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Abstract

Aerobic respiration powers the cell by using energy released from the reduction of O2 to
water. The process is catalyzed by the Electron Transport Chain (ETC), consisting of a
series of enzymes that are shared across all domains of life. Complex I (NADH:ubiqui-
none oxidoreductase) is the largest and least understood enzyme of the ETC, and it
transfers electrons from nicotinamide adenine dinucleotide (NADH) to ubiquinone (Q).
The released free energy is used to generate an electrochemical proton gradient across a
membrane, which in turn fuels the synthesis of adenosine triphosphate (ATP) and active
transport.

In this doctoral thesis, we investigate different aspects of complex I related to proton
pumping, Q binding, and large-scale dynamics. Our results show how the signal for the
proton pumping can be transferred across long distances, and how the Q motion in its
binding pocket can be linked to complex I function. Additionally, we show how accessory
subunits modulate dynamics of complex I, and that important regulatory transitions are
linked to global motions of the enzyme. Together, these results provide an enhanced
molecular understanding of the mechanism of complex I.
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Zusammenfassung

Aerobe Atmung versorgt die Zelle mit Energie, die bei der Reduktion von molekularem
Sauerstoff zu Wasser frei wird. Die Elektronentransportkette katalysiert diesen Prozess
und besteht aus einer Reihe von Enzymen, die in jedem lebenden Organismus vorkom-
men. Komplex I (NADH:Coenzym Q Oxidoreductase) ist das größte und am wenig-
sten verstandene Enzym der Elektronentransportkette. Es transferiert Elektronen von
Nicotinamidadenindinukleotid (NADH) zu Ubichinon (Q). Die dabei freiwerdende En-
ergie wird zumAufbau eines elektrochemischen Protonengradientens an einerMembran
genutzt, welches wiederum zur Synthese von Adenosintriphosphat und dem Betreiben
aktiver Transportvorgänge dient.

In dieser Dissertation untersuchen wir verschiedene Aspekte von Komplex I, die mit
der Protonenpumpfunktion zusammenhängen. Unsere Untersuchungen legen dar, wie
die Signaltransduktion über lange Distanzen erfolgen kann und wie die Ubichinonbe-
wegung in der Bindetasche zur Funktion von Komplex I beiträgt. Weiterhin zeigen wir,
wie die zusätzlichen Untereinheiten die Dynamik von Komplex I modulieren, und dass
wichtige regulatorische Übergänge an die globalen Bewegungen des Enzyms gekoppelt
sind. Zusammengenommen, liefern diese Ergebnisse ein besseres, molekulares Verständ-
nis des Mechanismus von Komplex I.
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Chapter 1

Introduction

The evolution of first organisms took place over a billion years ago [1, 2]. Several theo-
ries have attempted to explain the complex series of events that generated life as we know
it today [3], but they all share the same basis: building of living systems required a high
amount of energy [4]. All living organisms rely on extraction of energy from external
sources to fuel internal processes. Starting from proto-enzymes, nature has developed
convoluted ways to release, store, and utilize energy, while maintaining high efficiencies
in every process. After development of photosynthesis in cyanobacteria and the later ap-
pearance of diatomic oxygen (O2) in the atmosphere, also called the great oxygenation
event [5], aerobic organisms flourished and respiratory machineries started to evolve.

Aerobic respiration extracts electrons from organic molecules that contain carbon
in a low oxidation state, and transfers them to O2 producing water [6]. Oxygen is a
strong oxidant, and its reduction produces large quantities of energy that organisms can
use to drive endergonic reactions. To achieve high efficiencies, electrons are transferred
stepwise, forming and consuming various intermediates. The last steps of this energy-
conversionmachinery are performed bymembrane-bound enzymes, theElectron Transport
Chain (ETC, or respiratory chain), and commonly referred to as Oxidative Phosphorylation.
The free energy released during substrate degradation is then used for active transport
and to synthesize adenosine triphosphate (ATP), the final high-energy product that cells
use to perform several life-sustaining processes [7, 8].

During the second half of the 20th century, a tremendous amount of work performed
by several scientists started to unravel the principles behind the function of the ETC
[9]. One of the biggest open questions during that time was related to the production
of ATP. Thinking about a ‘classical’ chemical coupling, i.e. exchange of high-energy
bonds, scientist were looking for an intermediate substrate of the ETC that could fuel
ATP synthase [10]. Due to a lack of evidence of such an intermediate, a new hypothesis
was formulated, suggesting that energy in cells can also be stored as an electrochemical
potential across a semi-permeable membrane [7, 11]. This hypothesis, developed in
large parts by PeterMitchell, explained principles of energy converting processes in living
organisms. Mitchell was awarded the Nobel Prize in 1978 “for his contribution to the
understanding of biological energy transfer through the formulation of the chemiosmotic

1



2 CHAPTER 1. INTRODUCTION

theory”. The key idea behind the chemiosmotic theory is that energy required for the
synthesis of ATP and active transport is stored in form of an electrochemical proton
gradient, the proton motive force or pmf :

pmf = ∆ψ − 2.303
RT

F
∆pH (1.1)

where∆ψ is the electrical potential difference, and∆pH is the difference of the chemical
activity of protons between the two sides of the membrane. The pmf is generated and
maintained by respiratory enzymes using the free-energy derived from catalysis of redox
reactions. This energy-converting mechanism is ubiquitous across all domains of life,
suggesting that its origin traces back to the early stage of life evolution [12].

1.1 The Electron Transport Chain
The general mitochondrial and prokaryotic ETC scheme (Figure 1.1) comprises five
membrane-bound enzymes, which catalyze the redox reactions used to generate the pmf
(Complex I-IV) and synthesize ATP (Complex V). The overall reaction involves a trans-
fer of electrons from nicotinamide adenine dinucleotide (NADH) or succinate to O2, and
coupling of the released energy to the synthesis of ATP from ADP and inorganic phos-
phate (Pi) [13]. The intermediate species generated during this metabolic pathways have

Figure 1.1: Enzymes of the respiratory chain. Complexes I-V (left to right) are embed-
ded in the membrane. Protons are pumped from the negative (-, N) to the positive (+, P)
side of the membrane against an electrochemical proton gradient. Complex V uses the
pmf to drive ATP synthesis.

an increasing midpoint potential (Em), ranging from -320 mV for NADH to +820 mV
of O2 at pH 7 [14].

The initial electron acceptors, complex I (NADH:ubiquinone oxidoreductase) and
complex II (succinate:ubiquinone oxidoreductase), harvest high-energy electrons from
NADHand succinate, respectively, which are the final products of other catabolic cellular
processes. Complex I is generally considered the primary entry point for electrons in the
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respiratory chain [15]. The reaction catalyzed by the enzyme can be written as:

NADH + H+ + Q + 4H+
N NAD+ + QH2 + 4H+

P (1.2)

Complex I function and mechanism will be discussed in detail in Chapter 2. Ubiquino-
ne (Q), or Coenzyme Q10 (Figure 1.2), is a two-electron carrier, and part of the ETC.
This membrane-soluble molecule is composed of a benzoquinone headgroup and a long
hydrophobic tail of 10 isoprenoid units. Ubiquinone cofactors and its reduced form
ubiquinol (QH2) are ubiquitous in nature, and they are also synthetized as menaquinone
or plastoquinone in other organisms [16, 17].

O

O

H3CO CH3

H3CO H

CH3 10

Figure 1.2: Chemical structure of ubiquinone (Q10). The length of the isoprenoid tail
can vary.

Complex II provides an alternative entry for electrons in the respiratory chain [18,
19], and catalyses the reaction:

Succinate + Q Fumarate + QH2 (1.3)

This enzyme is not electrogenic, and it only contributes to the reduction of the Q-pool.
The oxidation of succinate to fumarate is also considered part of the citric acid cycle. The
Q-pool reduced by complex I and II is re-oxidized by complex III (also cytochrome bc1 or
quinone:cytochrome c oxidoreductase). Formally, this enzyme uses the energy derived
from oxidation of a QH2 molecule to reduce two cytochrome c (cyt c) molecules, and
release two protons across the membrane [20]. The net reaction is:

QH2 + 2 cyt cox Q + 2 cyt cred + 2H+
P (1.4)

Cyt c is a small, ca. 10 kDa, water soluble protein that contains a covalently bound
heme c, which acts as a one-electron carrier [21]. The reactions by which electrons are
transferred from Q to cyt c are known as Q-cycle [22]. The complete reaction requires
oxidation of two QH2 and reduction of one Q, with electrons transferred across b- and
c-type hemes and Rieske Iron-Sulfur Centers (ISC) [23]. Unlike complex I, the electro-
genic protons are not pumped across the membrane: the transferred protons are part of
a redox-loop and derived from the reduction/oxidation of Q and QH2.

The last step of the electron transfer process is catalyzed by complex IV (cytochrome
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c oxidase), which reduces the final electron acceptor O2 [14, 24]:

4 cyt cred + O2 + 8H+
N 4 cyt cox + 2H2O + 4H+

P (1.5)

The reaction is performed stepwise transferring one electron at a time via a bimetallic
copper-center and an a-type heme [14, 25]. The total cycle of the enzyme pumps four
protons per reduced O2 molecule and also consumes four protons from the positive side
of the membrane to form two water molecules.

Finally, complex V, or F0F1-ATP synthase, catalyzes the endergonic synthesis of ATP
using the pmf produced by complex I, complex III and complex IV. The overall reaction
is:

ADP + Pi + 3-4H+
P ATP + H2O + 3-4H+

N (1.6)

where Pi indicates inorganic phosphate. The synthesis occurs via a rotary-mechanism
proposed by P. Boyer [26,27] and later confirmed by J. E. Walker and coworkers [28,29].

Over the course of the last 70 years, research on the ETC unraveled many of the
functions of these membrane enzymes. Nonetheless, several questions still remain unan-
swered and new aspects keep emerging, as for example the role of supercomplexes [30–
32], weakly associated units formed by respiratory enzymes. Structures of supercom-
plexes have recently been resolved to a near-atomic resolution [33–35], but their role
is not yet fully understood. Similarly, complex I structure has only been resolved in
2013 [36], and a clear picture of its coupling mechanism is still lacking.

In some cases, energy-converting enzymes make use of exotic chemical species, as
the manganese cluster in the photosynthetic enzymes [37,38], or ferryl species in Com-
plex IV [39]. Despite these exceptions, most of the processes occurring during function
involve ‘simple’ electron and proton transfers or are linked to structural changes. It is
important to notice that the extraordinary aspect of these complex machineries lies in the
tight orchestration of all these reactions, which regulate the energetic balance in the cell
through complex networks of signal transport. This coupling is internal to enzymes, but
also extends beyond the single redox-coupled reactions, and regulates the entire ETC.

The high amount of energy generated from the ETC can be explained by thermody-
namic considerations: the individual reactions do not involve large gaps in free energy
transfers, leading to near-equilibrium processes. The reactions are close to reversibility,
and therefore highly efficient.

Rationalization of the biochemical data in light of the thermodynamic principles
is central to understanding how these enzymes work. As for any other system, laws
of thermodynamics also regulate the function of cells. Explaining how, and why the
processes take place on a molecular level is the key role of theoretical and computational
chemistry.
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1.2 The Role of Computational Chemistry
Theoretical studies allow molecular insight into the structure and function of systems of
interest, and provide information that could be hard to obtain in ‘wet lab’ experiments.
Theory can confirm experimental findings, but also gives feedback and suggests new
experiments. The development of a theoretical framework to understand catalysis, e.g.
in enzymes, not only provides the tools to make predictions, but also to design de novo
catalytic systems [40].

Driven by increasing computational power, theoretical biochemistry and bioenerget-
ics has advanced from early studies related mostly to thermodynamical considerations,
and is now strongly based on computational approaches. In the early 1960s, the steadily
improving computational resources led to the development of the first classical force fields
for the treatment of organic molecules, discussed in the pioneering work of Lifson and
Warshel [41]. Parallel to the classical methods, quantum chemistry had a rapid develop-
ment, reaching accuracies high enough to describe reactions in active sites of enzymes.
Among several methods, Density Functional Theory (DFT) has become very popular in
the last 30 years, due to the optimal combination of accuracy and speed of calculation.

A plethora of methods is available nowadays to study biomolecules. Computational
chemistry is a well-established tool, providing a unique approach to analyze single reac-
tion events or protein dynamics. In Chapter 3 some details of computational approaches
used in this thesis will be presented.
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Chapter 2

The Respiratory Complex I

Complex I (NADH:ubiquinone oxidoreductase) is the largest and most challenging en-
zyme of the ETC. It is composed of up to 45 subunits in eukaryotes [42], with amolecular
weight of ca. 1 MDa. Complex I is a redox-driven proton pump that catalyzes the eT
between nicotinamide adenine dinucleotide (NADH) and quinone (Q), and uses the re-
leased free energy to pump four protons across the membrane (Figure 2.1) [15, 43, 44].
The overall reaction catalyzed by the enzyme is:

NADH + H+ + Q + 4H+
N NAD+ + QH2 + 4H+

P (2.1)

where N and P denote the negative and positive side of the membrane, respectively.
The catalytic core of the enzyme is composed of 14 subunits, which are conserved from
bacteria to mammals [42]. The enzyme can be roughly divided into hydrophilic and
membrane domains, where the eT and proton transport take place, respectively. An
alternative classification that is based on evolutionary models divides complex I into the
N, Q, and Pmodules [43,45–47]. Throughout this thesis, which is mainly focused on the
enzyme function, the distinction is made between hydrophilic and membrane domains,
which also naturally separates the eT and proton transport processes. In this context, the
Q binding pocket can be considered as an interface region that couples the two processes
together. The eT and proton transport also occur across multiple subunits of the enzyme,
creating a coupled machinery that extends for over 300 Å.

Despite over 70 years of research, complex I is still the least understood enzyme
of the ETC. Although the different domains of the complex were separately crystal-
lyzed [48, 49], and the overall organization of the complex was already known [50–52],
the first near-atomic resolution crystal structure of the entire enzyme from the bacteria
Thermus thermophiluswas only resolved in 2013 by Baradaran et al. [36]. The study showed
for the first time the atomistic structure of the entire Q binding pocket, central for the un-
derstanding the catalytic mechanism of the enzyme. A second near-atomic structure was
obtained in 2015 by Zickermann and co-workers [53] from the yeast Yarrowia lipolytica,
showing the organization of the additional supernumerary subunits around the catalytic
core. The assignment of the novel subunits could not be completed due to the low res-
olution of the density map in the peripheral regions of the enzyme. In 2016, structures

7



8 CHAPTER 2. THE RESPIRATORY COMPLEX I

Figure 2.1: Entire structure of the respiratory complex I from Mus musculus (PDB
ID:6G2J). Supernumerary subunits are colored in light blue. The electron and proton
transport processes are indicated with black arrows.

from ovine (Ovis aries) and bovine (Bos taurus) complex I were obtained to a ca. 4 Å resolu-
tion [54,55], confirming and nearly completing the assignment of the 31 supernumerary
subunits of mammals. Recently, structures from mouse (Mus musculus) [56, 57], porcine
(Sus scrofa) [33,34], and a new structure of Yarrowia lipolytica [58], further improved the res-
olution, allowing deeper insight into the different states and function of the enzyme [59].

Due to its function and shape, it is natural to present the enzyme by following the
‘charge motion’ during turnover. The sections of this chapter will thus first describe the
NADH binding site and the hydrophilic domain, where the reaction starts, followed by
discussion about the Q binding site, the membrane domain, and supernumerary sub-
units.

2.1 Nomenclature
The nomenclature of the subunits of complex I differs among organisms. In this chapter,
the description will follow the nomenclature of the bovine enzyme (unless specified). For
consistency with the related publications, the results chapter will employ nomenclature
of the respective isoform, and the corresponding subunits will be listed where needed
for comparison. The nomenclature of the core subunits in different species is given in
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Appendix A.

2.2 The Hydrophilic Domain
The hydrophilic domain of complex I comprises seven of the catalytic core subunits and
is mainly devoted to the eT functions [15,48,60–64]. The electrons are transferred from
NADH to Q along a chain of cofactors composed of a flavin mononucleotide (FMN)
molecule and a series of iron-sulfur centers (ISC, Figure 2.2), which act as a connecting
wire between the two distal reaction sites. The eT process through the ISC chain re-
quires about 100 µs to occur [63]. The NADH binding site is located at the ‘top-edge’
of this region (Figure 2.1) and comprises the FMN molecule, that acts as the first elec-
tron acceptor of the chain [65]. The binding pocket is solvent-accessible and is formed

Figure 2.2: Chain of redox co-
factors and their relative edge-to-
edge distances in the hydrophilic do-
main of respiratory complex I (PDB
ID:6G2J from Mus musculus)

by an unusual Rossmann-fold, which comprises
only four β-strands instead of the more common
six β-strands motif. In this cavity, the reaction
is initiated by a proton-coupled electron trans-
fer (PCET) from NADH to FMN. The reaction
most likely involves formation of transient reduced
FMN species, but the exact reaction steps are not
clear, and only recently principles have started to
emerge [66, 67]. The nearby ISC N1a is located
off the main ISC pathway connecting FMN to Q
(Figure 2.2), and its function is still under debate.
Its distance from the NADH oxidation site sug-
gests an active role in the eT mechanism, but Em

values lower than -320 mVwere indirectly derived
from EPR signal in Escherichia coli [68], excluding
the reduction by NADH.

The other ISC form a linear chain connect-
ing FMN to Q, and their edge-to-edge distances
(shortest distance between atoms) are lower than
14 Å (Figure 2.2), within the biological eT limit
[69]. An exception is the ISC N7, only present in
some organisms, e.g. Thermus thermophilus, and replaced by a zinc site in higher organ-
isms such as mammals. This ISC is not involved in the eT and its role is likely to be
related to the scaffold stability [48, 70]. The last ISC cluster, N2, is located ca. 12 Å
from the quinone headgroup [36,71], and has the lowest reduction potential of the ISC
chain [72–74]. Although it was suggested to be a potential coupling site for the enzyme
catalysis [75, 76], recent experiments [77] dispute this hypothesis.

The ISCs are one-electron carriers, while the reduction and oxidation of Q and
NADH require two electrons. This implies that the complete Q reduction requires two
eTs along the ISC chain. Hypotheses regarding the eT process suggest that, during catal-
ysis, part of the ISC are reduced [15,78], possibly lowering the time between subsequent
reduction of Q.
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The entire catalytic process is also reversible [79–81] and complex I can promote
reverse eT from QH2 to FMN using the pmf. Under these conditions, the enzyme
produces a high amount of reactive oxygen species (ROS), which are harmful for the
cell [80, 82, 83]. This process is important in cell signalling and during hypoxia condi-
tions, and is therefore of extreme biomedical relevance [84–87].

The NADH oxidation mechanism, the structure of the ISC and their role in the
charge transport process will be not discussed further. In this thesis, it is sufficient to
assume that the two electrons are transferred stepwise to the Q binding site on a shorter
time scale than the one required for the proton pumping. For a more in-depth discussion
see for example ref. [15].

2.3 The Quinone Binding Pocket
The Q binding pocket is located at the interface between the hydrophilic and the mem-
brane domain (Figure 2.1), in a cavity formed by subunits ND1, PSST and 49 kDa (Fig-
ure 2.3) [36]. This narrow channel is ca. 40 Å long, and accommodates nearly the entire
Q molecule. Additionally, except for conformational changes related to enzyme func-
tion, the channel is overall similar among all complex I structures so far characterized.
It is important to notice that, although several biochemical [71, 88–90] and structural
studies [36, 52] suggest that the pocket comprises the Q binding site, the substrate has
not yet been structurally resolved in a bound state.

The Q polar headgroup binds at the top of the pocket, ca. 30 Å above the membrane
plane and between subunits PSST and 49 kDa (Figure 2.3). Biochemical studies [91]
suggest that the Q headgroup is positioned between conserved residues Tyr108 and the
His59/Asp160 pair of 49 kDa subunit. Several other conserved residuesmight play a role
in the binding, e.g. Thr156 in the same subunit, but their exact function remained elusive
so far. The tyrosine and histidine residues have also been suggested to be the proton
donors for the Q upon its reduction to quinol [74, 92]. Recently, structures resolved by
different groups [54,55,57,58] observed different conformations of the β1-β2 loop of the
49 kDa subunit, which constitutes the surface of cavity and comprises His59. In absence
of Q, three different situations were observed: the loop closes the binding site, moving
His59 close to the Tyr108 (Ovis aries structure), the loop becomes flexible (non-solved,
Bos taurus structure) or remains essentially unchanged (Yarrowia lipolytica structure). This
effect might also be linked to the active-deactive transition in some organisms (see Section
2.7) [56], and has not yet been fully clarified.

In addition to the primary Q binding site, EPR studies [93, 94] suggested the exis-
tence of a second Q binding site. Recently, computational work also part of this thesis
(publication V) provided additional insight into the nature of this putative site in the
binding cavity. Further discussion will follow in Chapter 5. From the binding cavity, a
series of electrostatic/conformational changes transmit the proton pumping signal to the
membrane domain [92, 95] (Section 2.4).

The unusually long Q-cavity raised several questions about the coupling mechanism
of complex I, e.g. why the binding pocket is buried so deep in the enzyme. The entrance
of the cavity is located below the membrane surface, and Q could easily accept electrons
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Figure 2.3: The quinone binding channel in the mammalian complex I (PDB ID:
5LC5). The subunits forming the quinone binding pocket are represented in cartoon.
Surface of the cavity is obtained from bovine (cyan, Bos tarurus, [54]), porcine (yellow, Sus
scrofa, [33]) and bacterial (purple, Thermus thermophilus, [36]) structures after proper align-
ment. The quinone polar headgroup is suggested to bind between Y108 andH59/D160.
Other negatively charged residues in the pocket are represented as red/blue spheres. The
figure is adapted from publication II.

in a binding site closer to the protein surface. Instead, the enzyme evolved maintaining
this long cavity that can nearly fit the entire hydrophobic tail. This question is also di-
rectly related to the nature of the coupling between the two domains in complex I: how
is the energy transferred during Q turnover? Although the topic is still under debate,
recent studies [73] have made significant advances, combining structural, biochemical
and computational efforts.

2.4 The Membrane Domain
The transmembrane domain of complex I is composed in its minimal assembly by seven
linearly arranged subunits (ND1/3/6/4L/2/4/5 andNqo8/7/10/11/14/13/12 inTher-
mus thermophilus) (Figure 2.4). This domain utilizes the energy derived from Q reduction
to pump four protons across the membrane [96, 97] (current consensus value, although
a value of three pumped protons has been proposed based on thermodynamics consid-
erations [98]). Subunit ND1 forms the link with the hydrophilic domain, and is also
the most conserved of the whole complex [36]. Subunits ND2, ND4, and ND5 are
homologous to each other and to multiresistance and pH adaptation (Mrp) Na+-H+ an-
tiporters [99, 100], and are involved in the proton pumping process [95, 101]. These
subunits are also referred to as antiporter-like subunits. The location of the fourth proton
channel is not yet clear, although it is believed to be located in the region between ND4L
and ND1 (Nqo11/Nqo8 in Thermus thermophilus) [36, 53, 102].

Starting from the Q binding pocket in the ND1 subunit, an array of charged and
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Figure 2.4: a) The membrane domain of respiratory complex I from Thermus ther-
mophilus. Subunits are shown in red (Nqo12), blue (Nqo13), yellow (Nqo14), grey
(Nqo7/10/11) and green (Nqo8). The polar array of charged amino acids extends from
Nqo8 to Nqo12. b) TM helices of the antiporter-like subunits. The internally symmetric
5-helix bundles TM4-8 and TM9-13 are shown in orange and green, respectively. The
figure is adapted from publication I.

polar residues spans the center of the entire membrane domain (Figure2.4). This long
chain of amino acids is well conserved across multiple species and considered to play a
key role in the pumping mechanism [103–110]. Interestingly, the array shares a similar
pattern within the antiporter-like subunits. This repeated motif is composed of an ion
pair that can create contacts to the previous subunit, followed by a central lysine residue,
a terminal charged residue, either lysine or glutamate, and a histidine bridging the two
charged side chains (Figure 2.4).

The antiporter-like subunits comprise an internal two-fold screw axis pseudo-sym-
metry (Figure 2.4) [49], with five transmembrane (TM)-helix elements repeated twice in
each subunit (TM4-8, TM9-13). The repeating units contain a broken-helix connected
by a short loop region, an element which has been shown to be related to the flexibility
and formation of water channels for substrates or proton transport [111,112]. An addi-
tional 5-helix bundle is also repeated in the ND1 subunit, forming part of the Q binding
pocket. Here, one of the two broken helices segments is disordered and rich in gluta-
mate residues, and is probably related to conformational changes during turnover [92].
Subunit ND5 comprises an additional long horizontal helix (HL) which spans half of the
membrane domain creating a connection element between the three antiporter-like sub-
units [49, 52]. Although it was earlier suggested that this helix is involved in the proton
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pumping mechanism, additional studies disproved this hypothesis [113, 114], and the
element is now suggested to have a structural rather than a mechanistic role.

The three subunits ND3, ND6 and ND4L are smaller than the other core subunits
of the membrane domain, and they link the Q reduction pocket to the antiporter-like
subunits. Recently, a long loop region of ND3 was suggested to be involved in the proton
pumping mechanism by cross-linking studies [115]. The same loop interacts with the 49
kDa subunit close to the Q-reduction site., and was also suggested to be involved to the
A/D transition [54] (Section 2.7).

The free energy released during Q reduction is used for proton pumping. Since the
Q reduction site and the most distal subunit are ca. 200 Å apart, the signal and energy for
the proton pumping have to be vehicled through a series of conformational/electrostatic
changes, starting from the redox site. Although many theories emerged during several
years to explain this effect, the exact mechanism is not clear [52,98,116–124]. A possible
mechanism is presented in publication I and will be discussed in Chapter 5.

2.5 The Effect of Membrane Composition
As for many transmembrane enzymes, the activity of complex I is also affected by the
membrane composition [125]. In particular, cardiolipin (1,3-bis(sn-3’-phosphatidyl)-
sn-glycerol, or diphosphatidylglycerol), has been shown to strongly affect the catalytic
properties of respiratory enzymes in mitochondrial and bacterial membranes [126–133],
where this lipid can constitute up to 20% of the total membrane composition. The role of
cardiolipin and its association with electrogenic enzymes is linked to its unique structure.
Cardiolipin comprises two phosphatidic acid groups linked by a glycerol backbone, thus
carrying four acyl chains and up to two negative charges. In contrast to complex III, IV
and V, where the effect of the lipid on catalysis has been in part understood by both ex-
periments (see ref. [126]) and simulations [134–137], for complex I a mechanistic picture
is still lacking. Complex I seems to tightly bind ca. 10 cardiolipin molecules together with
other lipids [138]. Also, the activity of the enzyme is strongly dependent by the mem-
brane composition, and in particular on the concentration of cardiolipin [128]. Recent
higher resolution structures of mammalian enzymes [54,55,57] allowed to resolve lipids
around the membrane domain including some cardiolipin molecules, but their role was
not clear. A mechanistic interpretation of the effect of cardiolipin on the catalysis of
complex I will be discussed later in Chapter 5 and has been presented in publication VI.

2.6 Supernumerary Subunits
In addition to the 14 core catalytic subunits, complex I comprises numerous supernumer-
ary subunits (up to 31 in mammals) [139, 140]. The characterization of these subunits
has been subject of extensive research over the years [141, 142], and the structural as-
signment was only recently completed and confirmed after publication of high-resolution
structures of the complex [57,58]. The number of supernumerary (or accessory) subunits
varies in different species, ranging from a ‘basic’ version of the enzyme in bacteria to the
high complexity of mammals. Some of these subunits do not have orthologues in other
species, many of them do not have homologs outside complex I [143], and all are unique,
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with the exception of the acyl carrier protein SDAP in the mammalian enzyme [144].
Accessory subunits are located around both the membrane and hydrophilic domain.

They form a ‘cage-like’ structure around the core subunits [54, 145], which are mostly
unchanged from bacteria to mammals. Although the functions of most of these sub-
units are unclear, their role seems to be related to stabilization, regulation and assem-
bly [54, 139, 146]. For example, deletion of the 13 kDa subunit (NUMM in Yarrowia
lipolytica), which harbors the zinc site in the hydrophilic domain, has been shown to af-
fect the final stage of complex I assembly [147]. Other subunits have been suggested to
be important for regulatory functions. Based on studies on Neurospora crassa and Bos tau-
rus [148, 149], subunit B13 was suggested to be involved in the A/D transition (Section
2.7). This subunit is bound to the hydrophilic domain and interacts predominantly with
the 30 kDa subunit, and in higher eukaryotes with the 42 kDa subunit (Figure 2.5). The
latter subunit, which is found only in some specific eukaryotes (including mammals), has
been suggested to be loosely bound to the enzyme due to its partial loss upon purifica-
tion [141]. Interestingly, the 42 kDa subunit harbours an ATP/ADP binding site that
was also found to be phosphorylated in the bovine structure [150]. Subunit 39 kDa in-
teracts directly with the PSST subunit (Figure 2.5) and it comprises an NADPH binding
site, the role of which is unclear. The subunit is unlikely to be directly related to the Q
reduction process due to the large spatial separation, but it was shown to have regulatory
functions and to undergo conformational transition during the A/D transition [151].

2.7 The A/D Transition
Preparations of complex I of some species, including mammals [152], show an un-
usually long lag-phase (tenths of seconds) before reaching the native reaction rate of
NADH oxidation. This phenomenon was observed over 50 years ago [153, 154], but
only marginally understood, due to the lack of information on the enzyme structure
and composition, and was referred to as the A/D (active/deactive,or inactive) transi-
tion [151, 155–157].

The D state is characterized by low turnover rates [158]. Early studies suggested that
the transition does not affect the NADH oxidation rates, as well as the reduction of the
ISC [159], hinting to a rearrangement of the quinone reduction site upon deactivation.
The enzyme converts spontaneously to the D state at physiological temperatures and in
absence of substrate [160]. The deactivation is characterized by a high activation energy
(ca. 65 kcal mol−1 in Bos taurus [158]) and is strongly dependent on the temperature,
blocking the enzyme in the A state at 4°C [152]. The activation rate is also affected
by other factors as divalent cations (Ca2+ or Mg2+) or pH [158, 161], which slow down
the process. Cross-linking and chemical modification studies [162–165] showed critical
conformational changes during the A/D transition in specific subunits of complex I, and
suggested how these are linked to the regulation of the enzyme.

