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The reaction mechanism of the cytochrome (cyt) bc; complex relies on proton and electron transfer to/from
the substrate quinone/quinol, which in turn generate a proton gradient across the mitochondrial membrane.
Cardiolipin (CL) have been suggested to play an important role in cyt bc; function by both ensuring the struc-
tural integrity of the protein complex and also by taking part in the proton uptake. Yet, the atom-scale under-
standing of these highly charged four-tail lipids in the cyt bc; function has remained quite unclear. We
consider this issue through atomistic molecular dynamics simulations that are applied to the entire cyt bcy
dimer of the purple photosynthetic bacterium Rhodobacter capsulatus embedded in a lipid bilayer. We find
CLs to spontaneously diffuse to the dimer interface to the immediate vicinity of the higher potential heme
b groups of the complex's catalytic Q;-sites. This observation is in full agreement with crystallographic studies
of the complex, and supports the view that CLs are key players in the proton uptake. The simulation results
also allow us to present a refined picture for the dimer arrangement in the cyt bc; complex, the novelty of
our work being the description of the role of the surrounding lipid environment: in addition to the specific
CL-protein interactions, we observe the protein domains on the positive side of the membrane to settle
against the lipids. Altogether, the simulations discussed in this article provide novel views into the dynamics
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of cyt bcy with lipids, complementing previous experimental findings.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The role of lipids in biological membranes and their function has ear-
lier been undervalued, though the situation has changed quite recently
[1]. Nowadays it is known that the lipids surrounding membrane pro-
teins may have a role in proteins' stability, membrane partitioning, fold-
ing, assembly, and dynamics [2,3]. It has also been realized that lipids
can modulate or even govern the function of membrane proteins [4].
For instance, there is ample evidence that generic membrane properties
such as hydrophobic thickness, phase behavior, surface charge, and
membrane elasticity [2,4] can influence conformations of membrane-
embedded proteins. Besides these membrane-mediated interactions,
individual lipids may also play a crucial role in protein function through
specific binding and interaction patterns. The latter possibility is a very
timely topic since recent studies by Contreras et al. have shown
concretely how sphingomyelin, one of the abundant lipid types in
e.g. plasma membranes, interacts specifically with certain transmem-
brane protein domains [5].
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Further, X-ray crystallographic studies have suggested that several
membrane proteins include specific phospholipid species as integral
parts of their structures [6]. Some of these lipids bind to well-
defined binding pockets and are a prerequisite for the structural in-
tegrity and proper function of the proteins [6]. The underlying rea-
sons to the lipid specificity and the detailed role of the lipids in the
protein function have, however, remained largely elusive. To a large
extent, this is due to practical issues that limit the chances of experi-
ments to clarify atomistic-scale phenomena associated with dynamic
lipid-protein interactions.

One of the appropriate means to complement experiments is to
consider complex membrane-protein systems in a purely atomistic
manner through molecular dynamics (MD) simulations. This ap-
proach not only provides structural information of lipid-protein com-
plexes but it also generates knowledge on the dynamic properties of
proteins in membranes.

In this spirit, here we study the effects of lipids on the cytochrome
(cyt) bcy complex (see Fig. 1) of the purple photosynthetic bacterium
Rhodobacter capsulatus using atomistic MD simulations. The bacterial
cyt bc; complex is a 6-subunit dimer, composed of cyt b, cyt ¢, and iron
sulfur protein (ISP) subunits (Fig. 1A). It functions as a redox carrier in
the electron transport chain, a key part of bacterial and eukaryotic energy
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Fig. 1. The cytochrome bc; complex. A) The protein dimer includes cytochrome b (cyt b; red and blue), cytochrome c; (cyt ¢;; yellow and orange), and iron sulfur protein (ISP; cyan
and magenta) subunits shown using water-accessible surface at 0 ns. The A side of the dimer (red box) is composed of chains C (cyt b), D (cyt c1), and R (ISP), while the B side (blue
box) includes chains P (cyt b), Q (cyt c¢1), and E (ISP) in the crystal structure (PDB: 1ZRT). B) The protein complex embedded in a lipid bilayer at 200 ns in the conf; simulation
(Table 1) has a different conformation if compared to the state at 0 ns. The redox centers heme c;, 2-iron 2-sulfur (Fe,S;) cluster, low potential heme (b, ), and high potential
heme (heme by) are illustrated as CPK models on top of the protein. For clarity, water molecules are only shown in the background and the membrane has been clipped to reveal
the protein subunits. The positive (P) side and the negative (N) sides separated by the membrane have been labeled. The Q, site, close to the b, heme, is located on the P side of the
membrane and the Q;-site near the heme by is closer to the N side of the membrane. Comparison of the top view of the complex from the P side shows that the dimer interface
opens considerably between C) 0 ns and D) 200 ns. Note that most of the opening happens between the extracellular domains of cyt ¢; subunits.

metabolism, embedded in a cardiolipin-rich membrane (Fig. 1B). During
the catalytic reaction of the cyt bc; complex (also called the Q-cycle) one
quinol molecule is oxidized at the Q,-site (that is thereby known as the
oxidation site) and two electrons and protons are released. One of the
electrons is delivered via the 2-iron 2-sulfur cluster (see Fig. 1B for
Fe,S, as part of the ISP subunit) to the heme c; redox center (Fig. 1B de-
scribing also part of the cyt ¢; subunit). Meanwhile, the other electron is
routed via the low potential heme (b, in Fig. 1B) and the high potential
heme (by in Fig. 1B) redox centers at the Q;-site (quinone reduction
site) to reduce a non-protonated substrate quinone. Because the reaction
is bifurcated, two Q-cycles are needed to produce a fully protonated sub-
strate quinol at the Q;-site. The proton/electron transfers to/from the sub-
strate quinone/quinol contribute to maintaining a proton gradient across
the membrane where the complex is embedded.

