear which 
factors determine the structure and stoichi-
ometry of the supercomplexes.

Evidence is mounting that the com-
position of the mitochondrial membrane 
plays an active role in steering supercom-
plex formation. In particular cardiolipin (CL), 
a phospholipid present in large concentra-
tion in the inner membrane of mitochondria, 
has been shown to play an essential role 
in the functionality of the supercomplexes 
[10,28,29]. Our recent simulation studies on 
both CIII and CIV describe CL binding sites 
on the membrane-exposed surface of both 
complexes [35,96]. The fast exchange (~μs) 
of these CLs with the bulk membrane might 
explain their absence in the crystal struc-
tures. The presence of CL binding sites led 
us to two hypotheses: either the complexes 
could be interacting through the CLs located 
in these binding sites (“bridging” hypothesis) 
or the complexes could use these CLs on 
the surface to avoid complexes forming un-
favorable interfaces (“locking” hypothesis).

In this work, we study the self-assem-
bly of CIII and CIV into supercomplexes us-
ing molecular dynamics (MD) simulations. 
Due to the size of the protein complexes 
involved and the slow kinetics of protein-
protein association, a coarse-grained (CG) 
resolution is required [122]. We use the CG 
Martini force field [46,50] to model a mito-
chondrial membrane composed of almost 
20,000 lipids with 45 protein complexes 
embedded. In order to describe the differ-
ences induced by the presence of CLs in the 
bilayer, two systems were simulated: a sys-
tem containing CLs in the lipid bulk, and a 
system without. The significance of this work 
is fourfold: first, we provide unprecedented 
details on the lipid content of the interfaces 
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between complexes associated into super-
complexes and in particular the involvement 
of CLs; second, we provide evidence for 
the “bridging” hypothesis in steering super-
complex formation; third, the observed su-
percomplex structures might help refine the 
models derived from electron microscopy 
data; and fourth, as a pioneering simulation 
of a multi-protein heterogeneous membrane 
system, this study provides important data 
on protein oligomerization in a crowded and 
mixed membrane environment. 

Methods and analyses specific to 
the work presented in this chapter

Molecular models

The models of CIII and CIV were iden-
tical to the ones used in our previous stud-
ies (Chapter III [35] and IV [96]). Briefly, the 
model of CIII was built from a combination 
of four structures extracted from the Protein 
Data Bank (PDB codes: 1l0l [84], 1sqb/1sqq 
[85] and 2a06 [86]). CIII being functional in 
its dimer form, it was simulated as such; CIII 
contains 6 hemes and 2 iron-sulfur clusters, 
but these molecules were not included in 
this work. The model used for CIV was built 
from the PDB entries 1occ and 2occ [112]. 
Even though the crystal of CIV contains 2 
complexes, it has been simulated in its hy-
pothesized functional monomeric form. CIV 
contains two deeply buried hemes mole-
cules, but these latter were not included in 
this work. CG conformations of CIII and CIV 
were extracted from 100 μs simulations per-
formed in our recent studies on CL binding 
sites on the individual complexes (Chapter III 
[35] and IV [96]). Amongst the 6 CL binding 
sites observed on each monomer of CIII, 4 
(IICIII to VCIII) are located on the surface; these 
sites are all on the periplasmic side of the 
bilayer. In the case of CIV 5 CL binding sites 
were observed on the periplasmic side (ICIV 
to VCIV) and 2 on the cytoplasmic side (VICIV 
and VIICIV). 

System set-up

The protein structures were randomly 
oriented and aligned on a grid (Fig. 5.1). For 
each system, 9 CIII and 27 CIV were used. In 
the system containing CLs a 1:15 CL:POPC 
ratio was used. In the case of the system 
without CLs in the bulk only 2 CLs embed-
ded in the sites Ia and Ib of CIII [35] were 
conserved. The other CLs were converted to 
POPC molecules. All systems were energy 
minimized and simulated for 10 ns with a 
10 fs time step to relax the supplementary 
patches of lipids and solvent before start-
ing production runs. The system with CLs 
shown in Figure 5.1 contains 9 CIII and 27 
CIV (4,230 and 1,780 residues for each com-
plex respectively; ~195,000 beads), a POPC 
bilayer (17,462 lipids; ~227,000 beads) in-
cluding CLs (1,175 CLs; ~32,000 beads) and 
the aqueous phase (~1,116,000water beads 
and ~2,600 sodium ions). In total, the system 
contains slightly less than ~1,400,000 CG 
beads and ran at a speed of ~270 ns/day us-
ing ~2,048 hyperthreaded CPUs with a clock 
rate of 4.7 GHz.

Buried surface and number of contacts

Buried protein surfaces were used to 
probe the protein-protein contacts. Buried 
surfaces or burials (āAB = aA + aB ‒ aAB where 
āij is the buried surface between complexes 
i and j, ai the accessible surface of the com-
plex i, aij the accessible surface of complexes 
i and j taken together) were computed with 
the g_sas tool available in the GROMACS 
suite, which uses the double cubic lattice 
method [123]. 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 complex-
es was used as a metric for protein-protein 
interactions. It is a considerably less com-
putationally demanding approach and re-
ports on basically the same observable. In 
addition it allows a precise quantification of 
different components for protein-lipid inter-
actions. Protein-protein and protein-lipids 
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contacts were cutoff at 0.8 nm. The differ-
entiation between intramembranous and ex-
tramembranous 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, the residue is 
assumed as being part of the intramembra-
nous section.

Supercomplex architecture

The architecture of the supercomplex-
es was characterized by the relative orienta-
tion of the two complexes following the vir-
tual bond analysis [124] as we did previously 
in the case of rhodopsin [125]. In the case of 
a membrane bilayer the motion of the com-
plexes are in two dimensions, reducing the 
description 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 center 
of mass (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. 
φ1 defines the orientation of CIII relative to 
CIV — φ3 the relative orientation of CIV to 
CIII — in the plane of the bilayer. The C2 
symmetric axis of CIII dimer was taken into 
account while determining the CIII/CIV rela-
tive orientations. 

The CIII/CIV relative orientations cor-
responding to an ideal overlap between their 
respective CL binding sites were mapped 
using a rigid-body docking approach: for 
each pair of sites on CIII (siteCIII) and CIV (si-
teCIV), CIV was placed such that the distance 
between siteCIII and siteCIV CoMs was 2.0 nm. 
CIV was then moved along the direction de-
fined by the CoM of CIII and of siteCIII. CIV 
was then given a full 360° rotation around 
the CoM of siteCIV. To increase sampling, the 
360° rotation of CIV was performed for each 
point of a 1.0 nm 3D grid centered on this 
first point with 0.2 nm spacing. Each con-

Figure 5.1 | Bovine cytochrome bc1 (CIII) and cytochrome c oxidase (CIV) embedded in a cardiolipin 
(CL, green) containing POPC (grey) bilayer (right panels). To ease the visualization of the respective ori-
entation of the complexes two subunits of each complex are colored in red (A and B on CIII) or yellow 
(D and G for CIV). The aqueous phase is omitted. For each complex (left panels), the membrane region 
is depicted by a gray stripe and a view from the matrix indicates the location of the CL’s binding sites 
on the surface of the proteins [35,96].
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formation was associated with the triplet 
φ1/φ3/number of protein contacts. A triplet 
was considered favorable when the num-
ber of protein contacts (within 0.8 nm) was 
less than 300, which was the higher value 
encountered in the supercomplexes formed 
during self-assembly simulations, and more 
than 50, which was found to be significant as 
lower threshold to define an interface.

Results

Formation of supercomplexes

We simulated the time evolution of a 
model mitochondrial membrane patch con-
taining a set of 9 cytochrome bc1 dimers (CIII) 
and 27 cytochrome c oxidase monomers 
(CIV). Two types of lipidic environments were 
studied: a bilayer containing about 10% of 
CLs, and a bilayer composed solely of POPC 
lipids. Initially the protein complexes are dis-
tributed on a grid with a random orientation 
and the CL binding sites populated (see Fig. 
5.1). During the subsequent 20 μs simula-
tions we observe the formation of supercom-
plexes in both systems, as reported in Figure 
5.2A by means of representative snapshots 
from the simulation. The progressive oligo-
merization results in a final conformation in 
which most proteins are involved in a super-
complexe. We find abundant formation of in-
terfaces between CIII and CIV, and between 
CIVs, but only one between CIIIs is observed 
in the system containing CLs.

To quantify the progressive oligomer-
ization of the complexes, we analyzed the 
buried surface area, i.e. the amount of pro-
tein surface area involved in contacts with 
other proteins. The time evolution of the bur-
ied surface is shown in Figure 5.2B. In the 
system without CLs, the total amount of bur-
ied surface is somewhat higher compared to 
the system containing CLs. In particular, the 
buried surface area between CIVs is higher, 
pointing to a preferential interaction between 
CIVs in the case of the system without CLs. 
The same conclusion can be drawn from the 

analysis of the number of interfaces formed 
during the simulation (Fig. 5.3A), which is 
substantially higher in case of CIV/CIV in 
the absence of CLs (16 against 10). On the 
contrary, just slightly more interfaces are 
formed between CIII and CIV in the case of 
the system containing CLs (22 against 19). 
The maximum number of CIV/CIV interfaces 
in the system containing CLs formed during 
the first 14 μs simulation is reached in about 
4 μs in the system without CLs.

To shed further light on the nature of 
the protein/protein contacts, we differenti-
ated between contacts formed in the mem-
brane, and contacts formed in the aqueous 
phase. This data is shown in Figure 5.3B, 
normalized per number of interfaces. As 
expected from the geometry of CIII, con-
taining a large periplasmic domain (cf. Fig. 
5.1), a significant part of the protein-protein 
contacts involving CIII are formed between 
the extramembraneous sites. Interestingly, 
the absence of CLs results in more contacts 
inside the membrane for CIII/CIV interfaces 
whereas the amount of extramembraneous 
contacts is similar in both systems. This is 
also apparent from the distributions of bur-
ied surfaces associated with each interface 
formed (data not shown): the interfaces be-
tween CIII/CIV are more buried for the sys-
tem without CLs. In case of CIV/CIV super-
complexes, the presence or absence of CLs 
does not seem to have a notable effect on 
the burial per interface. The contacts are 
shared inside and outside of the membrane 
in a similar fashion in both systems (Fig. 
5.3B). 

Even though no unbinding events 
were observed, the interfaces of the super-
complexes are dynamic. This is shown in 
Figure 5.3C, where all the contact plots of 
each individual interface were rescaled to 
the same time origin. The average number of 
contacts is reported for both components, 
inside and outside of the membrane, as well 
as the associated standard error. The curve 
of the average follows a positive slope, de-
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noting an evolution over time of the inter-
faces. These rearrangements can be seen 
as the maturation of the interfaces, slowly 
evolving to the most stable conformation. 
This positive slope can be observed for both 
CIII/CIV and CIV/CIV interfaces, and for each 
of the two lipidic environments simulated.

The extent of the rearrangements, 
reported by the time evolution of the buried 
surface and the relative orientation of the in-
dividual complexes, gives further details on 
the dynamic of the interfaces. Even though 
the major part of the interaction is formed 
in the first few microseconds following first 
contact, significant rearrangements of the 

interfaces can be observed during the en-
tire simulation as evidenced by a shift of the 
centers of the buried surface area distribu-
tions or changes in the relative orientation of 
the bound complexes as large as 30°.

In conclusion, we observe the sponta-
neous formation of supercomplexes involv-
ing CIV/CIV and CIII/CIV, but not CIII/CIII, in-
terfaces. Although achieving an equilibrium 
distribution is out of the question for such a 
large system (possible requiring millisecond 
time scales), a number of interesting obser-
vations can be made. CLs seem to have a 
subtle role in steering interface formation, in 
particular reducing the self-association of 

Figure 5.2 | Self-assembly of respiratory chain complexes with (+CL) and without cardiolipins (‒CL). 
A) Snapshots of the system viewed from the matrix. The color code is as described in Figure 5.1. The 
POPC molecules were occulted for clarity. The black frame denotes the periodic image of the unit 
cell. B) Evolution of the proteins burial (left), and the contributions from CIII/CIV (middle) and CIV/CIV 
interfaces (right).
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Figure 5.3 | Formation of protein interfaces and protein-protein contacts. A) evolution of the number 
of interfaces between CIII and CIV (left) and CIV and CIV (right) with (+) and without (‒) CL. B) decom-
position of protein contacts, normalized by the number of interfaces as they form in time (represented 
by the same color code as Figure 5.2): inside (in; square) and outside (out; filled circles) of the bilayer. 
Values are reported for both CIII/CIV (left) and CIV/CIV (right). C) Number of protein contacts as the su-
percomplexes form. Inner (in) and outer (out) membrane contacts are differentiated. For each interface 
(light gray) the simulation time has been shifted so that t = 0 corresponds to the time of formation of the 
first contact of the interface formed. The average and standard deviation are given in color.



65  

chapter V

CIV. In the case of CIII/CIV supercomplexes, 
the presence of CLs lowers the amount of 
direct protein-protein contacts inside the 
membrane, pointing to a role of CLs at the 
CIII/CIV interface. The nature of the interface 
will be analyzed in more details in the next 
section. 

Phospholipid content at the supercom-
plex interfaces

We have seen that the lipids present 
in our systems, and more precisely CLs, 
can influence the formation of interfaces 
between complexes in a subtle way. In this 
section we study this effect in more detail 
through analysis of the composition of the 
lipid shell around the proteins. In Figure 5.4A 
we show the time evolution of the number 

Figure 5.4 | Annular and interfacial lipid content. A) Number of annular lipids (< 0.8 nm) per complex (9 
CIII2 and 27 CIV) with (+) and without (—) cardiolipins (CL). B) Number of interfacial lipids (CLs in blue, 
POPCs in cyan). For each interface (light gray) the simulation time has been shifted so that t = 0 cor-
responds to the time of formation of the first contact. The average and standard deviation are given in 
color.
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Figure 5.5 | Detailed composition of the interface of the CIII-CIV supercomplexes resembling bovine [9] 
(left) and yeast [11] (right) EM models. The bovine-like model was obtained with CLs and the yeast-like 
model without. The CL binding sites involved in the interface are colored as in Figure 5.1, the others 
are left gray. The lipids found at the interface are shown in black spheres on the large snapshot and 
in more details in the smaller snapshot: CL and POPC on the periplasmic leaflet are in pink and green 
and on the cytoplasmic leaflet in purple and yellow, respectively. Only one bead (GL5 bead of CL, PO4 
bead of the POPC) is shown for each lipid to ease the visualization. 

of lipids in the first solvation shell (lipid head 
groups residing within nm of the surface 
of the complexes, see Methods). For both 
types of membranes a clear decrease in 
number of POPCs in the first solvation shell 
is observed as a natural consequence of the 
oligomerization process. For both systems, 
a total depletion of ~25 neighboring POPCs 
for CIIIs, and ~15 lipids for CIVs is observed. 

Interestingly, in the system containing 
CLs, the number of CLs around both types of 
complexes stays constant. These trends are 
common to all complex interfaces formed 
during the simulation. As a consequence of 
POPC depletion, the average CL:POPC ratio 
shifts from 1:4 to 1:3 in the vicinity of CIIIs, 
and from 1:4.5 to 1:4 around CIVs. Note, 
the initial CL:POPC ratio is already drasti-
cally higher than the overall 1:15 ratio of the 
bulk membrane due to the occupied surface 
exposed CL binding sites as reported ear-
lier (cf. Fig. 5.1, Chapter III [35] and IV [96]). 
The CL binding sites stay occupied during 
the entire simulation, for both types of com-
plexes, and reproducing the occupancies 
obtained in our previous studies.

To assess the changes in lipid con-
tent right at the protein-protein interfaces, in 
Figure 5.4B we report the average number 
of interfacial POPC and CL lipids, with the 
individual profiles time-shifted to coincide at 
t = 0, the starting point of complex forma-
tion. From Figure 5.4B it becomes apparent 
that the number of interfacial lipids stays 
constant once the interfaces are established 
during the first few μs after the initial con-
tact. On average, the interface between CIII 
and CIV is composed of 9 ± 1 POPC and 
5 ± 0.5 CL lipids in the mixed membrane, 
and 15 ± 1 POPC lipids in the membrane de-
void of CLs. For CIV/CIV, these numbers are 
7 ± 1 POPC/4 ± 0.5 CL and 11 ± 1 POPC for 
+CLs and —CLs membranes, respectively. 
However, note the large spreads in these 
numbers for individual complex interfaces 
(indicated by the grey lines in Fig. 5.4B). The 
average CL:POPC ratio increases to about 
1:2, indicating a strong effective enrichment 
of CL at the interface Although the total 
number of lipids at the interface is similar in 
both membrane environments, the presence 
at the interface of the much bulkier CL (with 
four lipid tails) gives rise to more lubricated 
complex interfaces.
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Taken together, our data point to CLs 
playing an important role in the formation 
and stabilization of the interfaces. In fact, 
lipids form an essential part of the interface, 
with on average 15 lipids present in between 
the complexes. We observe a strong pref-
erence for CLs to be present at the actual 
protein-protein interfaces, consistent with 
the increase of number of protein contacts 
formed inside the membrane when CLs are 
absent (cf. Fig 5.3B). In this latter case, the 
complexes tend to interact directly (i.e. the 
interface is formed through direct contacts 
between proteins). Thus CLs may act as a 
lubricant to steer complex formation.

Interfaces involved in assembled CIII/CIV 
supercomplexes

We have shown CL lipids are found 
in between the complexes, lubricating the 
interface. When absent, tighter interfaces 
are formed through direct contacts between 
proteins. Whether the presence or absence 
of CLs can affect the relative orientation 
of the complexes will be analyzed and ad-
dressed in the following section. Therefore, 
we calculated the relative orientation of the 
individual proteins that constitute the su-
percomplexes. The relative orientations of 
the proteins are defined by the φ1/φ3 angles 
(cf. Fig. 5.5A for definition), representing the 
“side” each complex presents to the other 
interacting complexes. The results of the 
relative orientation analysis are summarized 
in Figures 5.5 and 5.6.

From Figure 5.5B, showing the inter-
facial distribution in case of CIII/CIV super-
complexes, the main conclusion is a lack of 
convergence. Almost all 22 CIII/CIV interfac-
es found in the +CLs system as well as the 
19 CIII/CIV interfaces of the —CLs system 
are scattered across the φ1/φ3 landscape. 
The only exceptions are a relatively well 
populated area involving CL binding sites III 
and IV on CIII and Va on CIV in the +CLs sys-
tem, and a cluster of interfaces around φ1, 
φ3 (170 ± 100°, 40 ± 100°) in the absence of 

CL. Comparing the populated interfaces to 
the interfaces one would predict if CL bind-
ing sites were shared between the complex-
ing proteins (Figs. 5.5B, 5.5C), it appears 
there is a noticeable correlation between the 
two. However, the same correlation can be 
observed for both membrane environments, 
suggesting that there in no evident role of 
CLs in steering the complex interfaces. The 
same spread in interfaces is found for CIV/
CIV supercomplexes, as reported on Figure 
5.5D. In this case, no apparent correlation 
exists between the interfaces observed and 
those predicted based on shared CL binding 
sites (Fig. 5.5D, 5.5E). 

A more detailed account of the num-
ber of interfaces formed around each com-
plex is presented in Figure 5.6. Here the role 
of CL becomes more evident. The main dif-
ferences are found with respect to CIV: i) a 
significant population of interfaces involv-
ing site V of complex IV when CLs are pres-
ent, and ii) a large population of interfaces 
around site III in the absence of CLs. Thus, 
CL bound in site V has a steering role, i.e. 
directing the formation of interfaces around 
that site. On the contrary, CL in site III ap-
pears to have a blocking role, preventing 
complex formation around that site (which is 
quite favorable in the absence of CLs). 

