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B I O C H E M I S T R Y

How cardiolipin modulates the dynamics of  
respiratory complex I
Alexander Jussupow*, Andrea Di Luca*, Ville R. I. Kaila†

Cardiolipin modulates the activity of membrane-bound respiratory enzymes that catalyze biological energy 
transduction. The respiratory complex I functions as the primary redox-driven proton pump in mitochondrial and 
bacterial respiratory chains, and its activity is strongly enhanced by cardiolipin. However, despite recent advances 
in the structural biology of complex I, cardiolipin-specific interaction mechanisms currently remain unknown. On 
the basis of millisecond molecular simulations, we suggest that cardiolipin binds to proton-pumping subunits of 
complex I and induces global conformational changes that modulate the accessibility of the quinone substrate to 
the enzyme. Our findings provide key information on the coupling between complex I dynamics and activity and 
suggest how biological membranes modulate the structure and activity of proteins.

INTRODUCTION
Complex I (NADH:ubiquinone oxidoreductase) functions as a redox- 
driven proton pump in aerobic respiratory chains (1–3). With a molec-
ular mass of ca. 1 MDa distributed among up to 45 subunits in eukaryotes 
(4–7), complex I is the largest, most intricate, and least understood en-
zyme of the respiratory chain. The over 100-Å-long hydrophilic domain 
of complex I catalyzes electron transfer between nicotinamide adenine 
dinucleotide (NADH) and quinone, and the released free energy is used 
for proton pumping across the 200-Å-wide membrane domain (Fig. 1) 
(8–10). The established proton motive force powers energy-requiring 
processes in the cell in the form of active transport and synthesis of aden-
osine triphosphate (ATP) (11, 12). The electron and proton transfer 
processes are fully coupled despite their large spatial separation. Al-
though the overall mechanism of this process still remains unclear, mo-
lecular principles recently started to emerge, suggesting that the signal 
propagates by combined conformational, electrostatic, and hydration 
changes across the membrane domain (13–16).

In addition to the functional elements of the 14 core subunits (17), 
the activity of complex I strongly depends on cardiolipin (18–20), 
an anionic lipid that accounts for 20% of mitochondrial mem-
branes. The activity of all mitochondrial energy-transducing en-
zymes depends on this lipid (21, 22), but unlike, e.g., FoF1–ATPase, 
where the lipid-protein interactions are transient (23, 24), complex 
I interacts with at least 10 tightly bound cardiolipin molecules that 
strongly modulate the enzymatic activity (25). Recent cryo–electron 
microscopy (cryo-EM) structures (6, 7) suggest that some cardio-
lipins are likely to bind between the proton- pumping membrane 
subunits, but the functional role of these lipids remains puzzling, 
considering that they are located up to 100 Å away from the quinone 
reduction site. The quinone site is located ca. 20 Å above the 
membrane plane, at the top of a narrow tunnel with an opening to 
the lipid membrane (Fig. 1).

To elucidate a molecular mechanism by which cardiolipin modu-
lates the activity of complex I, we study here the dynamics of the bac-
terial enzyme in cardiolipin-containing membranes on millisecond 
time scales using a combination of coarse-grained and atomistic 
molecular dynamics (MD) simulation approaches (Fig. 1, inset).