The presence of phospholipids has been shown to be essential for
the catalytic activity and the native structure of the cyt bc; complex
[7.8]. Also, the complex has been crystallized together with tightly
bound cardiolipins (CLs), phosphatidylcholines (PCs), phosphatidyleth-
anolamines (PEs), and phosphatidylinositols (PIs) [9-14]. The structur-
al analysis of these lipid-bound complexes has been complemented by
studies of lipid-dependent enzymatic activity, revealing the vital role
played by the lipids [7,15,16]. Removal of the lipids has been shown
to inactivate the complex, and especially CL has been found to be essen-
tial for the restoration of the enzymatic function [17,18].

With a total of four acyl chains and two negatively charged phosphate
groups connected by a central glycerol group, CL has a unique double
lipid structure. It is a vital component in membranes with coupled

electron transport and phosphorylation, namely bacterial plasma mem-
branes, chromatophores, chloroplasts, and mitochondria [19]. While af-
fecting the barrier properties of the membranes, CL has also been
suggested to operate at the interface between membrane proteins and
their surroundings, or between the subunits of protein complexes, possi-
bly inducing conformational changes thereby affecting their activity [20].
CL may also have a pivotal role in the higher order organization of respi-
ratory chain's components, literally gluing the chain together [21].

Importantly, in addition to insuring the structural integrity of the cyt
bc, complex, CLs have also been proposed to take part in the proton up-
take at the enzyme's Q;-site [22] and act as a proton sink [23]. More pre-
cisely, a CL molecule on the periphery of the negative (N) side of the cyt
bc; complex has been proposed to function as an anionic antenna for
proton uptake at the Q;-site [22,24]. As the low potential chain (heme
b, — heme by) provides electrons to the substrate at the Q;-site, the
proposed picture says that the closely positioned CLs would in concert
deliver protons for the non-reduced substrate forms. This theory is
backed up by the facts that the acidic head groups of CL are able to
carry out intramembrane proton transfer [20], and in several X-ray crys-
tal structures of the complex (see, for example, [10,25]) CLs are posi-
tioned in the close vicinity of the Q;-sites. Due to the difficulties in
determining its charge, which depends on pH and environmental fac-
tors such as the concentration of CLs, the charge state of CL has been de-
bated and both single and double charged cardiolipins have been
proposed [23,26,27].

The objective of this work is to unravel how strongly and specifi-
cally CL interacts with cyt bc;, and how these interactions are
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manifested in the function of the protein complex. In this context,
there are only a few computational studies that have examined the
properties of CL-rich bilayers [27-30]. The present work is, to the au-
thors' knowledge, the first simulation study focusing on CL-protein
interactions. To this end, we discuss the results of four 200-ns atom-
istic simulations of cyt bc; in a many-component membrane com-
prised of CL, PC, and PE lipids.

We find lipids to play a role in a number of intriguing processes.
We first find CLs to spontaneously diffuse to the protein-dimer inter-
face to the immediate vicinity of the higher potential heme groups of
the complex's catalytic (quinone reduction) Q;-sites. This suggests
that the specific CL positioning with the cyt bc; complex is highly con-
served between different species. The CL positioning in the simula-
tions close to the Q;-sites is similar to that seen in the X-ray crystal
structures of several higher level organisms such as yeast, chicken,
and bovine [9-14,22,25].

The agreement of the present simulations with experiments is
very promising for a number of reasons. From experimental point of
view, our data provide support for the experimental approaches
used to crystallize proteins of this type, since in the simulations we
readily circumvent the detrimental effects caused by delipidation,
crystal lattice packing, and other potential artifacts. Further, our sim-
ulation results allow us to present a refined picture for the dimer ar-
rangement in the cyt bc; complex. The novelty of our work is the
description of the role of the surrounding lipid environment: in addi-
tion to the specific CL-protein interactions, we also observe a confor-
mational shift due to the general lipid environment, as the domains
on the positive (P) side of the cyt bc; complex (see Fig. 1B) settle
against the membrane. Altogether, this study represents the first
atom-level perspective into the bacterial cyt bc; complex dynamics,
exploring the full effect of lipids in a many-component lipid bilayer
for the enzyme's structure and function.

2. Methods
2.1. System set-up

We consider four configurations (conf;—confy) of the cyt bc; com-
plex, corresponding to different states in the Q-cycle functional mecha-
nism of the cytochrome (Table 1). Each configuration differs from the
others by the redox states of the prosthetic groups and by the occupan-
cy of the Q- and Q;-sites. In the conf; simulation, the Q,-site is not oc-
cupied by a substrate or an inhibitor (apo), but the Q;-site contained
semiquinol. In the conf, simulation the Q,-site is unoccupied while
antimycin, an inhibitor, is present at the Q;-site. The conf; captures
the state primed for the first turnover while conf, represents the state
of the complex following immediately quinol oxidation at the Q,-site.
The details of the conf,—conf, set-ups are discussed more thoroughly
in our previous studies [31,32].

In each system set-up (Table 1), the cyt bc; protein dimer (PDB:
1ZRT; [33]) is embedded in a lipid bilayer, which was done using
VMD [34] (Fig. 1B). All non-protein components were removed
from the original PDB structure (stigmatelin) and thereby only the
protein structure was used. Prior to MD simulations, the structure of
the system was optimized through 500 steps of energy minimization

Table 1
The atomistic molecular dynamics simulation set-ups of the cytochrome bc; complex.

using the conjugate gradient algorithm. In all simulation set-ups the
lipid bilayer consists of three components: 102 cardiolipin (CL 18:2/
18:2/18:2/18:2), 406 phosphatidylcholine (PC 18:2/18:2), and 342
phosphatidylethanolamine (PE 18:2/18:2) lipids (850 lipid molecules
in total, see Fig. S1), all equilibrated in our previous studies [28,35].
This choice of lipids is particularly abundant in mitochondrial mem-
branes [28] and is often used in experimental studies where protein
complexes are reconstituted in artificial membranes. The system is
fully solvated with TIP3P water molecules. For neutralizing the nega-
tive charge of the system, 246 Na* ions were added randomly to the
water phase. The resulted systems comprise about 500,000 atoms
each.