Although our data show that we are 
still far from a converged distribution of inter-
faces, it is interesting to compare the struc-
tures formed in our simulations to the experi-
mental models of the CIII/CIV supercomplex. 
One interface formed during our simulations 
of the +CLs system is very close to the ori-
entation of the bovine supercomplex as de-
scribed by Althoff et al. [9], indicated by a 
red mark in Figures 5.5 and 5.6. In the —CLs 
system, we find an orientation similar to the 
yeast complex as reported by Heinemeyer 
et al. [11] and indicated by orange marks in 
these same figures. A graphical visualiza-
tion of these interfaces is reported in Figure 
5.7. Especially noteworthy are the lubricat-
ing lipids present in between CIII and CIV, ~8 
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POPCs and ~4 CLs for the bovine complex, 
and, ~14 POPCs for the yeast complex that 
was obtained in the absence of CL. 

Summarizing, the experimentally 
determined models of the CIII/CIV super-
complexes are only a small part of a large 
ensemble of potential supercomplexes as 
observed in our simulations. Importantly, 
we find that the interface of the experimen-
tal supercomplex models contain a signifi-
cant amount of lipids, similar to the other 
interfaces we observe. Unfortunately, due to 
our limited statistics, we cannot assess the 
relative stability of the individual supercom-
plexes. Likewise, we cannot unambiguously 
conclude to an effect of CLs in determining 
the relative orientation of the complexes in-
side the supercomplexes. The most popu-
lated CL binding sites seem to be involved at 
the interface, but this hypothesis definitively 
needs more statistics. However, we do see 
potential roles for CL in blocking as well as 
supporting complex formation around cer-
tain CL binding sites, in particular for CIV. 

Discussion

In this work, we have simulated the 
free diffusion and association of a set of 
protein complexes from the respiratory 
chain into their expected multi-component 
structures, the so-called supercomplexes. 
Despite the simplification brought by the 
removal of some degrees of freedom in our 
CG approach, the systems simulated are 
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 super-
complex formation, and an equilibrium state 
has not been reached. In addition, the ac-
curacy to predict protein-lipid and protein-
protein interactions is potentially limited 
by the use of a CG model. Importantly, the 
Martini model has been shown to repro-
duce experimental lipid binding sites on 
an increasing number of membrane pro-
teins [35,96,97,126], and predicts the bind-

ing mode and dimerization free energies of 
membrane proteins in agreement with full at-
omistic simulations [127-129]. For the soluble 
parts of membrane proteins, however, there 
is evidence that the Martini model is too 
sticky [130]. This might have limited the rear-
rangements of CIII with its large periplasmic 
domains. A further limitation is the simplified 
composition of the mitochondrial membrane 
in our simulations. In particular, we could not 
include CI for which only recently the struc-
ture was resolved [131]. Experiments have 
shown the association and function of the 
respiratory chain complexes to depend on 
the complexes available in the membrane 
[132,133]. Therefore, the number and quality 
of the interfaces obtained in our simulations 
is without doubt affected by the absence of 
CI. Keeping these limitations in mind, our 
data provide fuel for the ongoing discussion 
on the formation of supercomplexes.

Recently, a more dynamic view is 
emerging for the organization of the su-
percomplexes in the respiratory chain [19]. 
Instead of being purely static, it is now de-
scribed as a balance between fluid and 
static models. The fluidic nature would allow 
adaptation to the physiological conditions, 
in a manner comparable to the photosystem 
in thylakoid membranes [20]. The dynamic 
reorganization of the supercomplexes (con-
tinuous exchange of complexes involved in 
supercomplexes and the pool of free com-
plexes) is assumed to be several orders of 
magnitude longer than the time scale simu-
lated in this work. In that sense the limited 
reorientations we see on the time scale of 
our simulations are biologically realistic. 
Although recent EM data point to specific 
conformation for bovine supercomplex [7-
10], the novel view on the subject allows the 
formation of multiple, possibly transient, in-
terfaces both in stoichiometry and orienta-
tion in line with our simulations. 

The kinetics of lipid exchange and the 
equilibration of the lipid content at the inter-
faces between proteins are really fast com-
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Figure 5.6 | Characterization of protein-protein interfaces. A) Schematic representation of the quanti-
ties used to report on the relative orientation of the complexes in a supercomplexe. In this example of 
a CIII/CIV supercomplex, φ1 angle reports on the side CIII (or CIV) exposes to the interface with CIV, 
while φ3 on the side CIV exposes to CIII. n stands for minimal distance between complexes and/or 
number of contacts and/or buried surface. B) Projection map of CIII and CIV relative orientations in 
the supercomplexes observed in the simulations for the system with CLs in the membrane bulk on the 
left and without CLs on the right. The black circles indicate relative orientation of CIII and CIV in the 
supercomplex formed at the end of the simulations. A grey to dark blue gradient indicates the number 
of protein contacts formed between the complexes and thus reports on the degree of association of 
the complexes. The darker the blue the more contacts are formed. The dark grey overlaid zones depict 
the ranges of φ1/φ3 angles where CL binding sites are shared between complexes; their labels list the 
site on CIII and then the site on CIV. In the case of the system containing CLs, the supercomplex in for-
mation is not reported here. The red and orange crosses indicate the relative orientation of complexes 
found in bovine [9] and the yeast [11] supercomplex models, respectively. C) Extent of CL binding sites 
interaction (in terms of φ1/φ3) for a CIII/CIV supercomplex. Same zones colored according to the site 
involved, for each complex; the complexes with the overlaid binding sites are reported here to ease 
the visualization. D) Relative orientation map of CIV/CIV supercomplexes: the system containing CLs in 
the lipid bulk on the top triangle, system without CLs on the bottom triangle. Again, the overlaid zones 
correspond to the ranges of φ1/φ3 angles where CL binding sites are interacting; for each zone, the first 
roman number represents the site on CIV, the second one the site on CIV. E) Extent of CL binding sites 
interaction (in terms of φ1/φ3) for a CIV/CIV supercomplex.
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pared to the total simulation length, and thus 
included in our trajectories. The main hy-
pothesis tested in this study is how CLs are 
“gluing” the respiratory chain complexes to-
gether [28], and this dynamics can therefore 
be assessed. Two propositions have arisen, 
both consistent with the existence of CL 
binding sites on the surface of the complex-
es: these binding sites could i) be directly in-
volved at the interface, bridging the proteins, 

or ii) be blocking (by occupying) specific in-
terfaces, locking the relative orientation of 
the complexes away from biologically unfa-
vorable interactions. Our simulations show 
these binding sites, initially fully populated, 
keep their CL population constant over the 
entire simulation regardless of the interac-
tions between complexes. We find CLs to 
always be present at the interface between 
complexes, interfaces which are strongly 

Figure 5.7 | Projection of the interfaces formed on each type of complexes with (+) and without (—) 
CL. A gray dot represents an interface with φ1 and φ3 reporting on the side of CIII or CIV interacting 
with CIV or CIII, respectively. The value of the angles is projected onto a circle surrounding the cor-
responding complex. In the case of CIV-CIV interfaces, the two complexes are not differentiated. The 
red and orange dots report the relative orientations found experimentally for bovine [9] and yeast [11] 
experimental models. In the case of the system containing CLs, the supercomplex in formation is not 
reported here.
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enriched compared to the bulk concentra-
tion (1:4 CL:POPC ratio at the interfaces vs. 
1:15 in the bulk). Although the results of the 
relative orientation analysis on our limited 
statistics (~20 interfaces formed in each sys-
tem) is showing only a slight preference for 
interfaces involving CL binding sites, a steer-
ing role of CL favoring interactions through 
site V and disfavoring interactions through 
site III is evident. Altogether, our data point 
to: i) a lubricating role of CLs, which can be 
attributed to their bulky tails. This obser-
vation is consistent with the current view 
available in the literature, suggesting a role 
of lipids in reorganization of the complexes, 
allowing reorientation and unbinding [134]; ii) 
a presence of shared binding sites (bridges), 
shown for instance in some of the graphical 
snapshots (Fig. 5.7); and iii) a steering role of 
CL, favoring interactions through site V and 
disfavoring site III (Fig. 5.6) on CIV. The latter 
observation would point to a possible role of 
lock as well, and to a more complex role of 
CLs beyond the simplistic either/or view of 
bridge or lock.

Another point worth discussing is the 
amount of lipids lubricating the complex in-
terfaces. Recent experimental studies claim 
for a large distance between complexes and 

estimate the presence of up to ~50 (yeast 
CIII/CIV supercomplex [12]) or ~200 (bovine 
CI/CIII/CIV supercomplex [10]) CLs in the vi-
cinity of the formed supercomplexes. Even 
though the interfaces obtained in our simu-
lations are apparently much tighter than the 
model suggested by the electron density 
maps, a rough count of the lipid population 
yield to the same numbers: the final value of 
the plots reported on Figure 5.4 give an av-
erage of 35 CLs around CIII and 20 around 
CIV. From the sum of these values should be 
substracted the common CLs, i.e. the CLs at 
the interface between complexes and thus 
counted two times; the number of neigh-
bouring CLs is similar to what was estimated 
experimentally for a supercomplex CIII/CIV.

In conclusion, we have described here 
the very first simulations, at near-atomic 
detail, of the formation of respiratory chain 
supercomplexes in model mitochondrial 
membranes. Our data point to a significant 
role of CL in the process, steering complex 
association. However the molecular mecha-
nism is not as clearly marked as previously 
hypothesized, and warrants further studies. 
In a more general sense, this work opens the 
way to simulate large-scale protein aggrega-
tion in realistic membrane environments. §
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Abstract

Coarse-grain (CG) approaches, such as the Martini model, allow simu-
lating larger systems for longer times by decreasing the number of de-
grees of freedom as compared to atomistic models. In practice atoms 
are grouped into chemical compounds forming new interaction centers 
(beads), which are individually parameterized to reproduce a set of ex-
perimental physicochemical properties. In this chapter, we introduce an 
extension of the Martini model where the aqueous phase is represented 
implicitly and was thus nicknamed “Dry” Martini in contrast to its standard 
“Wet” version. The main set of lipids available in the wet Martini model was 
reparameterized to reproduce their behavior in the standard version and 
following the same philosophy used to develop the standard Martini: em-
phasis is given to partition free energies of beads and building blocks and 
to various other physicochemical quantities relevant to lipid systems. The 
Dry Martini force field reproduces relatively well common features such as 
area per lipid, bilayer thickness, bending modulus of the standard Martini 
lipids. The absence of water leads to a speed-up from the standard Martini 
and therefore allows the study of extremely large-scale objects up to the 
experimental system size in some cases. The parameterization of the Dry 
Martini model and its systematic comparison to the standard version are 
presented before the illustration of its power on a few application systems.
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Introduction

Coarse grain (CG) models have gained 
a lot of popularity lately in the field of (bio)
molecular simulation. Neglecting some of 
the atomistic degrees of freedom, CG mod-
els allow for a substantial alleviation of both 
the spatial and temporal limitations of all-
atom models [47,135]. The Martini model is 
an example of a CG force field that has been 
widely applied to study a large variety of bio-
molecular processes, with a focus on cellu-
lar membranes [52]. The Martini force field is 
based on a combined top-down and bottom-
up parameterization strategy. Experimental 
data, in particular thermodynamic data such 
as partitioning free energies of small organic 
compounds, are used as main targets for 
parameterization of the non-bonded interac-
tions, and all-atom simulations are used to 
derive effective bonded interactions. Careful 
calibration of the Martini building blocks has 
resulted in a versatile CG model that still re-
tains a close link to the underlying chemical 
structures it represents. Due to the reduced 
number of degrees of freedom, as well as 
the speedup resulting from the smoothen-
ing of the energy landscape and the ability 
to use larger time steps, the Martini model 
samples phase space about three orders of 
magnitude faster than all-atom models. 

However, solvent degrees of freedom 
are computationally expensive, even though 
the Martini force field unites four water mol-
ecules in a single CG bead. For instance, in 
a recent Martini application of tether pulling 
from lipid membranes [136] some of the sys-
tems simulated contained close to 4 million 
CG beads of which more than 90% were 
water, implying that almost all of the con-
siderable computational effort was spent 

on calculating interactions involving solvent 
beads. Additionally, Martini water is essen-
tially a Lennard-Jones fluid, neglecting ex-
plicit H-bonding, dielectric screening, and 
entropic contributions from individual water 
molecules. Primarily, the Martini water mod-
el is used to mediate the hydrophobic driving 
force and to carry hydrodynamic momen-
tum. The shortcoming of implicit screening 
can be alleviated by the use of polarizable 
water models for Martini [54,137], but a water 
model that represents four real water mol-
ecules by a single bead remains necessarily 
limited. 

Given the computational burden and 
the simplistic representation of water, one 
may wonder whether the Martini model 
could do without explicit water altogether. 
CG models with implicit solvent are abun-
dant, and have been applied to study many 
aspects of generic membrane behavior [138-
141]. Recently, several groups have attempt-
ed to incorporate fine chemical detail into 
such models using structure-based coarse-
graining. Examples include the models of 
Lyubartsev and coworkers [142], Wang and 
Deserno [143], Sodt and Head-Gordon [144], 
and Curtis and Hall [145], all of which use 
similar number of CG beads per lipid (10‒15) 
and derive their CG potentials from repre-
sentative atomistic simulations. Wang and 
Deserno and Sodt and Head-Gordon add 
long-range attractive interactions on the lipid 
tails to mimic the hydrophobic effect, which 
they tune to fit experimental data. Curtis and 
Hall use hard-sphere and square-well poten-
tials in order to use discontinuous molecular 
dynamics and gain even greater speedup. In 
a recent model of Srivastava and Voth [146], 
with 3‒4 beads per lipid, analytical potentials 
describing the generic behavior of the lipids 
are combined with detailed force match-
ing potentials that give the model chemical 
specificity. 

Here we aim to provide an aqueous 
solvent-free version of Martini, so-called Dry 
Martini. Advantage over existing solvent-free 
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models is the large diversity of molecules 
already parameterized with the standard 
Martini. By recalibrating the interaction ma-
trix of the Martini building blocks, the new 
model can be directly applied to a variety of 
processes involving lipid membranes with-
out the need to go through a time consuming 
parameterization process based on all-atom 
reference simulations. We demonstrate the 
efficiency of our approach by comparing a 
variety of membrane properties between wet 
and dry Martini. These include area per lipid, 
average tail order parameter, lateral lipid dif-
fusion coefficient, and membrane area com-
pressibility for a large set of lipid types. We 
also compare the behavior of the explicit and 
implicit water models in a number of other 
important membrane processes, such as 
formation of raft domains, membrane fusion, 
and tether formation, as well as explore the 
use of Dry Martini for simulating membrane 
embedded helices. Extension of the Dry 
Martini force field to soluble proteins and 
aqueous solutions in general still requires 
further optimization.

The remainder of this chapter is orga-
nized as follows. We first describe the com-
putational methods, followed by the results 
with details on the Dry Martini force field 
parameterization and an extensive compari-
son of Dry Martini with the standard Martini 
model for a wide range of systems. Finally 
we discuss the merits and limitations of the 
model. 

Methods

Simulation setup

Simulations were performed with 
versions 4.5.x and 4.6.x of the GROMACS 
package [42]. Time steps of 30 to 40 fs were 
used to integrate the equations of motion 
unless mentioned otherwise. All solvent-free 
simulations used the second order stochas-
tic dynamics (sd) integrator in GROMACS 
with the friction in the Langevin equation 
set with a time constant of τT = 4.0 ps and 

a temperature of 310 K, unless mentioned 
otherwise. Simulations with explicit solvent 
were performed with the velocity rescaling 
thermostat of Bussi et al. [44] unless men-
tioned otherwise. The time constant of the 
thermostat was set to τp = 1.0 ps and the 
same reference temperature was used as in 
solvent-free simulations. For pressure cou-
pling, a Parrinello-Rahman barostat [147] 
was used. Homogeneous systems were 
simulated using isotropic pressure cou-
pling with a 1 bar reference pressure, a time 
constant τp = 4.0 ps, and compressibility of 
3∙10-4 bar-1. All bilayer systems were simu-
lated with a semi-isotropic pressure cou-
pling. In explicit water the directions paral-
lel and normal to the bilayer surface were 
coupled separately to a pressure bath. In 
solvent-free the box was fixed in the direc-
tion normal to the bilayer surface by setting 
the compressibility to 0. Furthermore, the 
membrane was made tensionless by set-
ting the reference pressure in the plane of 
the bilayer to 0 bar. Both wet and dry Martini 
simulations use the same cut-off and neigh-
bor searching schemes. Van der Waals inter-
actions were shifted to zero between 0.9 and 
1.2 nm. Coulomb interactions are screened 
by a relative permittivity constant εr = 15 and 
were shifted to 0 between 0 and 1.2 nm. The 
neighbor list extended to 1.4 nm and was 
updated every 10 steps.

Free energy calculations

Partitioning free energies were calcu-
lated using a free energy perturbation meth-
od to decouple the solute from the solvent. 
The free energy of each transformation was 
calculated with the Bennett’s acceptance 
ratio method (BAR) [148] as implemented in 
the g_bar GROMACS tool. Intramolecular 
interactions were not decoupled during the 
transformations. Each transformation was 
done with 15 windows and states placed 
twice as densely for λ between 0.30 and 
0.70. The soft-core parameters used were 
sc-α = 0.5, sc-power = 1 and sc-σ = 0.47. At 
each λ value the simulation time was 100 ns. 
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The sd integrator was used for both wet and 
dry Martini simulations to sample the weakly 
coupled states properly. The error estimates 
reported are standard errors obtained by di-
viding the data into 5 blocks. 

Potential of mean force calculations

The potentials of mean force (PMF) 
as a function of the distance between beads 
were obtained using umbrella sampling 
[149]. Umbrella windows were spaced 0.1 
nm apart and each window was simulated 
for 100 ns using a harmonic restraining po-
tential on the distance with a force constant 
of 1000 kJ.mol-1.nm-2. The separate distri-
butions were combined using the weighted 
histogram analysis method [113] as imple-
mented in the GROMACS program g_wham 
[114]. Bayesian bootstrapping of complete 
histograms was used to generate 200 PMFs, 
the standard deviation of which gave an es-
timate of the error on the PMF.

Radial distribution function calculations

Radial distributions functions (RDF) 
were calculated using the GROMACS tool 
g_rdf, according to

g(r) =
V

N2

〈
N∑

i=1

∑

j �=i

δ(r − rij)

〉
  

(6.1)

where V is the volume of the system, N the 
number of particles, δ is the Kronecker delta 
function and rij is the distance between par-
ticles i and j; the angle brackets indicate time 
averaging. The RDFs were calculated with a 
0.01 nm bin width.

Bilayer properties calculations

The bilayer thickness, lPO4, was taken 
as the distance between the density maxima 
of the PO4 beads (phosphate groups) of the 
lipids in the two leaflets (see below). The area 
per lipid, Al, was calculated from the average 
box area during the simulation divided by the 

number of lipids in each leaflet. The lipid tail 
order parameter, SCD, was calculated from 
the angle θ between the normal of the bilayer 
surface and the vector along each bond in 
the lipid tails, following

SCD =
1

2
(3〈cos2 θ〉 − 1)  (6.2)

The bilayer area compressibility, KA, 
was calculated as described in [48] from the 
amplitude of the box area fluctuations

KA = kBT
〈A〉

N〈(A−A0)2〉
  (6.3)

where kB is the Boltzmann constant, T the 
temperature, N the number of lipids in one 
leaflet and A0 the equilibrium area. The re-
ported errors are standard errors obtained 
from block averaging: the number of blocks 
is varied from having a single block until the 
number of blocks is high enough that each 
block has only five data points. The reported 
error is the maximum standard error found 
within the last 20% of the block sizes stud-
ied. 

The lateral diffusion of lipids was ex-
tracted from the mean square displacement 
(MSD) of the PO4 beads obtained with the 
g_msd tool in GROMACS. The center of 
mass motion of the system is first removed 
and the diffusion coefficient of the lipids, D, 
is obtained by fitting the MSD curve vs. time 
(omitting 10% of the data at both ends) with 
a linear regression MSD(t) = 4Dt + C, where 
the constant C takes care of the offset at 
t = 0. The reported error is the difference be-
tween fits done to the first and second half 
of the MSD curve. 