Recent mammalian enzyme structures [54,57] gave new insight into the A/D transi-
tion, resolving distinct cryo-EMmaps of the Bos taurus andMus musculus enzymes. As the
two structures showed well distinct features, they were assigned the A and D states of the
enzyme. Their assignment was later confirmed by purifying and resolving a structure
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Figure 2.5: Complex I ofMus musculus (PDB ID:6G2J). Subunit 42 kDa (blue), B13 (red)
and 39 kDa (green) have been suggested to be involved in the A/D transition.

of a completely deactive mammalian enzyme [56]. The two distinct structures differ by
a twisting motion of the hydrophilic and membrane domains relative to each other, in
which subunit ND1 act as a hinge. This global conformational change is reflected in the
loss of density of loops in the hinge region of the complex, which have been suggested to
become more exposed (ND3 subunit) or disordered (ND1-NDUFS2 subunit).

The idea of a large conformational transition upon deactivation was recently chal-
lenged by Parey et al. [58], that resolved both deactive and under-turnover structures of
Yarrowia lipolytica. Although in this structure the resolution is lower (about 4.3 Å), they did
not observe the same twisting transition between A and D states under turnover. They
concluded that the A/D transition is not related to destructuring of critical loops of the
enzyme, but rather to local conformational changes of the quinone binding pocket, and
that the D form is not an off-pathway state of complex I but rather similar to a reaction
intermediate. It has to be noted that Yarrowia lipolytica shows different kinetic parameters
of the A/D transition, and could therefore differ from the mammalian process.
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Chapter 3

Methods and Models

This chapter introduces the methods used in the publications presented in Chapter 5.
Due to the extensive literature, only a brief discussion will be provided. The first two sec-
tions present an overview of the common methods and approximations used in classical
and quantum mechanical frameworks. The third section is an introduction to molecular
dynamics and other techniques which are based on the aforementioned schemes. The
last section includes a list of the models and simulations used in the publications.

3.1 Classical Force Fields
Molecules can be described at several levels of accuracy. Large molecular systems cannot
be described with accurate electronic structure calculations, and classical methods often
provide a valid and computationally less expensive alternative. These potentials are gen-
erally called force fields, and they are based on classical mechanics to describe the motion
of atoms in space. The atoms move in the external potential generated from the rest
of the system [166], and all the energies are derived analytically. The potential energy
function contains parameters derived from either experimentally measured properties or
from quantum mechanical (QM) calculations. The fitting procedure is performed on a
small set of molecules and the parameters are then applied to a wide variety of systems,
based on their transferability for similar chemical structures.

Depending on the problem at hand, force fields can reach different levels of accuracy,
ranging from an all-atom description to a more approximate coarse-grained (CG) repre-
sentation of molecules. Although different particle types are unique for each force field,
most of the models are based on simple ‘ball and spring’ models, with ad hoc potentials
dependent on the physics described.

3.1.1 All-atom Force Fields and CHARMM
All-atom force fields are usually based on potentials of the form:

V = Vbond + Vangle + Vdihe + Vimpr + VV dW + Velec (3.1)

The energy of the system is approximated as a sum of potential energy terms, generally
divided into bonded and non-bonded interactions. This way of describing molecular
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connectivity and interactions is also referred to as Molecular Mechanics (MM). Each
term of the Eq. 3.1 is a sum over interactions arising from the molecular structure and
connectivity. The bonded potentials (Eq. 3.2) describe the intra-molecular interactions
of bonded atoms by splitting the energy into bonded, angular, dihedral and improper
dihedral terms. Both bond and angle terms are usually modeled as harmonic potentials.
Dihedral terms describe rotation around bonds and are expressed as a sum of periodic
functions over the rotation of the atoms. To enforce planarity when necessary, harmonic
‘improper’ potentials that describe the out-of-plane oscillation are also often included in
force fields. These potentials take the following general form:

Vbond =
∑
bonds

kb(b− b0)
2 Vangle =

∑
angles

kθ(θ − θ0)
2

Vdihedral =
∑

torsions

kϕ [cos (nϕ+ δ) + 1] Vimpr =
∑

impropers

kφ(φ− φ0)
2

(3.2)

where b0, θ0 and φ0 are the equilibrium values for bond and angle terms, kb, kθ, kϕ, and
kφ are the force constants, n and δ are the dihedral periodicity and phase, respectively.

The non-bonded potential terms describe the pairwise interaction of atoms that are
three or more bonds apart. Exclusion rules usually remove non-bonded interactions of
atoms less than two bonds apart, and the interaction of atoms spaced by three bonds are
generally reduced by an empirical factor to avoid large forces during dynamics.

The non bonded interactions are usually divided into electrostatic and Van derWaals
(VdW) terms:

Velec =
∑
i,j ̸=i

qiqj
4πϵ0ϵrij

VV dW =
∑
i,j ̸=i

εij

[(
σij
rij

)12

− 2

(
σij
rij

)6
] (3.3)

The nature of VdW interactions has been studied over several decades [167], and the
most commonly used potential function to describe these forces is the 6-12 Lennard-
Jones potential [168]. This potential divides the VdW interactions in attractive (r−6)
and repulsive forces (r−12), and depends on two parameters: the collision radius σ and
the interaction energy at the same distance, ε (Eq. 3.3). Since the interaction energies
decay rapidly over distance, it is possible to evaluate the energy and forces by using only
the neighbors of the central atom without loss of accuracy. This provides a basis for
efficient calculations, as it strongly reduces the list of pairs for which the potential has to
be evaluated. The cut-off distance, after which interactions are truncated, is generally
around 12-15 Å for all-atom force fields.

The electrostatic interactions are usually treated as Coulomb interaction energies be-
tween point charges, which are assigned to each atom. The purpose of the atomic charge
is to reproduce as accurately as possible the interaction with surrounding atoms, mim-



3.1. CLASSICAL FORCE FIELDS 19

icking the electronic structure of the molecule. This point charge-partitioning scheme
has proven to be satisfactory in many cases, but it is not ideal when charge distribu-
tion strongly depends of the molecular geometry, or where polarization effects are im-
portant [169]. To overcome these limitations, more accurate schemes based on charge
fluctuations [170], Drude oscillator models [171], or multipole expansion have been de-
rived [172]. Interestingly, although based on a more accurate physical model, the ad-
ditional computational cost is not always reflected in a more accurate result [173], and
the simple fixed point charge model is therefore still vastly employed. As the electrostatic
potential decays as 1/r (Eq. 3.3), these long-range interactions can extend up to 30-40
Å, thus increasing the required cut-off distance. This long-range cut-off would in turn
greatly increase the computational cost of the calculation, rapidly making it infeasible
for large systems. To overcome this issue, and to avoid abrupt truncation of the elec-
trostatic interactions, the Particle Mesh Ewald (PME) scheme is usually employed [174].
The PME algorithm divides calculation of interactions into short-range and long-range,
calculated in real and reciprocal space, respectively. The treatment of the electrostatic
interactions reduces the scaling from N2 to N logN , where N is the total number of
particles.

A good description of the physics underlying molecular geometries is linked to the
functional form of the potentials and their adequacy to describe the molecular problem.
In addition to that, the set of parameters used in the functions is crucial to determine the
correctness of the simulation outcome. Different force fields use both different functional
forms and parametrization schemes, and thus transferability between the force fields is
not ensured. In force fields, the atoms are usually grouped as ‘types’, i.e. atoms which are
expected to show similar properties even in different functional groups. An example is
the distinction between aliphatic sp3, sp2 and sp carbon atoms. A correct differentiation
of the atom types ensures transferability of the parameters from the molecular structure
used for parametrization to a more general context, thus making the force field more
reliable.

To date, there are several MM force fields freely available, each suited for a specific
context. Among the most used for macromolecules, we can find CHARMM [175,176],
AMBER [177] and GROMOS [178]. Due to their relatively low computational cost,
force fields are usually used in combination with molecular dynamics (MD) algorithms,
which are described in Section 3.3. Classical MD simulations were used in publications
I-VI.

3.1.2 Coarse Grained Models and MARTINI
Simulations of macromolecules at an atomistic level provides a detailed description of
the system of interest. In combination with MD techniques, classical force fields are
nowadays used to describe dynamic of the system to the µs-ms timescale [179]. Such
large timescales are often computationally demanding for large systems, and thus all-
atom simulations are not well-suited for the purpose.

In case we are not interested in a full atomistic description of our system, coarse-
graining (CG) techniques provide a valid alternative to reduce the number of degrees of
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freedom of our system, hence decreasing the computational cost. CG methods simplify
the description of the system under study and reduce the number of particles mapping n
atoms to a single bead (where n depends on the force field used). The energy surface in
the phase space of these simulations will be ‘smoother’, and a longer integration timestep
can be used for MD, resulting in turn in longer timescales explored. Cut-off schemes and
empirical corrections to achieve a correct structural behavior can be applied to improve
both scaling and results of the models.

Figure 3.1: Typical coarse graining mapping of a lipid molecule (cardiolipin) in the
MARTINI force field. The figure is adapted from publication VI.

Over the last ten years, the MARTINI force field [180, 181] became vastly used.
It was originally developed as a force field for simulations of lipid bilayers, but since its
extension for proteins [181], it has been widely employed to study large systems and long
timescale events. MARTINI uses a 1-to-4 heavy atom mapping with some special rules
for ring systems. The beads are classified in four large classes: charged, polar, non-polar
and apolar. Each group comprises sub-groups with different force field parameters. The
particles interact via a classical 6-12 Lennard-Jones potential (Eq. 3.3) with parameters
ε and σ dependent on the bead type. Additionally, the charged particles also interact
via a screened Coulomb potential (ϵ = 15), and additional bond and angle harmonic
potentials (similar to Eq. 3.2) ensure to keep the bound particles together. Additional
elastic network schemes have been employed to improve the description of secondary
and tertiary structure elements [182]. A typical mapping for a lipid molecule is shown
in Figure 3.1. CGMD simulations were employed in simulation VI.

3.1.3 Elastic Network Models
Protein structure encodes information about their dynamics and function [183]. Asmore
protein structures became available, computational studies focused their attention on
the tight connection between the structure of proteins and their normal modes. Normal
mode analysis (NMA) is a tool to retrieve information about collective structural vibra-
tion of molecules. The normal modes of enzymes can be important e.g. for catalysis or
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substrate binding/dissociation [184]. Also, these motions are conserved among classes
of proteins [185]. Calculation of normal modes requires prior minimization of the struc-
ture to a local minimum. Although it is possible to study global protein motion with
all-atom models, the minimization, in this case, is somewhat challenging, since it might
distort the original structure. As originally proposed by Tirion [186], a valid alternative
to study normal modes is to model each amino acid as one point mass (usually using the
position of Cα atoms), connected by harmonic springs within a certain cut-off radius.
The total energy can be thus written as:

E =
N∑
a

N∑
b=a+1

C

2
fcut(rab)

(
rab − r0ab

)2 (3.4)

whereN is the total number of point masses, r0ab is the structural (experimental) distance,
C represents the strength of the oscillator and fcut(rab) is:

fcut(rab) =

{
0, if r > rcut

1, otherwise
(3.5)

Although this approximation might seem somewhat inaccurate in the treatment of
the pairwise potential between beads, it is perfectly suited and exceptionally robust for
the study of global ‘protein mechanics’ [187]. The basic assumption of these models is
that low-energy motions of large molecules are independent of the atomic details of the
structure, and mostly defined by their native contact topology. This approach has also
the advantage of avoiding the initial minimization step, since by definition the network
is in its minimum energy conformation. Although fine-tuning of the force constants and
modulation of the cut-off scheme can provide a better agreement with experimental data,
the results obtained by using identical spring constants and a ‘hard’ cut-off are generally
considered to be quite robust and accurate [188].

The two most widely used schemes for these type of studies are Gaussian Network
Models (GNM) [189, 190] and Anisotropic Network Models (ANM) [188, 191]. The
difference between the two models arises from the energy function, which depends only
on the distance of the nodes in the case of ANM, and also on their relative orientation in
GNM. The parametrization of the network models to reproduce experimental B-factors
of proteins resulted in a cut-off of 7 and 15 Å, for GNM and ANM respectively, using a
force constant of 1 kcal mol−1 [188].

Approaches combining MD and network models, but also a combination of multi-
ple networks have also been proposed [192, 193] and successfully applied in the study
of protein conformational changes, e.g. for ATP synthase [194]. ANM were used in
publication IV.

3.2 Quantum Chemistry
In parallel to the more approximate classical models, quantum mechanical (QM) meth-
ods have also become more applicable to biological systems, both due to the increasing
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computational power and more accurate methods to describe electronic structure. We
discuss here, however, only the Density Functional Theory (DFT). This methodology
is commonly employed in QM/MM calculations, due to the optimal balance between
accuracy and computational speed.

3.2.1 Density Functional Theory
DFT is based on the Hohenberg-Kohn theorem [195], which demonstrates that the
ground state electronic energy and other properties are uniquely defined by the electron
density of the molecule. Thus, the energy is a functional of the electron density ρ:

E = E [ρ (r)] (3.6)

The exact form of the energy functional is not known. To circumvent the problem,
Kohn and Sham [196] used a fictitious system with the same electron density ρ, but
non-interacting electrons, and wrote the energy functional as:

E [ρ] = TS [ρ] + Ene [ρ] + J [ρ] + Exc [ρ] (3.7)

where TS is the exact kinetic energy of the ideal system, Ene is the coulombic interaction
between nuclei and electrons, J is the average repulsion of the electronic density, and
Exc is the exchange-correlation term, which contains the unknown part of the energy
functional. A central aspect of DFT improvement is the development of better exchange-
correlation functionals, which cannot be determined exactly.

Similarly to Hartree-Fock (HF) theory, the introduction of the atomic orbitals to
describe the density function leads to a set of equations, which has to be solved self-
consistently, due to the dependence of the energy functionals on the density itself. The
electronic problem is thus solved iteratively starting from an initial guess until a prede-
fined precision is achieved. Two frequently used functionals used in chemistry are the hy-
brid functional B3LYP [197–199], and the generalized gradient approximation (GGA)
functional BP86 [200, 201] due to their ability to reproduce chemical properties with
good accuracy. Dispersion effects are usually not well reproduced by most DFT func-
tionals, and to recover the correct dispersion interaction energies, a common approach
is to introduce an additional energy term appropriately parametrized to reproduce the
missing interaction. One of the most widely used approaches is Grimme’s D3 dispersion
correction [202].

3.2.2 QM/MM
A computational treatment of large biomolecules such as enzymes is intractable at QM
level, due to a large number of computations that would be needed to solve the quan-
tum mechanical problem. At the same time, classical methods do not describe electronic
structures, and thus chemical reactivity cannot be directly modeled with classical ap-
proches. Hybrid QM/MM methods solve this problem by describing the relevant (re-
active) part of the system of interest with QMmethods, and the remaining surroundings
with classical force field methods. The method was originally formulated by Warshel
and Levitt, who applied it to study the stabilization of a carbonium ion in the lysozyme
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reaction [203].
The partition of the interactions between classical and quantum regions of the system

can be generally classified in subtractive and additive scheme:

Esub
QM/MM = EMM(QM +MM)− EMM(QM) + EQM(QM)

Eadd
QM/MM = EQM/MM(QM/MM) + EMM(MM) + EQM(QM)

(3.8)

In the subtractive scheme, the total MM energy is calculated and the correction is then
added by removing the MM region corresponding to the QM atoms and subsequently
adding theQMenergy. In the additive scheme, the total energy is the sum of three energy
terms corresponding to the MM region, QM region and the explicit coupling between
them (EQM/MM(QM/MM) in Eqn. 3.8). Specific details of the energy function depend
also on the implementation of the algorithm. In general, it is desirable to introduce
polarization of the QM region by the MM environment, since it could play an important
role in catalysis.

The choice of the QM method to use in the simulation is generally driven by the
specific problem at hand, but should in general not be computationally too expensive,
since simulations are often used in combination with molecular dynamics, where each
self-consistent field and gradient evaluation step is repeated for hundreds, or thousands
of times. DFT is one of the most commonly used techniques in modeling of complex
enzymes. [204].

Treatment of the QM/MM boundaries is often challenging for QM/MM models.
Influence of the MM atoms on the QM region can strongly affect the computed prop-
erties. A common issue is that the boundaries of the QM regions suffer from ‘overpolar-
ization’ effects. Due to their proximity to the QM atoms, the classical particles create a
strong field that drags electron density away from the QM region and artificially polar-
izes it. To avoid this effect, point charges can be smeared out or selectively turned off, but
the solutions are generally system specific and should be optimized for each case [205].

Proper treatment of the boundaries is especially relevant when the they cross covalent
bonds. In these cases, it is necessary to derive a scheme to break down the forces acting
on the interface atoms. Although many approaches have been proposed [206], one of
the most common is the use of a link-atom between QM and MM atoms [205, 207,
208]. A fictitious hydrogen atom is added on the bond between QM and MM region
to saturate the QM structure. Forces on this atom are distributed on the MM and QM
atoms to properly achieve energy conservation. Although approximate, this scheme has
been proven to be quite satisfactory in the description of the QM/MM systems. QM
and QM/MM methods were applied in publications I and III.

3.3 Molecular Dynamics
For biomolecular systems, MD simulations are usually performed using either force fields
(classical MD), ab-initio (QM) or mixed QM/MM potentials. Independent of the used
type of potential, dynamics is obtained by integrating the Newton’s second law of motion.
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The force F acting on the particle i defines acceleration via:

Fi = −∇Vi = miai = mi
∂2ri
∂t2

(3.9)

where Vi is the potential acting on the particle i, and mi is its mass. The potential Vi
is the sum of all the interactions of the particle with its environment. Even for classical
potentials, the motion of a large number of particles used in an MD simulation is so
complex that it is impossible to treat it analytically. For this reason, dynamic is usually
discretized in timesteps (δt), and the particle motion is described via finite difference
methods, where the forces and energies are calculated at each step. There are numerous
ways to propagate the equations of motion, each with advantages and drawbacks. To
derive integration schemes, position (r) and velocity (v) at time t+ δt are expanded as a
Taylor series in t:

r(t+ δt) = r(t) + δtv(t) + 1

2
δt2a(t) + . . .

v(t+ δt) = v(t) + δta(t) + . . .
(3.10)

One example is the Verlet algorithm [209], which is obtained by expanding r(t + δt) and
r(t− δt):

r(t+ δt) = r(t) + δtv(t) + 1

2
δt2a(t) + . . .

r(t− δt) = r(t)− δtv(t) + 1

2
δt2a(t)− . . .

(3.11)

and adding these two equations one obtains:

r(t+ δt) = 2r(t)− r(t− δt) + δt2a(t) +O(δt4) (3.12)

The algorithm uses r(t), r(t− δt), and a(t) to calculate the position at the time t + δt.
Velocities do not appear explicitly in the calculation and can be calculated by:

v(t) = [r(t+ δt)− r(t− δt)]

2δt
(3.13)

Also other integration schemes, such as the velocity Verlet [210], or the Leap-frog algo-
rithm [211], are widely used. The choice of the timestep is important to ensure the best
compromise between simulation stability and exploration of the phase space. It is impor-
tant to choose the largest timestep possible and increase the total simulation time. At the
same time, choosing a large timestep could result in overlapping atoms and large forces
during dynamics, making the simulation unstable. Depending on the type of system un-
der investigation, the timestep can be tuned to balance these two aspects. A good rule
of thumb is to use a timestep about 10 times smaller than the fastest motion in the sim-
ulation. In the case of all-atom simulations of biomolecules, this turns out to be roughly
1 fs, since the X-H bonds vibrations usually occur in 10−14 s. Since we are often not
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interested in the simulation of vibrations of hydrogen atoms, they are commonly frozen
out using the SHAKE [212] or LINCS [213] algorithm. These algorithms usually allow
to double the timestep used in all-atoms simulation without significant loss in accuracy.
Other solutions are based on the reduction of the number of particles using united-atoms
approaches, e.g. the GROMOS force field [214], which removes the fast-moving light
atoms, similar to a first step of coarse graining. Simulations using MARTINI (Section
3.1.2) can use timesteps of 20 fs and still result in stable simulations.

In molecular dynamics simulations, Langevin dynamics is often employed to model
correct solvent dynamics and to control temperature and pressure of the system. A fric-
tion coefficient of the form of:

Ffrict = −γimivi (3.14)

is added to the forces acting on the atoms, together with a normally distributed random
force with zero mean. These additional terms ensure a stochastic behaviour of the simu-
lation, and help in damping the temperature oscillations. Typical values for the friction
coefficients are about 1-10 ps−1.

Adequate treatment of system boundaries is important to reproduce properties of
bulk phase. To properly model the surrounding solvent, it might be necessary to simu-
late several thousands of particles in order to accurately model few internal molecules.
Although this is not a problem with today’s computing power, it is important to reduce
the cost necessary to evaluate a property as much as possible. To this end, Periodic Bound-
ary Conditions (PBC) are a commonly employed to minimize boundary effects. PBC are
applied by modelling the simulation box as a unit cell of an infinite periodic lattice, with
a replica of itself in each periodic cell. This results in a ‘wrapping’ of the simulation box,
so that molecules close to the edge will interact with particles on the other side of the box.
There are few possible shapes for unit cells, but the simplest, orthorhombic shape is the
most widely used. With PBC, the system will experience a long-range order which may
affect the results of the simulation. Moreover, the periodic box should be large enough
to satisfy the ‘minimal image convention’, which ensures that each particle of the box
interacts at maximum only once with each other particle of the box. The usual cut-off
scheme employed in force fields truncates the direct interaction, thus meaning that the
simulation box has to be at least twice as large as the cut-off radius. In addition, large
biomolecules should not interact, or to the least extent possible, with copies of themselves
in the other images. To reduce the interaction, a rule of thumb is to space the periodic
images of the molecules of at least 30 Å, where even long range electrostatic energies
decay to less than 1 kcal mol−1.

MD simulations can be performed in different ensembles. For biomolecular simula-
tions, we are often interested in performing MD in either constant temperature (NVT )
or constant pressure and temperature (NPT ) ensembles. The temperature of the system
is directly linked to the total kinetic energy via:

⟨K⟩ = 3

2
NkBT (3.15)
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and hence, to the velocity of the particles. Velocity rescaling was one of the first ways
to simulate dynamics at constant temperature [215], but further developments adopted
the coupling of the particles to a thermostat, which acts as an energy reservoir and con-
trols the temperature of the particles, or the addition of Langevin terms. Over the years,
thermostats as the Nose-Hoover [216] or Berendsen [217] became widely used. ForNPT
simulations, the pressure can be controlled similarly to the temperature. The instanta-
neous pressure can be calculated via the virial coefficient, through the particles’ position
and forces (potential). Control of the pressure is usually achieved via modulation of the
volume of the periodic cell, and barostats act in a similar way to thermostats [218].

3.4 Free Energy Methods
The free energy is a central quantity in thermodynamics since it carries the information
about the likelihood of states. Although the foundations for calculating free energies
were developed already in the 1930s [219], computing power limited their application
to biochemical systems. In the 1950s, Zwanzig [220] revolutionized the field by applying
a perturbation approach to the free energy calculation, creating the basis for what are
now known as free energy perturbation (FEP) methods [221].

The free energy difference between two states, 1 and 0, can be calculated as:

∆G = − 1

β
ln
Q1

Q0
(3.16)

where β = 1/(kBT) and Qi is the partition function of state i. The partition function
is proportional to:

Qi ∝
∫∫

exp [−βHi(x,p)] dxdp (3.17)

where Hi is the hamiltonian of system i, x are the position of the particles, and p are
their momenta. If it is possible to express the hamiltonian of the final system (1) as:

H1(x,p) = H0(x,p) + ∆H(x,p) (3.18)

whereH0 is the hamiltonian of state 0 and∆H the difference in potential between state
1 and 0, we can rewrite equation 3.16 in terms of 3.17 and 3.18 and obtain:

∆G = − 1

β
ln

∫∫
exp [−β∆H(x,p)] exp [−βH0(x,p)] dxdp∫∫

exp [−βH0(x,p)] dxdp
(3.19)

or, in simpler notation:

∆G = − 1

β
ln⟨exp [−β∆H(x,p)]⟩0 (3.20)

where the ⟨. . . ⟩0 denotes an average over the state 0. This equation demonstrates that
it is possible to calculate free energy differences between two states of the system just
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by simulating one of them, at least in theory. The key aspect in determination of an
accurate free energy difference is the sampling of relevant states of the target systemwhile
simulating the reference one. In fact, if the statistical sampling of the low energy regions
of the target state is not accurate enough, the application of eq. 3.20 will result in a poor
estimate. Molecular dynamics simulations generally fail in this goal, since they are likely
explore the region around the reference state according to a Boltzmann distribution, and
only more rarely diffuse to different regions of the phase space.

To overcome this issue, and to obtain a better free energy estimate, the idea of ‘strat-
ification’ has been of central importance. With stratification, the sampling of the entire
phase space regions of interest is obtained by dividing the reaction path (collective vari-
able) in ‘windows’, and enforcing the system to stay in specific phase space regions by
addition of restraints. This idea is exploited by umbrella sampling techniques.

3.4.1 Replica Exchange Umbrella Sampling
Replica Exchange Umbrella Sampling (REUS), and in general umbrella sampling, uses
the idea of stratification of the reaction coordinate to estimate free energy difference.
The addition of the replica exchange algorithm ensures a better sampling and a faster
convergence [222–224].

We are usually interested in the free energy change along a reaction coordinate, ξ,
that describe a chemical of physical process. Sampling of the entire phase space based
on the initial condition is in theory possible, but might require unreachable simulation
timescales. The idea is then to run multiple simulations adding different biasing poten-
tials, in order to modify the sampling probability of the states, and enforce the sampling
of high energy (low probability) regions. The Hamiltonian of window i can be written
as:

H(λi) = H0 + Vi(ξ, λi) (3.21)

where λi is a parameter that describes the position of the windows along ξ.The posi-
tioning of the windows, their ‘width’ and the strength of the biasing potential have to be
decided a priori, butmethods to improve the initial choice during the simulation have also
been developed [225]. The recovery of the full free energy profile requires reweighting of
the probability distributions obtained along ξ by methods such as Weighted Histogram
Analysis Method (WHAM, see section 3.4.2). The replica exchange methods (called also
bias-exchange, or parallel tempering in case of exchanging temperature) aim to improve
the statistical sampling of the simulations by making (in principle) all the simulations ac-
cessible to all the biasing potentials [223, 226]. By running the simulations in parallel, a
trial move to exchange the biasing potential between two simulations is attempted every
n steps. By doing so, the simulations are able to ‘diffuse’ between different windows,
which improves the statistical accuracy of the free energy estimation without any addi-
tional cost. The probability of exchange is given by a Metropolis criterion, using the∆E
of exchange as a probability measure. This exchange rule can be seen as an extent of the
‘overlap’ between the sampling regions of the two windows.
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3.4.2 Weighted Histogram Analysis Method
Histogram reweighting methods to construct free energy profiles are based on the recov-
ery of the ‘true’ probability distribution of sampled windows. This is achieved by remov-
ing the effect of the bias added to enforce sampling of high energy regions, e.g. during
umbrella sampling simulations. In practice, the probability distributions are described as
histograms, and therefore thesemethods are called histogram reweightingmethods. One
of the most popular approaches is the Weighted Histogram Analysis Method (WHAM).

WHAM is based on the combination of multiple histograms from different simula-
tions with different biases, weighting each probability distribution by a factor, wi.

p(ξ) =
∑
i

wip(ξ, λi) (3.22)

The weighting factors are normalized and optimized to ensure the lowest statistical error
of the total probability distribution. This histogram-based free energy reconstruction,
proposed initially in 1989 by Ferrenberg et al. [227] and extended by Kumar et al. [228],
is one the most widely used for biomolecular processes and often used in combination
with umbrella sampling methods [229]. Histogram-free reweighting methods, such as
MBAR, have also been suggested [230]. REUS andWHAMwere applied in publication
I.

3.4.3 MM-GBSA/MM-PBSA
Methods as FEP or umbrella sampling can be computationally demanding, or even in-
feasible to apply for calculations of binding free energy (∆Gbind) of substrates to enzyme
active sites. In this case, more approximate ways to estimate binding free energies are
desirable. MM-GBSA/PBSA (Generalized Born/Poisson Boltzmann and Surface Area)
are a class of methods developed for estimation of binding free energy by direct simula-
tions of the compounds of interest [231, 232]. The free energy is estimated as a sum of
multiple factors [233]:

G = Ebond + Eelec +Gpol + EV dW +Gapol − TS (3.23)

whereEbond,Eelec andEV dW are the same terms of Eq. 3.1,Gapol refers to the free energy
of formation of the interface surface, and Gpol to the solvation energy of the molecule.
The latter term is estimated via PB or GB calculation [234,235]. The entropy term can
be estimated via NMA [233], and other strategies have been suggested [231], but since
it is rather expensive and often not well-converged, it is generally omitted.

If we consider the binding process:

P + L PL (3.24)

The binding free energy can be evaluated as:

∆Gbind = ⟨GPL⟩PL − ⟨GP ⟩P − ⟨GL⟩L (3.25)

whereGPL is the free energy of the protein-ligand complex, andGP ,GL the free energy
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of protein and ligand, respectively. The averaging is performed on the structure obtained
fromMD simulation of the PL, P and L systems. Often, simulation of the three different
systems leads to slower convergence of the results, due to the large fluctuations in energy.
To improve convergence at the cost of accuracy, a common approach is to simulate only
the PL complex and extract energies of P and L from the structures of the complex:

∆Gbind = ⟨GPL −GP −GL⟩PL (3.26)

In addition to reducing the computational cost by roughly one third, this approximation
reduces the energy fluctuations, sinceEbond in Eq. 3.25 cancels out, andEelec andEV dW

only refers to protein-ligand interactions. Indeed, the underlying approximation is that
both enzyme and substrate do not undergo large conformational changes upon binding,
and their bound- and apo-state geometries are similar. MM/GBSA method was applied
in publication II.