RESULTS
Millisecond simulations identify cardiolipin binding sites
To probe the effect of cardiolipin on the structure and dynamics of 
complex I, we performed coarse-grained molecular dynamics (CG-MD) 
simulations on millisecond time scales with the bacterial complex I em-
bedded in a lipid membrane containing 20% cardiolipin and compared 
these to simulations of complex I in POPC (palmitoyl-oleoyl phos-
phatidylcholine):POPE (palmitoyl-oleoyl phosphatidylethanolamine) 
membrane without cardiolipin (see Methods; table S1). The coarse- 
grained simulations suggest that complex I forms contacts with ca. 
150 lipid molecules during the simulations (Fig. 2, A and B). However, 
in stark contrast to POPE and POPC (see Methods) that transiently 
interact with the protein, cardiolipin molecules form much stronger 
interactions with the membrane domain of complex I (Fig. 2C and 
movie S1). The Nqo8 subunit, which provides a hinge between the 
membrane domain and the hydrophilic domain, strongly interacts 
with 10 to 15 cardiolipin molecules (Fig. 2, A to C) that are also sup-
ported by atomistic MD simulation of the complex I hinge region (see 
Methods; fig. S1). We also observe prominent binding sites in the 
CG-MD models at the interface between the antiporter- like subunits, 
Nqo12/Nqo13 and Nqo13/Nqo14 (Fig. 2A and fig. S2). These sites are 
close to the broken transmembrane (TM) helix elements, TM12, which 
are involved in establishing proton channels across the membrane (15). 
The identified binding sites superimpose with cardiolipin molecules 
recently resolved from cryo-EM structure of mammalian complex I 
(Fig. 2A) (6, 7), suggesting that the cardiolipin interaction sites are con-
served across different species, as in the other respiratory enzymes (22).

The cardiolipin binding is induced by positively charged surface 
regions distributed around the membrane domain of complex I 
(Fig. 2D) and conserved across different complex I isoforms (fig. S3). 
In addition, phenylalanine residues interact with cardiolipin, particu-
larly in the Nqo8 subunit (Fig. 2, D and E). Notably, phenylalanine 
residues provide important cardiolipin binding sites also in cyto-
chrome c oxidase (21).

Cardiolipin binding affects complex I structure  
and dynamics
To analyze how cardiolipin affects the global dynamics of complex I, 
we projected out thermal fluctuations from the CG-MD simulation 
trajectories using principal components (PC) analysis (26). The 
analysis indicates that complex I undergoes large-scale bending (PC1) 
and twisting (PC2) motion around the hydrophilic and membrane 
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domains with Nqo8 acting as a hinge (Fig. 1), consistent with global 
motions identified from previous network models and atomistic 
simulations of the bacterial complex I in a POPC membrane (27). The 
PC analysis suggests that the coupled twisting-bending motions 
(PC3) around the hydrophilic and membrane domains is strongly 
modulated by cardiolipin (Fig. 3A and fig. S4). This global motion 
displaces half of the membrane and hydrophilic domains (Fig. 3, A 
and B), and its origin can be traced to cardiolipin bound at the 
Nqo13/Nqo14 interface and at Nqo8 that induce a 0.4-nm structural 
shift between TM1 of Nqo8 and helix 1 of Nqo9 (Fig. 3C). These 
structural rearrangements may have important functional implica-
tions as they modulate the accessibility of the quinone to its binding 
site (see below).

Cardiolipin modulates quinone access and channel 
formation dynamics
To probe how the quinone dynamics is affected by cardiolipin, we 
studied the global motions of complex I with and without a quinone 
molecule inside the quinone tunnel (see Methods; table S1). The 
quinone finds stable binding sites in the CG-MD simulations at 
the top (d ~ 0.5 to 0.7 nm), slightly below (d ~ 0.7 to 0.9 nm), and at the 
bottom part (d ~ 3.2 to 3.7 nm from Tyr87) of the cavity (Fig. 4, A 
and B). These binding sites are consistent with minima observed in 
free energy profiles of the quinone diffusion along the tunnel de-
rived from a recent atomistic study of complex I in a POPC mem-
brane on nanosecond time scales (28). We find that the enzyme 
undergoes a structural rearrangement in the CG-MD simulations 
along the bending mode when the quinone molecule moves from 
the lower edge of the tunnel opening (d ~ 3.2 to 4 nm in Fig. 4, A to C) 
to the upper binding site (d ~ 0.6 to 0.8 nm in Fig. 4, A to C). When 
the quinone passes a strongly bent kink region (d ~ 2 nm; Fig. 4B) 
(29) in the middle of the tunnel, we observe a structural rearrange-
ment along the twisting mode that facilitates the substrate motions 

along its tunnel, indicated by a transition around d ~ 2 nm in Fig. 4A. 
In contrast, when the quinone is located at the lower edge of the tun-
nel around d ~ 3.2 to 4 nm, complex I samples conformations similar 
to those observed in simulations of the unbound (apo) state (Fig. 4A), 
suggesting that the initial quinone binding to complex I does not 
trigger large-scale conformational changes in the protein structure.