The lateral pressure profiles were 
determined using a modified version of the 
GROMACS package 4.0.2, available at ftp://
ftp.gromacs.org/pub/tmp/, following a for-
malism described previously [150]. Briefly, 
the lateral pressure, p(z), may be obtained as 
the difference between the lateral, PL, and 
normal, PN, components of the pressure ten-
sor, that is: PL = ½ (PXX + PYY) and PN = PZZ. In 
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practice the system is first divided into a 3D 
grid with a 0.3 nm cell size. The local pres-
sure tensor is then analyzed for each grid 
point and averages are calculated for x, y 
plane along the normal of the bilayer (z-axis). 

The membrane bending modulus, κ, 
was calculated from the undulation spec-
trum of a large lipid patch using the method 
described by Brandt et al. [151]. A wave vec-
tor bin spacing of 0.1 nm-1 was used. The q-
regime of the spectrum was fitted to 

Su(q) =
kBT

ALκq4
  (6.4)

where kB is the Boltzmann constant, T the 
temperature, AL is the area per lipid, and q is 
the wave vector.

The bilayer density profiles were calcu-
lated using the g_density tool in GROMACS. 
Note, density profiles of systems with a 
fixed dimension combined with a low preci-
sion used in the output file (0.01 nm poses 
problems but higher accuracy is fine) are 
sensitive to the number of slices used in the 
calculation. The reader is therefore warned 
that with some combinations of box size and 
number of slices artificially noisy profiles are 
produced. This is due to bins of the same 
width having a different number of discrete 
z values. With low precision each bin cov-
ers only ten or a few tens of values and a 
difference of 1 due to the binning can show 
up as 5‒10% spikes in the density profiles. 
This effect is not specific for Dry Martini but 
shows up as well in, e.g., standard Martini 
simulations with a fixed box length. Due to 
the way g_density treats the boundaries of 
the bins when the z dimension changes with 
pressure coupling this effect averages out in 
NpT simulations.

Constructions of planar bilayers and gi-
ant vesicles 

The planar bilayer systems were setup 
using the insane.py script, which distributes 
template lipids into a bilayer configuration 

minimizing conflicting overlaps; a subse-
quent energy minimization is sufficient to ob-
tain a conformation ready for equilibration. 
The initial bilayer structures are equilibrated 
in two steps. First, a short 0.5 ns simulation 
with a small time step (10 fs) is performed, 
followed by a 30 ns simulation with regular 
time step (30 fs) and using the Berendsen 
barostat [43] to equilibrate the box dimen-
sions. From this starting protocol several dif-
ferent membrane systems were simulated as 
detailed in the Results section. 

The vesicles were created with an-
other in-house script, vesicle-builder.py. 
The script builds arbitrary sized vesicles with 
arbitrary lipid composition in each leaflet. By 
approximating a vesicle with a polyhedron 
(each leaflet independently), the program 
orients and places lipids on a grid formed 
by each vertex such that planar lipid bilayer 
properties (area per lipid and bilayer thick-
ness, a weighted average in case of lipid 
mixtures) are respected. The deviation from 
these properties due to the curvature of the 
vesicles warrants careful relaxation before 
any production runs. Both scripts are avail-
able for download on the Martini portal, 
http://cgmartini.nl/.

Results 

Our aim is to build an implicit water, 
“Dry”, Martini force field, which while being 
much faster would reproduce the behavior 
of standard Martini as closely as possible. 
Thus, the most appropriate benchmark to 
test how well it performs is a direct compari-
son to results obtained using the standard 
wet Martini force field. After first introducing 
the parameters of Dry Martini, we compare 
the partitioning behavior of individual CG 
beads in wet and dry Martini, and investigate 
the dimerization of CG beads in different sol-
vents. Standard properties of lipid bilayers 
and details of their phase behavior are then 
described. Finally, we present a set of large-
scale applications. Issues related to the be-
havior of proteins in Dry Martini are present-
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ed in the last paragraph of this chapter. 

Dry Martini force field parameters

The Martini model differentiates be-
tween four main types of particle: polar 
(P), non-polar (N), apolar (C), and charged 
(Q). Within each type, subtypes are distin-
guished either by a letter denoting the hy-
drogen-bonding capabilities (d for donor, a 
for acceptor, da for both, and 0 for none) or 
by a number indicating the degree of polarity 
(from 1 for low polarity to 5 for high polar-
ity), giving a total of 18 particle types. Non-
bonded interactions between these particle 
types are described by a Lennard-Jones (LJ) 
12-6 potential. The strength of the interac-
tion, determined by the value of the LJ well 
depth, depends on the interacting particle 
types [46]. 

In Dry Martini, the removal of the 
aqueous phase has to be somehow com-
pensated for implicitly by other interactions 
of the force field. Instead of introducing a 
specific term to account for solvation effects, 
we chose to adjust the existing pairwise LJ 
interactions to retain the hydrophobic/hy-
drophilic behavior of molecules in standard 
Martini. The adjustment followed an iterative 
trial-and-error procedure where the effects 
of changes in the interaction matrix were 
tested against simulations performed with 
standard Martini. The general guideline for 
changing the relative strength of the inter-
actions followed our chemical and physical 
intuition coupled with our understanding of 
the Martini CG FF, as we describe below.

In standard Martini the hydrophobic 
effect is modeled by stronger pairwise inter-
actions between similar polar (P-type) and 
apolar (C-type) bead types than cross inter-
actions. In the implicit model where interac-
tions with the polar water phase are absent, 
the strength of interactions between polar 
beads had to be significantly decreased 
to mimic the hydration effect. In contrast, 
the interaction between apolar beads was 

strengthened to retain the hydrophobic ef-
fect as modeled in standard Martini. The 
resulting interaction matrix for Dry Martini is 
presented in Table 6.1. The original interac-
tion levels of standard Martini are kept al-
though the strongest levels (0 and I) are not 
used in Dry Martini. The description of the 
self-interactions between polar beads re-
quired the addition of three new interaction 
levels, X‒XII, with relatively weak interaction 
strengths: εX = 1.5 kJ.mol-1, εXI = 1.0 kJ.mol-1, 
and εXII = 0.5 kJ.mol-1. The treatment of ring 
particles in standard Martini, which are mod-
eled with smaller (S-type) beads, was kept in 
Dry Martini: σ is reduced to 0.43, and ε to 
75% of their normal values.

The lack of implicit solvent also led 
to the need of a readjustment of charge-
charge interactions. Charged beads (Q-type) 
are considered fully hydrated in Dry Martini. 
The Q-type self-interactions are therefore 
modeled with an increased σ = 0.60 nm. The 
screening of the Coulombic interactions is 
performed using a relative dielectric con-
stant εr = 15, the same as in standard Martini. 
Together with the shifting function applied 
on the potential this results in an effective 
distance-dependent screening, reaching in-
finity at the cutoff distance of 1.2 nm. 

Modifications of the non-bonded 
interactions lead inevitably to changes of 
the bonded parameters in a force field like 
Martini, where both terms are optimized si-
multaneously to reproduce the structural 
and thermodynamic properties of particu-
lar molecules and systems. For example, 
the increase of the interaction strength be-
tween apolar beads led to the need of an 
adjustment of the bonded parameters in 
the lipid tails to keep the same equilibrium 
bond lengths. Specifically the reference for 
the bond between the head group beads 
was shortened from 0.47 to 0.45 nm, while 
the bonds between the tail beads increased 
from 0.47 to 0.48 nm. The angle potential 
in the lipid tail was also adjusted to repro-
duce the areas per lipid and order param-
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eters of standard Martini lipid bilayers. The 
best fit was achieved by making saturated 
tails stiffer with an angle force constant of 
35.0 kJ.mol-1 (vs. 25.0 kJ.mol-1 in standard 
Martini) and changing the angle parameters 
of unsaturated tails to a reference angle of 
95.0° and a 20.0 kJ.mol-1 force constant (vs. 
100.0° and 10.0 kJ.mol-1 in standard Martini). 
The LJ interaction matrix and lipid topolo-
gies for Dry Martini are available at http://
cgmartini.nl/.

Partition free energies

The partitioning between polar and 
apolar solvents was a primary param-
eterization target for standard Martini [46]. 
Comparison between the partitioning be-

havior of wet and dry Martini is thus an im-
portant test. The properties of pure solvent 
models will naturally greatly influence the 
partitioning of the solutes. Despite the dras-
tic changes in the interaction matrix from 
wet to dry Martini, the densities of other 
solvents generally used for parameteriza-
tion (hexadecane, chloroform, ether, and 
octanol) are reasonably conserved in Dry 
Martini. Average densities were obtained 
from 100 ns simulation of systems contain-
ing 400 (solvents modeled by 1 bead) to 100 
(solvent modeled by 4 beads) solvent mol-
ecules at T = 310 K; values are reported in 
Table 6.2. Note that the particle types used 
to represent the solvents remain unchanged 
between wet and dry Martini: four C1 par-
ticles for hexadecane, C4 for chloroform, N0 
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Table 6.1 | The non-bonded interaction table for Dry Martini. The interaction levels dictate the strength 
of the Lennard-Jones potential between two bead types. Only the ε parameter changes according to 
the interaction level. From the strongest to the weakest interaction the levels have the following inter-
action strengths: ε0 = 5.6, εI = 5.0, εII = 4.5, εIII = 4.0, εIV = 3.5, εV = 3.1, εVI = 2.7, εVII = 2.3, εVIII = 2.0, 
εIX = 2.0, εX = 1.5, εXI = 1.0, εXII = 0,5 in kJ.mol-1. Note that Dry Martini only uses interaction levels II‒XII 
but the naming convention was kept the same as in standard Martini, e.g., level V of standard Martini 
has the same interaction strength as level V of Dry Martini. Most beads use the standard Martini inter-
actions distance σ = 0.47 nm. However, Q-Q interactions use σ = 0.60 nm. Note the interaction dis-
tance for level IX has been kept as σ = 0.62 nm as in standard Martini, for both regular and S-particles.
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for ether, and C1-P1 for octanol. The bonded 
interactions for aliphatic solvents (hexadec-
ane for instance), however, were adjusted 
in line with the changes operated on the 
bonded parameters for the lipids. Realistic 
masses were assigned to the CG beads for 
the calculation of the densities.

Although partitioning free energies 
can be obtained from equilibrium distribu-
tions of solutes in two-phase systems (vac-
uum/solvent in the case of Dry Martini), the 
method based on a thermodynamic cycle 
was used since it is more convenient and 
accurate. For Dry Martini the free energy 
of decoupling the solute from the solvent 
equals the partitioning free energy between 
that solvent and the implicit water phase. We 
used dodecahedron simulation boxes con-
taining 198 solvent molecules for single bead 
solvents, water and ether, 96 molecules in 
case of octanol and 69 molecules in case 
of hexadecane. All systems were simulated 
in a NpT ensemble at 310 K and 1 bar. The 
details of how the solute transformation was 
performed are presented in the Methods 
section. The resulting partitioning free ener-
gies of standard and Dry Martini, as well as 
experimental values are listed in Table 6.3. 
The correspondence between wet and dry 
Martini is rather good. The average unsigned 
deviation of the free energies is 2.9 kJ.mol-1 
and the median is 2.0 kJ.mol-1. Largest dis-
crepancies are found in case of charged 
particles (Q-type) partitioning between wa-
ter and either ether or octanol. With the cur-
rent range of interaction levels (cf. Tab. 6.1) 
we are unable to further optimize these par-
titioning free energies. However, due to the 

lack of experimental data for charged build-
ing blocks, it is difficult to assess how unre-
alistic the Dry Martini is in these cases.

Bead-bead PMFs & ion RDFs

To further examine the correspon-
dence between the standard and dry 
Martini, potentials of mean force (PMFs) be-
tween all possible pairs of bead type were 
computed both in water and in hexadecane 
(see Methods section for details). To accom-
plish this, simulated systems consisted of 
400 water or 100 hexadecane molecules in 
which the two solute beads were embedded. 
Examples of the resulting PMFs are shown in 
Figure 6.1. Note that the PMF between two 
beads in Dry Martini (implicit water) is equal 
to the non-bonded interaction potential be-
tween those beads.

The set of interactions shown in 
Figure 6.1A-D covers the main type of in-
teractions encountered in the Martini force 
field: namely apolar (C-type, Fig. 6.1A), non-
polar (N-type, Fig. 6.1B), polar (P-type, Fig. 
6.1C) and charged (Q-type, Fig. 6.1D). In all 
cases the PMFs indicates comparable inter-
action strength in wet and dry Martini. The 
most notable difference is the loss of struc-
ture in Dry Martini. In the case of charge-
charge interactions, the bead size increases 
(σ = 0.60 nm), mimicking the hydrated char-
acter of the beads, and results in a shift of 
the minimum to bigger distances.

Given the substantial differences ob-
served for the effective interactions between 
charged bead pairs, it is interesting to ana-

 

Solvent Exp. Wet Dry 

Hexadecane 773 659 694 

Chloroform 1483 1422 1591 

Ether 714 883 798 

Octanol 827 879 803 

 

Table 6.2 | Densities of solvents. The experimental densities are reported together with values from 
standard and Dry Martini. All densities are reported in kg.m-3. Experimental values were measured at 
293 K [152].
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lyze the behavior of ionic solutions. To this 
end we simulated systems containing 200 
Na+ and Cl— ions in a box of 682 nm3 vol-
ume, which corresponds to a ~500 mM ion 
concentration. Simulations with Dry Martini 
were performed at constant volume (NVT ). 
Standard Martini simulations were run in a 
NpT ensemble and contained explicit Martini 
water beads. In both cases the temperature 
was T = 310 K. The simulations were 1.6 μs 
long, from which the first 10ns were discard-
ed as equilibration. In Figure 6.2, we pres-

ent the results from these simulations in the 
form of radial distribution functions (RDFs) 
between the various ion pairs. The RDFs 
of like charge ion pairs (Na+-Na+ and Cl—-
Cl—) show similar differences between wet 
and dry Martini (Fig. 6.2B). The first neigh-
bor peak is found at a greater distance and 
long-range structure is lost in Dry Martini. A 
broad second neighbor peak is present with 
a significant overlap with the first neighbor 
peak, due to an unlike charged ion bridging 
the ions with like charge. 

 

 ΔGH→W ΔGC→W ΔGE→W ΔGO→W 

 exp wet dry exp wet dry exp wet dry exp wet dry 

Qda ? -56 -52 ? -21 -18 ? -14 -8 ? -22 -9 

Qd ? -56 -52 ? -21 -18 ? -14 -8 ? -15 -9 

Qa ? -56 -52 ? -21 -18 ? -14 -8 ? -15 -9 

Q0 ? -56 -52 ? -21 -18 ? -13 -8 ? -15 -9 

P5 -27 -31 -24 (-20) -20 -18 -15 -14 -8 -8 -9 -7 

P4 -25 -24 -24 ? -14 -16 -10 -7 -6 -8 -9 -7 

P3 -21/-19 -22 -22 -9 -11 -12 -2 -8 -3 -5/-1 -9 -6 

P2 -13 -17 -17 -5 -3 -2 -3 1 -3 -2 -4 -2 

P1 -10/-9 -13 -11 -2 -3 -2 -1/0 1 3 0/1 -2 2 

Nda -5 -9 -6 2 -2 -2 4 1 3 4 2 3 

Nd (-6) -9 -6 (1) -2 -2 (-3) 1 3 (3) 2 3 

Na -6/-5/-4 -9 -6 1/(4) -2 -2 (-1)/2 1 3 -2/-1/3 2 3 

N0 1 -4 2 ? 6 5 (3) 6 9 (3) 4 7 

C5 (7) 3 8 ? 9 10 ? 9 9 (9) 7 11 

C4 11/(7) 7 13 14 13 15 ? 13 12 9/11 10 13 

C3 12 11 13 ? 13 15 ? 13 12 12/13 12 13 

C2 ? 14 13 ? 13 15 ? 13 12 14 14 13 

C1 18 16 13 ? 15 15 ? 12 12 16 14 12 

 

Table 6.3 | Partitioning free energies between different solvents. All partitioning free energies are re-
ported as the free energy of moving the solute from the other solvent to water in kJ.mol-1. W denotes 
water, H hexadecane, C chloroform, E ether, and O octanol. The statistical error in each partitioning 
free energy is under 0.3 kJ.mol-1, however, all numbers are rounded to integers as the accuracy of the 
force field is considered to be at most 1 kJ.mol-1. Experimental values are from [153-158] and collected 
at temperatures between 298‒300 K. The experimental values in parentheses denote that the value 
was obtained from the result of a similar compound. A list of values is given when there are more than 
one model compound for the bead type in Martini. The Wet Martini values were recalculated using 
an identical procedure to the dry ones. The differences between the values reported here and in the 
original publication [46] are due to the improved sampling, and the setup of these simulations being 
infinitely dilute. In the case of octanol the values here represent dry octanol.
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The Na+-Cl— RDF (Fig. 6.2A) differs 
considerably between the explicit and im-
plicit solvent simulations. The first peak is 
lower, broader and located at a larger dis-
tance in the dry Martini, reflecting the im-

plicit description of full hydration while wet 
Martini models ions as partially hydrated. 
The inclusion of the full hydration in dry 
Martini charge particles was designed to 
describe the hydrated character of charged 
lipid head groups. In turn this feature pre-
vents tight binding of ions. The overall loss 
of structure beyond the first neighbor shell 
directly reflects the lack of solvation. 

General bilayer properties 

The hallmark of the parameterization 
of Dry Martini was a realistic description of 
lipid bilayers, making their properties the 
strong focus of the design of the force field. 
We previously described the modifications of 
the non-bonded interactions and the associ-
ated fine-tuning of the bonded parameters 
needed to reproduce lipid bilayer proper-
ties of the standard Martini model. Here we 
describe the extent to which the final set of 
lipid parameters for Dry Martini reproduces 
bilayer properties of the standard version.

We first focus on the behavior of a 
bilayer-forming lipid, the ubiquitous palmi-
toyloleoyl phosphatidylcholine (POPC). Dry 
Martini POPC lipids self-assemble into bi-

Figure 6.1 | Comparison of four bead-bead 
potentials of mean force (PMF) in wet and dry 
Martini. A) Na-Na, reproducing for instance in-
teractions between glycerol linkers in the Martini 
lipids. B) C1-C3, representative of tail-tail inter-
actions. C) SP1-SP1, reproducing the interaction 
between cholesterols main frame for instance. 
D) Q0+-Qa—, modeling the interaction between, 
e.g., choline and phosphate beads of PC lipids. 

Figure 6.2 | The radial distribution functions 
(RDFs) of ~500 mM NaCl solutions in wet and 
dry Martini. The RDFs between ions with like A) 
and unlike B) charges are shown separately.
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layers, as shown in Figure 6.3A for a system 
containing 504 POPC lipids at T = 310 K. The 
self-assembly process is similar to that ob-
served in atomistic simulations as reported 
in [159] as well as standard Martini simula-
tions [46]; starting from a randomly dis-
persed lipid solution (snapshot at t = 0 ns), 
a rapid local clustering of lipid tails results 
in a dense mesh of tubular aggregates that 
quickly relaxes to a bilayer structure. This 
initial bilayer still contains defects in the form 
of pores (t = 50 ns), which eventually seal, 
leaving an intact membrane (t = 100 ns). 

Structural and dynamics properties 
of the equilibrated self-assembled POPC 
bilayer in Dry Martini is compared to a stan-
dard Martini equivalent in Figure 6.3B-C. 
The density profiles along the bilayer nor-
mal (Fig. 6.3B) show that the distributions of 
both lipid head groups and tails are similar in 
the two models. A slightly more pronounced 
density dip in the core of the membrane can 
be noticed for the standard Martini. Other 
properties (area per lipid, bilayer thickness, 
area compressibility, and average tail order 
parameter) also compare well between the 
two models (Fig. 6.3C). The lipid lateral diffu-
sion rate is an exception. It is decreased by 
roughly a factor of three in Dry Martini. The 
reason for this difference in lateral mobility is 
the warranted use of a stochastic integrator 
in the absence of solvent, introducing fric-
tion into the equations of motion. 