3.5 Principal Component Analysis
Principal component analysis (PCA) is a multivariate statistical technique used to reduce
the complexity of variables distribution [236]. PCA transforms the data by extracting
the highest variance directions in the variable space and using them as new collective
coordinates for the description of the dataset. In the context of protein simulations, the
analysis helps in extracting underlying important collective motions from noisy finite-
temperature dynamics [237]. The analysis uses the correlation matrix Cij defined as:

Cij = ⟨(qi − ⟨qi⟩)(qj − ⟨qj⟩)⟩ (3.27)

where q1..N are the values of the variables used for analysis. In the analysis of protein
dynamics, cartesian coordinates of Cα atoms are often used, but internal coordinates
have been suggested to be a better choice for the description of collective motions [238].
The structures used for the calculation are pre-aligned to minimize the variance with
respect to the average position.

PCA is performed by diagonalizing theCij matrix to retrieve the eigenvalues/eigen-
vectors of the decomposition. The eigenvectors describe the internal protein dynamics,
ordered by eigenvalue, or amount of variance recovered, and usually the lowest (ca. 20)
eigenvectors are enough to recover a large part of the entire protein motion. This is in
principle a large reduction of variables, but also an indication that the principal compo-
nents can describe important molecular motions that are functionally important. In this
respect, the PCA is similar to a NMA, and recovers from a direct ensemble of structures
similar information about essential protein motions.

PCA is just the simplest of this class of methods devoted to protein dynamics analysis.
More complex analysis are based on similar ideas, e.g. kernel PCA [239] or tICA analysis
[240]. PCA was applied in paper III, IV, VI.
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3.6 Continuum Electrostatic Models and pKa eval-
uation

Evaluation of the pKa values of amino acids is of central importance to predict protein
function and they can be strongly affected by local environment. pKa shifts can be of
extreme relevance for electrostatic-driven conformational changes, or during reactions
which involve exchange of protons. The difference of pH across the membrane is a way
to store free energy, and proton uptake/release is also achieved by tuning pKa values of
protein residues [241]. To date, several methods to calculate pKa values of residues are
avalaible, based on heuristic, QM, or electrostatic [242–244] calculations.

The pKa evaluation performed in this thesis are based on the electrostatic approach
[245]. The pKa shift moving from a solvent-exposed side chain to the protein interior is
performed in two steps: evaluation of the intrinsic pKa, and iterative calculation of the
pairwise interaction energies of titratable groups. In the first step, the intrinsic pKa is
evaluated through the formula:

pKa
prot = pKa

bulk +
∆GA−

solv

2.303RT
− ∆GAH

solv

2.303RT
(3.28)

where the pKa
bulk is the pKa in the bulk solvent (typically water), and∆GA−

solv and∆GAH
solv

the change in free energy upon transfer from solvent to protein of the deprotonated and
protonated species, respectively. While the first term can be experimentally measured,
the latter two are estimated via Poisson-Boltzmann equation [234]. The free energy
change can be estimated from two contributions: the Born energy, and the interactions
of the background charges. Since buried residues canmutually affect their pKa, protona-
tion probabilities are also weighted for the interaction energies of the amino acids [246].
The free energy of a protonation free energy of residue µ can be written as: :

Gµ =
(
xµ − x0µ

)
RT ln 10(pH− pKa

prot
µ ) +

1

2

N∑
ν

Wµν

(
xµ + zoµ

)
(xν + zoν) (3.29)

whereN is the total number of titratable groups, xµ is 1 or 0 depending on the protona-
tion state and zoµ is the formal charge of the group. To achieve a proper estimate of the
mutual interaction energies, it is possible to perform a Monte Carlo evaluation [245] of
the 2N possible states (N is the number of titratable residues), and find the most probable
protonation state of the system. Continuum electrostatic calculations were applied in
publication I, V, VI.

3.7 Models
The energy-conversion mechanism of respiratory complex I presented in this thesis has
been studied with a variety of computational methods, which are briefly described in this
section. A complete explanation of the systems setup and methods used can be found in
the original articles.
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3.7.1 Complex I Structure
Structures of complex I used in this thesis are the Thermus thermophilus (PDB ID:4HEA)
[36] and Bos taurus in the active and deactive states (PDB ID:5LC5, 5LDW) [54]. Place-
ment of the Q was performed initially identifying the cavity with the HOLE software
[247], and placing the head group between His59 and Tyr108 of 49 kDa subunit (Bos
taurus numbering).

3.7.2 Force Fields and Parameters
The protein was modeled using the CHARMM27 [175, 248] (publication I, III, IV, V)
or CHARMM36 [249] (publication II, VI) force fields. Additional parameters for the
cofactors (FMN, Q, ISC) were obtained by in-house parametrization with DFT at the
B3LYP-D3/def2-SVP/TZVP level [250] performed with TURBOMOLE [251]. In
publication VI, the protein was simulated using the MARTINI 2.2 force field [180,252].

3.7.3 Molecular Dynamics
In publication I, III, and V, complex I was simulated in a lipid-water-ion surrounding,
mimicking the native biological environment. We embedded the protein in a POPC
membrane, solvated with TIP3P water [253] and added ions (NaCl) to a 100 mM con-
centration. CHARMM-GUI [254] was used in the preparation of the system in pub-
lication VI. The simulations were performed using a 2 fs timestep and in combination
with the ShakeH algorithm. The simulations were performed in an NPT ensemble with
T= 310 K and P= 1 atm with Langevin dynamics. The long-range electrostatic inter-
actions were treated with the PME method [174]. All the simulations were performed
with CHARMM [255], NAMD2 [256] or GROMACS [257,258] simulation packages.
All the systems were subject to initial minimization and equilibration. The system visu-
alization and setup were performed with VMD [259] and PyMOL [260]. In publication
VI, Caver [261] was used with a probe radius of 2.25 Å to identify the cavities that could
work as proton transfer pathways.

3.7.4 Normal Mode Analysis and Principal Component Analy-
sis

In publication IV, NMA was performed on Bos taurus and Thermus thermophilus structures,
using Cα atoms as network nodes, a cut-off of 15 Å and force constant of 1 kcal mol−1.
PCA was performed using Cα atoms of an ensemble of structures obtained from publi-
cation I. The calculations were performed using ProDy [262]. In publication VI, PCA
was performed using PyEMMA [263] on the backbone atoms.

3.7.5 Protonation States by Continuum Electrostatic Calcula-
tions

In publication I, III, and V protonation states of polar residues were probed using PB
continuum electrostatic calculations, followed by MC sampling of the 2N protonation
states. The PB calculations were performed using Adaptive Poisson-Boltzmann Solver
(APBS) [234] and Karlsberg+ [244, 245] to sample the protonation states. The protein



32 CHAPTER 3. METHODS AND MODELS

was described as explicit atoms embedded in a dielectric medium of ε = 4. The surface
of the protein was calculated using a probe radius of 1.4 Å, and bulk water described
with ε = 80 and an ionic strength of 100 mM.

3.7.6 QM/MM Molecular Dynamics
In publication I, we performed QM/MM simulations based on structure obtained from
the classical MD trajectories. The QM/MM systems were built using Nqo12/13/14
subunits and surrounding lipids and water molecules (ca. 75,000 atoms). TheQM region
comprised the residues involved in the proton transfer reaction and nearby residues, and
it was treated at DFT level using the BP86 functional [200, 201], def2-SVP basis set
and the multipole accelerated resolution of identity (MARIJ) approximation [264]. The
QM/MM interface was treated by adding link atoms between Cα and Cβ atoms for
each amino acid. Simulations were performed at 310 K with a 1 fs timestep, using the
CHARMM/TURBOMOLE interface [265].

3.7.7 Free Energy Profiles
Free energy profiles were obtained in publication I along the ion pair dissociation coor-
dinate. The initial geometries were obtained from a Steered Molecular Dynamics sim-
ulation (SMD). The REUS was performed using 25 replicas of the system and adding a
restraint of 50 kcal mol−1 Å−2 to the distance of Lys-204(Nζ )-Glu123(Cδ). The distance
was restrained between 3 and 12 Å. The simulation were extended for 14 ns each to
ensure convergence of the free energy profiles. The reconstruction of the free energy
profiles was performed using WHAM [266].



Chapter 4

Aims of the Study

Elucidation of the function of complex I is one of the most important topics in modern
bioenergetics, and numerous biochemical, computational, and structural studies uncov-
ered several aspects of the enzymatic reactions in recent years. Yet, the energy trans-
duction mechanism and the network of signal transport between subunits is not well
understood. The aims of this work were:

• To elucidate the location of the proton conducting pathways in the membrane
domain.

• To understand the long-range coupling process between Q reduction and proton
pumping.

• To investigate the role of global dynamics of the enzyme in the regulation of the
catalysis.

• To clarify the role of lipids in the modulation of enzyme catalysis.

In addition to these aspects, modeling of the enzyme substrate in its binding pocket
served as a basis to interpret experimental results regarding the effect of different quinone
tail lengths in enzyme catalysis. This latter study was conducted in collaboration with
Dr. Judy Hirst’s team at the MRC Laboratory of Molecular Biology (Cambridge) and is
presented in Section 5.2.

33
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Chapter 5

Results and Discussion

The articles presented in this thesis cover many aspects of the function of complex I. The
results section is organized as follows:

1. Proton pumping subunits and their long-range coupling.

2. Aspects of the quinone catalytic cycle and motion in the binding pocket.

3. Role of global motions in regulation of enzymatic activity.

4. Effect of the membrane composition on the regulation and activity of the enzyme.

2

3

41

Figure 5.1: Schematic view of complex I embedded in a lipid membrane. The num-
bering in the structure of complex I is based on the different subsections in the results
chapter.

5.1 The Proton Pumping Mechanism
Structural and biochemical studies pointed out residues that could be involved in the
proton pumping of complex I [49, 95, 101], but a clear picture of the mechanism and
proton translocation pathways is still missing. Following the simulations in ref. [102], we
focused in publication I and III on the proton pathways in the membrane domain of

35
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complex I, and how a long-range energy transduction process can be achieved. These
studies were performed prior to structures available for the entire mammalian enzyme,
and we therefore used the enzyme from Thermus thermophilus.

5.1.1 Symmetric Proton Transfer Pathways
To probe the pumpingmechanism in complex I, we first studied in publication I the chan-
nel topology of the membrane domain. To this extent, we performed MD simulations
of the entire enzyme starting from the crystal structure (PDB ID:4HEA), and studied
the formation of water wires connecting buried charged residues with bulk water. The
charged residues were modelled in different protonation states, to study their effect on
the formation of water channels. The simulations were extended for a total of 3.8 µs.
To probe the identified proton transfer pathways, we performed additional QM/MM
calculations, and used REUS simulations to investigate the free energy of dissociation of
buried ion pairs.

During the dynamics, we observed opening of putative proton channels and forma-
tion of quasi-1D water wires in the antiporter-like subunits, similarly to many proton
channels [267–269] (Figure 5.2A). The wires formed on a 0.2-0.4 µs timescale (Figure
5.2B), connecting the buried charged residues with the N- or P-side of the membrane in
multiple sites. A similar proton channel topology was observed in the three antiporter-
like subunits. The chains do not form continuous connections across the two sides of
the membrane, but are broken by conserved histidine residues, part of the long central
axis of charged amino acids. Interestingly, we observe that the proton pathways not only
present similarities between the antiporter-like subunit, but also resemble their internal
pseudo-symmetry (Figure 5.2C). Considering each subunit as formed by a pair of 5-TM
helix bundle elements with roto-translational symmetry (see Chapter 2), the connectiv-
ity to the bulk is established on the side of the broken helix element for all six bundles
(in subunit Nqo12-14). Upon opening of the proton channels, we observe changes in
the orientation of the broken helix segments, which are also known to introduce flexibil-
ity in the protein structures [111]. The pathways observed during MD simulations are
stable over several hundreds of ns, and are sensitive to protonation state of the charged
residues. Starting from the N-side of the membrane, the water wires end at conserved
lysine residues in themiddle of the antiporter-like subunits. In all three subunits, deproto-
nation of the middle lysine leads to closure of the channel by disruption of the water wire.
This effect suggests that the protonation state of buried conserved residues could control
changes in the hydration level of the membrane domain subunits, as also suggested for
other energy converting proteins [270].

The Nqo8 subunit comprises a similar 5-TM helix bundle element, in which half of
the broken helix is unstructured and forms part of the quinone binding pocket. Interest-
ingly, we observe a similar hydration pattern as in the other antiporter-like subunits, with
hydration most prominent in the region of the unstructured broken helix. This region
comprises several charged residues that could be of central importance for transmission
of the pumping signal to the membrane subunits [92].

To further investigate the role of the identified proton transfer pathways, we per-



5.1. THE PROTON PUMPING MECHANISM 37

Figure 5.2: Topology of the proton transfer pathways in the membrane domain of com-
plex I. A) Overlap of water molecules (in red) around key residues of the membrane do-
main subunits during 3 µs of MD. Pathways are shown with black arrows. B) Pore radius
and water occupancy of the N-side channels of the three antiporter-like subunits Nqo12,
Nqo13, Nqo14 (red, blue and yellow, respectively) during 400 ns of MD simulation. C)
Symmetry of the N- and P- water channels within a single antiporter-like subunit resem-
bles the internal symmetry of the 5-TM helical bundles (TM4-8 and TM9-13 in orange
and green, respectively). The figure is adapted from publication I.

formed QM/MM simulations of the proton transfer reactions along the observed water
molecules. We simulated two different proton transfer steps in the Nqo13 subunit: from
the N-side bulk phase to the central conserved Lys235 residue, and a ‘lateral’ proton
transfer step from the central lysine to the terminal Glu377 at the interface with the
Nqo12 subunit. Both simulations show a rapid (ps) proton transfer, which takes place by
a Grotthus-type process [271]. To test the dependence of the N-side bulk/Lys235 trans-
fer on the hydration state of the channel, we performed QM/MM simulations starting
from several hydration levels of the proton channel. We observe that the simulations that
started from dry or partially hydrated states show less tendency to transfer the proton.
This result suggests that proton transfer events could occur on a fast (ps) timescale, after
the slow (µs) hydration event. In the proton transfer from Lys235 to Glu377, we observe
the proton transfer via His292, which acts as a proton acceptor/donor. The simulations
support the idea that the proton transfer is feasible in the membrane domain of complex
I, and the lateral proton transfer step is relevant for the proton pumping process.
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The picture emerging from the MD simulations involves three proton transfer reac-
tions: from the N-side bulk water to the center of the antiporter-like subunits (central
lysine), a second lateral proton transfer from the central lysine to the terminal charged
residue, and a terminal transfer from here to the P-side of the membrane. Notably,
this transfer process would position the ion pair in each antiporter-like subunit out from
the proton translocation pathway. To better understand the role of the ion pair in the
pumping process, we calculated free energy profiles of the Glu123/Lys204 ion pair disso-
ciation in the Nqo13 subunit, with neutral or protonated Lys235. The simulations were
started from hydrated structures obtained from MD simulations and performed using
the Replica-Exchange Umbrella Sampling (REUS) method (see Chapter 3). The free
energy profiles were reconstructed with WHAM. The results show a clear dependence
of the dissociation profile on the state of the central Lys235 (Figure 5.3). The two profiles
show a similar minimum in the associated ion pair state, whereas dissociation leads to
a high increase in the free energy when Lys235 is protonated. The ‘open’ state has a
minimum when Lys235 is deprotonated, with a barrier between open and close state of
ca. 4 kcal mol−1. In the open state, Glu123 interacts with the Lys345 of Nqo14 subunit,
suggesting that this transition can modulate interactions between subunits.

Figure 5.3: Free energy profiles of Lys204/Glu123 dissociation with Lys235 protonated
(blue) and deprotonated (red) obtained from REUS simulations. The minimum at large
distances is absent when Lys235 is protonated, possibly due to the electrostatic repulsion
from Lys204. The figure is adapted from publication I.

The combined results of MD, QM/MM and REUS simulations suggest that the
long-range proton transfer mechanism in complex I is achieved via a combination of
hydration/dehydration of the proton channels, proton transfer reactions and open/close
ion pair switching.

The channels, which form at symmetry-related positions, are sensitive to the proto-
nation state of buried charged residues involved in the proton transfer reaction. Based
on this, we proposed that the signal is transported in Nqo12/13/14 as follows:

• Initial quinone reduction that triggers the ion pair dissociation in Nqo14 subunit.
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• The ion pair dissociation favors the lateral proton transfer toward the interface
with the following subunit, and closure of the N-side pathway.

• Opening of the P-side channel, and triggering of the ion pair opening of the Nqo13
subunit.

• Repetition of the steps up to the Nqo12 subunit.

Figure 5.4: Proton pumping mechanism in complex I. The schematic picture outlines
putative phases of the cycle. (Top) After Q reduction, a proton is uptaken in Nqo8 and
triggers the proton pumpingmachinery. (Middle) The ion pairs opening and proton trans-
fer events alternate and propagate the signal horizontally along the membrane domain.
(Bottom) The enzyme restores the initial state opening the N-side channels and uptaking
the proton from the bulk. The figure is adapted from publication I.

This mechanism, depicted in Figure 5.4, favours a sequential ‘domino’ propagation of
strong local electrostatic interactions to build the large-scale transmission mechanism. It
has later been suggested that release of protons to the P-side takes place during proroga-
tion of backward wave from Nqo12 to Nqo8 [73].

5.1.2 Inter-Subunit Interfaces Modulate Signal Transport
In publication III, we further investigated the relationship between ion pair dynamics in
the antiporter-like subunits and the proton transport mechanism. We used results from
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MD simulations also used in publication I, and combined them with DFT models to
understand the basic function of the electrostatic coupling mechanism.

The MD simulations suggest that the ion pairs in each antiporter-like subunit alter-
nate between intra- and inter-subunit contacts at the interfaces Nqo12/Nqo13, Nqo13/-
Nqo14 and Nqo14/Nqo11 (Figure 5.5), with the Nqo13/Nqo14 having the most evi-
dent switching behaviour. At this interface, we observe a switching dynamics of Glu123,
which alternatively interacts with Lys20413 and Lys34514. The same residue pair is found
in the open state in the crystal structure from Thermus thermophilus. The distance of the
ion pair at the interface correlates with a change in the distance between Lys20413 and
Lys23513, the latter of which could be the primary proton donor/acceptor in the Nqo13
subunit. The two residues also show a different average distance when simulated in their
protonated state (ca. 14 Å), or when one of the residues is modeled in its neutral state
and the other is protonated (ca. 10.5 Å).

At the interface between the Nqo11/Nqo14 subunits, two acidic residues (Glu6711
and Glu3211) are in the same region as the ion pair formed by Glu11214 and Lys18614.
Glu6711 undergoes a similar switching behaviour as Glu12313, alternating interaction
between Lys18614 and Glu3211. Similar results are also obtained for the Nqo12 subunit,
where the simple ion pair motif is replaced by the two ion pairs Arg163-Glu132 and
Lys216-Asp166. We find that Arg16312 can also interact with Glu37713, adopting an
additional third intermediate conformation, which could arise from the simultaneous
interaction with multiple acidic residues. The interaction of Asp16612-Arg16312 and
Glu37713-Arg16312 are also anticorrelated.

We further performed PCA analysis of the MD trajectories, to identify communica-
tion channels and possible coupling effects during wet/dry transitions of the channels.
Results show that the coupling between subunit is sensitive to both the hydration and
protonation states, suggesting that water molecules might have an active role in modu-
lation of the signal transport mechanism. To further probe the idea behind the ‘electro-
static cascade’ in antiporter-like subunits of complex I, we built DFTmodels consisting of
the sidechain Lys-His-Lys and Lys-His-Glu and connecting water molecules, resembling
the lateral proton transfer step postulated in the mechanism. To simulate the ‘signal’, we
added a lysine side chain in a position derived from the lysine of the triggering ion pair.
Despite the simplicity of themodel, the results suggest that the effect of the positive charge
lowers the activation barrier and makes the reaction more exergonic, for both terminal
Glu and Lys residues. These simple effect could thus modulate the proton transfer ener-
getics in complex I, and create a tightly coupled long-range proton pumping.

5.2 Quinone Catalysis

The quinone pocket and nearby regions form important structural elements that are key
for the long-range coupling process in complex I. The following studies (publication II,
V) are related to the quinone binding and diffusion in the cavity.
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Figure 5.5: Interfaces between antiporter-like subunits in the membrane domain of
respiratory complex I. A) Nqo13/Nqo14 , B) Nqo11/Nqo14 and C) Nqo13/Nqo12 in-
terfaces. The conserved ion pairs form both intra- (left) and inter- (right) subunit con-
tacts. Structures taken from snapshots of MD simulations. The figure is adapted from
publication III.

5.2.1 Redox-Dependent Quinone Dynamics
In publication V, we show that the quinone motion in the binding pocket is modulated
by its redox state. We also observe that during its diffusion along the channel, quinone
finds additional binding regions in the lower part of the binding cavity.

The study was conducted using the crystal structure of complex I from Thermus ther-
mophilus [36], and performing calculations with different quinone substrates with 1, 6,
and 10 isoprenoid units in the tail. We performed MD simulation of the quinone in the
oxidized (Q) and reduced (QH2) form, and found that the latter moves spontaneously
away from the primary binding site. It was also previously shown that dynamics of QH2
triggers conformational changes of conserved residues in the binding pocket [92]. We
further employed umbrella sampling and a one-dimensional diffusion model, both for Q
and QH2, to explore the energetics of the diffusion processes. To ensure convergence,
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Figure 5.6: Free energy profiles of Q and QH2 motion along the binding pocket ob-
tained from umbrella sampling simulations. Structures of the identified binding sites are
shown in 1, 1’ (top) and 2, 2’ (bottom). Residues surrounding the quinone (in red) are
shown in sticks representation. The figure is adapted from publication V.

the umbrella sampling was performed using the short-tailed Q1.
The free-energy profile as a function of the distance from Tyr87 (Figure 5.6) shows

that Q has to overcome an activation barrier of roughly 8 kcal mol−1 to move from the
lower part of the cavity, about 30-35 Å from Tyr87, to its primary binding site at ca. 5 Å
from Tyr87 (site 1). Site 1 (Figure 5.6) shows a relatively stable minimum with a barrier
of about 3 kcal mol−1 for the backward diffusion. In contrast, QH2 has a low barrier to
diffuse from the distal to the upper part of the cavity, but is unstable in the binding site 1
and moves to a second region slightly below (site 1’, Figure 5.6). This site coincides with
the refined density of a quinone inhibitor in the binding cavity of Yarrowia lipolytica [53],
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and it might have a biological function in preventing reverse electron transfer processes.
Both Q and QH2 show a second binding minimum of possible mechanistic relevance

in the region around 30-35 Å. To investigate this hypothesis we performed additional
MD simulations of the quinone in different position in the binding pocket, and obtained
diffusion profiles from a 1-D Bayesian diffusion model as described in reference [272].
To generate the starting structure, we first performed steered MD simulations pulling
the Q/QH2 out of the channel. We started multiple independent simulations along the
pulling coordinate and extracted information about local diffusion properties from the
histogram analysis of the MD trajectories. The results are similar to the profiles shown
in Figure 5.6, further supporting the presence of additional binding sites of Q and QH2
in the lower part of the cavity.

In addition to the free energy calculation, we analyzed the coupling between the mo-
tion of Q and ion pairs in the hinge subunits of complex I. We find the largest difference
in the interaction network between the simulations in which Q is in the first binding
region (1/1’), and QH2 is in the second binding region (2/2’, Figure 5.6). Several ion
pairs open up in the latter case, except for the Arg368/Asp628 ion pair. The observed
changes are linked both to the redox potential of Q, which is up-shifted by ca. 200 mV,
and protonation states of key residues as Glu1308, at the end of the E-funnel.

The identified second binding region around 30 Å from the primary binding site
has possible mechanistic implications. After the complete reduction of Q by the ISC
chain, a coupled proton transfer reaction forms QH2. This process reduces the binding
free energy, and the substrate is released toward site 1’. Both the dissociation and further
diffusion along the cavity are exergonic processes, which could provide the energy for the
proton pumping in the membrane domain of complex I. Our calculations indicate that
QH2 at the second binding site could alter the protonation state of residues important
for the enzyme function. These results suggest that a Qmolecule could ‘shuttle’ between
two binding sites in the pocket, undergoing repeated cycles of reduction/oxidation and
activation of the proton pump. EPR data indirectly support the possibility of multiple
binding sites [71, 93, 273], as well as a binding of multiple Q in the pocket.

5.2.2 Kinetics andStructure ofUbiquinone in theBindingPocket
Although structural data suggests that the quinone enters/exits the binding pocket from a
narrow channel in the ND1 subunit (Nqo8 in Thermus thermophilus) subunit, little is known
about the biological timescales of binding/dissociation, and the rate limiting steps during
enzyme turnover. In publication II, by studying kinetics and structure of quinones of
different hydrophobic tail length, we showed that quinone diffusion in the cavity is not
rate limiting for the catalysis, and additionally that Q10 provides an optimal substrate
for complex I. We could also show that charged amino acids in the kink region of the
binding pocket are important for the quinone diffusion/binding process. This study was
conducted in collaboration with the Judy Hirst Lab at MRC, Cambridge.

The experimental setup included the alternative oxidase (AOX), which ensured a
largely oxidized quinone pool for all the substrates used in the study (Q1, Q2, Q4, Q6,
Q8, Q10). Details of the setups are explained in the Methods section of publication II. By
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Figure 5.7: Comparison of the Michaelis-Menten parameters for different chain
lengths. A) Vmax (kcat), B) KM and C) kcat/KM values for quinones with 1, 2, 4, 6, 8
and 10 isoprenoid units. The figure is adapted from publication II.

monitoring the NADH consumption, we obtainedMichaelis-Menten curves for different
Q lengths and compared their kinetic parameters (Figure 5.7). The results show strong
and non-linear differences in the kinetic parameters of the quinone, depending on the
tail length. Vmax has a two-state behaviour, while KM is well represented by a bell-
shaped curve with the maximum around the 4-5 isoprenoid unit. The catalytic efficiency
(kcat/KM ) shows a net increase for Q8 and Q10, suggesting a clear preference of long-
isoprenoid tails over short ones.

Vmax (kcat) contains information about all the reaction steps after binding of the sub-
strate. The constant value for Q4-Q10 indicates that the product dissociation, which is
possibly dependent on the substrate length, is not rate-limiting for catalysis. In the case
of the short-tailed Q1 andQ2, the change in Vmax indicates either that some rate-limiting
steps is further slowed down, or completely changed. kcat/KM increases with the num-
ber of isoprenoid units, consistent with the increasing transit rate along the cavity with
the tail length.

In order to investigate possible causes for such a behaviour, we modelled the different
Q substrates, and performedMD simulations of the subunits forming the binding pocket
(Figure 5.8). Side chains of the surrounding residues do not show conformational changes
linked to the Q-tail length except Phe224ND1, which switches to an open conformation
in case of Q8 and Q10. RMSF (Root Mean Square Fluctuation) of the isoprenoid units
for the different substrates shows that Q6−8−10 are more constrained in the cavity than
Q1−2−4 (Figure 5.8). In addition to that, the region around isoprenoid units 4-7 shows
a strong kink of the quinone tail, with an angle of ca. 100°. The same area is rich in
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Figure 5.8: A) Modelled structure of Q10 in the binding pocket and surrounding polar
residues. The different isoprenoid units are highlighted in cyan and black. The residues
are colored in red (PSST), blue (ND1) and green (49 kDa). B) Comparison of the relaxed
tails of different quinone substrates. C) RMSF of the different isoprenoid units of the
simulated subustrates. Q1−2−4 show a higher mobility in the cavity. The figure is adapted
from publication II.

conserved charged and polar amino acids, in particular arginine residues (Figure 5.8).
The arginine residues interact both with the isoprenoid tail, via π-stacking interactions,
and with glutamate/aspartate residues in the binding pocket, forming stable electrostatic
interactions, possibly related to the proton pumping function.

The experimental evidence suggests a binding/dissociation dependent on the sub-
strate tail length. We proposed three explanations to this effect:

• The higher mobility of residues Q1, Q2 and Q4 hinders their dissociation, and the
kink acts as a anchor for the tail.

• For shorter quinones, a second molecule could enter the pocket and block its dis-
sociation.

• The quinone substrates distribute differently in the membrane, and their polar
headgroup could be located at different depths. This effect would disfavour some
substrates from entering the channel, and alter the binding kinetics.
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The highly charged region around isoprenoid units 4-7 could also affect the binding of
the substrate by decreasing its affinity, which could be important for the product release.
Similarly, increased polarity of the pocket could attract water molecules, which would
need to be displaced/released in each cycle, altering the energetics of the quinone mo-
tion. The effect of this polar region thus would contrast the two hydrophobic region at
the top and bottom of the cavity, fine-tuning the mobility of the substrate needed for
efficient catalysis.

5.3 Global Dynamics of Complex I
Recent Cryo-EM studies conducted on the mammalian complex I [54, 55] resolved dif-
ferent structures that were suggested to be related to biologically active (A) and deactive
(D) states (see Chapter 2). Using both network models and atomistic molecular dynamics
simulations, we analyzed (publication IV) the global motions of the enzyme to investigate
their relationship with the A/D transition. We showed that the two lowest-frequency nor-
mal modes of complex I resemble the differences observed between the experimentally
resolved structures. Additionally, we highlighted the similarity between the mammalian
and bacterial enzyme, and showed the regulatory effect of the supernumerary subunits
on the identified motions.

We used anisotropic network models (ANM) to calculate normal modes based on the
experimental structure of Bos tarurus (PDB ID:5LC5), and compared them with the ex-
perimental difference between the Cryo-EM structures. The A and D states (class 2 and
1, respectively, in the original publication [54]) have been assigned based on structural
features such as disordered loops of subunits ND1, 49 kDa and ND3 subunits in the ac-
tive site, and on the knowledge of biochemical characterization of the states [151]. This
hypothesis has later been confirmed by Cryo-EM studies [56]. A third structure, class
3, has been described as ‘partially broken’ due to loss of density of the lateral horizontal
helix of ND5 subunit.