2.2. Molecular dynamics simulations

The 200 ns molecular dynamics (MD) simulations were performed
with NAMD2.7 [36] using CHARMM 22 parameters for the protein
with the CMAP [37] correction map for main chain dihedrals, and
CHARMM 27 parameters for lipids with later modification [38]. The
MD simulation set-up is described in detail in our previous work [39].
Atomic point charges for the prosthetic redox centers and ligands
were fitted using the RESP methodology for both reduced and oxidized
states based on extensive quantum mechanical calculations [31]. The
time step was 1 fs and short-range non-bonded forces were calculated
at 2 fs interval. The smooth particle mesh Ewald method was used to
calculate long-range electrostatic interactions [40]. A periodic boundary
box was used with dimensions of 162 A x 142 A x 132 A.The protein-
protein distance in the neighboring images was as a minimum two
times larger than the 12 A cut-off distance for van der Waals interac-
tions. The target temperature was 310 K and target pressure 1 atm.

2.3. Trajectory analysis and figure preparation

The superimpositions of the protein structures were done using ei-
ther VMD 1.9 or VERTAA in BODIL 0.8.1 [41]. The distance, hydrogen
bonding (H-bonding), solvent accessible surface area (SASA), and elec-
trostatic potential calculations were also performed with VMD. The dis-
tance of 3.25 A between polar groups was used as the upper limit for
H-bond formation with an angle criterion of 30°. The contacting surface
area (in units of A%) between the cyt b and ISP subunits was assessed by
performing SASA calculations. The electrostatic potential was calculated
in VMD with the PMEPot plugin [42]. The figures were generated using
VMD, BODIL, MOLSCRIPT 2.1.2 [43], and RASTER3D [44].

2.4. Equilibrating system configurations

As mentioned above, the starting configurations for lipid bilayers
were based on our previous studies [28,35] and were thus equilibrated.
When the protein was embedded to these bilayers, the lipid arrange-
ments around the protein were therefore based on simulations of a
protein-free membrane, meaning that cardiolipins and other lipids
were not positioned close to the previously proposed binding sites of
the protein. Important to stress is that the distance between the central
binding cavity of the cyt bc, dimer (that is at the interface between the
proteins, see discussion below) and the cardiolipin that was the closest

MD simulation configuration Q;-site inhibitor or substrate Q,-site substrate Heme b ¢ Heme by ? Heme ¢; ? Fe,S, cluster @
conf; ” Semiquinol apo -1 0x -2 red -2 red -2 red

conf; © Antimycin apo -1 0x -1 0x -2 red -1 red

confs © Quinone Quinol -1 ox -1 ox -1 ox 0 ox

confy © Semiquinone Quinone -2 red -1 0x -1 0x -1 red

2 The formal charge of the redox centers: “red” stands for reduced, and “ox” stands for oxidized.

b First 100 ns of the simulation presented in Kaszuba et al. [31].
¢ Presented in Postila et al. [32].
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to it was about 20-25 A in the initial starting configuration (see Supple-
mentary material (SM)). As the below data show, this distance de-
creased rapidly as the simulations were started (see Section 3.2).
Further, immediately in the beginning of the simulation, the cavity at
the dimer interface was filled with water molecules from the negative
(N) side, but they were subsequently replaced by lipids which entered
the cavity. Further discussion on equilibration is given in SM (S.1).

3. Results
3.1. Key results in a nutshell

Below we describe the results that we have found through exten-
sive atomistic simulations. Yet, since the new knowledge we have ob-
served is quite detailed, we consider it useful to first outline the main
findings and conclusions in advance. Given this view, our four key re-
sults (in order of importance) are as follows:

1. We observed spontaneous diffusion of CL lipids to similar locations
as have been earlier observed in X-ray crystallographic experi-
ments (Fig. 2). This is a positive news for the experimental com-
munity, providing support for the protocols used in membrane
protein structure determination.

2. As the role of CLs bound to the specific sites was elucidated in detail,
it turned out that they were positioned very close to the active sites

Fig. 2. Cardiolipin diffuses spontaneously to similar binding sites as observed in X-ray
crystal structures. a) An example of the final locations of three cardiolipin molecules in
the cyt bc; structure, as observed in our simulations (confs, cardiolipins yellow
with red oxygens). Other lipids are shown only in the background for clarity. In panels
b-d are shown close-up snapshots of the CL locations versus the locations observed in
the crystal structure by Solmaz et al. ([25], PDB: 3CX5). The yellow CL is the one
observed in our MD simulations and the green one is from the crystal structure. The
positions were obtained by superimposing the protein structures from MD simulations
(colored ribbons) with the crystal structure (gray tubes). Panel ¢ corresponds to
simulation confy, and panels b and d to simulation conf;.

of the protein and indeed could participate in the proton transfer to
the active sites hydrogen-bonded networks of water and lysine.

3. The space between the two protein monomers became filled up
with phospholipids, thereby likely affecting the stability of the
complex's structure and possibly participating in its dimer forma-
tion and quinone/quinol diffusion.

4. We also observed a conformational shift due to the general lipid
environment in the cyt bc; dimer's quaternary structure, as the P
side domains of the complex settled against the membrane.

We next discuss these aspects in more detail.
3.2. Cardiolipins diffuse to be an integral part of the protein complex

3.2.1. Cardiolipins bind close to the Q;-site

When the simulations were started, we readily observed that a CL
molecule diffused spontaneously to a particular position in the com-
plex: to the surface of the protein, located on both sides of the protein
dimer in the vicinity of the Q;-site (see Fig. 2 (top)).