As a final test on the POPC bilayer we 
computed the lateral pressure profile for a 
system containing 64 POPC lipid molecules 
in each leaflet and simulated with both wet 
and dry Martini. The two profiles are shown 
in Figure 6.3D, together with one obtained 
with the same method but from a simulation 
of a model at atomistic resolution [160]. In 
both versions of Martini the pressure profiles 
are smoother than at the atomistic resolution 
but the overall features of the profile, e.g. 
negative pressure in the head group regions 
and a positive pressure in the tail region, are 
preserved. However, in the dry version of 

Martini, these features are less pronounced 
compared to standard Martini. 

To extend our comparison of bilayer 
properties to other lipids than POPC, we 
created a large set of pre-formed lipid bilay-
ers combining four different phosphate head 
groups (phosphatidylcholine, PC; phospha-
tidylethanolamine, PE; phosphatidylglycerol, 
PG; and phosphatidylserine, PS) with 18 dif-
ferent lipid tails. Tail length was varied from 
two to six CG beads (representing atomistic 
tails from 8 to 26 carbons) and the level of 
saturation in the tail was varied from fully un-
saturated to fully saturated. Together this set 
of lipids covers a large variety of biologically 
relevant lipid species. Each system was com-
posed of 242 lipids and simulated for 1 ms at 
T = 310 K using the dry model. Reference 
simulations using standard Martini were 
performed under the same conditions, at full 
hydration level (> 11 CG water beads or 44 
waters molecules per lipid). In each case, 
the last 0.9 μs were used for analysis of the 
area per lipid, bilayer thickness, average tail 
order parameter, lateral lipid diffusion coef-
ficient, and membrane area compressibility. 
Correlation plots of dry vs. wet Martini for the 
area per lipid and bilayer thickness are given 
in Figure 5.4. The results for the remaining 
properties are available upon request. 

Overall, dry bilayers behave very simi-
larly to their respective wet version. A linear 
fit of the data gives a slope of 0.81 and 1.24 
with R2 values of 0.90 and 0.92 for areas per 
lipid and bilayer thicknesses, respectively. 
In both cases there is a high correlation 
between wet and dry Martini. However the 
deviation of the slopes from unity indicates 
that in dry Martini bilayers of short lipids 
are slightly too thin and the tails spread out, 
whereas bilayers of long lipids are slightly 
too thick and densely packed. As a direct 
consequence dry Martini lipids tend to go 
into gel phase at lower temperatures than in 
wet Martini, following more closely the ex-
perimental behavior. Lipids in different phas-
es in dry or wet Martini were excluded from 
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the bilayer properties comparisons above. 

Another property of interest is the 
bending rigidity of the membrane. To com-
pare the bending rigidity of Dry and standard 
Martini lipids, a bilayer patch of 8,192 DMPC 
lipids was simulated for 2.5 μs. This simu-
lation was used to calculate the undulation 
spectrum as described in Methods, discard-

ing the first 500 ns as an equilibration pe-
riod. The bending modulus, κ, obtained for 
dry DMPC lipids, 8.5∙10-20 J, is considerably 
smaller than the value recently published for 
wet Martini, 15‒16.6∙10-20 J [151]. However, it 
is very close to the value found for atomistic 
simulation, 7.5∙10-20 J [151], and in the range 
of experimental values reported for DMPC 
5‒10∙10-20 J [161]. The decreased bending 

Figure 6.3 | Properties of POPC bilayers in Dry Martini: A) self-assembly of a bilayer from a set of 
randomly oriented lipids. B) Normalized densities of the various moieties (phosphatidyl, PO4; choline, 
NC3; lipid tails) composing POPC lipids along the axes perpendicular to the bilayer plane (origin put at 
the center of the bilayer). Both wet (top) and dry (bottom plots) models are reported. C) Comparison of 
various POPC lipid physicochemical properties between wet (black) and dry (blue) Martini. D) Lateral 
pressure profiles for atomistic [160], wet, and dry Martini.
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modulus compared to wet Martini indicates 
that bending the bilayer becomes easier, 
which in turn leads to more undulations. This 
is consistent with the slightly broader distri-
butions in the lateral density and the lateral 
pressure plots of POPC (Fig. 6.3B and 5.3D 
respectively).

Lipid phase behavior 

To test further the parameterization of 
Dry Martini we simulated ternary mixtures of 
cholesterol (which includes ring particles), 
saturated (DPPC), and poly-unsaturated (di-
lineoyl phosphatidylcholine, DLiPC) lipids. 
Such ternary mixture is known to phase sep-
arate into liquid-ordered (Lo) and liquid-dis-
ordered (Ld) domains, both experimentally 
[162] and in standard Martini [163]. We simu-
lated bilayers containing 2000 lipids with 
DPPC:DLiPC:cholesterol ratios of 42:28:30 
and 28:42:30 for a minimum of 26 µs at T = 
310 K and starting from a randomized lipid 
lateral distribution. The final configurations 
from these simulations are shown in Figure 
6.5A-B. The system with the higher DPPC 
content phase separates into a distinct Ld 
phase enriched in DLiPC and a Lo phase 
composed of mostly DPPC and cholesterol. 
The system with higher DLiPC content also 
segregates, but the size of the Lo domain is 
decreased and the domain boundary is less 
sharp. In both cases the extent and compo-
sition of the domains is very similar to what 
has been observed with wet Martini [163]. A 
additional test simulation was performed on 
a binary DPPC:DLiPC 3:1 system. It shows 
some non-ideal mixing but no phase sepa-
ration, again in good agreement with results 
obtained with standard Martini.

One of the first successful application 
of standard Martini was the transition from 
a multi-lamellar to an inverse hexagonal 
phase for dioleoyl phosphatidyethanolamine 
(DOPE) lipids [164]. We repeated these sim-
ulations with Dry Martini. The system con-
sists of two stacked DOPE bilayers with 256 
lipids each simulated at 350 K. To help the 
nucleation of the two bilayers, an anisotropic 
pressure coupling was used together with 
non-null off-diagonal components of the 
compressibility matrix, set to 3∙10-5 bar-1. 
However, we did not observe the expected 
transition to the inverted hexagonal phase 
in any of the 13 trial simulations of various 
length, totaling ~20 μs. Starting from a DOPE 

Figure 6.4 | Correlation plot of lipid properties 
from wet and dry Martini. Comparing A) bilayer 
thickness and B) area per lipid of 72 different 
types of phospholipids. The dotted black line 
marks equality and the dashed black line shows 
a linear fit to the data (excluding lipids that go 
into gel-phase in Dry Martini). Lipids with differ-
ent headgroups are colorcoded: phosphatidyl-
choline (PC, black), phosphatidylethanolamine 
(PE, blue), phosphatidylglycerol (PG, green) and 
phosphatidylserine (PS, red). 
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Figure 6.5 | Lipid phase behavior with Dry Martini. A) Planar bilayers of ternary mixtures of cho-
lesterol (blue), DPPC (green), and DLiPC (red), after simulations of at least 26 µs. Compositions are 
DPPC:DLiPC:cholesterol 42:28:30 (shown as top and side views) and 28:42:30 (shown only as a top 
view). The two beads of the PC headgroups, as well as the bead containing the cholesterol OH group, 
are highlighted as spheres. B) Transition from multi-lamellar to inverse-hexagonal phase of a pure 
eicosapentaenoyl phosphatidylethanolamine system. Phosphatidyl and ethanolamine moieties are col-
ored in pink and cyan respectively, glycerol backbone in black, and the aliphatic section of the lipid 
tails in gray. C) Gel (250 to 329 K and 350 to 319 K) and fluid (250 to 331 K and 350 to 321 K) phases 
of a pure DPPC bilayer. Phosphatidyl and choline moieties are colored in pink and green respectively, 
glycerol linker in black.
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system in an inverted hexagonal configura-
tion, on the other hand, it remained stable 
with Dry Martini, pointing to a possible kinet-
ic trapping of either phase in Dry Martini. The 
spontaneous transition between the lamellar 
and inverted hexagonal phase could only be 
observed with long and highly unsaturated 
lipids, i.e. lipids with 2 or more unsaturations 
in both tails of at least 5 beads in length. An 
example of this transition is shown in Figure 
6.5B. Note, due to the absence of explicit 
solvent, the box volume shrinks during the 
transition. The water channels of the final 
(dry) inverted hexagonal phase are “filled” 
with the hydration shells of the lipid head 
groups, implicitly included in the increased 
size of the Q-type particles. 

The transition from a fluid to a gel 
state membrane has also been success-
fully simulated in standard Martini [165]. To 
test whether the same transition can be ob-
served in Dry Martini, we simulated a DPPC 
bilayer of 2,048 lipids from initially in a fluid 
phase (350 K) or in a gel phase (250 K) at 
different temperatures, from 281 to 339 K 
by steps of 2 K. Simulations were 10 μs long 
to ensure the convergence of the observa-
tion. Gel phase was obtained between 319 
and 321 K starting from a totally fluid sys-
tem, and the transition to fluid between 329 
and 331 K starting from a system initially in 
a gel state. The transition temperature of dry 
DPPC is slightly higher that standard Martini 
(295 ± 5 K [165]): 325 ± 5 K. This shift reflects 
the changes made to the bonded and non-
bonded parameters of the lipids. The behav-
ior of the system at 319/321 K and 329/331 
K is shown in Figure 6.5C. Note, the shift in 
transition temperature is not the same be-
tween wet and dry Martini for all lipids. In the 
evaluation of general membrane properties 
we found that, for some lipids, Dry Martini 
bilayers enter the gel phase whereas stan-
dard Martini bilayers remain fluid. 

The change in the transition temper-
ature seems to be dependent on the lipid 
type. Especially Dry Martini lipids with long 

fully saturated tail lipids and PE or PC head 
groups adopt a gel phase at lower tempera-
ture than with standard Martini. Interestingly, 
this behavior is more in line with experimen-
tal observations [162].

Another type of phase behavior that 
has been widely studied with standard 
Martini is micelle formation. The use of Dry 
Martini would offer a great computational 
benefit for these highly diluted systems. 
However, simulations of a number of sys-
tems comprising hundreds to thousands of 
surfactants, including lysoPC and negatively 
charged caprylic acid, reveal that although 
micelles are formed, the individual micelles 
have a strong tendency to cluster together. 
This is a direct consequence of the use of 
attractive pair potentials in Martini; the ab-
sence of explicit solvent allows the system to 
minimize its overall free energy by clustering 
of individual aggregates.

As a final characterization of lipid 
phase behavior, we calculated the PMF of 
moving a lipid through the membrane to 
quantify how likely lipid flip-flops are and how 
difficult it is to extract a lipid from a mem-
brane in dry Martini vs. standard Martini. A 
bilayer of 125 POPC lipids was used, 62 lip-
ids in each leaflet and one pulled through. 
Simulations were performed at T = 310 K, 
using umbrella sampling as described in the 
Methods. The PMFs obtained with wet and 
dry Martini are shown in Figure 6.6. The two 
curves are very similar except for the lower 
free energy barrier in the center of the bi-
layer in dry Martini. In each case, the barrier 
is large enough to prevent spontaneous flip-
flops on microscopic time scales, in line with 
the experimental evidence pointing to flip-
flop rates of seconds to days for phospho-
lipids [166]. Concerning the energy required 
extracting a lipid from the membrane, it is 
quite remarkable that Dry Martini reproduc-
es the free energy profile from membrane to 
water despite the total lack of interactions 
the lipid molecule experiences in the implicit 
water phase. 
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Large-scale applications 

Dry Martini offers a significant speed-
up in systems where water occupies a large 
proportion of the simulation box. Liposomes 
are prototypical examples of such systems. 
In standard Martini, the size of lipid vesicles 
is currently limited to 20‒40 nm in diameter. 
Alternative approaches such as mean-field 
boundary potentials removing a significant 
amount of the water from both the inside and 
outside of the vesicle, have been developed 
[167] to extend this range toward ± 100 nm 
in size. These sizes are the smallest range of 
vesicles that can be probed experimentally.

To study the properties of lipid ves-
icles modeled with Dry Martini, we first 
looked at the lamellar-to-vesicle transforma-
tion process. For this matter, a pre-equili-
brated POPC bilayer (361 lipids per leaflet) 
was placed at the center of a simulation box 
large enough so that the periodic boundary 
conditions were removed. The system was 
allowed to fully relax without any constraints 
under NVT conditions, at T = 310 K (Fig. 
6.7A). Rapidly, lipid head groups replaced 
the lipid tails exposed at the edges of the 
bilayer patch to form a bicellar intermediate 
(snapshot at t = 10 ns). A rather fast closure 
of the bicelle followed (t = 60, 70 ns) to form 
of a small vesicle (t = 100 ns). This process 
of vesicle formation is identical to that de-

scribed for standard Martini [168].

We then explored vesicles fusion with 
Dry Martini. To reproduce previous simu-
lation studies of this event with standard 
Martini [49], two pre-equilibrated POPC 
vesicles (composed of 722 lipids each) were 
placed approximately 1 nm apart and simu-
lated (at T = 310 K. The sequence of events 
depicted in Figure 6.7B shows a rapid en-
counter of the vesicles potentially driven 
by the absence of explicit solvent quickly 
followed by the formation of a hemifused 
state (t = 10 ns). Subsequently, a fusion pore 
opened connecting the two inner leaflets, 
leading to an elongated vesicle (t = 20 ns), 
which slowly relaxed to a spherical shape 
(t = 2 μs). Apart from this last relaxation 
event, the stages of vesicle fusion observed 
in wet and dry Martini are similar.

Another application involving large 
proportions of solvent is the formation of 
tethers. A recent publication described the 
study of this process using standard Martini 
[136], but at a large computational expense. 
We repeated some of these simulations us-
ing Dry Martini, removing 90% of the system 
that was water, with a consequential drastic 
decrease in computational cost. Two mem-
brane patches were simulated, a small one 
containing 4,608 lipids and a large one with 
21,632 lipids, both at T = 310 K. We used the 
modified version of DOPC lipids derived by 
Baoukina et al. [136]. The increased softness 
gained from the used of softer angle poten-
tials to describe the unsaturated tail eases 
the deformation of the bilayer and is man-
datory in both wet and dry Martini. Bond 
lengths and angle potentials were adjusted 
as for all other lipids in dry Martini. Tethers 
were pulled from both small and large mem-
brane patches using seven different pull-
ing forces (10, 20, 50, 100, 150, 200 and 
400 kJ.mol-1.nm-1), applied on a lipid patch 
with a 3 nm radius. Details of the pulling 
setup can be found in the original publica-
tion [136]. In Figure 6.7C, the development of 
the tether is shown for pulling forces of 100 

Figure 6.6 | Free energy profiles for the process 
of flip-flop and extraction of a single POPC lipid 
through a POPC bilayer. Profiles for both wet and 
dry Martini model are reported. The distance of 
0 denotes the position of the membrane center. 
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and 200 kJ.mol-1.nm-1 on the large patch with 
a snapshot at 1.3 μs of the system at high 
pulling force. Similarly to what Baoukina et 
al. [136] reported, it was found that a pulling 
force higher than 100 kJ.mol-1.nm-1 is neces-
sary for a tether to grow. Forces lower than 
100 kJ.mol-1.nm-1 did not result in tether for-
mation, but rather into protrusion and bend-
ing of the bilayer. Linear elongation of the 
tube was also limited by the finite bilayer size 
in the simulation. Like with standard Martini, 
the tether formation was reversible; reduc-

tion or removal of the external force resulted 
in tether retraction or complete membrane 
re-spreading. Thus, our results utilizing the 
Dry Martini force field correlate very well with 
those reported by Baoukina et al. [136]. It is 
worth mentioning that this type of simulation 
did not lead to tether formation when carried 
out in standard DOPC lipid systems. The 
need of extra flexible lipid tails seems to be 
crucial for the formation of tethers, at least at 
the time scale accessible to our simulations.

Figure 6.7 | Prospective applications of Dry Martini. A) Formation of a vesicle from a patch of pure 
POPC bilayer. Phosphatidyl and choline moieties are colored in pink and green respectively, glycerol 
linker in black, and the aliphatic section of the lipid tails in gray. To ease the visualization, the system 
was cut along the (x,z) plane. B) Fusion of two DOPC vesicles, and stabilization of the new vesicle 
formed. Identical color-coding as in A), and the same system truncation was performed to show the 
fusion process. C) Tether pulling of a system composed of modified DOPC lipids [136]. The tether 
length as a function of time is reported on the left panel for the two pulling forces tested. On the right, 
the conformation of the last frame of the 200 kJ.mol-1.nm-1 simulation; same color-coding as A) and 
B). The insert shows an incision of the tubular section of the tether demonstrating that it is hollow (i.e., 
filled with implicit water).
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Proteins

In this section we describe some tests 
on the combination of the Dry Martini model 
with proteins. Differences may be expected 
due to the changes in the interaction ma-
trix. We first analyzed the behavior of single 
amino acid side chains by computing side 
chain-side chain PMFs in various solvents 
for which reference simulations are available 
for standard Martini [95]. PMFs were deter-
mined for every possible side chain pair, in 
both dry “water” and hexadecane. Results 
for three pairs are presented in Figure 6.8; 
the complete set of PMFs is available upon 
request. The general trend is as follows: 
PMFs for side chains consisting of a single 
bead (Asn, Cys, Gln, Leu, etc.) reproduce 
standard Martini values relatively well, in line 

with the results already shown. However, as 
soon as the complexity of the side chains 
increases, the lack of entropy contribution 
from the solvent becomes problematic, 
causing an overestimation of the dimer sta-
bility in aqueous phase and an underestima-
tion in apolar solvent. We also determined 
the partitioning free energies of each side 
chain analogue between the same five sol-
vents (same protocol as used for the single 
beads). The results and their comparison to 
standard Martini are presented in Table 6.4. 
Dry Martini reproduces reasonably well the 
partitioning of side chain analogues con-
sisting of a single bead but again the cor-
respondence gets increasingly worse with 
complexity of the side chain; partitioning 
free energies for the aromatic side chains 
do not match the reference values of the wet 

 

 
ΔGH→W  ΔGC→W  ΔGE→W  ΔGO→W 

wet dry  wet dry  wet dry  wet dry 

Ile, Leu AC1 16 13  15 15  12 12  14 12 

Val AC2 14 13  13 15  13 12  14 13 

Pro C3 11 13  13 15  13 12  12 13 

Cys, Met C5 3 8  9 10  9 12  7 11 

Ser, Thr, 

Glu0 
P1 -14 -11  -3 -2  1 3  -2 2 

Asp0 P3 -22 -22  -11 -12  -8 -3  -9 -6 

Gln P4 -24 -24  -14 -16  -7 -6  -9 -7 

Asn P5 -31 -24  -20 -18  -14 -8  -9 -7 

Asp, Glu Qa- -56 -52  -21 -18  -14 -8  -15 -9 

Lys0 C3-P1 -1 17  7 23  11 19  9 21 

Lys C3-Qd+ -39 -21  -10 7  -3 8  -2 10 

Arg N0-Qd+ -51 -33  -15 -5  -9 4  -8 3 

Arg0 N0-P4 -27 -12  -10 -3  -4 6  -6 4 

Tyr SC4-SC4-SP1 2 46  15 50  19 37  15 42 

His SC4-SP1-SP1 -17 24  0 34  9 28  4 31 

HisH SC4-SP1-SQd+ -50 -6  -16 19  -5 17  -4 22 

Phe SC5-SC5-SC5 11 69  20 66  20 46  17 54 

Trp SC4-SNd-SC5-SC5 7 78  18 75  21 51  21 64 

 

 

 

Table 6.4 | Partition free energies of residue side chains in both standard and Dry Martini. The statisti-
cal error in each partitioning free energy is under 0.3 kJ.mol-1, however, all numbers are rounded to 
integers as the accuracy of the force field is considered to be at most 1 kJ.mol-1. Alanine and glycine 
are not reported in this table, being modeled only by their respective backbone beads. W denotes 
water, H hexadecane, C chloroform, E ether, and O octanol.
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model at all.