The results show that the first two normal modes, comprising twisting and bending
motion, strongly resemble the two experimentally identified motions between class 1→2
and class 1→3, respectively (Figure 5.9). Both twisting and bending modes consist of
a relative displacement of the hydrophilic and membrane domain with respect to each
other, with the quinone binding region acting as a hinge for the motion. The twisting
(Figure 5.9B) rotates the two domains in opposite direction along their longest axis, while
bending brings the two domains closer to each other in a scissor-likemotion (Figure 5.9A).

Although class 3 has been described as partially unfolded, the similarity between the
bending motion, the experimental transition, and the motion described for the similar
ovine enzyme [55] suggests that this motion could also be catalytically relevant. A simi-
lar result is obtained by PC analysis of the all atomistic MD simulations of the bacterial
enzyme (Thermus thermophilus), showing similar bending and twisting motions, and sug-
gesting an overall conserved global dynamics.

Motions of the bacterial and mammalian complex I are similar, but not identical.
By selectively removing the supernumerary subunits of the mammalian enzyme, we an-
alyzed which of them has the largest effect on the difference of the global motion of the
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Figure 5.9: A) Bending and B) Twisting low-frequency motions of mammalian
complex I. Displacement of the supernumerary subunits is shown in red and blue. Sub-
units B13 and 42 kDa regulates the enzyme dynamics. The figure is adapted from pub-
lication IV.

two enzymes. We found that the 42 kDa and B13 subunits (Figure 5.9) strongly affect
the bending and twisting mdoes, making them identical to the motions of the bacterial
enzyme upon removal. This result suggests that these two subunits, which are absent in
the bacterial enzyme, could regulate the twisting motion and transform it in the A/D
transition in the mammalian enzyme. Interestingly, Yarrowia lipolytica, which shows a
low activation barrier of the A/D transition, also lacks the 42 kDa subunit. The re-
sults shown here were further corroborated from the more recentMus musculus cryo-EM
structure [57], which showed a relative displacement of the two supernumerary subunits
between A and D states.

5.4 Effect of theMembraneBilayer onCatalysisReg-
ulation

As presented in Chapter 2, turnover rates of complex I strongly depend on the mem-
brane composition. In particular, cardiolipin (CDL) has the strongest effect on complex
I activity, and the purified enzyme retains ca. 10 CDL molecules [138]. To study how
CDL influences the enzyme function, we performed coarse-grained (CG) MD simula-
tions of the respiratory complex I from Thermus thermophilus embedded in a multicompo-
nent (POPE, POPC, CDL) membrane, with and without CDL, and analyzed the effect
on quinone dynamics and global motions. To further investigate the atomistic details
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of lipids-protein interactions, we also performed atomistic MD simulations of the hinge
region of complex I.

The CG simulations show that lipids have a different interaction time with the mem-
brane domain of complex I: while interactions of POPC and POPE are transient and last
for about 100 ns, CDL strongly binds to the protein, with average retention times up to
1.2 µs around the Nqo8 subunit. The same subunit forms a preferential binding site for
CDL, interacting on average with 10-15 CDL molecules. Although the timescale of the
simulation is different, we observe a similar trend in the atomistic simulations of complex
I hinge region. CDL interacts with the positively charged surface of Nqo8 and neigh-
bouring subunits, with their negatively charged head groups forming interactions with
arginine side chains. An unusual amount of phenylanine residues on the surface of the
Nqo8 subunit as compared to the rest of the enzyme suggests also that they might play a
role in enhancing CDL binding as for other respiratory enzymes [134]. We also observe
binding sites of CDL that are located at the interface between antiporter-like subunits,
close to the exit of the proton pathways observed in previous simulations (publication I).
Similar binding sites were recently resolved in the cryo-EM structure of the mammalian
enzyme of Mus musculus and Ovis aries [55, 57].

To analyze the effect of CDL binding on the dynamics of complex I, we performed
PC analysis of the CG trajectories. The two PCs with highest variance are twisting and
bending modes, where Nqo8 acts as a hinge, similarly to what has been observed pre-
viously (publication IV). A third PC is strongly modulated by CDL, and consists of a
coupled bending-twisting motion that displaces half of the hydrophilic and membrane
domain. This motion can be linked to the presence of a CDL molecule at the interface
between Nqo13 and Nqo14 subunits.

To probe the role of CDL in shaping the quinone dynamics, we analyzed the corre-
lation between the quinone motion and global dynamics with and without CDL (Figure
5.10). We observed that the quinone finds a stable binding position at the top of the
cavity, slightly below this top-part binding position, and in a lower region of the pocket.
These sites correlate well with minima observed in previous atomistic simulations (pub-
lication V). We observe a correlation between the bending of complex I and quinone
motion from the lower side of the cavity to the top (Figure 5.10A). At the same time,
motion of the quinone along the strongly bent region in the cavity causes a transition
along the twisting coordinate. When the quinone is bound to the lower side of the cav-
ity, complex I samples conformations similar to the apo state of the enzyme, suggesting
that the initial quinone binding does not alter the enzyme conformation. Conversely,
these correlations are lost in absence of CDL, although the enzyme undergoes the same
twisting and bending motions, and the quinone explores all the different binding sites in
the cavity. This could indicate that, in absence of CDL, the two events are decoupled,
suggesting that CDL affects complex I turnover by coordinating its global motion.

CDL also enhanced stability of cavities that lead to the quinone binding site from
the bulk water (Figure 5.10C) in the simulations. One cavity leads to Tyr87 of the Nqo4
subunit, which has been indicated as one of the proton donor to the reduced quinone
molecule. A second cavity connects theN-side bulk phase to the lower part of the quinone
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Figure 5.10: Modulation of complex I dynamics by CDL. A) Projection of complex I
PC1 (bending) and PC2 (twisting) modes sorted by quinone (Q) position along the chan-
nel. Motion of Q is linked to global conformational changes described by PC1 and PC2.
B) Binding sites of quinone: site 1 (ca. 0.6 nm from Tyr87, green), site 1’ (ca. 0.8 nm
from Tyr87, blue) and site 2 (ca. 3.5 nm from Tyr87, yellow). Channel 1 (blue) leads to
the site 1, while channel 2 leads to the kink region. C) Schematic representation of the
coupled quinone motions/conformational transition during dynamics. D) Channel sta-
bility dependent on absence/presence of CDL (red/blue) and quinone in site 1 (yellow).
The figure is adapted from publication VI.

pocket (Figure 5.10B). Such cavities could work as proton channels to restore the proto-
nation state of the catalytic residues in the binding pocket.
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Chapter 6

Conclusions

In this thesis, molecular dynamics simulations were employed to investigate different
aspects of the proton pumping mechanism in respiratory complex I. The work focused
on three aspects: 1) long-range proton-pumping activation (publications I,III), 2) quinone
dynamics in its binding pocket (publications II,V,VI), and 3) coupling of the function and
global motion of the enzyme (publication IV).

Based on the simulation data, we suggested that complex I activates the proton-
pumpingmachinery by creating a cascade of signals from the first antiporter-like subunit.
This signal propagates via ion pair dissociation and proton transfer events, and involves
interaction between residues of neighbouring subunits. The proton transfer channels
open up on a µs timescale, and connect buried conserved charged residues to the two
sides of the membrane.

We identified the binding mode of quinone, and how its diffusion to a putative second
binding site might be relevant for activating the proton pumpingmachinery. It was found
that the hydrophobic tail of the quinone could also have a role in the regulation of binding
energetics and help its diffusion along the cavity.

Analysis of the global dynamics and normal modes of the enzyme showed two promi-
nent bending and twisting motions. These two conformational transitions seem to play a
role both in the mammalian active/deactive transition, and in quinone dynamics in the
cavity. Comparison between bacterial and mammalian global motions highlights the
effect of supernumerary subunits in the modulation of the A/D transition.

The complete complex I mechanism is still far from being completely understood.
The topics presented in this thesis contribute to some of the numerous unanswered ques-
tions in the coupling mechanism of complex I. In future research, the focus will be di-
rected to the identification of the exact coupling sites/events, which also entails the elu-
cidation of the energy conversion from the ‘chemical’ electron transfer to the ‘electro-
chemical’ proton motive force.
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Appendix A

Table 1: Nomenclature of the core subunits of complex I in Thermus thermophilus, Bos
taurus and Mus musculus.

Thermus thermophilus Bos taurus Mus Musculus
Nqo1 51 kDa NDUFV1
Nqo2 24 kDa NDUFV2
Nqo3 75 kDa NDUFS1
Nqo4 49 kDa NDUFS2
Nqo5 30 kDa NDUFS3
Nqo6 PSST NDUFS7
Nqo7 ND3 ND3
Nqo8 ND1 ND1
Nqo9 TYKY NDUFS8
Nqo10 ND6 ND6
Nqo11 ND4L ND4L
Nqo12 ND5 ND5
Nqo13 ND4 ND4
Nqo14 ND2 ND2
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Complex I functions as the initial electron acceptor in aerobic
respiratory chains of most organisms. This gigantic redox-driven
enzyme employs the energy from quinone reduction to pump
protons across its complete approximately 200-Å membrane do-
main, thermodynamically driving synthesis of ATP. Despite re-
cently resolved structures from several species, the molecular
mechanism by which complex I catalyzes this long-range proton-
coupled electron transfer process, however, still remains unclear.
We perform here large-scale classical and quantum molecular sim-
ulations to study the function of the proton pump in complex I
from Thermus thermophilus. The simulations suggest that proton
channels are established at symmetry-related locations in four
subunits of the membrane domain. The channels open up by for-
mation of quasi one-dimensional water chains that are sensitive to
the protonation states of buried residues at structurally conserved
broken helix elements. Our combined data provide mechanistic
insight into long-range coupling effects and predictions for site-
directed mutagenesis experiments.

NADH:ubiquinone oxidoreductase | proton pumping |
Grotthuss mechanism | multiscale simulation | bioenergetics

Complex I (NADH:ubiquinone reductase) is the largest en-
zyme of the respiratory chain, generating a proton motive

force (pmf) that is used for synthesis of adenosine triphosphate
(ATP) and active transport (1, 2). Complex I catalyzes electron
transfer (eT) between nicotine adenine dinucleotide (NADH) and
quinone (Q), and couples the energy released to pumping of four
protons across the membrane (3–9). The distance between the
electron and proton transferring modules extends up to approxi-
mately 200 Å. It currently remains unclear, however, how complex
I catalyzes this remarkable long-range proton-coupled electron
transfer (PCET) process. In addition to its central role in biological
energy conversion, elucidating the molecular mechanism of com-
plex I is of great biomedical relevance due to dysfunction of this
enzyme in about half of all mitochondrial disorders (4, 8, 10).
In recent years, several structures of complex I have been

resolved from both bacteria (11–13) and eukaryotes (14–19).
During the completion of this study, two new structures of the
mammalian enzyme were released (18, 19), resolving at near
atomic resolution the structure of the supernumerary subunits in
active and deactive states, complementing information from
previously resolved structures (17). Similar to other respiratory
enzymes (20, 21), the inner part of complex I, comprising
14 central core subunits, is well conserved, suggesting that the
overall proton-pumping process might be similar in the bacterial
and eukaryotic enzymes (but also see refs. 17, 22–24).
Complex I consists of a hydrophilic domain, responsible for

the eT activity, and a membrane domain, which catalyzes proton
transfer (pT) across the membrane (Fig. 1A). In the hydrophilic
domain, a chain of 8–9 iron–sulfur (FeS) centers connects the
NADH/flavin mononucleotide (FMN) site with the Q site (11,
25, 26), which locates approximately 30 Å above the membrane
surface (14). The FeS centers form an electron conduction wire,
in which the eT takes place on a microsecond–millisecond
timescale between the two ends of the hydrophilic domain (27, 28).

The Q head group is located approximately 10 Å from the ter-
minal N2 FeS center and interacts with the conserved His-38 and
Tyr-87 residues of subunit Nqo4 (T. thermophilus nomenclature)
(13, 17), as originally identified in biochemical studies (29). Recent
computational work (30) suggests that reduction of Q is coupled to
deprotonation of the His-38 and Tyr-87, leading to formation of
QH2 that further triggers coupled protonation and conformational
changes in the Nqo8 subunit, supporting previous suggestions from
biochemical and structural data (6, 31, 32).
The membrane domain is composed of seven subunits, Nqo7–

8 and Nqo10–14 (NuoA/H/J/K/L/M/N in Escherichia coli),
arranged in an approximately 180-Å array linked to the hydro-
philic domain by subunit Nqo8 (Fig. 1B). This domain comprises
three antiporter-like subunits, Nqo12 (NuoN), Nqo13 (NuoM),
and Nqo14 (NuoL) that are homologous to each other and also
to multiresistance and pH adaptation (Mrp) Na+/H+ antiporters
(12). These subunits are most likely responsible for pumping
three protons, whereas the fourth proton channel might reside in
the Nqo8 subunit (13, 17).
Each of the antiporter-like subunits have a unique internal

pseudosymmetry (12) involving a twofold screw axis and com-
prising five transmembrane (TM) helical bundle segments,
TM4–8 and TM9–13 (Fig. 1A, Inset). TM7a/b and TM12a/b are
broken by short loops (Fig. 1A, Inset), a motif that is also used in
ion translocation in carrier-type transporters (33). Nqo8 contains
the same five-helical TM segment, but in contrast to the Nqo12/
13/14 subunits, it is not symmetrical with respect to the other
helices of the subunit. Structural studies (12, 13, 17) also
identified a chain of highly conserved buried charged/polar
residues, spanning the entire membrane domain, and creating
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a connecting element between the Q site and Nqo12. In-
terestingly, this chain contains motifs that are common in each of
the Nqo12–14 subunits: a lysine/glutamate pair, a central lysine, one
or two histidine residues, and a terminal lysine (Nqo12 and Nqo14)
or glutamate (Nqo13) (Fig. 1B). These residues may provide im-
portant functional elements in the proton-pumping machinery, be-
cause their mutation reduces the pumping activity (12, 13).
Molecular simulations performed on the membrane domain of
E. coli complex I (34) suggested that water molecules are involved
in the formation of the proton pathways along these residues, but
complete connections within all subunits were not resolved. The
membrane domain of complex I also contains a long, approximately
110-Å, transverse horizontal helix (HL) from Nqo12 that spans
along the domain and interacts with all three antiporter-like sub-
units. The helix is likely to have a clamping function and forms an
element important for structure stability (35–37).
Here we explore the proton-pumping pathways in complex I from

T. thermophilus (13) by large-scale classical molecular dynamics
(MD) simulations on a microsecond timescale. To probe the proton
transfer dynamics in the pumping process, we use a combination of
MD simulations, hybrid quantum mechanics/classical mechanics
(QM/MM) MD simulations, and electrostatic Poisson–Boltzmann/
Monte Carlo calculations for sampling changes in protonation
states. Our combined approach provides important suggestions on
the pumping elements and long-range coupling effects in complex I
that can further stimulate new experiments.

Results
General Channel Topology. To probe the dynamics of complex I, we
performed seven independent classical atomistic MD simulations,

initiated from the X-ray structure of the enzyme from T. thermo-
philus (13). The protein structure was embedded in 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane–water–
ion surroundings and comprised in total approximately 1 million
atoms. The buried conserved residues were modeled in different
protonation states (SI Appendix, Tables S1 and S2), and the sim-
ulations extended in total 3.8 μs. In the MD simulations, we ob-
serve spontaneous hydration of the Nqo8 and Nqo12–14 subunits
on a 0.2–0.4 μs timescale from the negatively charged (N) side of
the membrane (Fig. 2 A and B and Movie S1). In Nqo12 and
Nqo13, the water chains connect buried charged residues with the
positively charged (P) side of the membrane, whereas for subunit
Nqo14, we observe also a partial hydration from the P side of the
membrane. The simulations suggest that the continuous water
connectivity across the membrane is broken near highly conserved
histidine residues, His-32512/29213/26514 within the horizontal ar-
ray of charged/polar residues at the center of the membrane do-
main (see below and Fig. 2).
The water chains form quasi one-dimensional hydrogen-bonded

arrays, typical for many proton channels (38–40), and the hydration
process increases the channel radius (Fig. 2B). We observe hydrated
contacts between the bulk solvent and buried conserved residues
Lys-32912/Lys-23513/Tyr-28814 and Lys-38512/Glu-37713/Lys-34514,

Fig. 1. Overall structure and function of bacterial complex I from T. thermophilus
(PDB ID: 4HEA). (A) Electron transfer from NADH to Q in the hydrophilic
domain (in purple) couples to proton transfer across the membrane domain,
shown in red (Nqo12), blue (Nqo13), yellow (Nqo14), gray (Nqo11, Nqo10,
and Nqo7), and green (Nqo8). (Inset) Transmembrane (TM) helix numbering
of the antiporter-like subunits. Symmetry-related transmembrane helices
TM4–8 (in orange) and TM9–13 (in green) in Nqo13, and TM15 (in trans-
parent white) from Nqo12. (B) Array of polar and charged residues on the
central axis in the membrane domain.

Fig. 2. Proton channel topology in complex I. (A) The membrane domain of
complex I, showing overlapping water molecules (in red) obtained from seven
independent simulation setups (3 μs in total). The water channels for each
antiporter-like subunit and Nqo8 are shown by black arrows. (B) Water occu-
pancy and channel radius of proton channels from the N side of the membrane
to the center buried residues for three antiporter-like subunits calculated from
two independent MD simulations (simulations 1 and 2). (C) The internal
symmetry of the water input pathway from the N side and output to the P side
shown as solid and dotted arrows, respectively, mirrors the internal symmetry
of the antiporter-like subunits. Symmetry-related transmembrane helices
TM4–8 (in orange) and TM9–13 (in green). (D) Positions of water pathways in
the membrane domain, overlapped with conserved residues along the chan-
nels. Experimentally characterized residues that affect the proton-pumping
activity are shown in red. The input channels from the N side in Nqo8 and
output to the P side in Nqo12/13/14 are on the backside of this view.
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along the N and P pathways, respectively. These pathways reflect
the pseudo twofold internal symmetry of the subunits (Fig. 2C),
with water arrays formed at similar locations on each side of the
broken helices TM7b/12b (SI Appendix, Fig. S1). We observe that
the broken helices undergo conformational changes in the open-
ing/closure of the channels that may be important in controlling
the hydration process (SI Appendix, Fig. S2). Due to their dynamic
flexibility, broken helix elements also play an important function in
carrier-type transporters (41, 42) where they are involved in
establishing an alternate access between the two sides of the
membrane. In carrier-type transporters, however, the channels
often form along linear pathways at a dimeric protein interface,
whereas in complex I the channels seem to form at the edge of
every half subunit along the domain (Fig. 2D), consistent with
their symmetry.
We find that the increase in channel radius in all antiporter-

like subunits correlates well with the water occupancy in the
channel (SI Appendix, Figs. S3 and S4). The water wires form
spontaneously in many independent simulations (simulations
1–3 and 5–7) when the residues located at the end of the channels
are in their charged protonation states, suggesting that the overall
behavior is statistically significant. Interestingly, upon deproto-
nation of the central lysine residues Lys-32912/Lys-23513/Lys-
21614 located at the end of the N-side pathway (simulation 4), we
observe a rapid dehydration of the N-side channels in <100 ns
(Fig. 3). This observation suggests that the protonation state of
the central buried residues might control the water connectivity
across the membrane domain.

Based on structural data (12, 13) and site-directed mutagen-
esis experiments (43–48), the N-side proton channels in Nqo12–
14 have previously been suggested to reside either near the Glu/
Lys pair within each antiporter-like subunit or at the middle Lys
around TM8 (9). The putative channel topology observed in our
MD simulations somewhat differs from these sites and resembles
more the paths suggested for Yarrowia lipolytica (17), with an
entry site near TM7b in the middle of the two bundle segments
TM4–8 and TM9–13 and output site near TM12b. Moreover, the
Glu/Lys pairs, which were previously suggested to take part in
the pumping process (12), are not located along the N-side input
channels, and therefore the direct involvement of these residues
in the proton uptake seems unlikely, based on the current sim-
ulation data. The dissociation of these residue pairs might,
nevertheless, be important for propagating electrostatic forces
along the central axis of conserved residues (see below).
In Nqo8, we observe hydration along the broken helix TM5

within the TM2–6 bundle, although this subunit has a somewhat
different structure and sequence compared with the other antiporter-
like subunits Nqo12/13/14 (13). These findings support that a fourth
proton pathway may indeed reside within Nqo8, as previously sug-
gested by Baradaran et al. (13).
Our putative channel locations thus coincide with the position

of several conserved and functionally important residues, iden-
tified in previous biochemical studies (Fig. 2D and SI Appendix,
Table S3). Importantly, our putative channels also comprise
several residues that have not yet been experimentally probed. To
this end, we have summarized central residues along the N- and

Fig. 3. Pore radius and water occupancy of N-side proton channels in Nqo12–14. The pore radius (in red) and water occupancy (in blue) are shown for
(A) Nqo12, (B) Nqo13, and (C) Nqo14 in two different protonation states of the middle lysine (simulations 2 and 4, SI Appendix, Table S2). Circle at 0.4 μs shows
simulation 4, started after 0.4 μs of simulation 2 by deprotonating the middle Lys-32912/Lys-23513/Lys-21614. The channel opening threshold was defined based
on the pore radius of 1.5 Å, which allows influx of water molecules. Details for simulations 1–7 are shown in SI Appendix.
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P-side pathways in SI Appendix, Table S3. In the following sec-
tions, we present structural details about the putative proton
pathway in each subunit.

Proton Pathways in Nqo12 (NuoL).Water molecules enter the Nqo12
subunit (simulations 1, 2, and 5–7) by a crevice between the helices
TM7b, TM8, and TM10. This conduit provides a hydrogen-bonded
connectivity between the bulk and the conserved buried residue
Lys-329, which further connects via His-325 and His-321 to Lys-
385/Asp-386 (Fig. 4, Nqo12/N). The channel from the P side of the
membrane becomes hydrated in most simulations (SI Appendix,
Fig. S4), and forms around the tip of the broken helix TM12b, near
Lys-385 and Asp-386 (Fig. 4, Nqo12/P). This pathway lines up with
TM15, close to the edge of the membrane subunit.
Although the two water pathways from the N and P sides come

in close contact near Lys-329, Phe-328 and Leu-373 tightly seal
the channel, and do not allow water exchange between the two
sides of the membrane (SI Appendix, Fig. S5). A dry area is also
observed in the proximity of Asp-386, suggesting that this residue
might control the access to the P side of the membrane. The
simulations show that the conserved Gln-302 of TM10 dynami-
cally switches its hydrogen-bonding contacts between Lys-329 and
His-321 (SI Appendix, Fig. S6). Although the glutamine cannot
undergo protonation changes itself, its side chain can act as a
hydrogen bond donor/acceptor and thus stabilize protonated in-
termediates in the transfer process.

Proton Pathways in Nqo13 (NuoM). The MD simulations suggest
that movement of the broken helix TM7b on an approximately
0.1-μs timescale (simulations 1, 2, 6, and 7) opens a pathway for
water molecules to enter Nqo13 from the N side of the mem-
brane (Fig. 4, Nqo13/N). This channel leads to the buried con-
served Lys-235 (TM8), as also previously suggested as a potential
input channel in the E. coli structure (34). Connection to the P
side forms at the interface between Nqo12 (TM5) and Nqo13
(TM12b) (simulation 6) from Glu-377 (Fig. 4, Nqo13/P). For-
mation of this hydrogen-bonded network to the P side is trig-
gered by a conformational change in Phe-374, a residue that is
conserved in all antiporter-like subunits of complex I.
During the opening of the N-side channel, we observe a dis-

sociation of a backbone hydrogen bond between His-211 and
Leu-214 (SI Appendix, Fig. S7). To further probe the involve-
ment of these residues, we performed steered molecular dy-
namics (SMD) simulations in which this hydrogen bond was
broken. These simulations suggest that the channel opening/
closure can indeed be induced by perturbation of this reaction
coordinate (SI Appendix, Fig. S7). Our unbiased MD simulations
also indicate that when the N-side channel is closed (simulation
5), water molecules establish a bridging pathway between Lys-
235 and Glu-377 via His-292, providing a conduction pathway
toward the P side of the membrane (see below).
The channel from the N side passes close to Asp-557 (Nqo12),

which is a conserved residue on the transverse HL helix. Al-
though site-directed mutagenesis data (35) suggest that the HL
helix might provide a clamping function in complex I rather than
the earlier suggested piston function (12), the mutation of this
aspartate to a glutamate strongly decreases the proton-pumping
activity by approximately 50% (49).

Proton Pathways in Nqo14 (NuoN). The Nqo14 subunit undergoes
the slowest hydration process in our MD simulations on an ap-
proximately 0.3-μs timescale (Fig. 2B and SI Appendix, Fig. S3).
We find that water molecules enter this subunit through a crevice
between TM7b, TM8, and TM10 (Fig. 4, Nqo14/N) leading to
the conserved Tyr-288 and Lys-216 residues. This pathway thus
forms at locations that closely resemble the channels observed in
Nqo12. Similar to the P-side channel formed in Nqo13, we also
observe a partial hydration at the interface between Nqo13 and

Nqo14 (Fig. 4, Nqo14/P), but Phe-342 seems to partially block
the pathway between the Lys-345 and the P side. The channel
from the N side in Nqo14 is closed in the crystal structure by the
bulky side chain of Leu-258, but its side-chain movement cor-
relates with formation/disruption of the water wire (SI Appendix,
Fig. S8), suggesting that this residue might have a potential
gating function. In previous simulations of the E. coli structure
(34), a channel leading to the middle Tyr-288/Lys-216 pair was
also observed.
We do not observe substantial hydration in Nqo14 at the

symmetry-related position where the channel forms in Nqo13. In
contrast, this analogous site in Nqo14 is covered by the C-
terminal loop of Nqo11 (SI Appendix, Fig. S9) that was recently
suggested to form an element important for structural stability
based on mutagenesis and cross-linking studies in E. coli (50).

Fig. 4. Proton pathways from the N and P sides of the membrane in com-
plex I. Water molecules enter between TM helices 7b, 8, and 10 (Nqo12–14)
and TM5 and TM6 (Nqo8) from the N-side bulk and establish a conduction
pathway to the buried residues Lys-32912/Lys-23513/Tyr-28814/Glu-1638.
Nqo12/P, Nqo13/P, Nqo14/P: Water pathways next to TM12b lead from Lys-
38512/Glu-37713/Lys-34514 to the P side of the membrane. Some helices are
not shown for visualization purpose.
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Moreover, in contrast to the water channel in Nqo13, where the
HL helix inserts Asp-55712 near His-211, His-193 in Nqo14 lacks
such an interaction partner with the transverse HL helix.

Proton Pathways in Nqo8 (NuoH). We observe in all independent
MD simulations that the Nqo8 subunit undergoes large hydra-
tion changes on approximately 0.1-μs timescales (SI Appendix,
Fig. S3). The Nqo8 channel contains many charged and polar
residues, and it is also wider compared with the hydration sites in
the other subunits. The hydration extends from the N side to
Glu-213/163 within the so-called E channel (13), located ap-
proximately 15 Å below the membrane surface. This region was
previously suggested to undergo proton uptake induced by Q
reduction (30). Our simulations suggest this hydrated channel
coincides with the lower part of the quinone cavity (Fig. 4, Nqo8/N),
supporting that proton uptake/release might couple to movement of
within its tunnel. Despite a significant N-side entry channel, we
observe no clear exit pathways to the P side of the membrane
within Nqo8.

Proton Transfer Dynamics in Nqo13. To probe the mechanism of
proton transfer along the formed water channels, we performed
QM/MM MD simulations of two putative steps of the proton-
pumping cycle in the Nqo13 subunit. To this end, we studied the
proton uptake from the bulk to the buried Lys-235 residue, and
then further along the lateral water pathway from Lys-235 to
Glu-377 (Fig. 5 A and B and SI Appendix, Table S4). To study the
proton transfer from the solvent to Lys-235, we used a starting
geometry obtained after a 0.1-μs classical MD simulation in
which the channel from the N side was well hydrated (simulation
6) and Lys-235 was neutralized. We observe a rapid transfer of
the excess proton placed at the entrance of the channel (N side)

to the deprotonated Lys-235 (Fig. 5A). The transfer process
takes place by a Grotthuss-type proton exchange along Zundel
and hydronium species, typical for proton transfer in quasi one-
dimensional water wires (40, 51) and subsequent rearrangement
of the hydrogen bonded network (52). His-211 does not seem to
directly take part in the transfer process, but stabilizes the water
network and the proton in the cavity (Movie S2). To further
probe the dependence of this proton transfer process on the
channel hydration state, we performed several independent
QM/MM simulations (320 ps in total), starting from different
starting structures along the hydration trajectory. We find that,
whereas the proton transfer takes place on the picosecond
timescale in the simulations that are initiated from well-hydrated
structures, the simulations initiated from dry or broken
hydrogen-bonded networks have a lower probability for pro-
ductive proton transfer reactions to the lysine on the sampled
simulation timescale (SI Appendix, Fig. S10 and Table S5). This
behavior suggests that, whereas there is a large thermodynamic
driving force for the proton to transfer from the hydronium to the
deprotonated lysine, the slow (microsecond) channel hydration
might be rate limiting in the proton uptake process. Interestingly,
for some partially hydrated structures, we also find that the hy-
dronium species does itself participate in establishing a water wire
toward the central lysine. Similar proton transfer mechanisms have
been previously observed in carbon nanotubes (51).
In another independent QM/MM MD simulation setup, we

studied the proton transfer along the Lys-235/His-292/Glu-
377 triad to further elucidate the role of Lys-235 in the proton
release. Starting from a structure with the N- and P-side channels
closed, the proton is transferred rapidly in three independent
simulations from Lys-235 via His-292 and water molecules to
Glu-377 (Fig. 5B and Movie S3). This result supports the idea

Fig. 5. Proton transfer dynamics and conformational switching in Nqo13. (A) A water chain from the N side, formed in the MD simulations (simulation 6),
catalyzes Grotthuss-type proton transfer to Lys-235 in Nqo13 in QM/MM MD simulations. (B) Proton transfer from Lys-235 to Glu-377. The simulation was
initiated from a state in which the channel from the N side is closed and the residues Lys-235 and Glu-377 are protonated and deprotonated, respectively
(simulation 5). His-292 bridges the proton transfer between the K235 and E377. (C) Classical free-energy profiles of Lys-204/Glu-123 (Nqo13) dissociation when
Lys-235 is protonated (in blue) and deprotonated (in red). Glu-123 interacts both with Lys-204 and Lys-345 (Nqo14). The second minimum is absent when Lys-
235 is protonated, possibly due to electrostatic repulsion with Lys-204.
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that the proton transfer along the central polar axis is indeed
possible. Our continuum electrostatic calculations on the crystal
structure also suggest that the pKa of Glu-377 is higher than the
pKa of Lys-235 (SI Appendix, Table S6), further supporting this
hypothesis. The QM/MM MD simulations thus support the idea
that the water chains formed in the classical MD simulations
provide efficient conduits for proton transfer in the membrane
domain of complex I.