The activity of the mammalian complex I is regulated by the so-
called active (A)–to–deactive (D) transition (30) that is also charac-
terized by structural changes along these twisting and bending modes 
(5, 7, 27). Since we observe a strong correlation between the qui-
none position in the tunnel and these global motions (Fig. 4 and fig. S5), 
our findings suggest that quinone dynamics could also be modulated 
by the structural changes required for the A-D transition in the eu-
karyotic complex I.

In the absence of cardiolipin in the membrane, the quinone rarely 
visits the upper binding site, but it finds more stable binding poses 
at the edge of the tunnel (d ~ 2.7 to 3.6 nm; Fig. 4A). We find that 
complex I also undergoes similar global twisting and bending 
motions around the hydrophilic and membrane domains as in the 
cardiolipin- bound state (fig. S4A). However, in stark contrast to the 
latter, complex I now samples a configurational space that is very 
similar to that in the different quinone-bound states as well as that 
in the unbound (apo) state of the enzyme, with large fluctuations 
along the twisting and bending modes throughout the complete 
distance range (d ~ 0.6 to 4.2 nm; Fig. 4A).

This suggests that the twisting and bending motions are now de-
coupled from the quinone diffusion, indicating that cardiolipin alters 
the free energy landscape of the enzyme (Fig. 4A). In other words, 
the bound cardiolipin molecules seem to direct complex I to sample 
conformations that favor the quinone motion along its cavity and 
stabilize quinone binding. These findings thus provide a possible mo-
lecular explanation to how cardiolipin enhances complex I activity.

The bound cardiolipin enhances the stability of the quinone tun-
nel (Fig. 4D), in addition to two prominent cavities that are large 
enough for water molecules to enter from the negatively charged 
side of the membrane (N-side) to the quinone tunnel. Coarse-grained 
simulations usually have a tendency to overestimate protein-protein 
interactions (31), and they may therefore underestimate the proba-
bility of finding such channels.

One of these putative channels comprises several conserved 
residues (table S2) and leads from the N-side to the conserved His38 
and Tyr87 residues of Nqo4 (Fig. 4C and movie S2), which function 
as proton donors upon reduction of quinone to quinol (QH2) (32). 
Reprotonation of these residues is thus a prerequisite for complex I 
to initiate the next catalytic cycle. This cavity is close to a loop region 
in Nqo7 that also undergoes conformational changes during the A-D 
transition in the mammalian complex I (5). It is important to note 
that a functional redox-driven pump requires tight gating of the pro-
tonation reactions to avoid leaks. A continuous water connectivity 
between the quinone reduction site and the N-side could thus com-
promise the proton-pumping machinery. To this end, we find that the 
stability of this putative channel depends on the position of the qui-
none in the tunnel (Fig. 4D), suggesting that opening of the channel 
could be controlled by the redox chemistry of the quinone site.

The second channel forms at the Nqo8/Nqo9 interface near TM1 
(Fig. 4D). This channel also starts at the N-side of the membrane, 
but it leads to a unique kink region in the middle of the quinone 
tunnel. This region coincides with the putative second quinone bind-
ing site around d ~ 3.2 to 4.0 nm (Fig. 4C), to which the quinone 