To test the effect of these discrep-
ancies on a simple membrane protein, we 
performed a simulation of a transmembrane 
helix, KALP, embedded in either a wet or 
dry DPPC bilayer. The system consists of 
316 DPPC lipids and 4 copies of KALP, and 
was simulated for 1 μs at T = 330 K. In both 
cases, a dynamic equilibrium is observed 
between monomeric and dimeric configura-
tions of the peptides. We also note very simi-
lar tilting modes for the isolated helices, and 
comparable dynamics of the lysine residues 
located on each extremity of the peptides. 
To further characterize the behavior of KALP 

helices in a bilayer, PMFs for dimerization 
were computed in both wet and dry Martini 
using the umbrella sampling technique as 
described in the Methods section. A 200 ns 
simulation was performed at each helix-helix 
distance from 0.5 to 4.0 nm with a spacing 
of 0.1 nm. Resulting PMFs (Fig. 6.9B) have 
a similar shape and predict a stable dimeric 
state, but the level of attraction between the 
peptides is much reduced with Dry Martini.

Discussion

We presented a new flavor of the 
Martini CG model: the Dry Martini version, 
which omits the aqueous phase. We param-
eterized Dry Martini to reproduce the main 
features of the standard or wet version, fo-
cusing on lipid systems. We chose not to in-
clude an explicit solvation term in the model 
but rather to adjust the non-bonded interac-

Figure 6.8 | Side chain-side chain mean force 
potentials in both aqueous and apolar solvents. 
Three types of interactions involving different 
sizes and charges of side chain are reported: A) 
Leucine-methionine pair, B) histidine-phenylala-
nine pair, and C) tryptophan-tryptophan pair.

Figure 6.9 | Performance of Dry Martini for mem-
brane proteins. A) Snapshots of two KALP he-
lices (red/yellow) embedded in a DPPC bilayer 
simulated with Dry Martini. Phosphatidyl and 
choline moieties of the DPPC membrane are col-
ored in pink and green respectively, glycerol link-
er in black, and the aliphatic section of the lipid 
tails in gray. B) PMFs as a function of distance 
between the CoMs of KALP peptides.



93  

chapter VI

tion matrix of standard Martini. This choice 
allows for a large gain in computational cost. 
However, removing the solvent from simu-
lation boxes induced a few limitations. The 
adjustment of the non-bonded interactions 
to implicitly include the effect of water, led to 
the need of re-calibration of some bonded 
interactions as well. The decrease in num-
ber of degrees of freedom is turning the 
force field even “coarser”. Therefore, the 
solvent-free model is more qualitative in na-
ture, although properties of membranes are 
relatively well preserved between dry and 
wet Martini. Importantly, Dry Martini keeps 
the flexibility and simplicity of the Martini 
building block approach, allowing easy ex-
tension of the model to other (bio)molecular 
systems. Together with the drastic increase 
in speedup and the possibility to simulate or-
der-of-magnitude larger systems, we expect 
the Dry Martini model to become a useful 
alternative to existing solvent-free models. 
Below we discuss the limitations, benefits, 
and potential applications of Dry Martini in 
more detail.

Limitations of the model

A significant limitation of CG force 
fields in general is due to the reduction of the 
entropy contribution in the simulated sys-
tems. In Martini some degrees of freedom 
are removed to convert chemical groups into 
beads, and the total entropy of the system 
is not conserved [169]. This issue is usually 
fixed by counterbalancing the missing en-
tropy in enthalpic components. Dry Martini 
is not an exception: degrees of freedom 
were removed compared to its wet ver-
sion, and the missing entropy of the system 
(here: solvent degrees of freedom) needs to 
be accounted for. To do so, the LJ interac-
tions between apolar beads were increased, 
providing a driving force mimicking the hy-
drophobic effect. The strength of LJ interac-
tions involving polar and charged particles, 
on the other hand, was decreased to take 
into account the implicit screening effect of 
hydrating water molecules. Three new levels 

were added (X to XII) to describe these weak 
interactions. 

These modifications led to some im-
portant limitations: simulations of systems 
involving mainly polar interactions are not re-
liable with Dry Martini. Highly polar solvents 
are weakly interacting in Dry Martini and thus 
prefer the gas-phase at room temperature. 
Dry Martini is meant for simulations where 
water is the main solvent and where the im-
plicit description of water can offer a large 
speedup compared to standard Martini. In 
all other systems, standard Martini should 
be used. It should be emphasized that in Dry 
Martini, a bead modeled to be in vacuum is 
actually in the (implicit) liquid water phase. 
This also means that by definition there is 
no gas-phase in Dry Martini. A traditional 
system of a solvent in a condensed phase 
co-existing with its gas-phase describes a 
two-phase system. In Dry Martini, particles 
that escape the condensed-phase to go to 
the gas-phase in fact enter the implicit liquid 
water phase. The related consequence is the 
impossibility to simulate systems solvated in 
polar solvents other than water. 

Another limitation of Dry Martini 
arises from the absence of purely repulsive 
interaction potentials (except between like-
charge particles). Non-bonded interactions 
being modeled by LJ potentials, all pair in-
teractions are attractive. This prevents the 
simulation of soluble proteins for instance, or 
equilibrium between membrane-bound and 
dissolved populations of compounds (drugs, 
amphiphiles, etc.). The inability to simulate 
the dynamics of micellar solutions is another 
example. Simulation of such systems will in 
general lead to a global aggregation of the 
molecules or aggregates present in the sim-
ulation cell. 

The lack of solvent also causes an un-
wanted stabilization of compounds formed 
of tightly packed beads, i.e. CG molecules 
in which beads partially overlap. This artifact 
is due to the way the implicit presence of 
water has been parameterized in the model: 
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the free energy term due to forming a cav-
ity in water has been included in the inter-
actions of the single beads with other sol-
vents, and especially with non-polar beads. 
This approach assumes that the cavity term 
will increase linearly with particle number 
for larger molecules. However, many of the 
protein side chains in Martini are formed of 
closely packed beads that require a cavity 
of significantly different size from the sum of 
cavities required by each of the beads indi-
vidually. This leads to difficulties in balanc-
ing the missing cavity formation term with 
other interactions present in the system. 
Consequently, partitioning and dimerization 
free energies for compact molecules are 
not properly reproduced with Dry Martini 
(cf. Fig. 6.8 and Tab. 6.4). As an example of 
the consequence of this effect in a biologi-
cal system, we showed the aggregation pro-
pensity of KALP peptides to be severely un-
derestimated (cf. Fig. 6.9). Even though this 
might actually be an advantage in terms of 
sampling, applications of this kind should be 
considered rather qualitatively.

Speed-up

The main advantage of Dry Martini 
is obviously the increase in computational 
speedup. The gain will naturally be propor-
tional to the number of water beads removed. 
In a simple bilayer system, where about half 
the system is composed of lipids, the im-
provement will be less significant than for a 
system composed of a large vesicle (thou-
sands of lipids) where > 90% of the simula-
tion box is filled with water (millions of parti-
cles). Within this study, we found a speed-up 
close to a factor of 2 for small bilayer sys-
tems to 1‒2 orders of magnitude for a ves-
icle with a diameter > 100 nm. Besides the 
computational advantage due to a reduced 
number of particles, a few other issues are 
also important in assessing the efficiency of 
Dry Martini. In the highly inhomogeneous ex-
ample of a large vesicle, the algorithm used 
(in GROMACS) to split the force calculations 
over multiple processors is also of prime 

importance. Most of the system now being 
vacuum (implicit water), the decomposition 
in domains for parallel computation needs 
to be chosen with care. Furthermore, the 
use of a stochastic integrator (introducing 
frictional components to the equations of 
motion) decreases the diffusive sampling in 
comparison to the standard Martini model. 
For lipids, for example, the lateral diffusion 
rate is reduced by a factor of three with the 
particular settings used in our simulations. 
A potential remedy for this slow down is the 
use of Dissipative Particle dynamics (DPD)-
type thermostats. DPD-based algorithms 
that minimize the effect on system dynamics 
are currently being developed [170]. Finally, 
some applications may benefit from the in-
creased sampling rate due to the decrease 
or absence of energetic barriers. In par-
ticular hydration barriers do not exist in dry 
Martini, causing, e.g., very fast membrane 
fusion (cf. Fig. 6.6B). The reduced tenden-
cy for membrane proteins to stick together, 
as exemplified for the KALP dimer (cf. Fig. 
6.9B), is computationally advantageous and 
opens the way for fast exploration of multi-
protein configurations. 

Potential applications

The Dry Martini force field has been 
primarily designed for simulations of sys-
tems containing a large amount of aqueous 
solvent. In its current form, aimed at repro-
ducing lipid properties, applications involv-
ing membrane remodeling seem most ap-
propriate. A useful application could be the 
study of the effects of curvature on proper-
ties of liposomes; with Dry Martini the mac-
roscopic limit is within reach. Tether forma-
tion and vesicle fusion and fission could be 
studied over a large range of system sizes, 
and state conditions can be systematically 
probed. The role of membrane domains such 
as lipid rafts, for instance, can be assessed. 
Furthermore, exploring the effect of curva-
ture generating additives (including a large 
variety of membrane active compounds and 
peptides) should be feasible. Finally, the dry 
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Martini model can be used to study the large 
scale lateral organization of complex mem-
branes, including sorting and clustering of 
membrane embedded proteins, at least for 
qualitative purposes.

Another range of applications of dry 
Martini is for equilibration purposes. Due to 
the reduction in particle numbers and the 
absence of hydration barriers, we found 
dry Martini to reach equilibrium states with 
much less computational effort compared 
to the wet version. An effective strategy for 
setting up a new system would be to equili-
brate it first with dry Martini, after which the 
system would be solvated and continued 
using standard Martini. Given the similarity 
between the wet and dry Martini models, the 
simultaneous use of both wet and dry mod-
els within the same system could be drafted, 
allowing “finer” descriptions of the inter-
actions badly reproduced by dry Martini. 
Knowing the relatively slow lipid flip-flop rate 
induced by these models, we could imagine 
filled vesicles with the outer membrane de-
scribed with dry Martini and the inner mem-
brane with wet Martini. 

In conclusion, we provided a water-
free version of the popular Martini CG force 
field, based on a careful recalibration of 
the pairwise interaction matrix of the build-
ing blocks (the CG beads). The new model, 

coined Dry Martini, performs well in describ-
ing general membrane properties. Area per 
lipid, membrane thickness, area compress-
ibility and lipid order compare well to stan-
dard Martini for a large set of different lipids. 
Collective processes such as domain forma-
tion and gel phase transition are also repro-
duced in Dry Martini. However the model 
has limitations. Notably in its current form 
the model does not mimic aqueous solutions 
very well, e.g. proteins or micelles cluster 
into global aggregates. Applications involv-
ing membrane proteins have to be consid-
ered with care. In general, more systematic 
testing has to be performed. Keeping these 
restrictions in mind, the potential of the Dry 
Martini model is large. The model benefits 
from the extensive set of existing well-stud-
ied systems of standard Martini. Compared 
to other CG models that often describe lip-
ids in a more simplified manners, Dry Martini 
maintains the chemical specificity between 
different sorts of lipid (head groups and side 
chains) while keeping the same increase in 
speedup and sampling induced by the lack 
of solvent. We expect Dry Martini to be par-
ticularly useful in the study of membrane 
processes involving 100,000‒10,000,000 
lipids, including e.g. liposome fusion and 
budding, tether formation, lateral domain 
formation, and large-scale membrane (re)
organization. §
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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. §



references



103  

chapter VIII

[1] C.R. Hackenbrock, B. Chazotte, S.S. 
Gupte, The random collision model and a critical as-
sessment of diffusion and collision in mitochondrial 
electron transport, J. Bioenerg. Biomembr, 18 (1986) 
331—368.

[2] H. Eubel, J. Heinemeyer, H.P. Braun, 
Identification and characterization of respirasomes 
in potato mitochondria, Plant Physiol, 134 (2004) 
1450—1459.

[3] J.B. Bultema, H.P. Braun, E.J. Boekema, 
R. Kouřil, Megacomplex organization of the oxida-
tive phosphorylation system by structural analysis 
of respiratory supercomplexes from potato, BBA - 
Bioenergetics, 1787 (2009) 60—67.

[4] H. Eubel, J. Heinemeyer, S. Sunderhaus, 
H.P. Braun, Respiratory chain supercomplexes in 
plant mitochondria, Plant Physiol. Biochem, 42 
(2004) 937—942.

[5] F. Krause, N.H. Reifschneider, D. Vocke, S. 
Rexroth, N.A. Dencher, “Respirasome”-like super-
complexes in green leaf mitochondria of spinach, J. 
Biol. Chem, 279 (2004) 48369—48375.

[6] N.V. Dudkina, J. Heinemeyer, S. 
Sunderhaus, E.J. Boekema, H.P. Braun, Respiratory 
chain supercomplexes in the plant mitochondrial 
membrane, Trends Plant Sci, 11 (2006) 232—240.

[7] E. Schäfer, H. Seelert, N.H. Reifschneider, 
F. Krause, N.A. Dencher, J. Vonck, Architecture of 
active mammalian respiratory chain supercomplex-
es, J. Biol. Chem, 281 (2006) 15370—15375.

[8] N.V. Dudkina, M. Kudryashev, H. 
Stahlberg, E.J. Boekema, Interaction of complexes 
I, III, and IV within the bovine respirasome by single 
particle cryoelectron tomography, Proc. Natl. Acad. 
Sci. USA, 108 (2011) 15196—15200.

[9] T. Althoff, D.J. Mills, J.-L. Popot, W. 
Kühlbrandt, Arrangement of electron transport chain 
components in bovine mitochondrial supercomplex 
I1III2IV1, Embo J, 30 (2011) 4652—4664.

[10] E. Mileykovskaya, W. Dowhan, Cardiolipin-
dependent formation of mitochondrial respiratory 
supercomplexes, Chem. Phys. Lipids, 179 (2014) 
42—48.

[11] J. Heinemeyer, H.P. Braun, E.J. Boekema, 
R. Kouřil, A structural model of the cytochrome c 
reductase/oxidase supercomplex from yeast mito-
chondria, J. Biol. Chem, 282 (2007) 12240—12248.

[12] E. Mileykovskaya, P.A. Penczek, J. Fang, 
V.K.P.S. Mallampalli, G.C. Sparagna, W. Dowhan, 
Arrangement of the respiratory chain complexes in 
Saccharomyces cerevisiae supercomplex III2IV2 re-
vealed by single particle cryo-electron microscopy, 
J. Biol. Chem, 287 (2012) 23095—23103.

[13] H. Schägger, K. Pfeiffer, Supercomplexes 
in the respiratory chains of yeast and mammalian 
mitochondria, Embo J, 19 (2000) 1777—1783.

[14] B.N. Kholodenko, H.V. Westerhoff, 
Metabolic channelling and control of the flux, FEBS 
Lett, 320 (1993) 71—74.

[15] I. Wittig, H. Schägger, Features and appli-
cations of blue-native and clear-native electrophore-
sis, Proteomics, 8 (2008) 3974—3990.

[16] C. Piccoli, R. Scrima, D. Boffoli, N. 
Capitanio, Control by cytochrome c oxidase of the 
cellular oxidative phosphorylation system depends 
on the mitochondrial energy state, Biochem. J, 396 
(2006) 573—583.

[17] M.E. Dalmonte, E. Forte, M.L. Genova, 
A. Giuffre, P. Sarti, G. Lenaz, Control of respira-
tion by cytochrome c oxidase in intact cells: role of 
the membrane potential, J. Biol. Chem, 284 (2009) 
32331—32335.

[18] G. Quarato, C. Piccoli, R. Scrima, N. 
Capitanio, Variation of flux control coefficient of 
cytochrome c oxidase and of the other respiratory 
chain complexes at different values of protonmo-
tive force occurs by a threshold mechanism, BBA - 
Bioenergetics, 1807 (2011) 1114—1124.

[19] R. Acín-Pérez, P. Fernández-Silva, M.L. 
Peleato, A. Pérez-Martos, J.A. Enriquez, Respiratory 
active mitochondrial aupercomplexes, Mol. Cell, 32 
(2008) 529—539.

[20] J.F. Allen, Thylakoid protein phosphory-
lation, state 1-state 2 transitions, and photosystem 
stoichiometry adjustment: redox control at multiple 
levels of gene expression, Physiol Plant, 93 (1995) 
196—205.

[21] G. Daum, Lipids of mitochondria, Biochim. 
Biophys. Acta, 822 (1985) 1—42.

[22] M.C. Pangborn, Isolation and purifica-
tion of a serologically active phospholipid from beef 
heart, J. Biol. Chem, 143 (1942) 247—256.

[23] S. Orrenius, B. Zhivotovsky, Cardiolipin 
oxidation sets cytochrome c free, Nat. Chem. Biol, 1 
(2005) 188—189.

[24] Z.T. Schug, E. Gottlieb, Cardiolipin acts as 
a mitochondrial signalling platform to launch apop-
tosis, Biochim. Biophys. Acta, 1788 (2009) 2022—
2031.

[25] A.J. Chicco, G.C. Sparagna, Role of car-
diolipin alterations in mitochondrial dysfunction and 
disease, Am. J. Physiol. - Cell Physiol, 292 (2007) 
33—44.

[26] H.K. Saini-Chohan, M.G. Holmes, A.J. 
Chicco, W.A. Taylor, R.L. Moore, S.A. McCune, 
D.L. Hickson-Bick, G.M. Hatch, G.C. Sparagna, 
Cardiolipin biosynthesis and remodeling enzymes 
are altered during development of heart failure, J. 
Lipid. Res, 50 (2009) 1600—1608.

[27] M. Schlame, M. Ren, Barth syndrome, a 
human disorder of cardiolipin metabolism, FEBS 
Lett, 580 (2006) 5450—5455.



references

104

[28] M. Zhang, E. Mileykovskaya, W. Dowhan, 
Gluing the respiratory chain together, J. Biol. Chem, 
277 (2002) 43553—43556.

[29] K. Pfeiffer, V. Gohil, R.A. Stuart, C. Hunte, 
U. Brandt, M.L. Greenberg, H. Schägger, Cardiolipin 
stabilizes respiratory chain supercomplexes, J. Biol. 
Chem, 278 (2003) 52873—52880.

[30] M. Zhang, E. Mileykovskaya, W. Dowhan, 
Cardiolipin is essential for organization of complex-
es III and IV into a supercomplex in intact yeast mito-
chondria, J. Biol. Chem, 280 (2005) 29403—29408.

[31] T. Wenz, R. Hielscher, P. Hellwig, H. 
Schägger, S. Richers, C. Hunte, Role of phospho-
lipids in respiratory cytochrome bc1 complex cataly-
sis and supercomplex formation, Biochim. Biophys. 
Acta, 1787 (2009) 609—616.

[32] S. Bazan, E. Mileykovskaya, V.K.P.S. 
Mallampalli, P. Heacock, G.C. Sparagna, W. Dowhan, 
Cardiolipin-dependent reconstitution of respiratory 
supercomplexes from purified Saccharomyces cere-
visiae complexes III and IV, J. Biol. Chem, 288 (2013) 
401—411.

[33] M. Kates, J.Y. Syz, D. Gosser, T.H. Haines, 
pH-dissociation characteristics of cardiolipin and its 
2’-deoxy analogue, Lipids, 28 (1993) 877—882.

[34] T.H. Haines, Anionic lipid headgroups as 
a proton-conducting pathway along the surface of 
membranes: a hypothesis, Proc. Natl. Acad. Sci. 
USA, 80 (1983) 160—164.