The Lysine/Glutamate Pair as an Element for Modulating the Proton
Pump. The MD simulations suggest that the protonation state of
the buried residues could regulate the channel hydration (Fig. 3
and SI Appendix, Figs. S3 and S4). More specifically, the N-side
access channel in Nqo13 is open when Lys-235 is deprotonated
and His-211 is modeled in its protonated state (simulation 1) or
when Lys-235 is protonated and His-211 is neutral (δ-tautormer,
simulations 6 and 7). In contrast, the channel is significantly less
hydrated in simulations where both Lys-235 and His-211 are in
their neutral states (simulation 4), suggesting that the protonation
states of these residues play a role in the channel opening.
To study how the dissociation of the Lys/Glu pair couples to

the protonation state of the middle Lys-235, we performed free-
energy calculations using the replica exchange umbrella sampling
(REUS) method (53), where we biased the dissociation of Lys-
204/Glu-123 in Nqo13 and modeled Lys-235 in both its pro-
tonated and neutral forms. The free-energy simulations show a
clear preference of the Lys/Glu pair to be associated when Lys-
235 is protonated (Fig. 5C). Interestingly, we observe a second
minimum in the free-energy profile when Lys-235 is deproto-
nated (Fig. 5C), in which Glu-123 forms an ion pair with Lys-
345 of Nqo14. For the protonated Lys-235, this minimum is
absent, possibly due to the repulsion between the positively
charged residues. Based on the principle of microscopic re-
versibility, this difference indicates that dissociation of the Lys-
204/Glu-123 ion pair could increase the deprotonation probability
of the central Lys-235, and possibly triggering lateral proton
transfer toward the P side.
To further explore this coupling effect in all three antiporter-

like subunits, we performed SMD simulations where the disso-
ciation of the Lys+/Glu− (Asp− in Nqo12) pair was induced
(Methods) in the three antiporter-like subunits, followed by pKa
calculations. These calculations suggest that the pKa of the
middle lysines (Lys-32912, Lys-23513, and Lys-26514) are affected
by the dissociation of the ion pairs (SI Appendix, Fig. S11),
further supporting the findings from the REUS simulations.
Benchmarking studies suggest that PB electrostatic calculations
with MC sampling have a rmsd of approximately 1 pK unit from
experimental values (54). These pKa benchmarking studies,
however, do not include large membrane proteins such as com-
plex I, which might be subjected to larger errors.

Discussion
Our combined results from classical MD simulations, QM/MM
calculations, and PB electrostatic models suggest that proton
pumping in complex I takes place by hydration of proton chan-
nels that form along conserved broken helices, TM7b and
TM12b in Nqo12-14, and TM5 in Nqo8, at symmetry-related
locations. The hydration is sensitive to the protonation state of
buried residues, with charged and neutral states inducing chan-
nel opening and closure, respectively. Our simulations suggest
that the electrostatic field induced by these buried residues pull
in water molecules from the solvent, and the quasi one-
dimensionally oriented chains might further strengthen the
electrostatic couplings between the residues. Our free-energy
and steered molecular simulations further suggest that the dy-
namics of the conserved Glu/Lys ion pair within TM5/7a modulate
the pKa of the buried central residues. These results indicate that
complex I may operate within each antiporter-like subunit by

using a unit dedicated for signal transmission (TM4–8), and
another unit responsible for the proton-pumping activity (TM9–
13). The lateral proton transfer within the TM9–13, as explored
in our QM/MM simulations, leads to protonation of the terminal
protonatable residue (Lys12/14/Glu13), and could in turn modu-
late the dynamics of the signal transduction unit in the neigh-
boring subunit, as suggested by the MD data where intersubunit
contacts are formed (SI Appendix, Fig. S12).
Although the X-ray structure of complex I from T. thermo-

philus represents a single state of limited resolution (3.3 Å), it
nevertheless provides a good starting point to probe the dy-
namics of transient states along the pumping cycle. We observe
similar hydration dynamics in several independent simulations,
supporting the idea that the overall findings are robust and
statistically significant. Moreover, although the timescales of the
individual trajectories are shorter than the overall millisecond
turnover of complex I, computations performed on transient
states provide valuable information on the structure and dy-
namics of the pumping cycle and information that is comple-
mentary to that obtained from many experiments. Further work
is, nevertheless, needed to elucidate the exact role of the in-
terplay between the protonation states of the central Lys and/or
His residues as well as the involvement of the Lys/Glu ion pairs
in modulating the hydration and proton transfer energetics.
Our findings provide mechanistic ideas into how the force might

propagate from the Q site across the antiporter-like subunits,
schematically outlined in Fig. 6. In this putative model, the pumping
is initiated by reduction of quinone that triggers protonation
changes in Nqo8 (30) along water molecules near TM5 (Fig. 4,
Nqo8/N). The protonation change further triggers dissociation of
the Lys/Glu pair in Nqo14, which in turn could initiate proton
transfer and release to the P side along the pathway near TM12b.
Deprotonation of the middle lysine in Nqo14 is expected to close
the connectivity to the N side (Fig. 3), and could help to prevent the
pumped proton from leaking to the N side. Protonation changes in
the Nqo14 would then induce dissociation of the Lys/Glu ion pair in
Nqo13, which in turn would propagate by similar steps to Nqo12.
Relaxation of the Lys/Glu ion pairs reestablishes the original pro-
tonation states by protonation from the N side along the TM7b
pathways, whereas quinone/quinol exchange and rereduction by
NADH initiates a new pumping cycle.
This schematic model favors a sequential propagation of the

electrostatic force from the Q site along Nqo8 to Nqo14, and fur-
ther from Nqo14 to Nqo13 and Nqo12. Local electrostatic coupling
between neighboring charged residues is strong, which could also
allow pumping without large-scale conformational changes within
the antiporter-like subunits. Other mechanistic models, such as the
wave-spring model (7, 45), have also been presented, in which
Nqo8/Nqo13 and Nqo12/Nqo14 pump and release protons during
synchronized steps. It is currently unclear, however, whether com-
plex I operates by direct (electrostatic) or indirect (conformational)
coupling (6, 55, 56) using one- (22, 27, 57) or two-stroke (31)
mechanisms. Our simulations nevertheless support the idea that
both electrostatic coupling between titratable residues as well as
conformational changes in broken helices might be important for
the pumping function in complex I.

Conclusions
We have performed here multiscale classical and quantum mo-
lecular simulations based on the experimentally resolved struc-
ture of complex I from T. thermophilus to probe how protonation
and conformational states of the protein are linked to the
proton-pumping process. We observed that hydrated channels
form at symmetry-related locations, near TM7b and TM12b in
Nqo12–14 and TM5b in subunit Nqo8, mirroring the internal
pseudo twofold screw axis of the antiporter-like subunits in
complex I. The channels to the N and P sides initiate from buried
charged residues, and the protonation states of these residues
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themselves were found to correlate well with the hydration states
of the channels as well as with conformational changes in TM7b/
12b. Our simulations suggested that the electrostatic coupling
effects are important for the proton-pumping process. We also
found that the conformation of the conserved Glu/Lys ion pairs
might modulate the pKa of the central buried residues, with
important mechanistic implications. Our QM/MM MD simula-
tions further suggested that the proton transfer is rapid, taking
place on picosecond timescales, after the water wires have
formed on microsecond timescales. The simulations also support
a previously postulated lateral proton transfer along the polar
buried axis in states where the channel to the N side is closed.
These combined results may stimulate new site-directed muta-
genesis experiments (SI Appendix, Table S3) and provide insights
into the remarkable long-range proton-coupled electron transfer
machinery in complex I.

Methods
Classical MD Simulations. The X-ray structure from T. thermophilus (PDB ID:
4HEA) (13) was embedded in a POPC membrane and solvated with TIP3P
water. Sodium and chloride ions were added to give an ionic strength of
approximately 100 mM. The Q site was modeled by inserting ubiquinone
(Q10) in the cavity, identified using the software HOLE (58), and by placing
the Q head group next to His-38 and Tyr-87. The total system size comprised
approximately 830,000 atoms. Seven independent simulation systems, each
studied for 0.1–1 μs, were created to probe the effect of different pro-
tonation states (SI Appendix, Table S2). All classical MD simulations were
performed using NAMD2 (59) with the CHARMM27 (60, 61) force field, and
density functional theory (DFT)-derived parameters for all cofactors (FeS
centers, Q, FMN) (30). The simulations were performed in an NPT ensemble
with T = 310 K, P = 1 atm, using a time step of 2 fs, and treating long-range

electrostatics by the Particle Mesh Ewald (PME) method. Water occupations
were calculated from data averaged over the MD trajectories by selecting
water molecules from residues shown in SI Appendix, Table S4. Pore radii
were calculated using the software HOLE (58). SMD simulations were per-
formed based on structures obtained after dynamics (SI Appendix, Table S1).

A 20-ns SMD simulation was performed by perturbing the backbone His-
211(O)/Leu-214(N) atom distances between 3 and 6 Å using a force constant
of 50 kcal mol−1 Å-2 to probe channel hydration in Nqo13 (SI Appendix, Fig.
S7). The 3 × 16 ns simulations were performed by perturbing the head
groups distances of Lys-216 (Nζ)/Asp-166 (Cγ) in Nqo12, Lys-204 (Nζ)/Glu-123
(Cδ) in Nqo13, and Lys-186 (Nζ)/Glu-112 (Cδ) in Nqo14 between 3 and 12 Å,
using force constants of 50 kcal mol−1 Å-2. REUS simulations (53) (simulations
12 and 13, SI Appendix, Table S1) were performed using 25 replicas started
from the SMD structures (simulation 10, SI Appendix, Table S1), modeling
Lys-235 both in its neutral and charged states. A harmonic biasing potential
with a force constant of 10 kcal mol-1 Å-2 was used to restrain the distance of
Lys-204 (Nζ) and Glu-123 (Cδ) head groups between 3 and 12 Å. Exchange
moves were attempted every 2 ps, and distances were collected every 20 ps.
The free-energy profiles converged after 14 × 25 ns REUS simulations and
were reconstructed using the weighted-histogram analysis method (WHAM)
(62, 63) and estimating errors by bootstrapping analysis. Visual Molecular
Dynamics (64) was used for visualization and analysis of all MD simulations.
The total MD simulation time was approximately 3.8 μs.

Poisson–Boltzmann Continuum Electrostatics with Monte Carlo Sampling. pKa

values were calculated using PB continuum electrostatic calculations with
MC sampling of 2N protonation states of a nine subunit model of complex I,
comprising the membrane domain and subunits Nqo4/6. The PB calculations
were performed using the Adaptive Poisson–Boltzmann Solver (APBS) (65),
and the MC sampling was performed using Karlsberg+ (54, 66). The protein
was described using explicit atoms with atomic partial charges, embedded in
an inhomogeneous dielectric continuum with a dielectric constant of 4. The
bulk water was described by a homogeneous dielectric continuum with a
dielectric constant of 80. The boundary interface between the protein and
solvent was calculated by the molecular surface routine implemented in
APBS, using a solvent probe radius of 1.4 Å, and modeling an implicit ionic
strength with 100 mM potassium chloride. Protonation probabilities were
probed along all classical simulations every 0.1 ns. The Lys/Glu (Asp) pairs of
each antiporter-like subunit were fixed in their standard protonation states
in the pKa calculations of the SMD trajectories.

QM/MM MD Simulations.
Proton transfer from the N side to Lys-23513. Setup 1 was as follows: QM/MMMD
simulations were performed based on eight independent structures obtained
from simulation 6. A water molecule at the channel entrance was replaced
with a hydronium ion and classically relaxed for 10 ps for each of the eight
starting structures. A total of 56 independent QM/MM MD simulations were
initiated from these relaxed structures with different levels of water chain
connectives between the N side and Lys-235. Lys-325, His-211, His-218, and
Thr-232 together with the water molecules in the cavity were treated at the
DFT level using the BP86 functional (67, 68), the multipole accelerated res-
olution of identity (MARIJ) approximation (69), and def2-SVP basis sets (70).
The QM region comprised approximately 75 atoms and was coupled to the
MM region by link atoms, introduced between the Cα and Cβ atoms. Addi-
tional eight QM/MM systems comprising 125 atoms were used to model the
systems with broken water connectives from the N side (SI Appendix, Table
S4). TheMM system comprised the Nuo12/13/14 subunits and surrounding lipids
and water molecules, with a total system size of approximately 75,000 atoms.
The QM/MM MD simulations were simulated for 5 ps each, using a 1-fs in-
tegration time step, and a temperature of T = 310 K. The simulations were
performed using the CHARMM/TURBOMOLE interface (71–73).
Proton transfer from Lys-23513 to Glu-37713. Setup 2 was as follows: Structures
used for the QM/MM setup 2 were taken from simulation 5, after 0.6 μs of
dynamics. Residues His-218, Lys-235, His-292, Thr-322, and Glu-377 together
with six bridging water molecules were included in the QM region, comprising
78 atoms, and treated as described above. Three independent QM/MM MD
simulations were simulated for 5 ps each, using a 1-fs integration time step at
a temperature of T = 310 K.
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Fig. 6. Schematic outline of a putative pumping cycle in complex I. (Top) Re-
duction of Q induces proton uptake in Nqo8 that leads to sequential opening of
the K+/E− ion pairs in each subunit. (Middle) The K+/E− opening triggers proton
transfer along the later hydrophilic axis and release of the proton to the P side.
The open K+/E− ion pairs are stabilized by interactions with neighboring sub-
units (dashed lines). Deprotonation of the middle buried residues prevents the
pumped proton from leaking back to the N side by blocking water connectivity.
(Bottom) QH2/Q exchange and relaxation of the K+/E− ion pairs opens up water
access from the N side, reforming the initial protonation states. Reduction of Q
by NADH reinitiates a new pumping cycle.
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Respiratory complex I (NADH:ubiquinone oxidoreductase), one of
the largest membrane-bound enzymes in mammalian cells, powers
ATP synthesis by using the energy from electron transfer from
NADH to ubiquinone-10 to drive protons across the energy-
transducing mitochondrial inner membrane. Ubiquinone-10 is
extremely hydrophobic, but in complex I the binding site for its
redox-active quinone headgroup is ∼20 Å above the membrane
surface. Structural data suggest it accesses the site by a narrow
channel, long enough to accommodate almost all of its ∼50-Å iso-
prenoid chain. However, how ubiquinone/ubiquinol exchange oc-
curs on catalytically relevant timescales, and whether binding/
dissociation events are involved in coupling electron transfer to
proton translocation, are unknown. Here, we use proteoliposomes
containing complex I, together with a quinol oxidase, to determine
the kinetics of complex I catalysis with ubiquinones of varying
isoprenoid chain length, from 1 to 10 units. We interpret our re-
sults using structural data, which show the hydrophobic channel is
interrupted by a highly charged region at isoprenoids 4–7. We
demonstrate that ubiquinol-10 dissociation is not rate determining and
deduce that ubiquinone-10 has both the highest binding affinity and the
fastest binding rate. We propose that the charged region and chain di-
rectionality assist product dissociation, and that isoprenoid stepping en-
sures short transit times. These properties of the channel do not benefit
the exhange of short-chain quinones, forwhich product dissociationmay
become rate limiting. Thus, we discuss how the long channel does not
hinder catalysis under physiological conditions and the possible roles of
ubiquinone/ubiquinol binding/dissociation in energy conversion.

bioenergetics | coenzyme Q10 | electron transport chain | mitochondria |
NADH:ubiquinone oxidoreductase

Respiratory complex I (NADH:ubiquinone oxidoreductase)
(1) is a major entry point to the electron transport chain of

oxidative phosphorylation in mammalian mitochondria. It cata-
lyzes NADH oxidation coupled to ubiquinone reduction and
captures the free energy produced to transport protons (2, 3)
across the mitochondrial inner membrane, supporting ATP
synthesis and transport processes. Because complex I is essential
for regenerating NAD+ to sustain the tricarboxylic acid cycle and
fatty acid oxidation, and an important contributor to cellular
reactive oxygen species production (4), mutations in its subunits
and assembly factors cause a wide range of inherited neuro-
muscular and metabolic diseases (5).
Mammalian complex I is a large (1 MDa) membrane-bound

enzyme of 45 subunits. Due to advances in single-particle electron
cryomicroscopy (cryoEM), knowledge of its structure (6–8) has
surged forward recently, and descriptions of the 14 core subunits,
in mammalian (6–8), fungal (9) and bacterial (10) enzymes, have
laid a new foundation for mechanistic studies. NADH is oxidized
by a flavin near the top of the hydrophilic domain of the L-shaped
complex. Then, electrons are transferred along a chain of seven
iron–sulfur (FeS) clusters to ubiquinone, bound at the interface of
the hydrophilic and membrane domains. The membrane domain
contains four antiporter-like units, considered to each transport
one proton per cycle. They are connected by elements indicative

of ion-transport activities, including π-bulges, loops in trans-
membrane helices (TMHs), and a series of buried charged resi-
dues, which also connects them to the quinone-binding region.
Although molecular simulations have suggested how conforma-
tional, protonation, and hydration changes could propagate
through the membrane domain to drive proton transfer events
(11), how the energy from quinone reduction is captured and
transferred to proton translocation is currently unknown. Reac-
tions that may initiate the proton-transfer cascade include move-
ment of a conserved aspartate upon quinone reduction (12),
double reduction of Q to Q2− or its subsequent protonation to
QH2 (13), and/or quinone binding/quinol dissociation. It has also
been suggested that a permanently bound quinone shuttles be-
tween two positions in the channel, requiring an additional site for
the exchangeable substrate to bind (14).
Here, we focus on ubiquinone binding and reduction by mam-

malian complex I. Strikingly, the binding site for the redox-active
ubiquinone headgroup is ∼20 Å above the membrane interface
and thought to be accessed by a long, narrow channel (Fig. 1) that
has been identified in all of the structures described so far, but not
yet confirmed experimentally. The headgroup binds in a cleft be-
tween the 49 kDa and PSST subunits (we use the nomenclature for
the bovine enzyme throughout) and both mutational studies in
Yarrowia lipolytica (15) and Escherichia coli (16), and densities
observed in structural data from Thermus thermophilus complex I
(10), indicate that it forms hydrogen bonds with H5949 kDa and
Y10849 kDa, placing it within 12 Å of the terminal FeS cluster, N2.

Significance

Respiratory complex I, a redox-coupled proton pumping enzyme,
is central to aerobic metabolism in mammalian mitochondria and
implicated inmany neuromuscular disorders. One of its substrates,
ubiquinone-10, binds in an unusually long and narrow channel,
which is at the intersection of the enzyme’s electron and proton
transfer modules and a hotspot for disease-causing mutations.
Here, we use a minimal, self-assembled respiratory chain to study
complex I catalyzing with ubiquinones of different isoprenoid
chain lengths. We show that the channel enhances the affinity of
long-chain quinones, assists in their transfer along the channel,
and organizes them for product release. Finally, we discuss how
efficient binding and dissociation processes may help to link redox
catalysis to proton pumping for energy conversion.
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At the base of the cleft, the predicted channel meets subunit ND1,
and runs along its interface with the 49-kDa and PSST subunits
before exiting into the membrane; in total, it is long enough to ac-
commodate most of the ∼50-Å-long isoprenoid tail of ubiquinone-
10. Many structurally diverse inhibitors are thought to bind in the
channel (17) and it is a hotspot for both pathophysiological
mutations (ref. 5 and https://www.mitomap.org) and site-directed
variants that affect catalysis (18, 19).
Here, we have used proteoliposomes (PLs) to determine the ki-

netics of complex I catalysis with a series of ubiquinone substrates of
varying isoprenoid tail length, from ubiquinone-1 (Q1) to
ubiquinone-10 (Q10). Previous attempts to investigate the effects of
quinone tail length used native membranes supplemented with ex-
ogenous quinones, following removal of the endogenous Q10 by ly-
ophilization and pentane extraction (20–22). However, these studies
were compromised because (i) the quinone exchange procedures
were detrimental to catalysis (the specific activities were 10-fold lower
than observed here); and (ii) effects on complex I activity were ob-
scured by the catalysis of other enzymes: Lenaz et al. (22) recon-
stituted Q1 to Q10 into lyophilized pentane-extracted mitochondria
andmeasured O2 consumption, which requires complexes III and IV,
whereas Estornell et al. (20) similarly reconstituted Q10 and mea-
sured cytochrome c reduction, which requires complex III. More
recently, Fato et al. (21) assayed lyophilized pentane-extracted bovine
mitochondria reconstituted with Q3, Q5, and Q10 with an NADH-
Q1 reductase assay. In contrast, the PLs used here (23) contain highly
active bovine complex I (CI, to oxidize NADH and reduce ubiqui-
none to ubiquinol), the cyanide-insensitive nonprotonmotive alter-
native oxidase from Trypanosoma brucei brucei (AOX, to reoxidize
ubiquinol to ubiquinone and reduce O2) and varying concentrations
of different ubiquinones. The system and its kinetic properties can be
defined precisely through measurements of the protein, phospholipid,
and ubiquinone contents and have been developed to ensure complex
I is rate determining. We compare the kinetic parameters of different
ubiquinones with the structural and physicochemical properties of the
quinone-binding channel to reveal determinants of catalysis.

Results
Ubiquinone Reduction by Complex I Is Rate Limiting for Catalysis. The
CI-AOX PLs described here catalyze NADH:O2 oxidoreduction
(the NADH:O2 reaction) by redox cycling ubiquinone/ubiquinol:

complex I reduces ubiquinone to ubiquinol and AOX reoxidizes
it. To use the NADH:O2 reaction to investigate ubiquinone re-
duction by complex I it must be rate limiting. Thus, the NADH
(200 μM) and O2 (200–250 μM) concentrations used are sub-
stantially higher than the KM values of 79 ± 8 μM for complex I
(measured with the NADH:O2 reaction) and 10–20 μM for AOX
(24). Furthermore, the kcat value for NADH oxidation by the
flavin in bovine complex I is >5,000 s−1 (25), more than 10 times
faster than the maximum rate of NADH:ubiquinone oxidor-
eduction, so NADH oxidation does not limit catalysis.
The complex I and AOX used here display similar turnover rates

in solution assays with ubiquinone-1, typically 250–300 s−1 and
200–250 s−1, respectively. Thus, to increase the rate of ubiquinol
oxidation, PLs were created starting from a molar ratio of 1:25 CI:
AOX. The ratio then effectively doubles to 1:46 ± 1.1 (mean
value ± SD for all samples) because NADH can only access
complex I oriented with its active site outwards (77 ± 10% of the
total), whereas AOX substrates can access it in both orientations,
and because AOX incorporates into PLs more efficiently than
complex I (80 ± 15% and 59 ± 11%, respectively). This high ratio
provides a strong expectation for complex I being rate limiting, and
thus for the ubiquinone/ubiquinol pool being predominantly oxi-
dized during catalysis (23). To test this expectation, titrations on
the NADH:O2 reaction by Q10-containing PLs with a high (1:51)
or low (1:1.5) CI:AOX ratio (defined for outward facing complex
I) were performed with complex I (piericidin A)- and AOX (col-
letochlorin B) (26)-specific inhibitors. For both ratios, piericidin A
inhibition builds rapidly at low concentrations (Fig. 2A) and the
IC50 values are similar (2.0 ± 1.1 and 3.4 ± 1.1 nM, or 8.7 and
8.0 piericidin A per oriented complex I, respectively). In contrast,
the high ratio PLs were unresponsive to low colletochlorin B con-
centrations (Fig. 2B) and displayed an IC50 value 30 times greater
(15.9 ± 0.03 and 0.52 ± 0.03 nM, respectively, or 0.7 and 1.4 col-
letochlorin B per AOX). Thus, in the high ratio (typical) prepara-
tion, most of the AOX can be inhibited with little effect on catalysis,
confirming that AOX is not rate limiting. High ratio PLs containing
Q8, Q6, and Q4, or tested with Q2, all gave colletochlorin B IC50
values of 17.6 ± 1.3 nM, matching that for Q10. Only for Q1 was
the IC50 value for colletochlorin B different; its much higher value
of ∼5 μM suggests colletochlorin B is a poor inhibitor of ubiquinol-
1 oxidation by AOX, or that Q1 is a poor complex I substrate.

Measurement of KM and kcat Values. Fig. 3 shows Michaelis–Menten
curves for complex I catalyzing with Q10, Q8, Q6, Q4, Q2, and Q1.
The highly hydrophobic Q10, Q8, Q6, and Q4 molecules [calculated
logP values (cyclohexane/water) 19.4, 15.7, 12, and 8.3, respectively
(https://www.ncbi.nlm.nih.gov/pccompound)] were incorporated into
the PL membranes during reconstitution so each point is from a
different preparation. The samples for each curve were prepared
together in batches, then their quinone, phospholipid, complex I,

PSST
49 kDa

ND1

N2Y108

E227

D160

H59

D143

D202

D199

E192

Fig. 1. The proposed ubiquinone-binding channel in mammalian complex I.
The 49-kDa, PSST, and ND1 subunits from bovine complex I (5LC5.pdb) (6)
are in cartoon, with the surfaces of predicted quinone-binding cavities in
the aligned structures of the bovine (6) (cyan), porcine (7) (yellow), and
T. thermophilus (10) (purple) enzymes. The quinone headgroup is considered
to hydrogen bond to Y108 and H59, and H59 to D160. The carboxylate
groups of acidic residues connecting the quinone-binding region to the
proton-pumping subunits are shown by red spheres. Cavities were gener-
ated using the Caver 3.0 PyMOL plugin (33) with a 1.4-Å probe.
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Fig. 2. Complex I is rate limiting for catalysis in CI-AOX PLs. Normalized rates
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and AOX concentrations were determined. Quinone concen-
trations in the membrane were calculated by assuming that 1 mg
of phospholipid occupies ∼1 μL (27), so 1 nmol of quinone per
milligram phospholipid is equivalent to 1 mM. The more hy-
drophilic Q2 and Q1 molecules were added from ethanolic stock
solutions to quinone-free PLs and considered to partition be-
tween the aqueous and membrane phases. Their membrane
concentrations were calculated from the phase volumes and
membrane/water logP values, 4.0 for Q2 and 2.9 for Q1 (28).
Micelle formation was not considered because the critical mi-
celle concentration of Q2 of 14.0 μM (29) is above the maximum
10-μM concentration added, and it was confirmed that all of the
Q2 added could be reduced by complex I. Addition of proto-
nophore uncouplers, such as gramicidin, did not increase the rate
so they were not included. Finally, to account for variations in
enzyme activity between the quinone-specific batch preparations,
two further batches containing samples from each different
quinone were prepared (see red and blue points in Fig. 3); the
Q1 and Q2 datasets are from quinone-free PLs included in these
batches. The Q10 KM dataset was used as the reference and
scaling parameters for the other datasets derived by simulta-
neous nonlinear least squares fitting; the scaling parameters were
applied uniformly and so affect only Vmax, not KM.

Dependence of KM and Vmax on Isoprenoid Chain Length. The KM and
Vmax values for each ubiquinone (from Fig. 3) are summarized in
Fig. 4. Fig. 4A shows that Vmax (or kcat) is biphasic and averages
to 23 ± 2 μmol·min−1·mg−1 (380 s−1) for Q10, Q8, Q6, and Q4,
and 9.3 ± 0.9 μmol·min−1·mg−1 (150 s−1) for Q2 and Q1.

Previous studies, using pentane-extracted mitochondria, also
observed the highest NADH:O2 activities from Q7 to Q10, with
Q1 to Q4 supporting only ∼30% of the Q10 value (21, 22). Fig.
4B shows that KM displays a bell-shaped curve with the highest
value at Q4. We note that the Q10 KM value reported here of
0.48 mM is lower than that of 3.9 mM we measured previously
(23) due to (i) improvements to the AOX preparation that have
increased its specific activity two- to threefold, (ii) improvements to
our quinone quantification protocol, and (iii) the omission of ala-
methicin. Alamethicin was used previously (23) to open pores in the
membrane to allow NADH to access all of the complex I, but we
have now found that 11.25 μg·mL−1 increases the apparent Q10 KM
value from 0.5 ± 0.1–1.3 ± 0.4 mM. Alamethicin has been reported
to sequester membrane-bound fatty acids (30) so it may sequester
quinones also, and to induce structural changes in the membrane
(31). Finally, Fig. 4C shows that the catalytic efficiency or pseudo
second order rate constant, kcat/KM, increases markedly for Q8 and
Q10. Previously, kcat/KM was reported to exhibit a bell-shaped de-
pendence on substrate hydrophobicity (32) but the earlier study used
only quinones with alkyl chains up to 11 carbons long, whereas the
same trend is not replicated here using polyisoprenoid ubiquinones
with partition coefficients that vary much more.