Fig. 1. Structure and function of the respiratory complex I (PDB ID: 4HEA). 
Electrons are transferred from the NADH/FMN (flavin mononucleotide) site to 
quinone (Q) via a tunneling wire comprising eight iron-sulfur centers. The Q reduc-
tion takes place at the interface between the hydrophilic and membrane domains 
and couples to the pumping of four protons across the membrane. The global 
bending (PC1, blue arrows) and twisting motions (PC2, red arrows) are shown along 
two principal axes (see text). Inset: Comparison of atomistic and coarse-grained 
molecular simulation models of a cardiolipin molecule.
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Fig. 2. Cardiolipin binding sites in complex I. (A) Top: Cardiolipin (CDL) binding sites identified by CG-MD simulations of complex I from Thermus thermophilus. Bottom: 
Experimentally refined CDL molecules around cryo-EM structures of complex I from Ovis aries (6) (PDB ID: 5LNK) and Mus musculus (7) (PDB ID: 6G2J). Note that TM helices 
1 to 3 of subunit Nqo14 (subunit in yellow, T. thermophilus) are not present in the homologous mammalian ND2 subunits. Both enzymes are viewed from the N-side of 
the membrane. The supernumerary subunits are omitted for visual clarity. (B) Statistics of lipid contacts with the membrane domain of complex I obtained from CG-MD 
simulations. (C) Autocorrelation function of the lipid binding dynamics. The average retention time for CDL is about six times higher than that for POPE or POPC, and ca. 
12 times higher than that for Nqo8-bound CDL. (D) Top: Membrane-exposed phenylalanine residues in Nqo8. Bottom: Electrostatic potential map of complex I (front 
view). The color scale ranges from +10 kBT/e (blue, ca. +260 mV) to −10 kBT/e (red, ca. −260 mV). (E) Putative CDL binding sites in Nqo8, obtained from atomistic simula-
tions, highlighting interactions with Arg37, Arg41, and phenylalanine residues.
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molecule docks before exiting to the membrane [see above, and cf. 
also (28)]. The kink site could be relevant for the activation of the 
proton-pumping machinery in Nqo8, as this site involves many con-
served residues that have been linked with human mitochondrial 
disorders. In simulations without cardiolipin, this channel remains 
strictly closed, whereas both cardiolipin and quinone bound to the 
active site strongly enhance opening of this channel (ca. 20 to 30% 
open channels with quinone and cardiolipin relative to 0.4 to 3% 
without cardiolipin; Fig. 4D).

DISCUSSION
We have identified here, on the basis of millisecond molecular simu-
lations, how cardiolipin modulates the structure and dynamics of 
respiratory complex I. Our simulations indicate that cardiolipin binds 
at specific sites in the membrane domain of complex I, in particular 
around the Nqo8 subunit and at the interface between antiporter- 
like subunits Nqo12/Nqo13 and Nqo13/Nqo14. Some of the pre-
dicted cardiolipin binding sites are supported by recent cryo-EM 
structures of the mammalian enzyme (6, 7), whereas others remain 
to be experimentally validated. Our findings suggest that in addi-
tion to the conserved structural core features of complex I, the lipid 
binding sites are also conserved across different species.

Cardiolipin binding arises from a combination of electrostatic 
effects between the cardiolipin headgroup and the positively charged 
protein residues, as well as by dispersive interactions that are dom-
inated by phenylalanine residues. The lipid binding modulates inter-
subunit contacts, which are important for the protonation signal 
propagation across the membrane domain (16). This suggests that 
cardiolipin binding could indirectly also affect the energetics of the 
proton pumping process. Cardiolipin molecules bound at Nqo8 might 
also stabilize the highly tilted TM helices of the subunit and affect 
the energetics of conformational changes linked with the protona-
tion dynamics in this region.