The double negatively charged head group of the CL molecule
pointed towards the N side (see Fig. 1B), while its hydrophobic acyl
tails aligned towards the P side. Importantly, a similar binding loca-
tion for CL has also been reported in the yeast cyt bc; crystal struc-
tures (PDB: 1KB9; [22]; PDB: 3CX5; [25]), see Fig. 2 (panels B and
D). While the yeast and bacterial complexes differ markedly in their
amino acid sequence and subunit composition, the CL molecule ac-
quired quite the same positioning near the Q;-site in both the yeast
X-ray structure and in our simulations with the bacterial complex.
This is demonstrated in Fig. 2 (panels B and D), which provides
compelling evidence for the agreement between simulations and
experiments: it is clear that in the simulation model the CLs diffuse
spontaneously to the same spots as observed in the crystal structure.
All four simulations yielded essentially the same conclusion. The
minor difference between the simulations and experiments (Fig. 2)
is expected due to, e.g., crystallization conditions and the differences
between the yeast and bacterial complexes.

The conserved positioning of CL can largely be explained by electro-
static effects, i.e., the lipid's anionic head group is attracted by the pos-
itively charged residues such as lysines and arginines on the protein
surface. Nonetheless, since the head group of CL is very small and
charged, the conserved positioning can also in part be driven by the
so-called umbrella effect, where the head groups of other lipids and
the residues of the protein shield the CL hydrophobic part from contact
with water. This possibility would deserve further attention in future
studies.

Although the CL positioning was very similar on both sides of the
dimer, there were differences between the monomers. On the A side,
the CL molecule stayed close to the cyt b subunit and H-bonded only
with TRP44 (Table S1). Closer association of the CL molecule with the
cyt c¢; subunit on the B side was induced by a number of stable
H-bonding interactions: the CL's phosphate groups formed H-bonds
with the side chains of ASN246, TYR243 and LYS254 of the cyt ¢,
subunit (Table S1). It is also noteworthy that in the yeast structures
the CL head group resides in a clearly visible niche on the protein
surface — an equally tight fit could not happen with the bacterial
complex that consists of a minimal cyt bc; core.

In addition, we found that one CL molecule always occupied a cen-
tral position close to the Q;-site(s) between the heme by groups of the
cyt b subunits, the head group pointing towards the N side leaflet. The
distance diffused by CL varied between the four simulated system
configurations but was typically ~20-25 A after which its movement
became more confined as demonstrated by the small variations in the
distance plots (Fig. S2). Altogether, this diffusion process took typical-
ly about 20-40 ns.

A similar binding location for CL has also been reported in the
yeast cyt bcy crystal structure (PDB: 3CX5; [25]), see Fig. 2 (panel
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C). Although the CL entered the dimer interface in all four simulations
(Fig. S2), in two simulations the lipid molecule approached the heme
by groups in particular (conf, and confy, see Fig. S2). Interestingly, de-
spite several similarities, the binding residues differ in the four simu-
lations (Fig. 3). In the conf; (Fig. 3A, B) and conf; simulations
(Fig. 3D), the CL molecule binds first to LYS12 of the cyt b subunit at
the side of the cavity. For the conf; in particular (Fig. 3A, B), the occu-
pancy of this H-bond was 75% over the entire simulation. In the conf,
and conf, simulations (Fig. 3C and E, respectively), where CL reached
deeper inside the dimer interface than in the other two simulations,
CL first bonded to ARG22 at the A side and then also to TRP214 at
the B side. This linked the two dimer sides together for 69-200 ns
of the conf, simulation and for 113-129 ns of the confy trajectory.
Later on, the interactions to the A side residues were broken and si-
multaneously a local conformational shift occurred, widening the
dimer interface near the Q;-site. Fig. 3B-E show parts of the cyt b sec-
ondary structures from the A (light blue) and B (light red) sides of the
dimer (Fig. 1A), represented as transparent cartoon models.

Next we measured the distance of the above-mentioned CL mole-
cules to the by hemes to quantitatively estimate their positioning
with respect to the Q;-site (Fig. S3). At the end of the simulations,
the distance from the surface-bound CLs to the heme by ranged
around 22-26 A for the CL on the B-side of the dimer and around
19-21 A (somewhat larger in two simulations) for the CL on the
A-side. Notably, because the distance was measured between the cen-
ters of mass of the CL head group (phosphorus atoms) and the heme
by, the effective distance could be occasionally even smaller. These
distances are equivalent to the values of 19.4-19.5 A measured from
the yeast cyt bc; complex X-ray crystal structures (PDB: 1KB9 [22],
PDB: 3CX5 [25]). For the centrally-located CL, the final CL-heme by
(B side) distances fluctuated around ~22-24 A in the conf; and
conf, simulations. The shortest final distance (~18 A) was observed
in the conf, simulation. The distance of CL head group to the A side
heme by was somewhat larger in all simulations. However, the ar-
rangement was almost symmetric between the monomers in the
conf, simulation. The final distances (Fig. S2) are well in line with
the crystallographic results calculated from the yeast cyt bc; structure
(PDB: 3CX5; [25]), which have been determined to be 19.7-20.0 A
from the central CL to each of the hemes.

Despite strenuous efforts we did not find any major secondary struc-
ture changes such as helix unwinding around the protein complex that
would have correlated with CL-protein interactions. Only minor
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changes in the dimer arrangement at the inner leaflet were observed
as a result of CL binding, likely related to the CL entry to the dimer
interface.