Analysis of Structural Data and Docking of Q10. To investigate how
our data correlate with structural features in complex I, we used
the Caver software (33) to detect and compare the proposed
quinone-binding sites in available structures. Fig. S1 shows that
the bovine (6), porcine (7), T. thermophilus (10), and Y. lipolytica
(9) structures describe a common channel. The same channel is
truncated in the ovine structure (8) by the 49-kDa subunit β1–
β2 loop, and similarly constricted in the Y. lipolytica structure (9).
Variations in the channels may arise from their medium reso-
lutions and/or different enzyme states; both the ovine and
Y. lipolytica enzymes were proposed to be in the “deactive” state
(8, 9) that is unable to reduce quinone, whereas the cryoEM
dataset for the bovine structure (6) was classified into three
states and only the structure allocated to the “active” state was
used here. The bovine, porcine, and T. thermophilus channels are
overlaid in Fig. 1, highlighting their similarity.
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To better define how quinones bind in the channel, we modeled
Q10 into the channel identified in the bovine complex [Protein
Data Bank (PDB) ID: 5LC5] (6) and relaxed the system by at-
omistic molecular dynamics (MD) simulations (Fig. 5A). Sub-
sequently, by truncating the relaxed Q10 model, we performed
further MD simulations for Q8, Q6, Q4, Q2, and Q1 (Fig. 5B).
Analyses of the Q10-bound structure showed that its channel
closely matches the original channel (Fig. S1) and, in all cases, the
modeled protein structures around the bound quinones remain in
similar conformations except that, for Q1–Q6 and the empty site,
the sidechain of F224ND1 moves into the position of isoprenoid-7
(Fig. S2A). Notably, the root-mean-square fluctuations (RMSFs)
of the bound quinone variants suggest that the long isoprenoid
chains of Q8 and Q6, which overlay closely on that of Q10 (Fig.
5B), are spatially tightly constrained by the channel, whereas the
shorter chains of Q4, Q2, and Q1 have much greater conforma-
tional freedom (Fig. 5C).
Strikingly, Fig. 6 shows how the properties of residues close to

the modeled Q10 vary along it (Fig. S3 presents equivalent data
for Q8–Q1). The environment of the headgroup plus isoprenoids
1–3, in the cleft between the PSST and 49-kDa subunits, is pri-
marily hydrophobic and uncharged. Conversely, that of iso-
prenoids 4–7 contains many charged residues. In particular, a
group of highly conserved arginines (Fig. 5A) form a channel el-
bow that produces a ∼100° kink in the modeled Q10 between
isoprenoids 4 and 5. Notably, the hydrophobic faces of the Arg
guanidiniums form π-stacking interactions with the isoprenoids,
while their edges form polar and electrostatic interactions with a
set of conserved Glu/Asp residues (Fig. 5A), consistent with the
known behavior of guanidium groups (34). In the modeled
structures, interactions between the charged residues separate
them into two groups (Fig. S2B), with the group involving residues
on ND1 TMH1 showing less positional variation than that in-
volving primarily residues on the ND1 TMH5–6 loop (Fig. S2C),

noted previously for its flexibility (6). Finally, for isoprenoids 8 and
9 the expected hydrophobic nature of the ubiquinone-binding
channel is reestablished.

Discussion
Entry and Exit of Quinone/Quinol to and from the Channel. In the
classical Michaelis–Menten model, kcat encapsulates all of the
steps that follow formation of the enzyme–substrate complex, so
the fact that kcat is constant for Q4–Q10 (Fig. 4A) suggests that
product dissociation, which is expected to be chain-length de-
pendent, is not rate limiting. Alternative rate-limiting steps in-
clude the electron–proton transfers for quinone reduction, the
coupled processes leading to proton translocation, and all of the
reactions required to complete the catalytic cycle.
For Q2 and Q1, kcat (150 s−1) is substantially lower than for

Q4–Q10 (380 s−1) (Fig. 4A) so the rate-limiting step has either
slowed or changed identity. Both possibilities indicate that a
chain-length dependent step, such as product dissociation, has
slowed down. Furthermore, the pseudo second-order rate con-
stant kcat/KM [where KM = (koff + kcat)/kon] provides a guide to
the rate constant for substrate binding (kon) since it approxi-
mates to it when kcat > koff and reflects how fast the rate in-
creases with increasing concentration, in substrate-limiting
conditions. kcat/KM increases substantially with isoprenoid tail
length (Fig. 4C). Both observations are consistent with rates of
binding and dissociation (i.e., channel transit rates) increasing
with isoprenoid chain length, and being limiting only for Q2 and
Q1. We propose three explanations. First, the short isoprenoid
tails of Q1, Q2, and Q4 do not overlay their respective
Q10 isoprenoids (Fig. 5B) so they are conformationally mobile
within the site (Fig. 5C): their dissociation may be hindered by
lack of directionality, due to lack of a guiding anchor extending
down the channel. The tail of Q10 extends into the membrane
and may guide the entire dissociation process. Second, for the
shorter quinones, an additional molecule(s) may enter the
channel behind the substrate, impeding its dissociation. Third,
the channel entrance is at a similar depth below the membrane
interface to the favored position for the ubiquinone-10 head-
group (35), whereas shorter tail quinones may distribute differ-
ently in the membrane, affecting their binding rates.
Finally, while the simple Michaelis–Menten mechanism pro-

vides a convenient framework for interpreting our data, it does
not account for the unusual nature of the ubiquinone-binding
channel in complex I. Transfer along the whole channel is un-
likely to occur over a single transition state but over a complex
energy surface that may form local minima and transient binding
sites. Longer chain species may move faster along the channel
because their stepwise movements incur minimal changes. For
example, moving a Q10 molecule by one step requires only the
residues (and water molecules) around the headgroup and the
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leading isoprenoid to reorganize (at all other positions one iso-
prenoid simply replaces another), whereas moving a short chain
quinone requires the region behind it to reorganize also. The
energy surface for Q10 transit along the channel may therefore be
flatter. In this way, the unusually long substrate-binding channel in
complex I need not exert a rate-limiting effect on catalysis.

Effect of Isoprenoid Chain Length on Binding Affinity. In classical
Michaelis–Menten kinetics, KM is expressed as (koff + kcat)/kon
so, for Q4–Q10, where kcat is constant (Fig. 4A) but KM de-
creases with increasing chain length (Fig. 4B), koff decreases and/
or kon increases. Both possibilities suggest that Kd (= koff/kon)
decreases, such that Q4 binds most weakly and Q6, Q8, and
Q10 progressively more tightly. The comparison does not extend
to Q2 and Q1 because kcat is different, but as their kcat values are
similar, the same considerations suggest Q1 binds more tightly
than Q2. Thus, although a robust comparison between Q4 and
Q2 is currently not possible, we may infer that the curve de-
scribing Kd qualitatively resembles that of KM.
The relative free-energy changes that result from moving each

quinone species from a low dielectric (membrane) environment
into its complex I binding site were evaluated using continuum
electrostatics calculations (36), revealing a linear dependence on
isoprenoid number (Fig. S4). The trend is consistent with the de-
creasing Kd proposed for Q4–Q10, but not with the decrease
proposed for Q4–Q1. Intriguingly, the discrepancy can be explained
by considering that koff for Q4, Q2, and Q1 may be decreased, as
discussed above, by their lacking a guiding chain for dissociation
and by additional substrate molecules blocking their exit. By de-
creasing koff, these factors “cage” short chain species in the binding
site, independently of their intrinsic affinity for it, and decrease Kd.
Notably, many tight-binding hydrophobic complex I inhibitors
match the dimensions of Q1–Q4 and are considered to occupy
the same binding site; density attributed to piericidin A, which
resembles Q3, was observed to overlay density attributed to
decylubiquinone in crystallographic maps from T. thermophilus
complex I (10). Thus, the potent inhibition of these molecules
may also partly result from caging effects.
The concept of a highly charged channel for the hydrophobic

isoprenoid chain, as observed for isoprenoids 4–7 (Figs. 5 and 6),
is intrinsically challenging. Charged cavities in proteins tend to
fill with water molecules (37), and indeed, in MD simulations on
the structure of T. thermophilus complex I, waters accumulate in
the channel, especially in the charged region (11). If waters are
present it may be that (i) the channel has become hydrated
artificially during the extended handling required for structural
work, or (ii) during every catalytic cycle the quinone displaces
waters, making an entropic contribution to offset the enthalpy
loss of breaking charged and polar interactions. In fact, an un-
favorable binding enthalpy from the charged region may mitigate
the increasing affinity due to binding an increasing number of
hydrophobic units within a hydrophobic channel and be impor-
tant for efficient product release. Higher resolution structural
data are required for further understanding of this intriguing
structural feature.
Finally, increased contributions to the binding affinity from

the second, nonpolar region at isoprenoids 8 and 9 cause a
marked increase in kcat/KM (Fig. 4C). Because kcat is constant
from Q4 to Q10, kcat/KM is dominated by the reciprocal of KM
and the apparent discontinuity in Fig. 4C results simply from a
point of inflection in the KM curve.

How Is Proton Translocation Coupled to Quinone Reduction? The
identity of the coupling point, at which the redox reaction ini-
tiates proton translocation, is currently the most important un-
known feature of the complex I mechanism. Molecular dynamics
simulations of the movement of D16049 kDa away from H5949 kDa,
as a result of proton transfer from H59 to the nascent quinol,

have been used to illustrate one possibility (12). Alternatively,
could conformational changes triggered by quinone/quinol moving
along the channel, particularly through the charged section, trigger
proton translocation? If so, short chain quinones must activate the
mechanism as effectively as long chain quinones, since they elicit
the same proton-pumping stoichiometry (2, 3). As Fig. 5A shows,
the charged residues surrounding the channel are, like D160,
connected to the center of the membrane domain by a chain of
acidic residues (6–10, 12), suggesting how quinone/quinol binding/
dissociation may be communicated to the proton translocation
machinery. To elucidate, challenge, and add to proposals for the
mechanistic coupling point in complex I require higher resolution
structures set in different states, alongside mutational, functional,
and computational studies to provide complementary strategies
and perspectives on tackling this difficult problem.

Experimental Methods
Preparation of AOX. The construct described previously for overexpression of
AOX from T. brucei brucei (38) was modified by removing the N-terminal
mitochondrial targeting peptide (residues 1–24) and replacing the 6xHis tag
with a Twin-Strep tag (IBA GmbH) (39). The modified AOX was overex-
pressed in E. coli strain FN102 (38) in a 60-L fermenter as described previously
(23, 38), except by using 100 μg mL−1 ampicillin instead of carbenicillin. The
culture was incubated at 30 °C, 60% O2 saturation until OD600 ∼0.6, then
expression induced with 25 μM isopropyl β-D-1-thiogalactopyranoside for
12 h. Cells (200–300 g) were collected by centrifugation, then membranes
were prepared immediately (23) and resuspended to ∼30 mg protein mL−1 in
50 mM Tris·HCl (pH 8.0 at 4 °C) for storage at −80 °C.

All of the following steps were at 4 °C: 20 mL of membranes were solubi-
lized at 6 mg protein mL−1 in 25 mM Tris·HCl (pH 8.0), 200 mM MgSO4, 1.4%
(wt/vol) n-octyl-glucopyranoside (Anagrade, Anatrace) and 20% (vol/vol)
glycerol for 1 h then centrifuged (165,000 × g, 30 min). The supernatant was
loaded onto a ∼8-mL column of Strep-Tactin Superflow high capacity resin
(IBA GmbH) preequilibrated in strep buffer: 20 mM Tris·HCl (pH 8.0 at 4 °C),
50 mM MgSO4, 160 mM NaCl and 20% (vol/vol) glycerol (39). AOX was eluted
in strep buffer supplemented with 2.5 mM desthiobiotin (Sigma-Aldrich)
and 0.042% n-dodecyl-β-D-maltopyranoside (DDM) (Anagrade, Anatrace) (39).
Pooled AOX-containing fractions were concentrated 10-fold, then dialyzed for
6 h against 2 L of strep buffer plus 0.042% DDM (23). Typical preparations
yielded 3–5 mg AOX and were ≥95% pure by SDS/PAGE.

Preparation of Complex I.Mitochondrial membranes were prepared from Bos
taurus (bovine) heart (40) then complex I was prepared as described pre-
viously (23), with minor modifications. Membranes were solubilized at 5 mg mL−1

protein in 1% DDM. The Q-Sepharose buffers consisted of 20 mM Tris·HCl
(pH 7.55 at 4 °C), 2 mM EDTA, 10% (vol/vol) ethylene glycol, 0.2% (wt/vol)
DDM, 0.02% asolectin (total soy lipid extract, Avanti Polar Lipids), and 0.02%
3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS). Size
exclusion chromatography was conducted on a Superose 6 Increase 10/300 col-
umn (GE Healthcare) in 20 mM Tris·HCl (pH 7.55 at 4 °C), 200 mM NaCl,
0.05% DDM, and 10% (vol/vol) glycerol. Samples were flash frozen for stor-
age at ∼20 mg·mL−1 in 30% (vol/vol) glycerol.

Preparation of CI-AOX PLs. Chloroform solutions (25 mgmL−1) of bovine heart
phosphatidylcholine (PC), phosphatidylethanolamine (PE) and cardiolipin
(CL) were from Avanti Polar Lipids. Chloroform stock solutions of Q10 (Sigma
Aldrich), Q8 (Avanti Polar Lipids), Q6 (Avanti Polar Lipids) and Q4 (Santa Cruz
Biotechnology) were created at 2–4 mM. PLs were prepared as described
previously (23), starting from mixtures of 8 mg PC, 1 mg PE, 1 mg CL and
quinone (as required).

Characterization of PLs. To quanitify the quinone present, 90 μL of ethanol
(HPLC grade Chromasolv; Sigma-Aldrich) was added to 10 μL of PL solution,
sonicated (1 min) and centrifuged (16,300 × g, 10 min). A total of 50 μL of
supernatant was injected onto a Nucleosil 100–5C18 (Hichrom) column, and
run at 30 °C at 800 μL·min−1 on an Agilent 1100 series HPLC in 70% ethanol,
30% methanol, 0.07% HClO4, and 50 mM NaClO4 for Q10 and Q8, or in
100% methanol, 0.07% HClO4 and 50 mM NaClO4 for Q6 and Q4 (retention
times 9, 6, 10, and 5 min, respectively). Concentrations were determined by
comparison with known standards. Total phospholipid contents were de-
termined as detailed previously (23). Total protein contents were quantified
by the amido black assay, which is insensitive to detergents and high
phospholipid concentrations (41). The NADH:APAD+ oxidoreduction assay
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was used to determine the total complex I content and orientation together with
15 μg·mL−1 alamethicin to allow NADH into the PL lumen (23). The AOX content
was taken as the difference between the total protein and complex I contents.

Catalytic Activity Assays. Activity assays were at 32 °C in 10 mM Tris-SO4

(pH 7.5 at 32 °C), 50 mM KCl, 200 μM NADH with ∼1.5 mg protein mL−1 PLs
(23). NADH oxidation was monitored at 340–380 nm (e = 4.81 mM−1·cm−1)
on a Molecular Devices Spectramax 384 Plus platereader. Q2 and Q1 (Sigma-
Aldrich) were added in ethanol. Inhibitor-insensitive rates were determined
in 0.5 μM piericidin A as 0.30 ± 0.03 μmol NADHmin−1·mg CI−1 for all quinones
except Q1 (which exhibited a concentration-dependent inhibitor-insensitive
rate) and have been subtracted from the data reported.

Molecular Modeling of Ubiquinone-Bound Structures. Ubiquinone-10 was
docked into a channel identified by the HOLE software (42) in the structure of
bovine complex I [PDB ID: 5LC5 (6)] with missing amino acid sidechains
modeled. Then, 20 ns of classical MD simulation (integration time step 2 fs,

310 K) were performed using NAMD2 (43) with the CHARMM36 force field (44),
and density functional theory (DFT)-derived parameters for all cofactors (12).
Backbone atoms of the 49 kDa, ND1, and PSST subunits were harmonically
restrained (force constant 2 kcal·mol−1·Å−2), with positional constraints for all
other subunits. The A57–V61 and L106–S110 loops of the 49-kDa subunit that
carry H59 and Y108 were not restrained. For the Q1–Q8-bound structures, the
Q10 molecule was truncated and each variant relaxed for a further 10 ns. Free
energies for quinone solvation into complex I were estimated by the molecular
mechanics–generalized Born surface area (MM-GBSA) method (36), using
50 snapshots extracted from 10-ns MD simulations.
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A B S T R A C T

The respiratory complex I is a redox-driven proton pump that employs the free energy released from quinone
reduction to pump protons across its complete ca. 200 Å wide membrane domain. Despite recently resolved
structures and molecular simulations, the exact mechanism for the proton transport process remains unclear.
Here we combine large-scale molecular simulations with quantum chemical density functional theory (DFT)
models to study how contacts between neighboring antiporter-like subunits in the membrane domain of complex
I affect the proton transfer energetics. Our combined results suggest that opening of conserved Lys/Glu ion pairs
within each antiporter-like subunit modulates the barrier for the lateral proton transfer reactions. Our work
provides a mechanistic suggestion for key coupling effects in the long-range force propagation process of
complex I.

1. Introduction

The respiratory complex I (NADH:ubiquinone oxidoreductase) is a
redox-driven proton pump that serves as an initial electron entry point
in prokaryotic and eukaryotic respiratory chains [1–4]. By reducing
quinone (Q) to quinol (QH2), complex I transports four protons across a
biological membrane [1,5,6] and establishes a proton motive force
(pmf) that is employed for active transport and synthesis of adenosine
triphosphate (ATP) [7,8]. Complex I is by far the largest and most in-
tricate member of the respiratory chain, and despite recently resolved
structures [9–12], the molecular mechanism by which it pumps protons
still remains unclear.

Complex I is a 0.5–1MDa L-shaped enzyme that comprises up to 45
subunits in eukaryotes [13], and is organized into a hydrophilic domain
and a membrane domain. The electron transfer process takes places in
the ca. 100 Å long hydrophilic domain, whereas the 200 Å long mem-
brane domain is responsible for the proton pumping function (Fig. 1).
The 14 conserved core subunits of the enzyme constitute the machinery
needed to catalyze the long-range proton-coupled electron transfer
(PCET) process. The remaining 31 supernumerary subunits in the eu-
karyotic enzyme are organized around the core subunits [14–16] and
are possibly involved in the regulation of enzyme functions, e.g., by the
active-to-deactive transition [11,12,17–20], which modulates complex I
activity.

The electron transport process is initiated by the oxidation of ni-
cotinamide adenine dinucleotide (NADH), which transfers its two
electrons via a non-covalently bound flavin mononucleotide (FMN)
cofactor to a chain of 8–9 iron sulfur centers (ISC) and further to the Q-
binding site, located ca. 30 Å above the membrane surface (Fig. 1)
[9,21,22]. The electron transfer (eT) between NADH and the terminal
N2 iron‑sulfur center takes place on ca. 90 μs timescales [23,24], which
is fast relative to the millisecond turnover of complex I [2], and thus not
rate-limiting for the proton pumping process [2,25].

The Q pocket is located at the interface between the three subunits
Nqo4, Nqo6, and Nqo8 (T. thermophilus nomenclature), and extends ca.
40 Å toward the membrane domain. There are to date no experimen-
tally resolved structures of complex I with bound Q, but computational
studies [26,27] suggest that Tyr4-87 and His4-38 stabilize the Q head-
group and function as local proton donors in the Q-reduction process.
These findings are also supported by site-directed mutagenesis studies
[28,29]. The Q cavity has a non-uniform polarity, and it comprises a
kink region with many polar and charged amino acids [9,30]. From this
kink, a chain of conserved charged/polar residues extends in the middle
of the membrane domain toward the terminal Nqo12 subunit [9,31].

Of the seven membrane domain subunits, three antiporter-like
subunits, Nqo12, Nqo13, and Nqo14 are evolutionary related to each
other and to multi-resistance and pH adaptation (Mrp) Na+/H+ anti-
porters. The antiporter-like subunits share an internal pseudo-
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symmetry, with two trans-membrane (TM) helix bundles, TM4-8 and
TM9-13, that contain a broken-helix element. A similar five-helical
bundle, TM2-6, is also present in the Nqo8 subunits, and it comprises a
part of the Q channel. The proton pumping is likely to occur in the
Nqo12, Nqo13, and Nqo14 subunits, pumping one proton each. The
location of the fourth proton pathway is still under debate, but a pos-
sible location is the region between Nqo8 and Nqo11 [9,10]. Recent
simulations [32–34] show that the proton channels are likely to form at
the broken-helix segment, similar as in other transporters [35,36].

It is possible to identify conserved repeated residue motifs in each
antiporter-like subunit. These include a Lys/Glu ion pair (Arg/Glu in
Nqo12), a central Lys residue, one or more bridging His residues, and a
terminal charged Lys or Glu residue (Fig. 1, inset). Site-directed muta-
genesis experiments [37–42] and molecular simulations suggest that
these residues are crucial for the proton pumping activity. Moreover,
the Q reduction activity is also affected by mutations of these residues,
suggesting that the electron and proton transfer processes are tightly
coupled in complex I. Importantly, to achieve such tight coupling be-
tween the Q reaction and the terminal proton transfer in Nqo12, the “Q-
reduction signal” needs to propagate through the complete membrane
domain.

Biochemical, structural, and computational studies have probed
possible proton pumping mechanisms ([25,33,42–46], cf. [44] and refs.
therein). Although the overall pumping process takes place on milli-
seconds timescales, individual transitions that couple to the pumping
process may take place on much shorter timescales once a rate-limiting
step has been overcome. Therefore, relaxation of such “non-equili-
brium” state created here, e.g., by protonation changes, can be em-
ployed to obtain mechanistic information of rare events using mole-
cular dynamics simulations that are shorter than the overall turnover

timescale.
Recently, we suggested a molecular mechanism where conforma-

tional changes in the Lys/Glu ion pairs are involved in the long-range
force propagation process and transmit the signal between neighboring
antiporter-like subunits. This mechanism involves sequential Lys/Glu
ion-pair dissociation and lateral proton transfer processes, propagating
the signal from Nqo14 to Nqo12. We found that the energetics of ion-
pair dissociations depends on the protonation state of the central Lys
residues, making also the reverse effect possible, i.e., that the ion-pair
dynamics modulate the pKa of the neighboring amino acids. The pro-
tonic connectivity to the two membrane sides (N- and P-side) was
further suggested to be regulated by the hydration state of input and
output channels, which in turn is controlled by the state of buried
charged residues. The water channels “open” and “close” on the sub-μs
timescale, which may provide a rate-limiting element in the proton
pumping process. It was suggested that the proton N-side input and P-
side output channels are located at symmetry-related positions. More
specifically, the channels form at the interface between subunits and
the 5-TM helices bundles, sharing the same symmetry and connecting
the buried central Lys and terminal charged residues within each sub-
unit to the N- and P-sides of the membrane [33]. The lateral proton
transfer takes place between the central Lys residue and the charged
residue facing the subsequent subunit. Each of these events triggers the
following process and propagates across the complete ca. 200 Å mem-
brane domain. We also suggested based on thermodynamic considera-
tions [46] that the proton pumping process involves a “backwave” that
couples to proton release across the membrane.

To study the energetics and dynamics of this coupling principle, we
perform here classical molecular dynamics (MD) simulations in com-
bination with quantum chemical density functional theory (DFT)

Fig. 1. Structure of the bacterial complex I from T. thermophilus (PDB ID: 4HEA). Electron transfer takes place in the hydrophilic domain (in purple) between NADH
and Q. Energy released from the Q reduction process is employed to transfer four protons across the membrane. The antiporter-like subunits Nqo12 (in red), Nqo13
(in blue) and Nqo14 (in yellow) are likely to transfer one proton each, whereas the location of the fourth proton pathway is still not fully clear (but cf. [33,34]). Inset:
Chain of conserved charged and polar residues in Nqo13. From right to left: terminal charged residue of Nqo14, the Glu/Lys ion pair, the central Lys, the bridging His,
the terminal charged residue of Nqo13 (Glu), and the interface to Nqo12.
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calculations on the experimentally resolved X-ray structure of complex I
from Thermus thermophilus. Our data suggest how the inter-subunit
contacts are established and how these interactions could modulate the
proton transfer energetics.

2. Models and methods

2.1. Classical molecular dynamics

The X-ray structure of T. thermophilus complex I [9] was embedded
in a POPC membrane and solvated with TIP3P water, and the system
was neutralized with a ca. 100mM NaCl concentration. Ubiquinone
(Q10) was modeled in the Q-cavity, which was identified using the
HOLE [47] software, and the Q headgroup was placed between His4-38
and Tyr4-87 of the Nqo4 subunit. The system comprised ca. 830,000
atoms. A constant temperature of 310 K and pressure of 1 bar were
modeled in an NPT ensemble, and long-range electrostatics were
treated by the Particle Mesh Ewald (PME) method [48]. The simula-
tions were performed using NAMD2 [49] and the CHARMM27 force
field [50,51] using a 2 fs integration timestep. Force field parameters
for the cofactors were derived from density functional theory (DFT/
B3LYP/def2-TZVP) calculations. pKa values were estimated using

Poisson-Boltzmann (PB) continuum electrostatic calculations and per-
formed using the Adaptive PB solver (APBS) [52], by performing the
Monte Carlo sampling of the 2N possible protonation states with
Karlsberg+ [53]. The system was described by explicit partial atomic
charges embedded in an inhomogeneous medium with an ε=4, and
bulk water by a homogeneous medium with ε=80. Part of the simu-
lation data were also employed in Ref. [33] and are reported in Table
S1. Principal component analysis (PCA) [54,55] of the MD data was
performed using the position of the Cα atoms of subunits during
200–600 ns of dynamics (simulations 2 and 4) after 400 ns of simula-
tion. The PCA and related analyses were performed with ProDy [56].

2.2. Quantum chemical density functional theory models

Quantum chemical DFT models consisting of the Lys13-235, His13-
292 and Glu13-377 residues of Nqo13 and Lys14-216, His14-265 and
Lys14-345 residues of Nqo14, with three intervening water molecules in
each case, were constructed based on 100 ns relaxed MD simulations.
The amino acid residues were cut at the Cβ (for His and Glu) or Cδ (for
Lys) positions, which were fixed during structure optimization at the
B3LYP-D3/def2-SVP level [57–60]. The protein environment was
treated as a polarizable medium with ε=4 using the conductor-like

Fig. 2. Structure of the antiporter-like subunit interfaces in the membrane domain of complex I. The figure shows A) the Nqo13-Nqo14 interface, B) the Nqo11-
Nqo14 interface, and C) the Nqo13-Nqo12 interface. Ion pairs between conserved charged residues form alternating contacts within the same and neighboring
subunits, with snapshots of intra-subunit contacts (to the left) and inter-subunit contacts (to the right).
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screening model (COSMO) [61]. Transition states were also optimized
at the same level of theory. Electronic energies were computed at
B3LYP-D3/def2-TZVP/ε=4 level with zero-point vibrational (ZPE)
energy corrections obtained at B3LYP-D3/def2-SVP/ε=4 level. To
study the effect of the Lys13-204/Lys14-186, we added a Lys α-amino
group at 10.5 Å from the Lys13-235/Lys14-216. All calculations were
performed with TURBOMOLE v 6.6 [62].

3. Results and discussion

3.1. Inter-subunit contacts affect intra-subunit residue conformations

Starting from the crystal structure of complex I from Thermus ther-
mophilus, we performed ca. 3 μs classical molecular dynamics (MD) si-
mulations with the central polar residues modeled in both their pro-
tonated and deprotonated forms (Table S1). In the MD simulations, we
find that the Lys/Arg-Glu ion pairs in each antiporter-like subunit form
transient contacts with neighboring subunits that are stabilized by in-
teractions with oppositely charged residues at their interface (Fig. 2).
For each of the three interfaces Nqo11/Nqo14, Nqo13/Nqo14, and
Nqo12/Nqo13, we observe a qualitatively similar behavior, with the
key residues showing a two-state conformational switching behavior,
which could be important for the signal propagation in the membrane
domain of complex I.

We find that the Nqo13/Nqo14 interface has the clearest switching
behavior (Fig. 3A). The MD simulations suggest that Glu13-123 can
form both an intra-subunit salt-bridge with Lys13-204 and an inter-
subunit contact with Lys14-345 upon conformational switching
(Fig. 2A, Fig. 3A). This switching is coupled with a decrease in the
distance between Lys13-204 and the central Lys13-235 (Fig. 3A, upper
panel), which could function as a primary proton donor in the pumping
process [33], as also supported by site-directed mutagenesis experi-
ments [41]. The distance distribution for the Lys13-235/Lys13-204 pair
shows two major sidechain conformations (Fig. 2A). When either of the
residues is modeled in the deprotonated state, we obtain a mean dis-
tance of ca. 10.5 Å, whereas when both residues are in their protonated
(charged) states, the electrostatic repulsion increases their mean dis-
tance to ca. 14.0 Å (Fig. 3A, lower panel), showing that the ion-pair
dynamics is tightly coupled to the protonation state of the residues
(Fig. 3A). Interestingly, in the crystal structure of complex I from
Thermus thermophilus (PDB ID: 4HEA), the Lys13-204/Glu13-123 ion pair
has been refined in the dissociated state, with Glu13-123 flipped toward
the Nqo14 subunit.

Similar as for Nqo13/Nqo14, we also observe a conformational
switching at the interface between Nqo14 and Nqo11 (Fig. 3B). How-
ever, in contrast to the Nqo13/Nqo14 interface where Glu13-123 in-
teracts with two oppositely charged residues, Glu14-112 is surrounded
by Lys14-186 and two acidic residues, Glu11-67 and Glu11-32 (Fig. 2B).
Here we observe two distinct conformations of Glu11-67, which result in
a ca. 7 Å distance to Lys14-186 when it is modeled in a protonated state,
and a ca. 3.2 Å distance when is modeled in a deprotonated state
(Fig. 3B), forming a hydrogen-bonded contact. When deprotonated,
Glu11-67 faces away from Glu11-32, possibly due to electrostatic re-
pulsion. Similar as in Nqo13, this conformational change correlates
with an increase in the Lys14-186/Lys14-216 distance (Fig. 3B). Lys14-
216 is likely to function as the proton donor in subunit Nqo14 [33,44].