In addition to these local conformational changes, our simulations 
suggested that complex I also undergoes global conformational changes 
along the bending and twisting modes that are strongly influenced by 
cardiolipin. These global motions were recently linked with the active- 
to-deactive transition (27). Our simulations indicate that bacterial 
complex I undergoes displacement along a similar structural motion 
when the quinone molecule moves along its tunnel. Recent studies 
suggest that the bacterial enzyme could also undergo a fast resting- 
to-active transition (33–35). In the absence of cardiolipin, the twisting 
and bending motions are decoupled from the quinone position along 
its tunnel, resulting in a lower accessibility of the quinone to its bind-
ing site. These findings might provide a molecular explanation to the 
regulatory role of cardiolipin in complex I: The lipid interactions 
modify the free energy landscape of complex I along the bending and 
twisting motions, which in turn modulate the quinone dynamics. Al-
though detailed free energy calculations and atomistic simulations 
will be important to elucidate structural details of this effect, differ-
ences between the simulations with and without cardiolipin are sys-
tematic and robust and support that cardiolipin plays a central role in 
the regulation of the complex I dynamics.

We found that cardiolipin also strongly modulates the forma-
tion of two channels from the N-side of the membrane, one around 
the Nqo7 loop region that could provide protonation pathways for 
the quinone reduction site, and another channel at the Nqo8/Nqo9 
interface that leads to a kink site of the quinone cavity, which could 
be functionally relevant for activating the pumping machinery (28). 
The functional role of these putative channels can be probed by site- 
directed mutagenesis experiments, to which our simulations pro-
vide important possible candidates (table S2).

In conclusion, our simulations identified how the lipid membrane 
may modulate global enzyme dynamics that in turn regulate the acces-
sibility of substrates to the active site. These results provide a molecular 
understanding of complex I function and the role of cardiolipin in 
the regulation of this respiratory enzyme.

CA

CDL position

B

Arg41

With
CDL

Crystal
structure

Fig. 3. Effect of CDL on the dynamics of complex I. (A) The coupled twisting-bending motion (PC3) is strongly influenced by CDL binding to complex I. The crystal 
structure is taken as reference conformation for the PC. (B) Structural changes in the membrane domain (view from the N-side) induced by cardiolipin binding at the 
Nqo13/Nqo14 interface. (C) Cardiolipin induces conformational changes at the interface between Nqo8 and the hydrophilic domain. The figure shows the distance 
between helix TM1 of Nqo8 and helix 1 of Nqo9.
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METHODS
General methodological overview
CG-MD simulations were used to study the interaction between car-
diolipin and complex I up to millisecond time scales. The CG-MD tra-
jectories were analyzed by PC analysis (26) and protein cavity search 
algorithms (36) to connect the large-scale motion with the quinone dy-
namics and the formation of channels leading to the quinone cavity. Car-
diolipin binding around the Nqo8 region was validated by atomistic MD 

simulations to refine the molecular details of the cardiolipin-protein 
interactions. All CG-MD results were compared with global motions 
obtained from previous atomistic simulations and network models 
(27), as well as to atomistic simulations of the quinone dynamics (28).