[35] C. Arnarez, J.-P. Mazat, J. Elezgaray, S.-J. 
Marrink, X. Periole, Evidence for cardiolipin binding 
sites on the membrane-exposed surface of the cy-
tochrome bc1, J. Am. Chem. Soc, 135 (2013) 3112—
3120.

[36] S.J. Ramirez-Aguilar, M. Keuthe, M. 
Rocha, V.V. Fedyaev, K. Kramp, K.J. Gupta, A.G. 
Rasmusson, W.X. Schulze, J.T. van Dongen, The 
composition of plant mitochondrial supercomplexes 
changes with oxygen availability, J. Biol. Chem, 286 
(2011) 43045—43053.

[37] W.T. Moye, ENIAC: the army-sponsored 
revolution, US Army Res. Lab, (1996).

[38] E. Fermi, J. Pasta, S. Ulam, Studies of 
nonlinear problems, Los Alamos Report, LA-1940 
(1955).

[39] B.J. Alder, T.E. Wainwright, Phase transi-
tion for a hard sphere system, J. Chem. Phys, 27 
(1957) 1208—1211.

[40] B.J. Alder, T.E. Wainwright, Studies in 
Molecular Dynamics I General Method, J. Chem. 
Phys, 31 (1959) 459—466.

[41] B. Hess, C. Kutzner, D. van der Spoel, E. 
Lindahl, GROMACS 4:  algorithms for highly effi-
cient, load-balanced, and scalable molecular simu-
lation, J. Chem. Theory Comput, 4 (2008) 435—447.

[42] S. Pronk, S. Páll, R. Schulz, P. Larsson, 
P. Bjelkmar, R. Apostolov, M.R. Shirts, J.C. Smith, 
P.M. Kasson, D. van der Spoel, B. Hess, E. Lindahl, 
GROMACS 45: a high-throughput and highly par-
allel open source molecular simulation toolkit, 
Bioinformatics, 29 (2013) 845—854.

[43] H.J.C. Berendsen, J.P.M. Postma, W.F. 
van Gunsteren, A. DiNola, J.R. Haak, Molecular dy-
namics with coupling to an external bath, J. Chem. 
Phys, 81 (1984) 3684—3690.

[44] G. Bussi, D. Donadio, M. Parrinello, 
Canonical sampling through velocity rescaling, J. 
Chem. Phys, 126 (2007) 014101.

[45] O. Guvench, A.D. MacKerell, Comparison 
of protein force fields for molecular dynamics simu-
lations, Methods Mol. Biol, 443 (2008) 63—88.

[46] S.-J. Marrink, H.J. Risselada, S. Yefimov, 
D.P. Tieleman, A.H. de Vries, The MARTINI force 
field:  coarse grained model for biomolecular simula-
tions, J. Phys. Chem. B, 111 (2007) 7812—7824.

[47] H.I. Ingólfsson, C.A. López, J.J. Uusitalo, 
D.H. de Jong, S.M. Gopal, X. Periole, S.-J. Marrink, 
The power of coarse graining in biomolecular simu-
lations, WIREs Comput. Mol. Sci, (2013).

[48] S.-J. Marrink, A.H. de Vries, A.E. Mark, 
Coarse grained model for semiquantitative lipid sim-
ulations, J. Phys. Chem. B, 108 (2004) 750—760.

[49] S.-J. Marrink, A.E. Mark, The mechanism 
of vesicle fusion as revealed by molecular dynamics 
simulations, J. Am. Chem. Soc, 125 (2003) 11144—
11145.

[50] L. Monticelli, S.K. Kandasamy, X. Periole, 
R.G. Larson, D.P. Tieleman, S.-J. Marrink, The 
MARTINI coarse-grained force field: extension to 
proteins, J. Chem. Theory Comput, 4 (2008) 819—
834.

[51] C.A. López, A.J. Rzepiela, A.H. de Vries, 
Martini coarse-grained force field: extension to 
carbohydrates, J. Chem. Theory Comput, 5 (2009) 
3195—3210.

[52] S.-J. Marrink, D.P. Tieleman, Perspective 
on the Martini model, Chem. Soc. Rev, 42 (2013) 
6801—6822.

[53] X. Periole, M. Cavalli, S.-J. Marrink, 
M.A. Ceruso, Combining an elastic network with a 
coarse-grained molecular force field: structure, dy-
namics, and intermolecular recognition, J. Chem. 
Theory Comput, 5 (2009) 2531—2543.

[54] S.O. Yesylevskyy, L.V. Schäfer, D. 
Sengupta, S.-J. Marrink, Polarizable water model 
for the coarse-grained MARTINI force field, PLOS 
Comput. Biol, 6 (2010) e1000810.

[55] A.J. Rzepiela, L.V. Schäfer, N. Goga, 
H.J. Risselada, A.H. de Vries, S.-J. Marrink, 
Reconstruction of atomistic details from coarse-
grained structures, J. Comput. Chem, 31 (2010) 



105  

chapter VIII

1333—1343.

[56] N. Schmid, A.P. Eichenberger, A. Choutko, 
S. Riniker, M. Winger, A.E. Mark, W.F. van Gunsteren, 
Definition and testing of the GROMOS force-field 
versions 54A7 and 54B7, Eur. Biophys. J, 40 (2011) 
843—856.

[57] L.V. Schäfer, D.H. de Jong, A. Holt, A.J. 
Rzepiela, A.H. de Vries, B. Poolman, J.A. Killian, 
S.-J. Marrink, Lipid packing drives the segregation 
of transmembrane helices into disordered lipid do-
mains in model membranes, Proc. Natl. Acad. Sci. 
USA, 108 (2011) 1343—1348.

[58] H.J.C. Berendsen, J.P.M. Postma, W.F. 
van Gunsteren, J. Hermans, Intermolecular forc-
es, Reidel Publishing Company, Dordrecht, The 
Netherlands, 1981.

[59] T. Darden, D. York, L. Pedersen, Particle 
mesh Ewald: an N∙log(N) method for Ewald sums 
in large systems, J. Chem. Phys, 98 (1993) 10089—
10092.

[60] C. Osman, D.R. Voelker, T. Langer, Making 
heads or tails of phospholipids in mitochondria, J. 
Cell Biol, 192 (2011) 7—16.

[61] S.M. Claypool, C.M. Koehler, The com-
plexity of cardiolipin in health and disease, Trends 
Biochem. Sci, 37 (2012) 32—41.

[62] S. Jakovcic, G.S. Getz, M. Rabinowitz, H. 
Jakob, H. Swift, Cardiolipin content of wild type and 
mutant yeasts in relation to mitochondrial function 
and development, J. Cell Biol, 48 (1971) 490—502.

[63] J.J. Krebs, H. Hauser, E. Carafoli, 
Asymmetric distribution of phospholipids in the in-
ner membrane of beef heart mitochondria, J. Biol. 
Chem, 254 (1979) 5308—5316.

[64] F.L. Hoch, Cardiolipins and biomembrane 
function, Biochim. Biophys. Acta, 1113 (1992) 71—
133.

[65] G. van Meer, D.R. Voelker, G.W. Feigenson, 
Membrane lipids: where they are and how they be-
have, Nat. Rev. Mol. Cell. Biol, 9 (2008) 112—124.

[66] L. Qin, C. Hiser, A. Mulichak, R.M. Garavito, 
S. Ferguson-Miller, Identification of conserved lipid/
detergent-binding sites in a high-resolution struc-
ture of the membrane protein cytochrome c oxidase, 
Proc. Natl. Acad. Sci. USA, 103 (2006) 16117—16122.

[67] S.M. Claypool, Y. Oktay, P. Boontheung, 
J.A. Loo, C.M. Koehler, Cardiolipin defines the in-
teractome of the major ADP/ATP carrier protein of 
the mitochondrial inner membrane, J. Cell Biol, 182 
(2008) 937—950.

[68] V. Gohil, P. Hayes, S. Matsuyama, H. 
Schägger, M. Schlame, M.L. Greenberg, Cardiolipin 
biosynthesis and mitochondrial respiratory chain 
function are interdependent, J. Biol. Chem, 279 
(2004) 42612—42618.

[69] S.M. Claypool, Cardiolipin, a critical de-
terminant of mitochondrial carrier protein assembly 
and function, Biochim. Biophys. Acta, 1788 (2009) 
2059—2068.

[70] D. Acehan, A. Malhotra, Y. Xu, M. Ren, 
D.L. Stokes, M. Schlame, Cardiolipin affects the su-
pramolecular organization of ATP synthase in mito-
chondria, Biophys. J, 100 (2011) 2184—2192.

[71] M.S. Sharpley, R.J. Shannon, F. Draghi, 
J. Hirst, Interactions between phospholipids and 
NADH:ubiquinone oxidoreductase (complex I) from 
bovine mitochondria, Biochemistry, 45 (2006) 241—
248.

[72] M.P. Dale, N.C. Robinson, Synthesis of 
cardiolipin derivatives with protection of the free 
hydroxyl: its application to the study of cardiolipin 
stimulation of cytochrome c oxidase, Biochemistry, 
27 (1988) 8270—8275.

[73] K.S. Eble, W.B. Coleman, R.R. Hantgan, 
C.C. Cunningham, Tightly associated cardiolipin in 
the bovine heart mitochondrial ATP synthase as ana-
lyzed by 31P nuclear magnetic resonance spectros-
copy, J. Biol. Chem, 265 (1990) 19434—19440.

[74] C. Lange, J.H. Nett, B.L. Trumpower, C. 
Hunte, Specific roles of protein-phospholipid inter-
actions in the yeast cytochrome bc1 complex struc-
ture, Embo J, 20 (2001) 6591—6600.

[75] K. Beyer, M. Klingenberg, ADP/ATP car-
rier protein from beef heart mitochondria has high 
amounts of tightly bound cardiolipin, as revealed 
by phosphorus-31 nuclear magnetic resonance, 
Biochemistry, 24 (1985) 3821—3826.

[76] T.H. Haines, N.A. Dencher, Cardiolipin: 
a proton trap for oxidative phosphorylation, FEBS 
Lett, 528 (2002) 35—39.

[77] A. Grossfield, S.E. Feller, M.C. Pitman, A 
role for direct interactions in the modulation of rho-
dopsin by omega-3 polyunsaturated lipids, Proc. 
Natl. Acad. Sci. USA, 103 (2006) 4888—4893.

[78] P.J. Stansfeld, R. Hopkinson, F.M. 
Ashcroft, M.S.P. Sansom, PIP2-binding site in Kir 
channels: definition by multiscale biomolecular sim-
ulations, Biochemistry, 48 (2009) 10926—10933.

[79] C. Aponte-Santamaria, R. Briones, A.D. 
Schenk, T. Walz, B.L. de Groot, Molecular driving 
forces defining lipid positions around aquaporin-0, 
Proc. Natl. Acad. Sci. USA, 109 (2012) 9887—9892.

[80] J. Domański, S.-J. Marrink, L.V. Schäfer, 
Transmembrane helices can induce domain for-
mation in crowded model membranes, BBA - 
Biomembranes, 1818 (2012) 984—994.

[81] X. Periole, T. Huber, S.-J. Marrink, T.P. 
Sakmar, G protein-coupled receptors self-assemble 
in dynamics simulations of model bilayers, J. Am. 
Chem. Soc, 129 (2007) 10126—10132.

[82] A. Koivuniemi, T. Vuorela, P.T. Kovanen, I. 



references

106

Vattulainen, M.T. Hyvönen, Lipid exchange mecha-
nism of the cholesteryl ester transfer protein clarified 
by atomistic and coarse-grained simulations, PLOS 
Comput. Biol, 8 (2012) e1002299.

[83] D. Sengupta, A. Chattopadhyay, 
Identification of cholesterol binding sites in the se-
rotonin1A receptor, J. Phys. Chem. B, 116 (2012) 
12991—12996.

[84] X. Gao, X. Wen, C.-A. Yu, L. Esser, S. 
Tsao, B. Quinn, L. Zhang, L. Yu, D. Xia, The crystal 
structure of mitochondrial cytochrome bc1 in com-
plex with famoxadone: the role of aromatic-aromatic 
interaction in inhibition, Biochemistry, 41 (2002) 
11692—11702.

[85] L. Esser, B. Quinn, Y.-F. Li, M. Zhang, M. 
Elberry, L. Yu, C.-A. Yu, D. Xia, Crystallographic 
studies of quinol oxidation site inhibitors: a modified 
classification of inhibitors for the cytochrome bc1 
complex, J. Mol. Biol, 341 (2004) 281—302.

[86] L.-S. Huang, D. Cobessi, E.Y. Tung, E.A. 
Berry, Binding of the respiratory chain inhibitor an-
timycin to the mitochondrial bc1 complex: a new 
crystal structure reveals an altered intramolecular 
hydrogen-bonding pattern, J. Mol. Biol, 351 (2005) 
573—597.

[87] S.R.N. Solmaz, C. Hunte, Structure of 
complex III with bound cytochrome c in reduced 
state and definition of a minimal core interface for 
electron transfer, J. Biol. Chem, 283 (2008) 17542—
17549.

[88] H. Palsdottir, C. Hunte, Lipids in mem-
brane protein structures, Biochim. Biophys. Acta, 
1666 (2004) 2—18.

[89] M. Dahlberg, Polymorphic phase behavior 
of cardiolipin derivatives studied by coarse-grained 
molecular dynamics, J. Phys. Chem. B, 111 (2007) 
7194—7200.

[90] W. Humphrey, A. Dalke, K. Schulten, VMD: 
visual molecular dynamics, J. Mol. Graphics, 14 
(1996) 33—38.

[91] X. Daura, K. Gademann, B. Jaun, D. 
Seebach, W.F. van Gunsteren, A.E. Mark, Peptide 
folding: when simulation meets experiment, Angew. 
Chem. Int. Edit, 38 (1999) 236—240.

[92] A.E. Garcia, L. Stiller, Computation of the 
mean residence time of water in the hydration shells 
of biomolecules, J. Comput. Chem, 14 (1993) 1396—
1406.

[93] X. Periole, A. Rampioni, M. Vendruscolo, 
A.E. Mark, Factors that affect the degree of twist in 
β-sheet structures: a molecular dynamics simulation 
study of a cross-β filament of the GNNQQNY pep-
tide, J. Phys. Chem. B, 113 (2009) 1728—1737.

[94] M. Ulmschneider, M.S.P. Sansom, Amino 
acid distributions in integral membrane protein 
structures, Biochim. Biophys. Acta, 1512 (2001) 

1—14.

[95] D.H. de Jong, X. Periole, S.-J. Marrink, 
Dimerization of amino acid side chains: lessons from 
the comparison of different force fields, J. Chem. 
Theory Comput, 8 (2012) 1003—1014.

[96] C. Arnarez, S.-J. Marrink, X. Periole, 
Identification of cardiolipin binding sites on cyto-
chrome c oxidase at the entrance of proton chan-
nels, Sci. Rep, 3 (2013) 1263.

[97] M.R. Schmidt, P.J. Stansfeld, S.J. Tucker, 
M.S.P. Sansom, Simulation-based prediction of 
phosphatidylinositol 4,5-bisphosphate binding to an 
ion channel, Biochemistry, 52 (2013) 279—281.

[98] R. Arias-Cartin, S. Grimaldi, J. Pommier, P. 
Lanciano, C. Schaefer, P. Arnoux, G. Giordano, B. 
Guigliarelli, A. Magalon, Cardiolipin-based respira-
tory complex activation in bacteria, Proc. Natl. Acad. 
Sci. USA, 108 (2011) 7781—7786.

[99] E. Schäfer, N.A. Dencher, J. Vonck, D.N. 
Parcej, Three-dimensional structure of the respirato-
ry chain supercomplex I1III2IV1 from bovine heart mi-
tochondria, Biochemistry, 46 (2007) 12579—12585.

[100] N.V. Dudkina, H. Eubel, W. Keegstra, E.J. 
Boekema, H.P. Braun, Structure of a mitochondrial 
supercomplex formed by respiratory-chain com-
plexes I and III, Proc. Natl. Acad. Sci. USA, 102 
(2005) 3225—3229.

[101] Z. Zhang, L.-S. Huang, V.M. Shulmeister, 
Y.I. Chi, K.K. Kim, L.W. Hung, A.R. Crofts, E.A. Berry, 
S.H. Kim, Electron transfer by domain movement in 
cytochrome bc1, Nature, 392 (1998) 677—684.

[102] N.C. Robinson, J. Zborowski, L.H. Talbert, 
Cardiolipin-depleted bovine heart cytochrome c 
oxidase - Binding stoichiometry and affinity for car-
diolipin derivatives, Biochemistry, 29 (1990) 8962—
8969.

[103] E. Sedlák, N.C. Robinson, Phospholipase 
A2 digestion of cardiolipin bound to bovine cyto-
chrome c oxidase alters both activity and quaternary 
structure, Biochemistry, 38 (1999) 14966—14972.

[104] A. Musatov, N.C. Robinson, Cholate-
induced dimerization of detergent- or phospho-
lipid-solubilized bovine cytochrome c oxidase, 
Biochemistry, 41 (2002) 4371—4376.

[105] E. Sedlák, M. Panda, M.P. Dale, S.T. 
Weintraub, N.C. Robinson, Photolabeling of car-
diolipin binding subunits within bovine heart cyto-
chrome c oxidase, Biochemistry, 45 (2006) 746—
754.

[106] B. Kadenbach, J. Jarausch, R. Hartmann, 
P. Merle, Separation of mammalian cytochrome 
c oxidase into 13 polypeptides by a sodium do-
decyl sulfate-gel electrophoretic procedure, Anal. 
Biochem, 129 (1983) 517—521.

[107] N.C. Robinson, F. Strey, L.H. Talbert, 
Investigation of the essential boundary layer phos-



107  

chapter VIII

pholipids of cytochrome c oxidase using Triton 
X-100 delipidation, Biochemistry, (1980).

[108] N.C. Robinson, Functional binding of 
cardiolipin to cytochrome c oxidase, J. Bioenerg. 
Biomembr, 25 (1993) 153—163.

[109] T. Tsukihara, K. Shimokata, Y. Katayama, 
H. Shimada, K. Muramoto, H. Aoyama, M. Mochizuki, 
K. Shinzawa-Itoh, E. Yamashita, M. Yao, Y. Ishimura, 
S. Yoshikawa, The low-spin heme of cytochrome c 
oxidase as the driving element of the proton-pump-
ing process, Proc. Natl. Acad. Sci. USA, 100 (2003) 
15304—15309.

[110] K. Shinzawa-Itoh, H. Aoyama, K. 
Muramoto, H. Terada, T. Kurauchi, Y. Tadehara, A. 
Yamasaki, T. Sugimura, S. Kurono, K. Tsujimoto, 
T. Mizushima, E. Yamashita, T. Tsukihara, S. 
Yoshikawa, Structures and physiological roles of 13 
integral lipids of bovine heart cytochrome c oxidase, 
Embo J, 26 (2007) 1713—1725.

[111] M. Louhivuori, H.J. Risselada, E. van der 
Giessen, S.-J. Marrink, Release of content through 
mechano-sensitive gates in pressurized liposomes, 
Proc. Natl. Acad. Sci. USA, 107 (2010) 19856—
19860.

[112] T. Tsukihara, H. Aoyama, E. Yamashita, 
T. Tomizaki, H. Yamaguchi, K. Shinzawa-Itoh, R. 
Nakashima, R. Yaono, S. Yoshikawa, The whole 
structure of the 13-subunit oxidized cytochrome c 
oxidase at 28 A, Science, 272 (1996) 1136—1144.

[113] S. Kumar, J.M. Rosenberg, D. Bouzida, 
R.H. Swendsen, P.A. Kollman, The weighted histo-
gram analysis method for free-energy calculations 
on biomolecules i The method, J. Comput. Chem, 13 
(1992) 1011—1021.