3.2.2. Conserved cardiolipin binding on the protein surface

To determine the possible conserved CL binding sites on the protein
surface, we searched for long-lived CL-protein H-bonds. A limiting
value for the occupancy of a long-lived H-bond was calculated based
on two criteria: 1) the area per lipid and 2) CL diffusion speed. A preced-
ing computational study [28] suggested that it takes roughly 60 ns (cor-
responding to H-bond occupancy of 30%) for a CL molecule to move
across its own area in the membrane plane. This value was used as a
rough estimate for the time it would take for a CL to move a distance
of its own size in the bilayer plane. While the time would be longer if
the diffusion were considered in the immediate vicinity of the protein
[3], we expect this value to adequately describe the average lipid diffu-
sion process.

In line with experimental results [45], the majority of the tightly
bound CLs were bound on the N side of the protein and only one CL
bound strongly on the positive P side. All CL-protein H-bonds with
occupancies over 30% are listed in Table S1, including the CLs near
the active sites (discussed above). Of the listed binding locations,
the one acquired by CL on the surface of the cyt c¢; on the A side
(bound in all simulations, binding residues LYS247, ARG248, HIS256
and LYS257) was particularly long-lived, lasting for a major part of
all of the 200 ns simulations. This location of CL also induced minor
conformational changes (helix reorientation) in two of the simula-
tions. In one simulation, the CL in question formed an H-bond also
with the ISP subunit on the B side. Meanwhile, on the A side, there
was also a CL molecule close to the equivalent place near the ISP
subunit in the starting configuration. It formed an H-bond with the
cyt b subunit (with residues LYS362 and TRP366) that lasted for a
major period of three simulations.

3.2.3. No specific binding pattern for cardiolipin

A specific CL-protein binding pattern, designated as XXY, where one
molecule would bind to two positively charged residues (XX) and one
polar residue Y, was suggested by Palsdottir and Hunte [45]. According-
ly, there is one bound CL molecule in every simulation that follows this
pattern, where CL binds to two positive lysine residues (LYS247 and
LYS254 of cyt ¢, or LYS251 of cyt b) and a polar asparagine residue
(ASN42 of cyt b) for part of the simulation. The occupancies varied a
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Fig. 3. Cardiolipin binding in the cytochrome bc; dimer interface at 200 ns. a) The final positioning of a CL molecule (CPK model with cyan carbons) that entered the dimer interface
(cartoon model) from the lipid bilayer (see Fig. 2) during the conf; simulation (Table 1). b-e) Close-ups of CLs (ball-and stick models with cyan backbone) and their main
interacting partners (ball-and-stick models with black backbone) at the dimer interface in the conf;-conf, simulations. In panels B-E are shown parts of the cyt b secondary
structures from A (light blue) and B (light red) sides of the dimer (Fig. 1A), shown as transparent cartoon models.
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lot between simulations, ranging from 6 to 75% for individual H-bonds.
Simultaneous binding to two lysines and one asparagine was observed
to happen only momentarily in the confy, conf, and conf, simulations.
This binding pattern did not occur with the other CL molecules in any
of the simulations, which implies that this suggested arrangement is
not generally favored with the membrane-embedded cyt bc; complex.
Altogether, it is fair to say that we did not find a universal binding pat-
tern for CL.

To further examine the CL-protein contacts, we analyzed the
H-bonding between CLs and protein residues (Table S2). Via their hy-
droxyl groups, CLs were observed to H-bond with the protein both as
donors and acceptors. Only the H-bonds with occupancies over 1%
were considered (as determined in terms of percentage of trajectory
frames when the bond exists). The negatively charged CL molecules
H-bonded preferentially with positively charged lysine residues
(~26% in confy, conf,, and confy, see Table S2). This strong preference
was evident in all of the simulations except in conf; where trypto-
phan residues had a slightly stronger preference (26% in confs,
Table S2). The second favored binding partners were the tryptophan
residues forming 18% of all H-bonds on average.

3.3. Cardiolipin positioning close to the Q;-site suggests a role in proton
uptake

The anionic head groups of CL molecules have been proposed to act
as proton traps or buffers, supplying protons for the cyt bc; complex
[23]. The idea is that CL would pass a new proton to a nearby lysine
side chain from which it would detach during the reduction of ubiqui-
none [24]. The CL molecules positioned near the Q;-sites in various cyt
bc; X-ray crystal structures [9-14,22,25,46] indeed support the idea
that they could serve as the entry point for the proton uptake process
[22,24]. As there is no direct opening between the enzyme's Q;-site
and the bulk solvent, this short proton ‘wire’ or a hydrogen-bonded
network is needed [22,24]. Such a network, called the CL/K pathway,
was described in [24] to consist of CL bound to the cyt b surface, a lysine
residue (LYS228 in yeast cyt bc; crystal structure; PDB: 1KB9), and three
water molecules (Fig. 4A).

Notably, the CL arrangement at the site in the yeast bc; crystal
structure (Fig. 4A, [24]) is very similar to the one seen for the bacterial
complex at the end stage of our simulations (Fig. 4A, B). In line with
this proton uptake hypothesis, the positioning of water molecules
and the LYS251 side chain in our simulations indeed suggest a possi-
ble proton uptake pathway between the CL molecule and the bound
quinone/semiquinone at the Q;-site (Fig. 4B). Even though all the
H-bonds comprising this network did not generally exist precisely
at the same time, the similar chain-like arrangement existed in the
different simulations. Qualitatively, the described arrangement is
seen during 80-200 ns (conf;) and 110-200 ns (conf; and conf,,

where for part of the time CL is bound straight to LYS251). In the
conf; simulation the CLs are located slightly further away from the ly-
sine, accommodating at least two water molecules between the head
group and the lysine side chain. We wish to note that even though the
discussion above only concerns the surface-bound CLs, it is possible
that the centrally-located CL, also positioned close to the active
sites, may also form a proton-uptake pathway with water molecules
between its binding site and the active site.