We next analyzed the ion-pair dynamics at the Nqo12/Nqo13 in-
terface, which is structurally different from the other antiporter-like
subunits. The Nqo12/Nqo13 interface comprises two positively charged
residues, Lys12-216 and Arg12-163, which are compensated by three
negatively charged residues, Glu13-377, Glu12-132, and Asp12-166
(Fig. 2C). Arg12-163 has been suggested to replace a putative Na+-
binding site in their evolutionary ancestral Na+-pumping Mrp trans-
porters [4]. Our MD simulations suggests that Arg12-163 can form a
salt-bridge with the surrounding acidic residues. In addition to the two
distinct conformational states observed for the other interfaces, we also

observe a third intermediate state (Fig. 3C, lower panel), which could
arise from simultaneous interaction with both its acidic neighbors at the
same time. We find that the strong interaction between Arg12-163 and
Asp12-166 is anti-correlated with the opening of the Glu13-377/Arg12-
163 ion pair (Fig. 3C, upper panel).

In Nqo12, the distance between the putative proton donor, Lys12-
329, and residues Lys12-216/Asp12-166 at the inter-subunit interface is
larger than 18 Å, making a direct electrostatic coupling between the
two sites somewhat weaker, as compared to the interaction in the other
subunits. However, the conserved His12-241 of TM8, located in the
same position as the central Lys in Nqo13 and Nqo14, could provide a
link necessary to couple the ion-pair dynamics to the proton transfer
process. The higher complexity in Nqo12 might be related to the fact
that it is the terminal antiporter-like subunit, and the coupling might be
weaker than for the other subunits [4] (however, cf. also [46]).

3.2. Channel hydration and coupling between subunits

We recently observed a connection between the protonation state of
the central Lys residues and the opening/closing dynamics of the proton
channels in the antiporter-like subunits [33]. Our MD simulations
suggest that in Nqo13, the water connectivity next to the broken helix
TM7a is established when Lys13-235 is protonated, and is lost upon its
deprotonation (Fig. 4A). The hydration state of the antiporter-like
subunit is, interestingly, also coupled with subtle structural changes
(Fig. 4A). We observe that upon deprotonation of the middle Lys, the
hydration level of the channel next to the broken helix TM7a drops
significantly (Fig. 4B). Only one water molecule, which interacts with
the deprotonated Lys, remains close to the TM4-8 helix bundle, whereas
the remaining channel water is pushed toward the N-side by His13-211
and Leu13-214, which move closer together to form a gating element.
Both residues are located on the upper part of the broken helix (TM7) of
the antiporter-like subunit. Communication between the two parts of
the helix (TM7a and TM7b) could be mediated by Trp13-213 in TM7a,
as indicated by a hydrogen-bond between the tryptophan and the
backbone of Leu13-203 of the lower helix (TM7b). The tilt of TM7a
relative to TM7b also changes significantly after deprotonation of Lys13-
235 (Fig. 4B), which also couples to a subtle shift in the π-kink of TM8
with Lys13–235. These conformational changes lead to a decrease in the
channel radius by ca. 2 Å measured from the distance between Leu13-
214 on TM7a and Lys13-287 on TM8, and a decrease in mean channel
hydration by ca. 50% (within 4 Å of the gate, Fig. 4B).

The MD simulations performed with different protonation states
reveal possible effects driving the opening/closure of channels. To
further probe global coupling effects, we performed a principal com-
ponent analysis (PCA) that projects out global slow relaxing degrees of
freedom. The dynamical correlation between the antiporter-like sub-
units, calculated based on the PCA correlation matrix on different tra-
jectories, shows how the coupling of motions could depend on both the
hydration level of the subunits and the protonation states of the buried
residues. When the putative proton channels are hydrated, we observe a
strong coupling between the subunits (Fig. 5A). However, upon dehy-
dration of the water channels by deprotonation of the central Lys, the
coupling between subunits weakens as indicated by a reduced corre-
lation (Fig. 5B).

Although analysis of more intermediate states is needed to clarify
details of the coupling between subunits, our data nevertheless indicate
that the protonation state of conserved residues and channel hydration
affect complex I dynamics. This suggests that not only the protein
structure, but also the water molecules play an active role in the
pumping process, by providing essential coupling elements that
transmit the signal in addition to their role as “proton wires”.

3.3. Inter-subunit contacts modulate proton transfer energetics

To “push” the proton horizontally within the antiporter-like
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domains, complex I must invest energy by destabilizing the protonated
middle Lys. As described above, this could be achieved by opening of
the Lys/Glu ion pair, which is expected to result in a charge repulsion
between Lys13-204 and Lys13-235 (in Nqo13), as also suggested by re-
cent free energy simulations [33]. To qualitatively probe such coupling
principles, we built quantum chemical model systems comprising the
sidechains of residues Lys-His-Lys and Lys-His-Glu (proton donor –
bridging residue – proton acceptor), bridging water molecules, and
using a protonated Lys sidechain as “triggering signal” for the proton
transfer process (Fig. 6). The structures were extracted from the clas-
sical MD simulations of complex I after ca. 100 ns. After DFT optimi-
zation of intermediate and transitions states, we studied the energetics
of the proton transfer reaction for this model system by probing the

effect of a positive charge next to the proton donor, mimicking the
charge of the unpaired Lys resulting from the flip of the interface salt-
bridges to the neighboring subunit.

In subunit Nqo13 (Fig. 6A), our quantum chemical models suggest
that proton transfer from Lys13-235 to His13-292 via one bridging water
molecule (A1 to A3 in Fig. 6A) has an energy barrier of ca. 4 kcal mol−1

and takes place via a hydronium-like transition state structure. The
process is exergonic by ca. 5 kcal mol−1. The effect of the un-
compensated Lys13-204 lowers this barrier by ca. 2 kcal mol−1 and
renders the reaction more exergonic by ca. 3 kcal mol−1. The sub-
sequent proton transfer from His13-292 to Glu13-377 via two water
molecules (A3 to A5 in Fig. 6A) has a barrier of ca. 6 kcal mol−1, with a
transition state resembling a Zundel ion, and a reaction energy of ca.

Fig. 3. Ion-pair dynamics at the sub-
unit interfaces in the membrane do-
main of complex I. A) The Nqo13 –
Nqo14 interface. Upper panel: Distances
of the Lys13-204/Glu13-123 ion pair (in
black), the Lys14-345/Glu13-123 ion
pair (in red) during 0.6 μs of MD si-
mulation (simulation 5). The flip of the
ion pair correlates with a decrease in
the Lys13-204/Lys13-235 distance (in
blue). Lower panel: Lys13-235/Lys13-
204 distances and their distribution
during 2.8 μs of dynamics (simulations
1 to 5). The dark blue curve represents
a ‘repulsive’ regime where both residues
are positively charged, whereas depro-
tonation of Lys13-204 leads to sampling
of shorter distances (light blue curve).
Vertical grey lines indicate boundaries
between separate simulations. B) The
Nqo11 – Nqo14 interface. Distances of
the Glu11-67/Lys14-186 (in blue) and
Lys14-186/Lys14-216 (in red) ion pairs
during 2 μs MD simulations (simula-
tions 1, 2, 5) and the distribution of the
distances between Glu11-67/Lys14-186
during the MD simulations. Upon de-
protonation of Glu11-67 at 1.4 μs, the
inter-subunit contact forms, which
correlates with an increase in the Lys14-
186/Lys14-216 distance. Deprotonation
of Glu11-67 leads to formation of con-
tact with Lys14-186. C) The Nqo12 –
Nqo13 interface. Upper panel: Distances
of the Arg12-163/Glu13-377 (in blue)
and the Arg12-163/Asp12-166 (in red)
ion pairs during 0.6 μs of MD simula-
tion (simulation 5). Arg12-163 forms
inter- and intra-subunit salt-bridges.
Lower panel: Distances between Arg12-
163/Glu13-377 during 2.8 μs of simu-
lation (simulations 1 to 5) and their
respective distribution. Intra-subunit
and intermediate states are drawn in
dark-blue and the inter-subunit state in
light blue. Vertical grey lines indicate
boundaries between separate simula-
tions.

A. Di Luca et al. BBA - Bioenergetics 1859 (2018) 734–741

738



−14 kcal mol−1. The exergonicity of this process is likely to be over-
estimated due to the neutralization of an uncompensated negative Glu
in a low dielectric environment. The presence of the unpaired Lys
sidechain at 10.5 Å from Lys13-235 stabilizes both the intermediate and
final states (A3 to A5 in Fig. 6A) by ca. 3 kcal mol−1, conserving the
barrier of ca. 5 kcal mol−1. In subunit Nqo14 (Fig. 6B), the energetics of
the proton transfer from Lys14-216 to His14-292 (B1 to B3 in Fig. 6B) is
similar as in the Nqo13 subunit model, with a barrier of ca.
5 kcal mol−1 and an exergonicity of ca. 5 kcal mol−1. We find that the
charge of Lys14-186 could stabilize this hydronium-ion transition state
by ca. 2 kcal mol−1, but it slightly destabilizes the protonated His14-262
by ca. 1 kcal mol−1. Proton transfer from His14-262 to Lys14-345 via
two water molecules (B3 to B5 in Fig. 6B) has a relatively high energy
barrier of ca. 15 kcal mol−1 in the model system, and it is endergonic by
ca. 7 kcal mol−1, yielding a final state which is ca. 2 kcal mol−1 higher
in energy than the initial state. However, the charge of the

uncompensated Lys lowers the barrier by ca. 4 kcal mol−1 and makes
the reaction more exergonic by ca. 4 kcal mol−1, now being stabilized
relative to the initial state by ca. 2 kcal mol−1. The intermediates and
transition states observed in our QM cluster models are consistent with
the ones from QM/MM-models probed in our previous study [33].

Although the proton transfer model employed here is simple, it
nevertheless captures qualitative features on how modulation of the
proton transfer energetics could be achieved in complex I. The model
also describes some of the essential features needed to create a tightly
coupled proton pumping machinery. While here the cost to change the
energetics of the system is given by the energy required to “create” a
positive charge next to our proton transfer chain, the same process in
the complete system would also include the free energy caused by the
separation of the ion pair and creation of the “excess charge”. Free
energy computations [33] estimate these effects as 3–4 kcal mol−1 with

Fig. 4. A) Conformational changes associated with deprotonation of the central
Lys13-235 in subunit Nqo13 in the membrane domain of complex I. When Lys13-
235 is simulated in a protonated state (red, simulation 2) the gate formed by the
sidechains of Leu13-214 and His13-211 (yellow circles) is open, whereas the gate
closes when Lys13-235 is modeled in a deprotonated state (blue, simulation 4),
inducing dehydration of the channel. The opening/closing is coupled to a
structural tilting of the TM7b broken helix (yellow arrows). B) The channel
hydration state (in red and blue) and channel radius (in grey) for subunit Nqo13
with Lys13-235 modeled the protonated (simulation 2, red) and deprotonated
states (simulation 4, blue), respectively. The hydration state is measured as the
number of water molecules within 4 Å around the Leu13-214/His13-211 gate.
The pore radius is measured as distance between Leu13-214 (TM7a) and Lys13-
287 (TM8). The mean hydration changes from four water molecules to eight
water molecules during channel opening.

Fig. 5. Correlation matrices of the membrane domain of complex I obtained
from principal component (PC) analysis of the MD simulation data (simulations
2 and 4, Table S1). Correlation of PCs A) with open channels between the N-side
bulk water and central Lys residues, B) upon deprotonation of the central Lys
residues and closure of the N-side channels. Neutralization and/or dehydration
of the subunits cause a decreased coupling between subunits. The colors refer to
the inter-residue correlation from 1 (directly correlated), to −1 (anti-corre-
lated).
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a deprotonated central Lys and > 8 kcal mol−1 when Lys13–235 is
modeled in a protonated state. The models thus support that the inter-
subunit ion pairs could influence the lateral proton transfer reaction
and coupling between subunits propagated.

4. Conclusions

Our molecular simulations presented here provide insight on how
inter-subunit contacts can modulate the proton transfer processes in the
antiporter-like subunits of complex I. The proton pumping in the
membrane domain of complex I, involves proton transfer reactions
between the N-side bulk and buried titratable lysine residues, as well as
horizontally across the membrane domain. Our simulations indicate
that the energetics and kinetics of these proton transfer reactions are
coupled to the charged state of a conserved ion pair within each anti-
porter-like subunit, and in turn, regulated by the charged state of the
neighboring subunit. Our data indicate that Glu13-123 in Nqo13, could
act as a two-state conformational switch, by interaction with Lys14-345
of Nqo14. The resulting uncompensated charge of Lys13-204 could
therefore lead to proton transfer to Glu13-377. Quantum chemical
model calculations of these processes further support that the con-
formational state of the Lys/Glu ion pair indeed strongly modulates the
proton transfer energetics. Moreover, our principal component analysis
of global dynamics in the membrane domain of complex I suggests that
the ion-pair dynamics is also linked with channel hydration and inter-
subunit couplings. We observe similar effects as described for Nqo13,
also in the other antiporter-like subunits. Our combined results suggest
that a combination of conformational and electrostatic switching pro-
vide an important functional principle to achieve an action-at-a-distance
effect in complex I.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbabio.2018.06.001.
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A B S T R A C T

The respiratory complex I is an enzyme responsible for the conversion of chemical energy into an electro-
chemical proton motive force across the membrane. Despite extensive studies, the mechanism by which the
activity of this enormous, ca. 1MDa, redox-coupled proton pump is regulated still remains unclear. Recent
structural studies (Zhu et al., Nature 2016; Fiedorczuk et al., Nature 2016) resolved complex I in different
conformations connected to the active-to-deactive (A/D) transition that regulate complex I activity in several
species. Based on anisotropic network models (ANM) and principal component analysis (PCA), we identify here
transitions between experimentally resolved structures of the mammalian complex I as low-frequency collective
motions of the enzyme, highlighting similarities and differences between the bacterial and mammalian enzymes.
Despite the reduced complexity of the smaller bacterial enzyme, our results suggest that the global dynamics of
complex I is overall conserved. We further probe how the supernumerary subunits could be involved in the
modulation of the A/D-transition, and show that in particular the 42 kDa and B13 subunits affect the global
motions of the mammalian enzyme.

1. Introduction

Complex I (NADH: ubiquinone oxidoreductase) serves as the pri-
mary entry point for electrons in respiratory chains [1–3]. By pumping
protons, complex I contributes to the proton motive force (pmf) across
the membrane, which is in turn used for synthesis of adenosine tri-
phosphate (ATP) and active transport [4,5]. The eukaryotic complex I
(Fig. 1) is composed of up to 45 subunits [6–9], 14 of which are con-
served, and constitute the inner core of the enzyme [10]. These con-
served core subunits suggest that there are mechanistic similarities
among different species, as observed in many other respiratory enzymes
[11].

The hydrophilic domain of complex I catalyzes electron transfer
(eT) between nicotinamide adenine dinucleotide (NADH), flavin
mononucleotide (FMN), a chain of 8–9 iron sulfur centers (ISC), and
quinone (Q) (Fig. 1), which is located in a binding pocket ca. 30 Å
above the membrane surface [12–15]. The free energy released in the Q
reduction process is further employed for pumping four protons across
the mitochondrial inner membrane [16–20], whereas the reduced
quinol (QH2) shuttles the electrons further to respiratory complex III.
The membrane domain of complex I is responsible for the proton
pumping activity [21–24], and it comprises seven of the 14 core sub-
units, arranged in a ca. 180 Å-long array. Three of these subunits have

an antiporter-like structure, and have evolved from Mrp-type (multi-
resistance and pH adaption) Na+/H+-antiporters. These antiporter-like
subunits are likely to be responsible for pumping one proton each. From
the Q-binding site, located at the interface between ND1, PSST, and the
49 kDa subunit (B. taurus nomenclature), a continuous chain of con-
served polar and charged residues span the entire membrane domain.
This amino acid array participates together with water molecules in
catalyzing the pT reactions up to ca. 200 Å away from the Q-reduction
site [13,23]. The membrane domain also comprises a horizontal (HL)
helix spanning from ND2 to ND5 (NuoN to NuoL in E. coli) that was
initially suggested to undergo conformational changes during enzyme
turnover. Recent crosslinking, biochemical, and structural studies
[25–27], however, suggest that the HL-helix is an element important for
structural stability of the enzyme. Over the years, structural [28,29],
biochemical [30–33], and computational studies [34–37] have been
used to derive possible coupling mechanism between the terminal eT
and pT based on conformational and/or electrostatic couplings, and
involving one or two stroke mechanisms.

Recently resolved structures of complex I from Yarrowia lipolytica
[24], Bos taurus [38], and Ovis aries [39] show that supernumerary
subunits associate with the eukaryotic complex I, and form an outer
shell around the central core enzyme (Fig. 1). The function of these
supernumerary subunits is still unclear, but some possible roles have
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been suggested. For example, the 13-kDa subunit, which contains a zinc
binding site, is important for complex I-assembly, and affects binding of
other subunits upon deletion [40], whereas mutations causing the loss
of the acyl carrier protein SDAP-α are involved in regulation of the
oxidoreductase activity of complex I [41].

In addition to the complexity that arises from the tightly coupled eT
and pT reactions, the mammalian complex I can also undergo an active-
to-deactive (A/D) transition [42–44], and similar to other respiratory
enzymes, e.g., cytochrome c oxidase [45,46], re-activation of the de-
active enzyme can be achieved by turnover [44]. Despite the A/D-
transition was first observed a half century ago [47–49], and several
efforts have been made to understand its molecular origins (cf. [43] and
refs. therein), the mechanism of the A/D-transition still remains elusive.
Biochemical studies [50–55] identified that ND1, ND3, and the 39 kDa
(NDUFA9) subunit move during the A/D transition, and that a loop in
ND3, that is solvent exposed in the deactive form, undergoes structural
rearrangement. Recent structural insight in the A/D transition was also
obtained from the near-atomic resolution structures of the eukaryotic
complex I [24,38,39]. In particular, the Y. lipolytica complex was re-
solved in the deactive state [24], whereas the mammalian ovine and
bovine structures were assigned to both active and deactive states after
separation of different classes of cryo-EM data [38,39]. Subtle move-
ments of all subunits were identified within the cryo-EM classes, but the
proposed overall rearrangement for the A/D transitions somewhat dif-
fers between the two resolved cryo-EM structures of complex I. In
particular, Fiedorczuk et al. [39] proposed an open/close rearrange-
ment for the ovine enzyme, whereas Zhu et al. [38] found a rotation of
the hydrophilic and membrane domain in the opposite direction in the
bovine enzyme. Although the structural data is central for under-
standing the dynamics and mechanism of complex I, it should be em-
phasized that the assignment of structures to specific activity states has
been only suggested, but not directly demonstrated. Further studies are

thus needed to link together structural features with specific activity
states of complex I.

Based on these recent experimentally resolved structures, we study
here structural transitions between the different conformational states
of the mammalian and bacterial complex I by normal mode and prin-
cipal component analysis, which can be employed to identify global
motions in proteins [56–69]. Comparison of the vibrational modes
between the bacterial and mammalian enzyme highlights similarities as
well as crucial differences in the global protein dynamics, and clarify
the role of key subunits in the A/D transition.

2. Methods

2.1. Anisotropic network model (ANM) and principal component analysis
(PCA)

The anisotropic network model (ANM) [56,57] is a popular elastic
network model (ENM) that can predict protein collective motions based
on the assumption that the native contact topology determines the
global dynamics of the protein [58]. Given a protein structure, the
ANMs are usually built on a coarse-grained level, e.g., by using Cα
atoms as nodes, and connecting all residue pairs within a certain dis-
tance threshold, Rcut with harmonic springs of given force constants, ki.
The potential energy function of such network can be written as,

∑= −
<

E k r r1
2

( ) ,network r R i ij ij
0 2

ij cut0 (1)

where rij and r0ij represent the distances between Cα atoms in target and
input structures, respectively. The model assumes, per definition, that
the input structure is located at the minimum of the potential energy
landscape, which allows performing a normal mode analysis (NMA)
without geometry optimization that could distort the protein structure.

Fig. 1. Structure of the mammalian complex I from B. taurus class 2 (PDB ID: 5LC5). The supernumerary subunits are shown in light blue. Inset: structure of the bacterial complex I from T.
thermophilus (PDB ID: 4HEA).
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After elimination of translational and rotational degrees of freedom,
diagonalization of the network Hamiltonian results in a set of eigen-
vectors and eigenvalues that represent the normal modes and their
respective energies of the system. In its simplest form, the force con-
stants between residue pairs are usually all set equal.

ANM and normal mode analysis (NMA)-based methods [59–61] are
well-studied techniques that can give insight into global protein mo-
tion. Several studies have shown that parametric changes in the cal-
culations do not considerably affect the results [62–64], suggesting that
global motions of biomolecules are encoded in their geometry, i.e.,
within the network connectivity. It has also been shown that calculated
collective modes are able to capture transitions between biological re-
levant states [65,66].

In addition to NMA, principal component analysis (PCA) [59] can
also be used to reconstruct information about global protein dynamics.
PCA can be used to project out information about dynamics from an
ensemble of structures, e.g., from NMR derived structures [67] or from
molecular dynamics (MD) simulations [68]. Given an ensemble of
proteins structures, the PCA yields an orthogonal linear transformation
of the coordinates that describe major fluctuation directions. The ana-
lysis is performed on the covariance matrix defined as,

∑= ∆ ∆C r r ,
k

k k T( ) ( )
(2)

in which Δr(k) = r(k)− r0 is defined for each conformation k, and where
r(k) is the position vectors of the kth conformation. r0 are the equili-
brium positions vectors, which are usually taken as the average of all
atomic positions after structure/trajectory alignment. Diagonalization
of the covariance matrix C yields a set of eigenvectors and eigenvalues
that describe global motions and their relative variance, respectively.

2.2. Overlap and collectivity of modes

To identify whether an experimentally resolved large-scale motion
is similar to the outcome of the model, the overlap between different
displacements can be calculated from the generalized cosine of two
vectors [69],

∑ ∑ ∑= ∆ ⎡
⎣

∆ ⎤
⎦

O a r a r/ ,j i

N
ij i i

N
ij i

N
i

3 3 2 3 2
1/2

(3)

where N is the number of atoms, aij are the normal modes coefficients,
and Δri are the displacements vectors between two structures. The
overlap assumes values between 0 and 1, corresponding to no corre-
lation (orthogonal vectors) and perfect correlation (parallel or anti-
parallel vectors), respectively. Eq. (3) can also be used to calculate the
overlap between normal modes, for which the geometrical displace-
ment vector is replaced with a second normal mode.

Soft modes, i.e., structural displacements along low energy modes,
have usually a major contribution in protein global motions. To assess
the degree of involvement of such network nodes, j, their collectivity can
be evaluated from the “information entropy” of the eigenvectors of the
system [70],

∑= −
={ }κ

N
u u1 exp log( ) ,j i

N
i j i j1 ,
2

,
2

(4)

where N is the number of atoms, ui, j2= (ai, x2+ ai, y2+ ai, z2)j/mi is a
measure of the displacement of atom i in its jth mode, ∑i=1

Nui, j2= 1,
and mi are the atom masses. κj thus defines whether the network nodes
move simultaneously, i.e., collectively (see e.g. [70]).

2.3. Computational details of ANM and PCA

ANM analysis was performed on complex I structures from B. taurus
[38] (classes 1, 2, and 3, PDB IDs: 5LC5, 5LDW, 5LDX), Ovis aries [39]
(PDB ID: 5LNK), and T. thermophilus (PDB ID: 4HEA) [13] using
Rcut=15.0 Å and k (Eq. (1)) set equal for all interactions. In order to
compute the overlap of the normal modes between the different species

and structural classes, we discarded regions with different number of
amino acids from the analysis. For the two structures of the mammalian
complex I, we used both core and supernumerary subunits, whereas for
comparing the mammalian and bacterial complex I structures, we
analyzed only the 14 core subunits of the enzymes. The ANM and PC
analysis were performed using ProDy [71]. The PC calculation was
based on the last 500 ns of the MD trajectory of T. thermophilus complex
I sampled every 0.1 ns (see below).

2.4. Classical molecular dynamics

To validate the ANM results, we performed classical atomistic mo-
lecular dynamics (MD) simulations of the bacterial complex I. To this
end, we embedded the X-ray structure of complex I from T. thermophilus
(PDB ID: 4HEA) [13] in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) membrane, solvated with TIP3P water, and added
sodium chloride to give an ionic strength of ca. 100mM. The complete
system comprised ca. 830,000 atoms. Ubiquinone (Q10) was inserted in
the Q-cavity, identified using the HOLE software [72], in its oxidized
state with the head group interacting with His-38 and Tyr-87, and
modeling the N2 iron‑sulfur center in its reduced state. The simulations
were performed using NAMD2 [73] together with CHARMM27 force
field parameters [74,75], and DFT derived parameters for cofactors
(iron-sulfur centers, Q10, FMN). The MD simulation was extended for
600 ns using a 2 fs integration step, and an NPT ensemble (T=310 K,
p=1 atm). Long-range electrostatics were treated with the Particle
Mesh Ewald (PME) method [76].

3. Results and discussion

3.1. Global motions in complex I and resembles between structural
transitions

The ANM analysis suggests that the lowest-frequency global mode
of the bacterial and mammalian complex I comprises a scissoring mo-
tion of the hydrophilic and membrane domains, in which subunit ND1
(Nqo8 in T. thermophilus) acts as hinge (Fig. 2A, SI Movie 1) and con-
nects the two regions, but shows a less pronounced motion (SI Fig. S1).
The scissoring modes in both the bacterial and mammalian structures
are in overall good agreement, but we observe subtle differences be-
tween the two enzymes that can be traced to the presence of the su-
pernumerary subunit. In the mammalian enzyme, the 42 kDa and B13
subunits, located at the interface between the hydrophilic and mem-
brane domains, add further stiffness in the motion (see below). This
leads to a small rotation of the hydrophilic domain, which brings the
39 kDa subunit closer to the membrane domain than the B13 subunit
(Fig. 2A, SI Movie 1).

The ANM analysis shows that the second lowest-frequency normal
mode is a twisting motion that involves opposite movements of the hy-
drophilic and membrane domains (Fig. 2B, SI Movie 2), where ND1 serves
as a junction point (SI Fig. S1). We find that also the twisting motion is less
pronounced in the mammalian enzyme in the region around the 42 kDa
subunit. Similar to the first two modes (Table 1), the higher frequency
motions can also be considered as global motions, as they have a good
degree of collectivity (Eq. (4)) [70]. However, these modes show a less
clear directionality, and were therefore not analyzed further.

Analysis of the root-mean-square-fluctuations (RMSF) of the scis-
soring and twisting principal components for the T. thermophilus en-
zyme show a lower degree of rearrangement in the hinge region around
the ND1/Nqo8 subunit (SI Fig. S1). The covariance matrices obtained
from NMA and PCA analysis reveal highly correlated regions during the
motion (Fig. 4). In particular, the motion of the entire hinge region that
extends from Nqo4 to Nqo14 are well correlated, whereas the motion of
subunits Nqo13 and Nqo12 correlate best with the nearby subunits.
Interestingly, the mammalian subunit 42 kDa, which has been sug-
gested to modulate the activity of complex I, show a high correlation
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with the Nqo14 motion (see below). In the ANM and PC analysis, we
observe only small motions in the Q-binding site region, but dynami-
cally disordered regions, such as loops, are usually not well captured by
the harmonic approximation employed in the mode analysis approach.

To understand how the experimentally identified structural classes
are related to their normal modes, we analyzed the overlap between the
ANM-identified modes and the structural changes between classes 1→
3 and 1→ 2 for the bovine complex I (see Methods). We observe a
strong correlation between the scissoring and twisting modes with the
transitions between the structural classes 1→ 3 and 1→ 2, respectively
(Fig. 3). This suggests that the transitions between the different EM-
structural classes could be related to the lowest normal modes of the
enzyme. It is thus tempting to draw the conclusion that since the dif-
ferent cryo-EM derived structural classes have been related to the A/D
transition [38,39], the global complex I motions identified here by the
ANM and PC analysis, could also be related to the A/D-transition path.

Among the three resolved structural classes of the bovine enzyme,
class 3 has the lowest resolution, and represent a “broken” form of the
enzyme, in which the transverse helix of the ND5 subunit has a higher
degree of disorder [38]. Although this imposes some uncertainty for the
class 3 structure, we nevertheless find close similarities between the
scissoring motion obtained from the ANM analysis in all studied
structures. Moreover, the structures have a similar motion direction for
the 1-to-3 transition in the bovine structure, as well as in the open/close
conformations of the ovine enzyme. This suggests that movement “to-
wards” the class 3 structure, could be related to the conformational
dynamics of complex I, which in turn may lead to a partial disruption of
the enzyme.

3.2. ANM analysis

Our ANM analysis suggests that the overlap between the first four
normal modes of the different structural classes of bovine complex I is
close to 1 (Table 1), suggesting that the motions have high structural
and dynamic similarities. These results are consistent with the coarse-
grained nature of the ANM technique, and the small relative displace-
ment in the subunits, which is also consistent with the structural data
[38,39]. Moreover, these low-energy modes are not affected by the
structural details, suggesting that the obtained results are robust. We
also compared the normal modes calculated for class 2 between the
bovine and ovine structures. Interestingly, the normal modes of these
enzymes are also strikingly similar (Table 1), suggesting that they have
similar global dynamics. Moreover, our analysis suggests that the
overlap between the first two normal modes in the T. thermophilus and
bovine complex I is around 80% (Table 1), and about 50% for the third
and fourth normal modes, whereas we obtain smaller correlations for
motions in the higher frequency domains. The ANM analysis, however,
does not discriminate between different protein sequences, as it is based
on a coarse-grained model, and is thus dominated by the network of
nodes, which in turn is determined by the protein structure.

Fig. 2. Low-frequency modes of mammalian complex I. A)
Scissoring (bending) of the two domains and B) twisting of
hydrophilic and membrane domain. Relative displacement
of supernumerary subunits is shown in red and blue. The
42 kDa and B13 subunits, located at the interface between
the hydrophilic and membrane domain could important
role in regulation of the enzyme dynamics (see Table 3).