[114] J.S. Hub, B.L. de Groot, D. van der Spoel, 
g_wham — A free weighted histogram analysis im-
plementation including robust error and autocorrela-
tion estimates, J. Chem. Theory Comput, 6 (2010) 
3713—3720.

[115] L. Li, C. Li, S. Sarkar, J. Zhang, S. Witham, 
Z. Zhang, L. Wang, N. Smith, M. Petukh, E. Alexov, 
DelPhi: a comprehensive suite for DelPhi software 
and associated resources, BMC Biophys, 5 (2012) 9.

[116] T.H. Haines, A new look at cardiolipin, 
Biochim. Biophys. Acta, 1788 (2009) 1997—2002.

[117] R.B. Gennis, Multiple proton-conducting 
pathways in cytochrome c oxidase and a proposed 
role for the active-site tyrosine, BBA - Bioenergetics, 
(1998).

[118] A. Namslauer, P. Brzezinski, Structural 
elements involved in electron-coupled proton trans-
fer in cytochrome c oxidase, FEBS Lett, 567 (2004) 
103—110.

[119] G. Brändén, R.B. Gennis, P. Brzezinski, 
Transmembrane proton translocation by cyto-
chrome c oxidase, Biochim. Biophys. Acta, 1757 

(2006) 1052—1063.

[120] P.R. Rich, Protein electron transfer, 
Bendall, D. S. Ed., BIOS Scientific Publishers Ltd, 
Oxford, U.K, 1996.

[121] J.P. Dekker, E.J. Boekema, Supramolecular 
organization of thylakoid membrane proteins in 
green plants, BBA - Bioenergetics, 1706 (2005) 12—
39.

[122] M. Baaden, S.-J. Marrink, Coarse-grain 
modelling of protein-protein interactions, Curr. Opin. 
Struct. Biol, 23 (2013) 878—886.

[123] F. Eisenhaber, P. Lijnzaad, P. Argos, C. 
Sander, M. Scharf, The double cubic lattice method: 
Efficient approaches to numerical integration of sur-
face area and volume and to dot surface contour-
ing of molecular assemblies, J. Comput. Chem, 16 
(1995) 273—284.

[124] S. Boresch, F. Tettinger, M. Leitgeb, M. 
Karplus, Absolute binding free energies: A quantita-
tive approach for their calculation, J. Phys. Chem. B, 
107 (2003) 9535—9551.

[125] X. Periole, A.M. Knepp, T.P. Sakmar, S.-
J. Marrink, T. Huber, Structural determinants of the 
supramolecular organization of G protein-coupled 
receptors in bilayers, J. Am. Chem. Soc, 134 (2012) 
10959—10965.

[126] M. Weingarth, A. Prokofyev, E.A.W. van 
der Cruijsen, D. Nand, A.M.J.J. Bonvin, O. Pongs, 
M. Baldus, Structural determinants of specific lipid 
binding to potassium channels, J. Am. Chem. Soc, 
135 (2013) 3983—3988.

[127] D. Sengupta, S.-J. Marrink, Lipid-mediated 
interactions tune the association of glycophorin A 
helix and its disruptive mutants in membranes, Phys. 
Chem. Phys, 12 (2010) 12987—12996.

[128] E. Psachoulia, D.P. Marshall, M.S.P. 
Sansom, Molecular dynamics simulations of the di-
merization of transmembrane α-helices, Acc. Chem. 
Res, 43 (2010) 388—396.

[129] N. Castillo, L. Monticelli, J. Barnoud, D.P. 
Tieleman, Free energy of WALP23 dimer association 
in DMPC, DPPC, and DOPC bilayers, Chem. Phys. 
Lipids, (2013).

[130] A.C. Stark, C.T. Andrews, A.H. Elcock, 
Toward optimized potential functions for pro-
tein—protein interactions in aqueous solutions: os-
motic second virial coefficient calculations using 
the MARTINI coarse-grained force field, J. Chem. 
Theory Comput, 9 (2013) 4176—4185.

[131] R. Baradaran, J.M. Berrisford, G.S. 
Minhas, L.A. Sazanov, Crystal structure of the entire 
respiratory complex I, Nature, 494 (2013) 443—448.

[132] H. Schägger, R. de Coo, M.F. Bauer, S. 
Hofmann, C. Godinot, U. Brandt, Significance of 
respirasomes for the assembly/stability of human re-
spiratory chain complex I, J. Biol. Chem, 279 (2004) 



references

108

36349—36353.

[133] R. Acín-Pérez, M.P. Bayona-Bafaluy, P. 
Fernández-Silva, R. Moreno-Loshuertos, A. Perez-
Martos, C. Bruno, C.T. Moraes, J.A. Enriquez, 
Respiratory complex III is required to maintain com-
plex I in mammalian mitochondria, Mol. Cell, 13 
(2004) 805—815.

[134] M.L. Genova, G. Lenaz, A critical appraisal 
of the role of respiratory supercomplexes in mito-
chondria, Biological Chemistry, 394 (2013).

[135] W.G. Noid, Perspective: coarse-grained 
models for biomolecular systems, J. Chem. Phys, 
139 (2013) 090901.

[136] S. Baoukina, S.-J. Marrink, D.P. Tieleman, 
Molecular structure of membrane tethers, Biophys. 
J, 102 (2012) 1866—1871.

[137] Z. Wu, Q. Cui, A. Yethiraj, A new coarse-
grained model for water: the importance of elec-
trostatic interactions, J. Phys. Chem. B, 114 (2010) 
10524—10529.

[138] H. Noguchi, Membrane simulation models 
from nanometer to micrometer scale, J. Phys. Soc. 
Jpn, 78 (2009) 041007.

[139] T. Murtola, A. Bunker, I. Vattulainen, M. 
Deserno, M. Karttunen, Multiscale modeling of 
emergent materials: biological and soft matter, Phys. 
Chem. Phys, 11 (2009) 1869—1892.

[140] A.P. Lyubartsev, A.L. Rabinovich, Recent 
development in computer simulations of lipid bilay-
ers, Soft Matter, 7 (2010) 25—39.

[141] B. West, F.L.H. Brown, F. Schmid, 
Membrane-protein interactions in a generic coarse-
grained model for lipid bilayers, Biophys. J, 96 (2009) 
101—115.

[142] A.P. Lyubartsev, A. Mirzoev, L. Chen, A. 
Laaksonen, Systematic coarse-graining of molecu-
lar models by the Newton inversion method, Faraday 
Disc, 144 (2009) 43—56.

[143] Z.-J. Wang, M. Deserno, A systematically 
coarse-grained solvent-free model for quantitative 
phospholipid bilayer simulations, J. Phys. Chem. B, 
114 (2010) 11207—11220.

[144] A.J. Sodt, T. Head-Gordon, An implicit sol-
vent coarse-grained lipid model with correct stress 
profile, J. Chem. Phys, 132 (2010) 205103.

[145] E.M. Curtis, C.K. Hall, Molecular dynamics 
simulations of DPPC bilayers using “LIME,” a new 
coarse-grained model, J. Phys. Chem. B, (2013).

[146] A. Srivastava, G.A. Voth, Hybrid approach 
for highly coarse-grained lipid bilayer models, J. 
Chem. Theory Comput, 9 (2013) 750—765.

[147] M. Parrinello, Polymorphic transitions in 
single crystals: A new molecular dynamics method, 
J. App. Phys, 52 (1981) 7182—7190.

[148] C.H. Bennett, C.H. Bennett, Efficient esti-
mation of free energy differences from Monte Carlo 
data, J. Comput. Phys, 22 (1976) 245—268.

[149] G. Torrie, G. Torrie, J. Valleau, J. Valleau, 
Nonphysical sampling distributions in Monte Carlo 
free-energy estimation: Umbrella sampling, J. 
Comput. Phys, 23 (1977) 187—199.

[150] S. Ollila, H.J. Risselada, M. Louhivuori, E. 
Lindahl, I. Vattulainen, S.-J. Marrink, 3D pressure 
field in lipid membranes and membrane-protein 
complexes, Phys. Rev. Lett, 102 (2009) 078101.

[151] E.g. Brandt, A.R. Braun, J.N. Sachs, J.F. 
Nagle, O. Edholm, Interpretation of fluctuation spec-
tra in lipid bilayer simulations, Biophys. J, (2011).

[152] D.R. Lide, CRC Handbook of chemistry 
and physics, CRC Press, 1993.

[153] E.M. Duffy, W.L. Jorgensen, Prediction of 
properties from simulations:  free energies of sol-
vation in hexadecane, octanol, and water, J. Am. 
Chem. Soc, 122 (2000) 2878—2888.

[154] R. Wolfenden, R. Wolfenden, L. 
Andersson, L. Andersson, P.M. Cullis, P.M. Cullis, 
C.C. Southgate, C.C. Southgate, Affinities of amino 
acid side chains for solvent water, Biochemistry, 20 
(1981) 849—855.

[155] P. Ruelle, The n-octanol and n-hexane/
water partition coefficient of environmentally rele-
vant chemicals predicted from the mobile order and 
disorder (MOD) thermodynamics, Chemosphere, 40 
(2000) 457—512.

[156] D.M. Dolney, G.D. Hawkins, P. Winget, 
D.A. Liotard, C.J. Cramer, D.G. Truhlar, Universal 
solvation model based on conductor-like screening 
model, J. Comput. Chem, 21 (2000) 340—366.

[157] M.H. Abraham, G.S. Whiting, R. Fuchs, 
E.J. Chambers, Thermodynamics of solute transfer 
from water to hexadecane, J. Chem. Soc., Perkin 
Trans. 2, (1990) 291.

[158] C. Hansch, C. Hansch, A. Leo, A. Leo, 
D. Hoekman, D. Hoekman, S.R. Heller, S.R. Heller, 
Exploring QSAR - Hydrophobic, electronic, and 
steric constants, American Chemical Society, 
Washington DC, 1995.

[159] S.-J. Marrink, E. Lindahl, O. Edholm, 
Simulation of the spontaneous aggregation of phos-
pholipids into bilayers, J. Am. Chem. Soc, (2001).

[160] S. Ollila, M.T. Hyvönen, I. Vattulainen, 
Polyunsaturation in lipid membranes:  dynamic 
properties and lateral pressure profiles, J. Phys. 
Chem. B, 111 (2007) 3139—3150.

[161] D. Marsh, Elastic curvature constants of 
lipid monolayers and bilayers, Chem. Phys. Lipids, 
(2006).

[162] D. Marsh, Handbook of lipid bilayers, CRC 



109  

chapter VIII

Press, (2013).

[163] H.J. Risselada, S.-J. Marrink, The molecu-
lar face of lipid rafts in model membranes, Proc. Natl. 
Acad. Sci. USA, 105 (2008) 17367—17372.

[164] S.-J. Marrink, A.E. Mark, Molecular view 
of hexagonal phase formation in phospholipid mem-
branes, Biophys. J, (2004).

[165] S.-J. Marrink, H.J. Risselada, A.E. Mark, 
Simulation of gel phase formation and melting in 
lipid bilayers using a coarse grained model, Chem. 
Phys. Lipids, (2005).

[166] A.K. Menon, Flippases, Trends Cell Biol, 5 
(1995) 355—360.

[167] H.J. Risselada, A.E. Mark, S.-J. Marrink, 
Application of mean field boundary potentials in 
simulations of lipid vesicles, J. Phys. Chem. B, 112 
(2008) 7438—7447.

[168] S.-J. Marrink, A.E. Mark, Molecular dy-
namics simulation of the formation, structure, and 
dynamics of small phospholipid vesicles, J. Am. 
Chem. Soc, (2003).

[169] R. Baron, D. Trzesniak, A.H. de Vries, A. 
Elsener, Comparison of thermodynamic properties 
of coarse‐grained and atomic‐level simulation mod-
els, Chem. Phys. Chem, (2007).

[170] N. Goga, A.J. Rzepiela, A.H. de Vries, 
Efficient algorithms for Langevin and DPD dynam-
ics, J. Chem. Theory Comput, (2012).

[171] E. Kunji, The role and structure of mito-
chondrial carriers, FEBS Lett, 564 (2004) 239—244.

[172] H. Nury, C. Dahout-Gonzalez, V. Trézéguet, 
G. Lauquin, G. Brandolin, E. Pebay-Peyroula, 
Structural basis for lipid-mediated interactions be-
tween mitochondrial ADP/ATP carrier monomers, 
FEBS Lett, 579 (2005) 6031—6036.

[173] B. Hoffmann, A. Stockl, M. Schlame, K. 
Beyer, M. Klingenberg, The reconstituted ADP/ATP 
carrier activity has an absolute requirement for car-
diolipin as shown in cysteine mutants, J. Biol. Chem, 
269 (1994) 1940—1944.

[174] M. Klingenberg, Cardiolipin and mito-
chondrial carriers, BBA - Bioenergetics, 1788 (2009) 
2048—2058.



summary



111  

chapter IX

Computational microscopy of the supramolecular organization of the respiratory chain complexes

This thesis addresses the association of the protein complexes of the respiratory chain 
into highly organized structures called supercomplexes (SC). More specifically, the thesis 
focuses on the involvement of the membrane in this association process, and the potential 
roles of one of its main lipidic components, cardiolipin (CL). CL is a negatively charged lipid, 
present in high concentration in the inner membrane of mitochondria, which hosts the re-
spiratory chain complexes. CL has been shown to be mandatory for the overall respiration 
mechanism although the details of its contribution are not clear. The main hypothesis being 
CL would contribute to the stability of the respiratory chain assembly by “gluing” the com-
plexes together.

Using the coarse grain molecular dynamics (CGMD) simulation technique as a “compu-
tational microscope”, I investigated two main hypotheses: 1) if CLs are involved in stabilizing 
the association of the complexes into supercomplexes, they might form specific binding sites 
on the membrane exposed protein surface; 2) assuming the presence of CL binding sites, 
one can imagine two potential mechanisms of action: CL could act as locks or bridges. In 
both cases, unfavorable interactions between complexes are avoided by CL capping parts of 
the complex surfaces. This capping would direct the formation of the interface by occupying 
specific sections of the enzyme surfaces and leaving the functional ones free, or by screening 
(electrostatically) identically charged sections of the protein surfaces and thus allowing the 
formation of interfaces otherwise unfavorable.

The first hypothesis is developed in the Chapters III and IV of this thesis, for the respective 
complex III (CIII, cytochrome bc1 complex) and complex IV (CIV, cytochrome c oxidase) of the 
respiratory chain. The existence of specific binding sites for CL on the accessible surface of 
the protein is demonstrated by long scale MD simulations. This prediction is strengthened by 
the reproduction of known experimental CL positions co-crystallized with the complexes. The 
involvement of CL in the proton transfer and proton pumping processes, already proposed 
years ago, is more apparent in the light of these simulations. The CL binding sites are sys-
tematically found in the vicinity of the known reaction centers and proton pumping pathways 
present on these two complexes.

The second hypothesis was then assessed by looking at the self-assembly of the two 
complexes and is presented in Chapter V. Systems containing multiple replicas of CIII and CIV 
were simulated following the formation of supercomplexes in two lipidic environments: with 
and without CLs. I observed the formation of supercomplexes, with details of the interactions 
depending on the lipids present in the system. CL is found to be systematically enriched at the 
direct interface between complexes, supporting the bridge hypothesis mentioned above. The 
interface between CIII and CIV proposed in the literature for bovine supercomplex is repro-
duced in the simulation, but only in the system containing CLs in the lipid bilayer. Interestingly, 
a large number of additional interfaces is observed, providing evidence for a dynamical view 
on supercomplex organization in the mitochondrial membrane. 

In an effort to further increase the speed of CGMD simulations, I developed a new Martini 
model presented in Chapter VI. The number of degrees of freedom of the system was re-
duced by removing the aqueous phase, which usually represents a significant part of a simu-
lation box. This approach, named Dry Martini in contrast to the standard Martini model, is de-
scribed and thoroughly tested. The model proved to be stable and robust for lipids, meeting 
the expectations on speed-up and extended statistics at a reduced computational cost. It will 
however need further development for systems including other molecules such as proteins.§
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Computationele microscopie van de supramoleculaire organisatie van eiwitcomplexen in de ademhalingsketen

Dit proefschrift richt zich op de organisatie van eiwitcomplexen van de ademhalingsketen tot sterk 
georganiseerde structuren, zogenaamde supercomplexen (SC). In het bijzonder focust dit proefschrift 
op de betrokkenheid van de membraan bij dit organisatie proces en de rol van een van zijn belangrijkste 
lipide componenten, cardiolipin (CL). CL is een negatief geladen lipide, aanwezig in hoge concentraties 
in de binnenste membraan van mitochondriën, welke ook de ademhalingsketen complexen herbergd. 
Het is aangetoond dat CL nodig is voor de algehele werking van het ademhaling mechanisme, maar de 
details van de werking zijn onbekend. De belangrijkste hypothese in dit werk is dat CL bijdraagt aan de 
stabiliteit van de ademhalingsketen supercomplexen door de eiwitcomplexen samen te “lijmen”.

Met behulp van coarse grain moleculaire dynamica (CGMD) simulaties als een “compuationele mi-
croscoop, heb ik twee hypothesen onderzocht: 1) als CLs betrokken zijn bij de stabilisering van de 
binding tussen complexen tot supercomplexen, hebben ze mogelijk specifieke bindingslocaties op het 
eiwitoppervlak dat met de membraan in contact staat; 2) wanneer er CL bindingslocaties zijn, kan men 
zich twee mogelijke mechanismen voorstellen: Cl kan fungeren als “slot” of als “brug”. In beide gevallen 
worden ongunstige wisselwerkingen tussen de complexen vermeden doordat CL gedeelten van het op-
pervlak van het complex bedekt. Dit bedekken kan de vorming van een contactoppervlak sturen door 
specifieke delen van het enzymoppervlak te bezetten, terwijl de functionele oppervlakken vrij gelaten 
worden, of door het screenen van gelijk geladen gedeelten van het eiwitoppervlak, waardoor anders 
ongunstige contactoppervlakken toch gevormd worden.

De eerste hypothese is uitgewerkt in hoofdstukken III en IV van dit proefschrift, voor complex III 
(CIII, cytochrome bc1 complex) en complex IV (CIV, cytochrome c oxidase) van de ademhalingsketen. 
Het bestaan van specifieke bindingslocaties voor CL op het bereikbare oppervlak van het eiwit wordt 
aangetoond door middel van lange CGMD simulaties. De voorspelling wordt versterkt door het re-
produceren van experimenteel bekende posities van gekristalliseerde CLs in het eiwit complex. TDe 
betrokkenheid van CL bij proton overdracht en het proton pomp-proces, jaren geleden al voorspeld, is 
een stuk aannemelijker in het licht van deze simulaties. De CL bindingslocaties bevinden zich system-
atisch in de buurt van de bekende reactiecentra en proton-pomp paden aanwezig in beide complexen.

De tweede hypothese wordt geëvalueerd door te kijken naar zelfassemblage van de beide complex-
en, beschreven in hoofdstuk V. De simuleerde systemen bevatten meerdere replicas van CIII en CIV. 
De formatie van supercomplexen is vergeleken in twee lipide omgevingen: met en zonder CLs. Ik heb 
de formatie van supercomplexen waargenomen, waarbij de interacties afhingen van de lipiden in het 
systeem. CL blijkt systematisch verrijkt te zijn op het contactoppervlak tussen de complexen, wat de 
boven beschreven “brug”-hypothese ondersteund. Het contactoppervlak tussen CIII en CIV, zoals dat 
in wetenschappelijke literatuur voor het bovine supercomplex voorgesteld is, wordt gereproduceerd in 
de simulaties, maar alleen in het systeem dat CLs bevat. Het is interessant dat een groot aantal extra 
contactoppervlakken waargenomen zijn, een mogelijk bewijs voor dynamisch beeld van de organisatie 
van het supercomplex in het mitochondriale membraan.