The proximity of the CL head group affected the local electrostatic
potential near the proposed entrance to the proton conduction pathway
(Fig. 5). The electrostatic potential differs between the beginning of the
simulation, when the lipid molecules have not yet bound to the protein
surface, and the end stage when the system is equilibrated. There was a
general shift towards neutral/negative potential values on the N side
during the simulation, but also a specific effect by the bound CL mole-
cules at the Q;-site (circled areas in Fig. 5). However, this is not always
the case since other factors such as the orientation of protein residues
and the binding of counter ions also contribute. Fig. 4C gives a qualita-
tive look at the potential of the proposed proton conduction pathway,
where the potential of the whole system is reflected on the molecular
surfaces of the suggested proton transfer partners. Notably, the CL
head group, which has been suggested to act as a proton trap, concen-
trating protons to the bilayer surface and passing them further to the
protein [24], reflects a clearly negative potential.

3.4. Behavior of other phospholipids

Like CLs with their hydroxyl groups, PEs are also able to participate
in H-bonding as proton donors via their ammonium groups, whereas
PCs can act only as acceptors (Fig. S1). In the simulations PCs and PEs
formed a greater number of shorter-lived H-bonds than the more neg-
atively charged CLs. During the last 10 ns of the simulations, CLs formed
on average seven H-bonds with protein residues at each time step, as
PCs form 23 and PEs 24. Thus, CL-protein H-bonding accounts for 13%
of all H-bonds at a given time step, while PCs account for 42%, and PEs
for 45% of the H-bonds. The corresponding molar concentrations for
CL, PC, and PE in the membrane are 12, 48, and 40%, respectively. The
H-bonds of PCs and PEs had shorter lifetimes compared to those formed
by CL, the average occupancies being 20, 9, and 14% for CL, PC, and PE,
respectively. A slight preference for lysine residues is seen also for PC
and PE. However, it is not as clear as in the case of CL, see Table S3.
Other favored H-bonding partners were tryptophan, asparagine, and
tyrosine for PCs, and arginine, serine, and aspartic acid for PEs. The con-
served binding sites of PC and PE were analyzed similarly as those of CL
(Table S3). Due to the great number of these bonds, the selection was
further refined to include only H-bonds that were found in at least
three out of the four simulations. Interestingly, half of the H-bonds
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Fig. 4. Possible water-mediated proton-uptake pathway involving cardiolipin near the Q;-site. a) A water bridge between a CL molecule (ball-and-stick model with cyan carbons,
red oxygens and brown phosphates) and heme by; (CPK model with black backbone) close to the Q;-site (see Fig. 1A) in the yeast cyt bc; complex crystal structure (PDB: 1KB9; [22].
The protein is omitted for clarity and only the side chain of the lysine (LYS228) taking part in the conduction pathway is shown (stick-model, carbons cyan, nitrogen blue). The
proposed hydrogen-bonded proton transfer pathway from cardiolipin to the water molecule in the Q;-site is shown with magenta dotted lines. b) Similar arrangement of water
was reproduced for example in the end of the conf; simulation (snapshot taken at 199.25 ns). Water hydrogens (white) are only shown in the MD simulation snapshot (panel
b). H-bonds existing at this time step are shown with dotted magenta lines. The side chain of LYS251 is shown as a stick model (hydrogens white). c) The same arrangement as
in panel B but colored according to the electrostatic potential of the system. The potential values were calculated based on all atoms in the system and averaged over the last
1 ns of the simulation. Red color indicates negative potential values, blue indicates positive, and white corresponds to neutral.
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Fig. 5. Electrostatic potential on protein surface. Comparison of snapshots from the beginning and end of the simulation, two sides (on panels a and b) of the protein shown. The
phospholipid membrane (level of head group phosphates) is indicated by the gray lines. The N side of the membrane points up, as indicated by the axes on the right. The protein is
shown as a van der Waals-surface (probe radius 1.4 A). The white circles mark the sites of given cardiolipin molecules on the A side of conf; (a) and on the B side of conf, (b) of the
dimer (see Fig. 1B). The values of the electrostatic potential on the protein surface are shown with the blue color indicating positive values and red color indicating negative. White
color indicates the zero potential. The shown potentials are averages over 1 ns time slices, e.g. the first snapshot shows the average potential during 0-1 ns of the simulation and the
second shows the average potential during 199-200 ns. All atoms in the system were taken into account when calculating the potential.

found were those of lipids from the P side rather than from the N side, as
was the case with the tightly bound CLs.

PEs and PCs, in addition to CL (Fig. 3), also entered the dimer inter-
face during the simulations. In the starting configuration, a PC molecule
(head group pointing to the N side) lied straight between CL and the pro-
tein and consequently the two lipids moved together to the cavity. As
opposed to the CL molecule, PC formed hardly any H-bonds on its way
inside. The head group of PC ended up closer to the monomer B than
to the monomer A in all simulations (Fig. S4, Fig. 1A). Steric interactions
are expected to play a role in this arrangement of the lipids rather than
the electrostatic ones. On the other side, there were PE molecules
(head groups pointing to the N side), which were initially located closer
to the protein than either CL or PC. These PEs (shown for the B side in Fig.
S5) H-bonded with the residues lining the cavity near the protein
surface, while their acyl chains penetrated deep into the protein
(Fig. S5B). This is evidenced by a smaller PE tails-heme by distance as
compared to the PE head-heme by distance (Fig. S5A), resulting in
some cases in an almost horizontal orientation of the lipid (Fig. S5B).

The lipids entering the dimer interface from the two opposite sides
of the membrane and enclosing the cyt bc; complex moved deep into
the protein complex and ended up being very close to each other. The
distance between the central glycerol atoms of CL and PE changed
from 70 A in the initial configuration to ~20 A in the end of the simula-
tions, and the tails of lipids from the opposite sides were touching in the
conf, and confy set-ups. The head groups of all phospholipids were po-
sitioned on the N side. Since these lipids interacted with both mono-
mers of cyt bcy, they should substantially affect the stability of the
dimer interface and could also be involved in dimer formation. An inter-
esting feature of this lipid network is the acyl chain disorder which has
been previously suggested to provide a pathway for quinone/quinol dif-
fusion and exchange between the lipid bilayer and the inter-monomer
cavity in the bc; complex [47].