CG-MD simulations
Coarse-grained simulation models of complex I were built from the 
x-ray crystal structure from Thermus thermophilus (PDB ID: 4HEA) (13). 
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Nqo8
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Fig. 4. CDL modulates quinone and complex I dynamics. (A) Projection of complex I dynamics with and without CDL along the bending (PC1) and twisting (PC2) modes 
sorted by the quinone (Q) position along the tunnel. The quinone position is determined by the distance between the quinone headgroup and Tyr87. The quinone motion 
along the cavity is coupled to the complex I motion along the bending and twisting modes. (B) Quinone binding sites and channels connecting the quinone cavity with 
the N-side of the membrane. The upper binding sites (d ~ 0.6 to 0.8 nm from Tyr87) are shown as green and blue circles, the kink region is marked at d ~ 2.0 nm, and the 
lower binding sites (d ~ 3.2 to 4.0 nm) are shown as a yellow oval. Channel 1 (blue) is located near the Nqo7 loop region, and channel 2 (in red) is located at the interface 
between Nqo8 and Nqo9. Both channels are more stable in simulations with CDL and when quinone is bound at the upper site (d ~ 0.6 to 0.8 nm) (see also movie S2). 
Inset: Distance between Tyr87 and the kink region and different quinone binding sites. (C) Schematic representation of structural changes in complex I that couple to the 
quinone motion. (D) Probability of finding open cavities connected to the quinone binding site.
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The protein was embedded in cardiolipin:POPE:POPC and POPE:POPC 
membranes with lipid ratios of 1:2:2 and 1:1, respectively, solvated 
using MARTINI water (37) and neutralized. The cardiolipin 
was modeled in its singly pronated state (Fig. 1B). CG-MD simu-
lations were performed at T = 300 K using an NpT ensemble with 
a 20-fs time step, a thermostat with a coupling constant of t = 1.0 ps 
(38), a semi-isotropic Parrinello-Rahman barostat (39) with a coupling 
constant of p = 12.0 ps, and a compressibility of  = 3.0 × 10−4 bar−1. 
Nonbonded interactions were treated with a dielectric constant of 
15 and using a cutoff distance of 1.1 nm. The CG-MD simulations 
were performed in total for ca. 1.2 ms, with each individual trajec-
tory at least 50 s long. Simulation details are summarized in table S1. 
All CG-MD simulations were performed using Gromacs 2016.2 
(40) and the MARTINI 2.2 force field (37, 41), and quinone 
parameters were obtained from the literature (42). Visual mo-
lecular dynamics (VMD) (43), Gromacs select tool, and PLUMED 
(44) were used for analysis and/or visualization, and the Back-
ward script (45) was used to convert coarse-grained structures 
back to an atomistic representation. PyEMMA (46) was used to 
perform the PC analysis (26) on the coarse-grained simulation 
trajectories on the backbone atom level. Caver (36) was used 
with a probe radius of 2.25 Å to identify the channels that are shown 
in fig. S4.

Atomistic molecular simulation
Molecular models of the membrane domain of complex I were built 
from the x-ray crystal structure from T. thermophilus (PDB ID: 
4HEA) (13). The system comprised subunits Nqo4/Nqo6/Nqo7, 
Nqo8 to Nqo11, Nqo14, and the C-terminal end of the HL helix 
(residues 569 to 605). The model was embedded in a lipid mem-
brane with a cardiolipin:POPC:POPE ratio of 1:2:2 built using the 
CHARMM-GUI module (47), and solvated with TIP3P (48) water 
molecules. Sodium and chloride ions were added to neutralize the 
system with an ionic strength of ca. 100 mM. The total system com-
prised ca. 332,100 atoms. After minimization, relaxation, and equili-
bration using harmonic forces of 2 kcal mol−1 Å−2 on the protein 
backbone atoms, MD simulations without restraints were carried 
out for 0.5 s at T = 310 K using a 2-fs time step, and the long-range 
electrostatics were treated using the Particle Mesh Ewald approach 
(49). The system was treated using the CHARMM36 force field (50) 
and the density functional theory–derived parameters for the redox- 
active cofactors. Classical MD simulations were performed with 
NAMD2 (51), and VMD (43) was used for visualization and analy-
sis. The electrostatic potential calculations were performed using 
the Adaptive Poisson-Boltzmann Solver (52).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/3/eaav1850/DC1
Fig. S1. Comparison of cardiolipin molecules bound to Nqo8 from coarse-grained and 
atomistic models.
Fig. S2. The structure of the membrane domain of complex I from T. thermophilus.
Fig. S3. Electrostatic potential surface of the bacterial and mammalian complex I.
Fig. S4. Global motion of complex I with and without cardiolipin.
Fig. S5. Projection of complex I dynamics with and without cardiolipin along the bending 
(PC1) and twisting (PC2) modes.
Table S1. Overview of all coarse-grained MD simulations.
Table S2. Residues within 3 Å of putative channels 1 and 2.
Movie S1. Cardiolipin binding to complex I from a coarse-grained simulation trajectory.
Movie S2. Cardiolipin-induced channel formation dynamics.
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