In een poging om de snelheid van CGMD simulaties verder te vergroten, heb ik een nieuw Martini 
model ontwikkeld, dat gepresenteerd wordt in hoofdstuk VI. Het aantal vrijheidsgraden van het sys-
teem is gereduceerd door het weglaten van de water fase, normalerwijze verantwoordelijk voor een 
significant gedeelte van het gesimuleerde systeem. Deze benadering, Dry Martini genaamd in tegen-
stelling tot het standaard Martini model, is beschreven en grondig getest. Het model blijkt stabiel en 
robuust voor lipiden en voldoet aan de verwachtingen wat betreft snelheid en verbeterde statistische 
nauwkeurigheid tegen lagere computationele kosten. Er zullen echter nog verdere verbeteringen nodig 
zijn voor systemen met andere moleculen zoals eiwitten.§
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Microscopie informatique de l’organisation supramoléculaire des complexes de la chaîne respiratoire
Cette thèse s’intéresse à l’association des complexes protéiques de la chaîne respiratoire en struc-

tures organisées appelées supercomplexes (SC). Plus précisément, cette thèse porte sur la partici-
pation de la membrane dans ce processus d’association et les rôles potentiels de l’un de ses princi-
paux composants lipidiques, les cardiolipides (CLs). Les CLs sont des lipides chargés négativement, 
présents en forte concentration dans la membrane interne des mitochondries qui accueille la chaîne 
respiratoire. Il a été démontré que ces CLs sont absolument nécessaires à l’ensemble du mécanisme 
de respiration, bien que les détails de leur contribution ne soient pas clairs. L’hypothèse la plus dével-
oppée étant que ces CLs contribueraient à la stabilité de l’ensemble de la chaîne respiratoire en main-
tenant l’association des complexes.

En utilisant des simulations de dynamique moléculaire dite de “gros-grain” (CGMD) en guise de 
microscope, j’ai développé mes travaux sur deux hypothèses principales: 1) si les CLs sont impliqués 
dans la stabilisation de l’association des complexes en supercomplexes, ils pourraient former des 
sites de fixation spécifiques sur la surface des protéines exposée à la membrane ; 2) en supposant 
l’existence de ces sites de fixation, on peut imaginer deux mécanismes d’action possibles : les CLs 
pourraient agir comme “écran” ou comme “ponts”. Dans les deux cas, les interactions entre les com-
plexes seraient guidées par les CLs, recouvrant des sections de la surface des protéines. La présence 
des CLs pourrait aider à diriger la formation des interfaces entre complexes, occupant des sections 
spécifiques de la surface des protéines tout en laissant libres les sections fonctionnelles, ou en faisant 
écran (électrostatiquement) à des sections de surface identiquement chargées et permettant ainsi la 
formation d’interfaces autrement défavorables.

La première hypothèse est développée dans les Chapitres III et IV de cette thèse, pour le complexe 
III (CIII, complexe cytochrome bc1) et le complexe IV (CIV, cytochrome c oxydase) de la chaîne respira-
toire. L’existence de sites de fixation spécifiques aux CLs sur la surface accessible de ces protéines est 
démontrée par des simulations de dynamique moléculaire (MD) de longue durée. Cette prédiction est 
renforcée par la reproduction des positions expérimentales connues pour les CLs, co-cristallisés avec 
les complexes. La participation des CLs dans les processus de transfert et pompage de protons, déjà 
proposés depuis des années, est plus patente à la lumière de ces simulations : les sites de fixation des 
CLs se trouvent systématiquement à proximité des centres réactionnels connus et/ou proposés, et des 
voies par lesquelles les protons sont pompés.

La seconde hypothèse a ensuite été testée en examinant l’auto-assemblage des deux complexes 
III et IV présentée dans le Chapitre V. Des systèmes contenant plusieurs répliques de CIII et CIV ont 
été simulés jusqu’à formation de supercomplexes dans deux environnements lipidiques : avec et sans 
CLs. La formation de SCs, et l’interaction entre les protéines, dépendent de la présence de CLs dans 
le système. Les CLs sont systématiquement rencontrés à l’interface des complexes, de sorte que 
l’hypothèse de “pont” mentionnée précédemment semble prévalente. L’interface entre les CIII et CIV 
proposée dans la littérature — supercomplexes observés dans les membranes internes de mitochon-
dries extraites de coeur de boeuf — est reproduite dans nos simulations, mais seulement dans le sys-
tème contenant des CLs dans la membrane lipidique. Fait intéressant, un grand nombre d’interfaces 
supplémentaires est observé, alimentant l’hypothèse d’une organisation plus dynamique des super-
complexes.Dans un effort pour augmenter la vitesse de simulations CGMD, j’ai développé un nouveau 
modèle, dérivé de Martini, présenté dans le Chapitre VI. Le nombre de degrés de liberté des systèmes 
simulés a été réduit en éliminant la phase aqueuse, représentant généralement une partie importante 
des boîtes de simulation. Cette approche, appelée Dry Martini, est décrite, testée et présentée. Le 
modèle s’avère être stable et robuste pour les lipides, répondant aux attentes vis a vis de la vitesse 
et la statistique étendue, pour un coût de calcul grandement réduit. Ce modèle nécessite cependant 
un développement supplémentaire pour intégrer de nouvelles molécules, telles que des protéines par 
exemple. §
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Let it be known I’m writing acknowledgments because it’s the tradition, and because I’m 
guessing you’re starting this book from here (don’t deny it). But I’m convinced all the people 
whose names are reported here know the talkative and verbose me, and have been properly 
thanked in due time for what they deserved; that’s why I’m keeping it quick and simple. I 
guess that’s my way of apologizing to whoever I’m going to forget…

Some parts of these acknowledgements were written in Bali, Indonesia. Not much, but 
just enough so I can mention it here. Bim, showing off.

Thanks to everyone I met and talked to, I hung out and shared things with, who helped or 
taught me, who suffered my complaining and grumbling, and my enthusiasm for this or that. 
Below is the list of people who got themselves involved with me during my stay in Groningen, 
list I hope as exhaustive as it gets (I leave you to add your name on the last empty lines if I 
neglected you, sorry hoor! I’ll publish an erratum). In no particular order of course:

I’m going to start with a muito obrigado to Manel, my paranimf, without whom this couple 
of years in Groningen would have been way different. As in, less good. Way less. Sharing 
laughs (season 18 of South Park is starting!), heavy or lighter discussions (just how dirty the 
portuguese language can get?), pantagruelic dinners (you and your passion for all-you-can-
eat joints) and weird/exotic/unexpected/odd food (“Wanna eat ears?”) in unexpected places, 
trips (Lisboa, NYfC, Singapore to cite only the first few lines of the long list of favorites; you 
still need to visit Bordeaux though) and hotels, drinks here and there (not going to start a list 
for that one), and regular outing in Groningen have been the highlights of my (non-)working 
time here. Science wise, I’m always stunned by the amount of details you know on so many 
random subjects. I guess I still have some serious efforts to provide before being a proper 
post-doc… Oh! And before I forget: do keep this taste in women my friend, it agrees with me. 
À nossa! And since I know you and don’t expect this part to change anytime soon, I can prob-
ably add bom proveito! 

Gracias Marcelo, who has been excessively present at random moment of this PhD. I’ll 
just mention two which hold some importance to my eyes: thanks for making me “discover 
another world” and the good nightlife of Groningen a few years back, and helping me through 
the process of thinking life decisions. Bim. Wow. Yes. But no big acknowledgements for con-
vincing me to take part in your disproportionate sport schedule, namely bootcamps and other 
gym sessions. I know I’ll thank you later, but just now I still feel the exercises from yesterday, 
and I hate you. Anyway, you reader can participate here, and can join me into eternally thank-
ing him for the book you’re holding right now, since he did the great and ingrate (“Nono, but I 
like doing this!”) job of completely formatting it despite my continuous lack of enthusiasm on 
this matter. Salud!

Takk Helgi, for your time in Groningen, and other places. This trip in Iceland was awe-
some, definitely going back there as soon as you guys get properly hit by the global warm-
ing. Discovering New York while listening to your random facts (I will always remember what 
smoke is pouring out of manholes in american movies) was quite the thing too. Closer to 
home, the barbecue sessions and the whisky tasting made me “big and strong” as you would 
say, and I need to thank you for that as well. On the science side, you managed to drag me 
back to what I was initially hired to do, which wasn’t that easy… I guess chocolate does that 
to you. Skál!

Tankjewol Djurre, for all the support and discussion at the lab. For the cat-caring when it 
was around, for the couch when I needed it, for the teaching of this and that, for your patience 
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regarding my habit of forgetting deadlines… For the muscles of my neck, which grew stronger 
with each discussion with your tall self. I wish you, Jorieke and surely-taller-than-me-already 
Emma many good things. Tsjoch! 

Kittos Jaakko, my favorite Finn. A Finn AND a physicist, just because adding up is fun. 
Thanks for the trips we shared, Dublin and Iceland especially... But I will never promise not to 
try to convince you to start drinking Guinness in the morning as you asked there. You know 
it, but I think I’m going to repeat it here and make it official: my favorite and most excited sci-
entific memory of these last few years has been turning Martini upside down and inside out 
trying to make this Dry stuff work. And I’m glad to have shared this with you! You witnessed it: 
MD can make someone (even me) wake up early. Kippis!

Xiè xiè, Juan2 a.k.a. JJ a.k.a. Chinese, for all the… smiling and laughing at you’re providing 
everyday in, let’s not forget it, MY office. I wish you a good continuation of your PhD (you’re in 
good hands) and life, and plenty of good things for the husband (who is defending soon, isn’t 
he?) and Esther. Gān bēi!

Dankjewel Alex, for all the discussions, questions, answers, and the general food-for-
thought, scientific or not you provided. I guess this shouldn’t be written in a PhD thesis, but 
I always feel like I know nothing and have to restart my education from the beginning when 
talking to you. Learning from you seems the best out there; everything seems simple, rational-
ized with easygoing and ingenious examples. Until I try to explain them to someone else and 
find myself struggling… Proost!

Thanks Floris (remember to call me for the next hike in Switzerland; good luck with the 
end of your PhD), Tsjerk, Pim, César, Lars (decrease the volume or change your headphones, 
I can hear your “music” from here), Martti, Monica (thanks for your help in getting rid of all 
my random doubts when I moved here), Eva (I’m shamelessly going to use the words from a 
dear former fellow PhD student from our lab: “Keep on sampling!”. Come back to Groningen 
for your PhD, won’t find better than this lab), Exequiel (“Holaaa!”), Felipe (salud parcero) and 
Ignacio, Martina and Irene (please keep this delicious italian-british accent for ever), Lisheng, 
Tom, Jan, Nicoletta, Anastassiia and all the people I’m forgetting who spend time at the lab. 
Welcome and good luck to Peter and Riccardo. Cheers!

Dankjewel Siewert, who, to start with, gave me the chance to do my PhD in Groningen. 
Due to an unexpected and slightly peculiar opportunity. But all good, since it allowed me to 
spend five remarkable years here. On a more personal note, I thank you for letting this lab live 
without much constraints; seems to work waaay better than other places I heard of, and as far 
as I know everyone (me first) is satisfied and happily coming to work. Thanks for the advices, 
scientific obviously (I will always be impressed by how you defines and impersonate the ex-
pression “chemical intuition”), but on the dutch life style too; without you I would have bought 
my bike, never thrown fireworks at the police during New Year’s Eve, and wouldn’t have dared 
to try (and love) this monument of dutch cuisine that is the kroket. What lacks in my education 
would all that have been! Seriously, and sincerely, thanks for everything, and looking forward 
continuing working with you. Proost!

Et pour en finir avec le labo, je vais remercier Xavier, mon “daily supervisor” comme décrit 
dans mon contrat avec l’université. Mais beaucoup plus que ça… Qui vous cuisine le kilo de 
bavette ou du confit au milieu de la nuit ? Je pourrais te remercier pour à peu près tout ce pour 
quoi j’ai remercié tout le monde jusqu’à présent (considère ça inclus avec cette ligne), mais je 
ne vais pas me répéter et choisir autre chose : merci de n’avoir perdu patience que quelques 
fois devant ma persistance têtue, et mon systématique désintérêt quant aux tâches que je 
considère ennuyeuses (et la liste de celles-ci est longue, je sais bien). Merci de m’avoir appris 
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à être aussi… critique, the hard way par contre. Je vais faire bon emploi de tout ça. Mais tu 
en entendras parler probablement. À la tienne !

Je vais continuer avec un grand merci à Jean-Michel, mon second paranimf, qui est tou-
jours là malgré ma désormais célèbre habitude de ne jamais donner de nouvelles. Mais il n’est 
pas mieux, donc on s’entend bien. Merci pour les grosses bouffes, les déménagements or-
ganisés de manière… douteuse au mieux mais bien rigolos (je pense qu’il y a quelque chose 
à conclure du fait que mes paranimfen sont tout deux des gros mangeurs et super organisés), 
les vacances au soleil (malgré les photos bizarres) et le temps au labo (spécialement les Beer 
PartiesTM à l’IECB). Je te souhaite bien du plaisir à trouver un nouveau post-doc bien loin ; ça 
me fera une destination supplémentaire de voyage… Salud!

Gracias, Melanicita, Ô toi qui me trouvas ce surnom stupide. Je pense que tu sais que je te 
remercie pour les mêmes raisons que ton mari (congrats for that too) ci-dessus… J’ajouterai 
juste ta capacité à mîmer ton combat de tous les jours contre les fourmis vénézuéliennes. 
J’espère toujours que tu m’apprennes l’espagnols (let’s start with the venezuelan slangs) et 
que tu me fasses découvrir tes plages avec tout ces arbres. Où que vous deux soyez, je 
passerai vous voir. Santé !

Merci Judith pour le temps à l’IECB, les séries que tu m’as fait découvrir, de même que les 
random facts extraits de ton site préféré. Merci de m’avoir appris à apprécier ce ton sarcas-
tique que tu emploies si souvent. Tu viens juste de passer à l’industrie, et j'espère que tout se 
passera pour le mieux. Dis moi ce que tu en penses, peut être que je passerai du côté obscur 
aussi (maintenant que j’ai quelqu’un dans la place…). À trés bientôt et à la tienne !

Xвала Jekic and Mici, roomies of my heart. Who left me in the same house with this… 
girl for your boyfriends or whatever. I’m never going to forgive you for this. But for the rest I 
miss you. The 4 a.m. vodka/rakia sessions, the middle-of-the-stairs evening discussions, the 
serbian socks-based painkillers and beauty advices (thought I forgot that, didn’t you?), the 
feeling of frequenting members of a southeastern european mob, the (still ongoing) competi-
tion to see who is going to be back the latest at night, the very high heels, … all these. And the 
huge house. Anywhere you are, I will to visit you, if you visit me, deal? Živeli!

Takk Jodie, without whom the irish pubs of Groningen are all right but not quite. Thanks 
for the late-random-spontaneous drinks, the laughing (at), the fact you provide me a welcom-
ing address in Dublin… and Norway? I’m going to visit you again soon, and that’s a promise 
darling. Sláinte!

Katia… Shoukran jazilan habibti. Katia, ma deuxième mère à Groningen. Non que j’en ai 
besoin d’une, mais elle veut tellement l’être… Thanks for being there (and there and there and 
there…) all this time, thanks to be a housemate now, folding my stuff and sneakily cleaning my 
kitchen when you feel like it (you have a massive case of OCD you kwow that? Just let these 
doormats be for once…). I’ll always have a chocolate muffin for you. À la tienne !

Dankeschön Susi, my Fräulein S aus B, my adorable german. Thinking about it, we actually 
went places since we met at this now long-forgotten party. Thanks for these holidays here and 
there, the heavy and lighter discussions, the hangovered afternoons (badly) cleaning your flat 
and your dishes, … Know that you’re one of the very few I secretly forgive for being vegetarian 
(especially after seeing your face when this brasilian waiter offered you chicken for a vegetar-
ian dish). I wish you good luck for the continuation of your PhD, and know I’ll always be there 
for listening. If you braid your hair for me. Prost!
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Dziękuję Marta, another overly sportive of my friends. But you know what I think about how 
it makes you look, so please do continue. Thanks for the holidays we spent together (but keep 
the pictures for yourself), the majority in portuguese speaking countries oddly. Portugal was 
definitely something, and Brasil was the right follow up. And we still have to share this random 
spontaneous beer! I won’t forget that one. Na zdrowie!

Dankjewel Jette, for all these discussions in all your random languages, for making me 
feel dutch sometimes, for the trip pictures (what’s this mexican lake again?) and general travel 
enthusiasm and especially for motivating each other to do things we were not keen on do-
ing. And for the french slangs, parisian accent and all, getting out of your mouth without a 
single shred of shame. Thanks for all these moments of pure bitchiness too, quite refreshing; I 
promised myself I will _not_ miss that, I’ll call you if needed. You’ll always have a place to visit 
and stay where I’ll live, and do not forget to take your credit card that we go shopping. We still 
need to eat this proper English breakfast in this proper place, in the proper country. Just tell 
me when love! À la tienne hoor !

Dankeschön Lina, who proved to me once again germans can be so nice, warm-hearted 
and… simply awesome. But somehow super-scary too, telling stories about broken nose and 
initiating you to boxing and heavy bootcamp training. Thanks for the interesting discussions 
on your research axes, the subjects I never expect to think about, the exotic pictures and 
stories of your african travelling... And special thanks for being still there even when the news 
gets sporadic. Prost!

Dankeschön Ole, with you I could speak openly without thinking. And eat fancy and good-
looking dishes. I’m definitely going to visit you in London. Yes there, ’cause you’re surely going 
there first, aren’t you? Then anywhere else you are. Prost!

And what would have been my stay in Groningen without the Strangers? Thanksjewel 
STHH, without whom the beginning of each of the weeks up here would have been less… 
ethylic surely (sorry for everything out of place I said during these evenings), but less fun too. 
You often put the smile I kept until the end of the week on my face. Believe me or not, but 
you guys taught me a big part of the english I speak today. As an acknowledgment to you for 
that, I got you this: you can now add to the list of your accomplishments you got thanked in a 
scientific PhD thesis. Congrats, and cheers! 

And since I’m talking about you guys from STHH, I’m going to especially thanks Thomas, 
who really initiated this “closer” relationship I have with STHH now (I mean, I’m not afraid of 
talking to you famous-people-from-the-stage anymore), with this half naked morning giggling 
in this bed lost in the city center of Lisboa… And remember to always say nobrigado to drugs. 
Salute!

Thanks to Jantien (nice ship), Gemma and Edu (nice flat!), Katharina, Sara, Karl (is the 
couch-invitation still stands now that you’re married?), Fabiola, Henri, Jason, Sieger and Thijs, 
Elton and Fernanda (obrigado for the warm welcome, the sightseeing and the overall guid-
ing in São Paulo), Dal’, Wiebke (and let’s not forget Fifi of course), my favorite kebab provider 
(Ozan on Astraat, teşekkür ederim), Rob, Sonia (take care of the Finn), Mél’ (ce fut un beau 
voyage…), Bas, Dave and Allister, Glenn, Phil, Emily and Rik, the rest of the staff and bartend-
ers from the Pintelier, Pacific, O’Malley’s, O’Ceallaigh and more recently the Chaplin’s Pub to 
cite only them, Noorderzon barbecue people to have made me discover Oerham and Maxx to 
have fed me disgusting burgers on so many drinking nights. And thanks to you I didn’t men-
tion here, you’ll recognize yourself. Cheers!
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chapter X

Et pour finir, de GROS remerciements à mes parents, auxquels j’ajouterai Virginie, qui ont 
enduré ces années sans nouvelles régulières, les moments de stress et les decisions inat-
tendues, le tout sans (trop) de remontrances et plaintes. Je ne promet rien de mieux pour la 
suite. Mais en échange je vous offre une (probable) nouvelle destination à visiter… Qu’est ce 
que vous pensez de ça ? À la notre !

And of course I thank …………………………! Remember this time we …………………………
…………………………………………………………………………………………………………………
…………………………………………………………………………………………………………………
…………………………………………………………………………………………………………………
…………………………………………………………….........................................................................§