3.5. The dimer complex opens on the P side of the membrane

The cyt bc, complex was observed to undergo rearrangement at
the dimer interface on the P side in all of the 200 ns simulations.
The P side parts of the cyt ¢; subunits moved the most (Fig. S8D).
This view was supported by both a visual inspection of the simulation
trajectories (Fig. 1C vs. D) and calculation of the prosthetic redox cen-
ter distances (Fig. S6A-D, Table S4). The distances between the equiv-
alent heme c; groups across the dimer interface also increased (Fig.
S6D, Table S4). The conformational shift took place due to non-
specific electrostatic lipid—protein interactions that were not present
in the initial crystal structure, i.e., the positively charged residues
aligned favorably towards the hydrophilic head groups of the lipid
membrane (Fig. 1B). Despite these changes, the core of the enzyme
remained fairly immobile as shown by the moderate ~1-2 A increase
in the heme by distance across the dimer interface (Fig. S6A, Table S4).
Furthermore, the calculations on the solvent accessible surface area
(SASA) showed that the contact area between the cyt b subunits in-
creased markedly in most of the simulations.

Moreover, the opening of the dimer interface on the P side was more
pronounced in the Q,-site simulations lacking a bound substrate (confj,
confy, Table S4) than what was seen in the substrate-occupied simula-
tions (confs, confy, Table S4). This widening was accompanied by
narrowing of the dimer interface close to the Q;-site or the N side in
the apo-Q, simulations (Fig. 1B). This was shown by the heme by dis-
tance across the dimer interface (Table S4). Accordingly, the results sug-
gest that the substrate binding at the Q,-site could weaken the extent of
the movements of the extracellular domain, as the spreading on the P
side was most prominent in the apo-Q, simulations (Fig. 1B). A plausible
mechanism behind the increased widening in the apo simulations could
be the lack of a bound substrate to mediate specific cyt b-ISP subunit in-
teractions, as was the case in the substrate-occupied simulations [32].
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A close association of cyt b and ISP subunits is needed for the suc-
cessful reaction cycle at the Q,-site [9]. However, the transfer of elec-
trons from the Fe,S, cluster to the heme c; is equally important. To
facilitate the transfer, the ISP and cyt ¢; subunits have to stay close to
each other. In our case, on average, the Fe,S, cluster-heme c; distances
did not change within the dimer sides or across the dimer interface
(Table S5). However, a closer inspection showed that the redox center
distance fluctuated above and below the initial crystal structure value
on the A and B sides, respectively (Fig. S7, Table S5). Similarly, the
contact surface area between ISP and cyt ¢; subunits on either dimer
side was raised only slightly and differed widely between simulations
and dimer sides (Table S5). Because these domain movements did not
seem to follow a similar pattern on the dimer sides in any of the
simulations, it seems unlikely that substrate-occupancy at the Q,-site
could be the governing factor behind the extracellular ISP-cyt c;
association.

4. Discussion

From structural point of view, the simulation results stress the mem-
brane protein nature of the cyt bc; complex and consequently one
should remain wary when examining it out of this context. Although
several experimental studies have successfully demonstrated that spe-
cific lipids are an integral part of the dimer complex [10,25,45], the
X-ray crystal structures have been unable to depict the full effect of
the surrounding lipid bilayer on the enzyme's quaternary structure.
The existing structures are likely accurate in describing the enzyme's
protein fold at the monomer level [31], but due to the lack of large-
scale lipid—protein contacts the solved dimer assemblies appear to be
somewhat distorted. When the bc; dimer was simulated in a lipid bilay-
er, the dimer interface opened considerably on the P side leaflet imme-
diately in all of our simulations (Fig. 1C vs. D). The driving force behind
the conformational shift was the electrostatic effect of the bilayer: the
positively charged residues of the P side domains spread out to acquire
more favorable alignment against the negatively charged phosphate
groups of the phospholipids.

Prior to this work, we have already demonstrated through atomistic
simulations that quinol binding accompanied by coordinated water
arrangement at the Q,-site assures exceptionally close association of the
extracellular domains of the cyt b and ISP subunits [32]. This arrangement
is a prerequisite for the electron transfer to the Fe,S, cluster during the
oxidation of quinol [9]. However, the electron transfer should also contin-
ue towards the heme c; on the high-potential chain (quinol — Fe,S,
cluster — heme c;). None of our simulations recreated the full range of
ISP movement in relation to the cyt b subunit seen in the crystal struc-
tures. Yet also the Fe,S, cluster-heme c; distance fluctuated above and
below the initial crystal structure value (Fig. S6, Table S7). This suggests
that the distance between cyt ¢; subunits and ISP subunits might change
randomly back and forth independent of the Q,-site interactions. On the
other hand, the final dimer assembly at the P side (Fig. 1C, D) differed
considerably between the substrate-occupied and ligand-free Q, simula-
tions. Without a bound ligand at the Q,-site, the dimer interface widened
more at the P side than in the Q,-occupied simulations. In other
words, the monomer parts approached each other a little bit near the N
side leaflet. Thus, it seems that the substrate binding at the Q,-site not
only influences the cyt b-ISP dynamics but it also affects inter-monomer
dynamics.

The dimer interface on the N side leaflet, covering the vicinity of the
Q;-site, became filled by a variety of phospholipids during the first 50 ns
of our simulations. Previous X-ray crystallization studies have already
suggested that the cavity contains phospholipids [25,45]. However,
the atomistic simulations show conclusively that the entire space is
filled with lipids. Although more lipids entered the dimer interface in
the simulations than is seen in the available structures, it is possible
that the cavity could contain a few more phospholipids in situ. Because
of the delayed entry of phospholipids, solvent molecules also entered

the area of the cavity, where presumably only lipids should reside.
This solvation prevented unwanted vacuum effects inside the dimer in-
terface in the very beginning of the simulations. On the other hand, the
inflowing lipids were mostly able to displace the water molecules in the
cavity. Even though the entered lipids must have a structural role keep-
ing the dimer sides of the cyt bc; complex apart (Fig. 1A), no hefty
movements (only local changes) between the dimer sides (e.g., redox
center distance changes) could be attributed directly to specific lipid
effects.

We detected two specific CL binding sites for the cyt bc; complex of
R. capsulatus in our MD simulations: 1) in the dimer interface and 2) on
the surface of the protein outside the interface. Both positions are close
enough to the Q;-site to possibly affect its function. Notably, the CL bind-
ing site(s) outside the dimer interface has (have) been suggested to
function in the proton uptake [22,24]. In general, the entry of the lipid
molecules into the dimer interface seemed to be directed by hydropho-
bic or steric interactions, but with CL the negatively charged head group
also affected its final positioning. Initially the electrostatic potential of
the dimer interface was neutral, favoring the entry of hydrophobic
acyl tails of phospholipids. However, the later changes in the cavity im-
plied that the potential became more positive, thus attracting especially
the doubly negative CL head group. Although there were minor differ-
ences in the composition and positioning of the lipids that entered the
dimer interface during the simulations, CLs consistently acquired
these conserved positions close to the Q;-site.

The consistency in the CL positioning both in our simulations and in
previous structural studies supports the hypothesis of CLs participating
in the proton uptake from the N side to the redox reactions at the
Q;-sites [45]. The positioning of CL at the dimer interface was first
reported by Palsdottir and Hunte [45] based on electron density data,
followed by another study showing CL at the same site [25]. Thus, our
simulations support previous experimental results indicating the CL's
central positioning in the cyt bc; dimer interface. The simulations
were also able to reproduce the X-ray crystallization results regarding
CL positioning outside the dimer interface. That is to say, a CL molecule
bound close to the heme by on both monomers in almost all of our sim-
ulations, in line with several crystallization studies for different species.
Our simulation results therefore provide quite compelling evidence that
these CL binding sites are conserved regardless of the origin of the cyt
bc, complex inspected. Positioning of a CL molecule in a central location
and in the vicinity of the heme by has also been observed in a coarse
grained MD study of bovine and yeast cyt bc; complexes [48]. The
next logical question is whether the preference for CLs at these sites
has direct effects on the Q-cycle, or if CLs only affect the cyt bc; complex
integrity or dimer arrangement.

The negatively charged head groups of CLs, positioned on the sides of
the monomers, are connected by a lysine residue and a water meshwork
to the Q;-site (Fig. 4). This arrangement could render water-mediated
proton tunneling possible between the CL molecules and the non-
protonated substrates. Interestingly, also another respiratory complex
has been predicted to have a CL binding site at the entrance of a proton
uptake pathway [49]. Unfortunately, the simulations cannot conclusive-
ly confirm the role of either central or peripheral CL molecules in the
proton transfer. We analyzed exhaustively the effect of CLs on the elec-
trostatic potential of the cyt bc; complex, and especially concentrated
on the vicinity of the Q;-site. It is clear that the CL molecules that ac-
quired these conserved positions can in some cases shift the electrostatic
potential to more negative values, in principle therefore attracting pro-
tons from the N side (Fig. 5). It is possible that the real differences in
the electrostatic potential did not show in our simulations because the
dimer interface lacked some lipids, and, thus, the Q;-site was not isolated
enough from the water phase. However, the fact that both MD simula-
tions and crystallographic studies positioned CL molecules in these par-
ticular sites (at the periphery and at the dimer interface of the cyt bc,
complex) provides a strong indication that these CL-protein interactions
close to the Q;-site are universally conserved.
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5. Conclusions

The atomistic molecular dynamics simulations reported here pro-
vide a great deal of insight into understanding the role of cardiolipin
(CL) in cyt bc; complexes. It provides one with an alternative refined
dimer arrangement for the cyt bc; dimer at the P side leaflet of the
membrane (see Fig. 1B). The picture suggested here differs somewhat
from the previous X-ray crystallographic data. The new tertiary as-
sembly of the protein dimer is caused by non-specific lipid-protein
interactions such as hydrophobic and electrostatic effects. The simu-
lations also provide clear-cut evidence that phospholipids and in par-
ticular CLs are an integral part of the cyt bc; complex at the dimer
interface. In contrast to previous X-ray crystallization studies which
have suggested the cavity to contain only a few phospholipids, the at-
omistic simulations show conclusively that the entire space is filled
with lipids. Interestingly, the entered lipid position themselves in
the close vicinity of the heme by groups in the Q;-site. Although the
composition and alignment of the entered lipids varied slightly be-
tween the simulations, each time there was a CL molecule, which
spontaneously diffused to a central location inside the cavity. Impor-
tantly, the observed central positioning of CL inside the dimer is con-
sistent with the previous X-ray crystallographic data [25,45]. Also,
outside the dimer interface CLs were able to acquire close positions
to the heme by groups on the protein surface as reported in several
crystal structures. The consistency in the CL positioning in the close
vicinity of the Q;-site in our simulations and in previous X-ray crystal-
lographic studies suggests that the negatively charged phospholipid
species could indeed function as a proton source during substrate qui-
none/semiquinone reduction [22,23]. Overall, the conserved CL posi-
tioning near the Q;-site suggests that the lipid has a central role in
the cyt bc, complex structure and possibly in the redox reactions too.
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