Table 1
Overlap of normal modes between the structure of B. taurus class 2 (PDB ID: 5LC5) with B.
taurus classes 1 and 3, and complex I from Ovis aries and T. thermophilus. The collectivity
of the low frequency normal modes (Coll.) was calculated from the normal mode analysis
using Eq. (4).

Structure/mode 1 2 3 4

B. taurus Class I 0.99 0.99 0.99 0.97
B. taurus Class III 0.99 0.99 0.99 0.72
Ovis aries 0.98 0.97 0.97 0.73
T. thermophilus 0.82 0.73 0.46 0.58
Coll. Class 1 0.65 0.57 0.53 0.13
Coll. Class 2 0.64 0.57 0.50 0.13
Coll. Class 3 0.66 0.57 0.55 0.003
Coll. Ovine 0.65 0.58 0.55 0.57
Coll. Thermo 0.64 0.61 0.42 0.70

Fig. 3. Overlap between class 1–2 and class 1–3 transitions and normal modes from B.
taurus class 2 structure. Inset: the first lowest eigenmodes for the scissoring and bending
motions. Only the first and second normal modes show a strong overlap with the tran-
sition 1–3 and 1–2, respectively.
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Considering a force constant of 1 kcal·mol−1·Å2 between network nodes
[56], the frequencies for both modes of the mammalian and bacterial
enzymes are expected to be in the range of ca. 10 cm−1.

Overall, we obtain similar normal modes for the bacterial and
mammalian enzymes, supporting that the low-frequency motions are
structurally encoded. However, we find that the subunit movements are
not identical, which suggests that the supernumerary subunits have an
important role in determining the dynamics of the mammalian complex
I (see below).

3.3. Principal component analysis

To confirm the results obtained from the ANM analysis, we also
performed classical molecular dynamics (MD) simulations on the
complex I from T. thermophilus (see Methods). Based on the MD tra-
jectories, we calculated and compared principal components (PCs) with
the normal modes obtained from the ANM based on the experimentally-
resolved structures. Interestingly, the first PC, which account for about
50% of the fluctuations in T. thermophilus, shows a high overlap with
the first normal mode of the bovine structure (Table 2), further sup-
porting that the bacterial and mammalian enzymes have similar global
dynamics. The second and third PCs of the T. thermophilus structure
show a less clear overlap, but both modes, nevertheless, correlate well
with the second normal mode observed in the bovine structure. This
effect might result from the similarities in the dominant normal modes
of the bovine structure, and thus support that the principal modes of
respiratory complex I are overall similar (Table 2). This, together with
the comparison between the normal modes of the mammalian and
bacterial enzymes, suggest that the two lowest frequency modes are
consistently observed in all calculations.

3.4. Supernumerary subunits modulate the A/D transition

The supernumerary subunits of the mammalian complex I form a
cage-like structure around the core enzyme, and are likely to be
structurally important [38,39]. To probe the role of the supernumerary
subunits, we individually removed subunits from the mammalian
structure followed by ANM analysis.

We find that simultaneous removal of all supernumerary subunits
modifies the scissoring and twisting modes, and lead to global modes
that closely resemble the motion of the bacterial complex I (Table 3).
However, deletion of single supernumerary subunits suggests that the
42 kDa and B13 subunits (NDUFA10 and NDUFA5 in humans) have a
major impact on the conformational transitions (Table 3, Fig. 2, SI

Fig. 4. Covariance matrices from ANM and PC analysis for complex I from T. thermophilus
and B. taurus. The ANM covariance matrix is calculated using all normal modes, whereas
the PCA covariance matrix is derived from all calculated PCs (see Methods section). The
results show high similarities between the PCA and ANM of T. thermophilus. Comparison
between the modes, suggest that the overall dynamics of complex I core subunits is
conserved. The hinge region, comprising subunits Nqo4-11, undergoes a correlated mo-
tion, which extends up to Nqo14. The most distal subunit Nqo12 shows a high correlation
with the Nqo13 subunit motion. Interestingly, the motion of subunit ND2 (Nqo14) is
strongly coupled with the supernumerary subunit 42 kDa. The residue index is the cu-
mulative residue number, with subunit ordering marked in the figure.

Table 2
Overlap between principal components of T. thermophilus complex I from 500 ns MD si-
mulation and ANM normal modes for T. thermophilus and B. taurus.

PC1 PC2 PC3 PC4

Contribution (%) 46.7 25.5 8.3 5.19
ANM T. thermophilus Mode 1 0.88 0.48 0.04 0.33
ANM T. thermophilus Mode 2 0.28 0.52 0.83 0.22
ANM B. taurus Mode 1 0.86 0.19 0.22 0.36
ANM B. taurus Mode 2 0.1 0.74 0.61 0.07
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Movies 3 and 4). These subunits are located at the interface between the
membrane and hydrophilic domains, and come in close contact with
each other. This suggests that the 42 kDa and B13 subunits could ac-
count for the major differences in the global dynamics between the
bacterial and mammalian complex I by adding further stiffness between
the two domains and securing a strong coupling required for the A/D
transition. Mutation experiments in this linked region, especially at the
interface between the two subunits could thus help to clarify the role of
the enzyme function.

The Yarrowia lipolytica complex I, which lacks the 42 kDa subunit,
also undergo an A/D transition [41]. This behavior further suggests that
the B13 subunit (NUFM in Y. lipolytica) could be a key subunit in
modulating the A/D transition, and that the 42 kDa subunit would have
an important role in its regulation. Interestingly, the A/D transition has
a much lower activation barrier in complex I from Y. lipolytica [41],
supporting that the 42 kDa subunit could function as a modulator of
some putative “activity switch”.

Given the similarities in the global motions identified here with the
transitions between the experimentally identified structural classes, we
suggest that observed modes could be of functional relevance in com-
plex I. One of these motions could be related to the A/D transition,
while the other mode could be involved in, e.g., the enzyme turnover or
quinone dynamics, and blocked or energetically unfavored, if the en-
zyme resides in the deactive state. This could thus provide a coupling
between the A/D-transition and the affinity for the Q substrate. The
supernumerary subunits could thus together with their proposed sta-
bilization role [38], also affects the global dynamics complex I by in-
fluencing its soft modes.

Considering the similarities in the collective motions between the
bacterial and mammalian enzymes, we suggest that complex I has
evolved to regulate its activity by an intrinsic motion that is further
controlled by the supernumerary subunits. This model does not exclude
the possibility that such intrinsic motions could also have a biological
role in regulation of the bacterial enzymes. However, further studies are
needed to elucidate the biological function of such putative con-
formational changes.

4. Conclusion

We have studied here both bacterial and mammalian structures of
the respiratory complex I by ANM and PC analysis, and discussed
possible implication for the observed low-frequency collective motions
in its global dynamics. The combined results suggest that the lowest

frequency normal modes are conserved from the bacterial to mamma-
lian enzymes. Similarities between the calculated motions and transi-
tion between the recently resolved experimental structure further sug-
gest that these movements are involved in specific biological activities,
such as the A/D transition. We further identified that the 42 kDa and
B13 subunits are responsible for the differences in the normal modes
between the mammalian and bacterial enzymes, providing a mechan-
istic picture on how the conformational dynamics of complex I in
controlled.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbabio.2018.02.001.
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Complex I couples the free energy released from quinone (Q)
reduction to pump protons across the biological membrane in the
respiratory chains of mitochondria and many bacteria. The Q
reduction site is separated by a large distance from the proton-
pumping membrane domain. To address the molecular mechanism
of this long-range proton-electron coupling, we perform here full
atomistic molecular dynamics simulations, free energy calcula-
tions, and continuum electrostatics calculations on complex I from
Thermus thermophilus. We show that the dynamics of Q is redox-
state-dependent, and that quinol, QH2, moves out of its reduction
site and into a site in the Q tunnel that is occupied by a Q analog in
a crystal structure of Yarrowia lipolytica. We also identify a second
Q-binding site near the opening of the Q tunnel in the membrane
domain, where the Q headgroup forms strong interactions with a
cluster of aromatic and charged residues, while the Q tail resides in
the lipid membrane. We estimate the effective diffusion coeffi-
cient of Q in the tunnel, and in turn the characteristic time for Q
to reach the active site and for QH2 to escape to the membrane. Our
simulations show that Q moves along the Q tunnel in a redox-state-
dependent manner, with distinct binding sites formed by conserved
residue clusters. The motion of Q to these binding sites is proposed
to be coupled to the proton-pumping machinery in complex I.

NADH:ubiquinone oxidoreductase | diffusion model | electron transfer |
molecular simulations | cell respiration

Complex I (NADH:ubiquinone oxidoreductase) functions as
an important member of the aerobic respiratory chains of

many organisms. This gigantic (0.5–1 MDa) redox-driven proton
pump receives electrons from the oxidation of foodstuffs, via
reduced NADH, and transfers them to quinone (Q), a reaction that
is coupled to proton translocation across the membrane (1–5). The
electrochemical proton gradient thus established drives synthesis of
ATP and active transport (6). Structural studies (7–12) show that the
electron transfer module of complex I is located exclusively in the
hydrophilic domain of the protein, whereas the proton-pumping ac-
tivity takes place in the antiporter-like membrane subunits (13–15),
located as far as ca. 200 Å from the Q reduction site (Fig. 1). Despite
many mechanistic suggestions (2, 4, 5, 7, 8, 10–12, 16, 17), it remains
currently unclear how the coupling between the electron and proton
transfer reactions is achieved across such large distances.
In contrast to most Q reductases, the Q-binding site in complex

I is located ∼20–30 Å above the membrane plane, in a tight tunnel
(11, 12) that ends at around 12 Å from the iron–sulfur center, N2,
which serves as the immediate electron donor for Q (Fig. 1, Inset)
(18). It has been suggested that the reduction of Q is coupled to
the proton-pumping machinery in complex I (19–22). More spe-
cifically, Euro et al. (14) proposed that it is the initial negative
charge on Q deposited upon reduction that triggers proton
translocation via an electrostatic/conformational change mecha-
nism. This idea was subsequently adopted and extended in the
mechanisms proposed by Sazanov and coworkers (10, 11) Brandt
(20), Verkhovskaya and Bloch (23), Kaila (17), and Wikström and

Hummer (24, 25). Recently, we showed (26) that the reduction of
Q is coupled to a local proton transfer from Tyr-87Nqo4 and His-
38Nqo4, forming QH2. This in turn triggers a charge redistribution
cascade that propagates into the membrane-bound NuoH/
Nqo8 subunit. It was also suggested that the coupling is mediated
by conformational and electrostatic rearrangements, which lead
to increased pKa values of several conserved residues in the
Nqo8 subunit, thereby activating the proton pump (26).
We recently proposed that there might be two preferred Q-

binding positions within the Q tunnel (4) (see also ref. 24), a low
(QL) and a high (QH) potential site. The QL site is near center
N2 that was initially characterized biochemically (27–29) and
later confirmed computationally (26, 30). The QH site could be
located somewhere in the Q tunnel, albeit its precise location as
well as its molecular architecture remains undescribed (Fig. 1).
To date, however, a bound Q molecule has not been resolved in
any of the crystal or recent cryo-EM structures of complex I (11,
12, 31, 32). Two conformations have been reported for Q bound
to the conserved Tyr-87Nqo4 (30), and recent studies also show
that the mammalian complex I can operate with different num-
bers of isoprene units, Q1–Q10 (33). Earlier reports from labeling
experiments (34, 35) also support the existence of multiple

Significance

Complex I is the primary energy-converting enzyme of aerobic
respiratory chains. By reducing quinone to quinol, this gigantic
enzyme pumps protons across its membrane domain, which in
turn powers ATP synthesis and active transport. Despite the
recently resolved molecular structures of complex I, the quinone
dynamics and its coupling to the pumping function remains un-
clear. Here we show by large-scale molecular simulations that
the quinone reduction leads to ejection of the quinol molecule
from the active site into a second binding site near the proton-
pumping membrane domain of complex I. The identified region
has been linked with human mitochondrial disorders. Our work
suggests that the quinone dynamics provides a key coupling el-
ement in complex I.
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Q-binding sites in complex I. Moreover, it was suggested that
the Q molecule could itself act as a piston in the proton-pumping
mechanism of complex I, thereby functioning as a dynamic redox
transducer that shuttles between the two sites (4). This model
has some mechanistic similarities to the two-stroke model by
Brandt (20), in which two sequential proton-pumping steps are
coupled to affinity variations of Q between high- and low-
affinity sites.
Here we identify by large-scale atomistic molecular dynamics

(MD) simulations and Poisson–Boltzmann (PB) continuum elec-
trostatic calculations, as well as by free energy simulations and
Bayesian diffusion models, putative Q-binding sites in complex I
and show how the dynamics of Q may be coupled to the proton-
pumping process in complex I. Our combined simulation data
provide molecular insight into how complex I may employ the Q
dynamics to serve a piston function that transduces the redox
energy into a proton-pumping activity.

Results and Discussion
Q Dynamics near the N2 Iron–Sulfur Center. To probe the dynamics
of Q in its binding site near the N2 center, we performed at-
omistic MD simulations of complex I with oxidized Q (Qox), and
reduced and doubly protonated quinol (QH2). Data from 350-ns
MD simulations suggest that the Qox remains bound at the site
near N2 (Fig. 2). In contrast, we find that the reduced quinol
species (QH2) moves 8–10 Å away from Tyr-87Nqo4, when Tyr-
87Nqo4 is deprotonated and His-38Nqo4 is neutral, corresponding
to a state after electron transfer from N2 and proton transfer
from His-38Nqo4 and Tyr-87Nqo4 (26). We also observed similar
redox- and protonation-state-dependent Q dynamics in multiple
short MD simulations, as well as by using independent simula-
tion setups of complex I (SI Appendix, Table S1), suggesting that
the obtained overall behavior of Qox and QH2 is robust (SI
Appendix, Fig. S1). It has been shown earlier that QH2 formation
triggers a conformational change in the active site, in which the
anionic Asp-139Nqo4 dissociates from the neutral His-38Nqo4, and
the latter residue approaches the functionally important Tyr-
87Nqo4 (26, 29). Structural rearrangement in this region was
also observed in the crystal structures of complex I (11, 12). These
protein motions are likely factors responsible for the observed
difference between the dynamics of the two neutral species, Qox
and QH2 (Fig. 2).

To probe the relative effects of conformational and pro-
tonation changes on the dynamics of Q near the N2 site, we
performed additional ca. 150-ns MD simulations of structures in
which we replaced Qox with QH2, and vice versa (see also ref.
26). Starting from the Qox position, QH2 remained bound to the
Qox site (SI Appendix, Fig. S2). Note that in this simulation, Tyr-
87Nqo4 and His-38Nqo4 were protonated, and the His-38Nqo4/Asp-
139Nqo4 ion pair remained intact. Similarly, Qox starting from the
QH2 position, with Tyr-87Nqo4 deprotonated and His-38Nqo4
neutral, did not relax to the position seen in the Qox simulation
with Tyr-87Nqo4 and His-38Nqo4 modeled in their protonated
states (SI Appendix, Fig. S2). Hence, our data are consistent with
the hypothesis that conformational changes in the protein linked
to deprotonation of the His/Asp pair are partly responsible for
the lowered affinity for QH2 near Tyr-87Nqo4.

Free Energy of Redox-State-Dependent Q Dynamics. To explore the
energetics driving the Q dynamics that take place beyond time scales
accessible by our unbiased MD simulations, we performed free
energy calculations using umbrella sampling (US) (36) in combi-
nation with the weighted histogram analysis method (WHAM) (37)
(Methods). Due to sampling problems of a long-tailed Q6–Q10, we
employed a short-tailed Q1 in the US/WHAM calculations, which
can also function as a substrate of complex I (33).
Fig. 3 shows the resulting potentials of mean force (PMFs) for

the Qox and QH2 motions in the Q tunnel as functions of the Tyr-
87Nqo4–Q distance. The PMF profiles suggest that the oxidized Q
(Qox) in a membrane milieu has to surpass an activation energy
barrier of ca. 5–8 kcal·mol−1 to reach the site near N2 (Fig. 3),
where we observe a local plateau in the free energy surface. The
PMF profile also indicates that Q binds weakly relative to the
membrane Q pool, with a global minimum at around 30 Å from
Tyr-87Nqo4 and a ca. 5 kcal·mol−1 barrier to reach the membrane
environment (Fig. 3).
The US/PMF profile for QH2 shows a minimum at site 1′, ca.

8–10 Å from Tyr-87Nqo4, which roughly corresponds to the
equilibrium position of the QH2 headgroup observed in the free
MD simulations (Fig. 2 and SI Appendix, Fig. S1). Between
10 and 30 Å, the PMFs for both Q and QH2 are quite flat, in-
dicating relatively unhindered back-and-forth motion. In-
terestingly, site 1′ for QH2 coincides with the crystallographically
refined position of a Q analog in the structure of mitochondrial
complex I from Yarrowia lipolytica (12). The free energy profile
suggests that upon formation of QH2 at the site close to N2 (site 1),
the species relaxes to a new position, site 1′, 8–10 Å away from Tyr-
87Nqo4. The relaxation to the new position may have functional
relevance in preventing reverse electron transfer, as the distance to
the N2 center increases to >14 Å, a typical distance threshold for
biological electron transfer processes (38).

Fig. 1. Structure and function of complex I from T. thermophilus (PDB ID
code 4HEA). Reduction of Q (shown in red surface representation) by elec-
tron transfer from NADH/FMN in the hydrophilic arm of complex I drives
proton pumping in the membrane domain, up to 200 Å away from the site
of Q reduction. (Inset) The Q-reduction site near the N2 center, where Q
interacts with residues Tyr-87Nqo4 and His-38Nqo4.

Fig. 2. Distance of the Q headgroup from the active site Tyr-87Nqo4 for
oxidized Q (Qox, in red) and reduced/protonated QH2 (in blue) states
obtained from 350-ns MD simulations of each state.
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Importantly, the US/PMF calculations also suggest for the
QH2 species a second minimum, site 2, at ca. 25 Å, which is next
to a conserved set of acidic residues that have been suggested to
play an important role in redox-coupled proton pumping (17, 26,
39) (discussed below). We also observe a second minimum 2′ at
around 33–35 Å away from Tyr-87Nqo4 (Fig. 3) within Nqo8 at
the opening to the membrane (SI Appendix, Fig. S3). To reach
site 1 near N2 from site 2′, Q has to surpass an activation energy
barrier of ca. 5–8 kcal·mol−1. To further probe this putative
second Q-binding site we explored the dynamics of QH2 and Qox
using equilibrium MD simulation analyzed with a Bayesian dif-
fusion model (40) (discussed below).

Q Dynamics in the Tunnel and a Putative Second Q-Binding Site. To
probe how Q10 moves within the long Q tunnel, we ran multiple
equilibrium MD simulations starting from different positions of
Qox and QH2 obtained from nonequilibrium steered MD (SMD)
simulations (Methods and SI Appendix, Figs. S4 and S5). From
the equilibrium simulations, we extracted the time series of the Tyr-
87Nqo4(OH)–Q distance, a reaction coordinate also used in the US
simulations (SI Appendix, Fig. S5). In a Bayesian analysis (40)

(Methods), we then used these time series to estimate local diffu-
sion coefficients and free energy profiles for the Qox and QH2

motions along the tunnel.
The free energy profiles are shown in Fig. 4A. For Qox, we find

a local minimum (site 1) at ca. 4 Å from Tyr-87Nqo4 and edge-to-
edge distance of ca. 14 Å of the Q headgroup to the iron–sulfur
cluster N2. This site is stabilized further by a hydrogen bond to
protonated His-38Nqo4 (Fig. 5B), consistent with previous studies
(30), and our equilibriumMD simulations. A shoulder in the PMF
(site 1′) indicates a metastable site at a distance of ∼10–15 Å to
Tyr-87Nqo4, where the Q headgroup forms interactions with Phe-
63Nqo6 (Fig. 5B and SI Appendix, Fig. S6). We also observe a
distinct second binding site (2 and 2′) at a distance of around 25–
35 Å from Tyr-87Nqo4 (Fig. 4), which coincides with the global
minimum in the PMF profiles obtained by US/WHAM (Fig. 3). In
site 2, the aromatic side chains of Trp-37Nqo6, Trp-241Nqo8, and
Tyr-249Nqo8 (Fig. 5 B and C and SI Appendix, Fig. S6) stabilize the
Q headgroup, which is also surrounded by two conserved ion pairs,
Arg-36Nqo8/Asp-62Nqo8 and Arg-62Nqo6/Glu-35Nqo8 (Fig. 5B). In
site 2′, the Q headgroup interacts mainly with Trp-241Nqo8, at the
opposite side from site 2 (SI Appendix, Fig. S6), and with the
backbone carbonyl group of Ser-66Nqo8 (Fig. 5B and SI Appendix,
Fig. S6). Moreover, the Q headgroup is located near the entrance
of the Q tunnel, and its hydrophobic tail is in contact with the
membrane milieu. Exit of Q to the membrane is hindered by a free
energy barrier of >3 kcal·mol−1, consistent with the US/WHAM
profiles for the short-tailed Q. The transient binding sites obtained
from our Bayesian analysis are overall similar to those obtained for
the short-tailed Q1 by US (Fig. 3).

Fig. 3. The free energy (PMF) profiles (in kilocalories per mole) obtained
from US simulations for oxidized (Qox, red) and reduced (QH2, blue) short-
tailed Q1 species. The PMF shows the standard deviation of the statistical
error (in gray), which was estimated by bootstrap analysis. (Insets) Structural
snapshots corresponding to transient binding sites 1, 1′, 2, and 2′ in the PMF
profile. See also SI Appendix, Fig. S3 for a close-up of site 2′. Overlaps in the
sampled reaction coordinates are shown in SI Appendix, Fig. S19.

Fig. 4. Free energy (PMF) profile and diffusion coefficient of Qox (red) and
QH2 (blue) in the Q tunnel. (A) Free energy profiles as a function of Tyr-
87Nqo4(OH)–Q distance and (B) corresponding position-dependent diffusion
coefficient profiles extracted from unbiased equilibrium MD simulations
from system setup 2 by a Bayesian analysis using a 1D diffusion model. The
two PMF profiles are shifted vertically with their global minimum set to zero.
In A 1, 1′, 2, and 2′ indicate local minima in the Q-binding cavity for the Qox

and QH2 headgroup, respectively. Marked gaps in the profiles indicate un-
resolved free energy differences in rarely sampled areas of the reaction
coordinate (SI Appendix, Fig. S5). Error bars in the PMF indicate standard
errors of the mean, which were estimated by block averaging (Methods).

Warnau et al. PNAS Latest Articles | 3 of 8

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y



We also find four local minima for the QH2 headgroup (Fig.
5C), which are near the corresponding local minima for the
oxidized Qox (Fig. 5B). Moving away from Tyr-87Nqo4 toward the
opening of the tunnel, the PMF profile for QH2 smoothly de-
creases toward the site 1′ at ca. 13 Å (Fig. 4A). At site 1′, QH2
forms hydrogen bonds with the backbone of Thr-40Nqo6, Gly-
42Nqo6, and Thr-54Nqo6 (Fig. 5C). The PMF profile for QH2 is
flat in the range of 10- to 28-Å distance to Tyr-87Nqo4 (see SI
Appendix, Fig. S5 for the projected reaction coordinate), which
includes sites 1′ and 2 (Fig. 4A). At site 2, QH2 interacts with the
aromatic amino acid residues Trp-241Nqo8, Tyr-249Nqo8, and
Trp-37Nqo6 (SI Appendix, Fig. S7), similarly as for the oxidized Q.
Two ion pairs, Arg-36Nqo8/Asp-62Nqo8 and Arg-62Nqo6/Glu-
35Nqo8, strongly interact with the quinol headgroup in site 2 (Fig.
5C and SI Appendix, Fig. S7). The dispersion of the trajectories
(SI Appendix, Fig. S5) indicates that sites 2 and 2′ for QH2 are
separated by a significant free energy barrier, which leads to a
sampling gap between 28 and 32 Å of the distance reaction co-
ordinate (see SI Appendix, Fig. S5 for the projected reaction
coordinate). At site 2′, QH2 interacts with Trp-241Nqo8 on the
side opposite minimum 2, and with the aromatic side chain of
Phe-28Nqo8. QH2 is further stabilized by hydrogen bonds with the
backbone carbonyl group of Ser-66 Nqo8 (Fig. 5C and SI Ap-
pendix, Fig. S7; see also SI Appendix, Table S3 and sequence
alignments in SI Appendix, Figs. S8–S10). Note that site 1, in
which QH2 forms a contact with Tyr-87Nqo4 (Fig. 5C), is only
resolved in the PMF profiles with projected reaction coordinate
and is not connected to the rest of the PMF (SI Appendix, Fig.
S5). Interestingly, apart from three MD trajectories, which end
up in this site, all other trajectories move to site 1′, consistent
with the equilibrium MD simulations (Fig. 2). Similarly, we ob-
serve a sampling gap for Q between sites 1′ and 2. Overall, the Q
tunnel can be divided into a part connecting sites 1, 1′, and 2 and
the tunnel entrance around site 2′, which is separated by a cluster
of aromatic residues, including Trp-241Nqo8, and salt bridges
(Figs. 3 and 5). In the channel connecting sites 1′ and 2, the
quinol can diffuse quite freely, whereas the passage between the
two sections is at least partially hindered.
The PMF profiles extracted from the Bayesian models are

somewhat shallower than the PMFs calculated using US/WHAM

simulations, but they nevertheless show a qualitatively similar
behavior. For QH2, both models indicate that the quinol moves
away from Tyr-87Nqo4 to a distance of about 10 Å, to a site that
coincides with the location of a Q analog in the complex I
structure of Y. lipolytica (12), and from 10 to 25 Å both PMFs are
quite flat. The steep drop in the US/WHAM PMF at about 30 Å
coincides with the sampling gap in the unrestrained QH2 simu-
lations. Also for Qox, the PMFs exhibit similar features and local
minima, with one notable exception: the US/WHAM PMF for Q
shows a sharp (ca. 7 kcal·mol−1) drop at 30 Å, where the diffu-
sion model is quite flat and the unrestrained simulations (SI
Appendix, Fig. S5) do not indicate any distinct features. As dis-
cussed above, we attribute these differences, on one hand, to
local structural changes in the protein around the Q tunnel, and,
on the other hand, to differences in the Q-tail length, which in
the case of Q10 is almost entirely in the membrane at a Tyr-
87Nqo4–Q distance of ca. 30 Å. In addition to differences in the
simulation protocol, we expect significant statistical uncertainties
in both profiles, in reflection of the large system and complex Q
motion. Our statistical analyses and estimated error bars (SI Ap-
pendix, Fig. S5) suggest that the overlap in the sampled reaction
coordinate during the MD simulations is good, which forms the
basis for employing the diffusion model, but the relative barriers
are somewhat sensitive to the employed parameters in the diffu-
sion model (SI Appendix, Fig. S5 E and F). Importantly, however,
the diffusion model calculations predict, consistent with the results
obtained from the US/WHAM simulations, that a second Q-
binding site is located 25–35 Å from Tyr-87Nqo4.
In Fig. 4B, we show the position-dependent diffusion coeffi-

cients for Qox and QH2. We obtained values in the range of D =
1–4 × 10−8 cm2·s−1 for the back-and-forth diffusion of Q in the Q
tunnel of complex I. Despite large statistical uncertainties, these
values are about one order of magnitude slower than the diffu-
sion coefficients of a lipid in a typical fluid membrane environ-
ment and of ubiquinone in vesicles (41). As a rough estimate of
the Q exit time in the absence of significant barriers, we obtain
τexit ∼ (30 Å)2/D ∼ 0.01 ms. An Arrhenius correction for a
barrier of 3 kcal·mol−1 would slow down this time to about 1 ms,
which is in the range of the experimental turnover rate of com-
plex I (4).

Fig. 5. (A) Structure of the Q tunnel, with Qox (in red) and QH2 (in blue) at transient binding sites 1, 1′, 2, and 2′ obtained from the 1D diffusion model (Fig. 4).
(B and C) Close-ups of the Q-binding sites. Sites 1/1′ and 2/2′ correspond to the site close to N2 and the site at the entrance of the Q tunnel, respectively.
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Three main findings emerge from the MD simulations: (i) that
the reduced and protonated QH2 moves away from Tyr-87Nqo4 to
a site occupied by a Q analog in a structure of Y. lipolytica
complex I (12); (ii) that a distinct second binding site emerges
close to the opening of the Q tunnel to the membrane, where the
Q headgroup forms tight interactions with a cluster of aromatic
and charged amino acids; and (iii) that the motion of Q10 along
the tunnel is relatively facile, with a diffusion coefficient lower by
about a factor 10 compared with free dynamics in a membrane
and relatively modest free energy barriers.

Q Dynamics-Triggered Redox and Protonation Shifts. We counted
183 ion pairs in subunits Nqo4 and Nqo6-Nqo10 of complex I,
which may be of functional relevance for the proton-pumping
process. To probe the coupling of the Q dynamics and the
conformation of these ion pairs, we select seven pairs (SI Ap-
pendix, Table S2), which are in the vicinity of the Q-binding
cavity or close to the antiporter-like subunits Nqo8/Nqo7 of
the membrane domain of complex I (SI Appendix, Fig. S11).
Interestingly, we find that the conformational state of these ion
pairs depends on the Q-binding position (SI Appendix, Figs.
S11 and S12): For example, the Asp-139Nqo4/His-38Nqo4 ion pair
is closed in all simulations with Qox, and more open in the QH2
state (SI Appendix, Fig. S11), consistent with earlier findings
(26). We observe the largest difference in the opening dynamics
between Qox and QH2, when Qox is bound at the first binding site
(1/1′) and QH2 is bound in the second binding site (2/2′). Many
of the studied ion pairs remain close in simulations with Qox (SI
Appendix, Fig. S11), whereas in the simulations with QH2 these
ion pairs open up, with the exception of the Asp-62Nqo8/Arg-
36Nqo8 ion pair (SI Appendix, Fig. S11). Our analysis also indi-
cates that these ion pairs dissociate when the Q moves from site
2 to 2′ in the SMD pulling simulation (SI Appendix, Fig. S13).
The Asp-62Nqo8/Arg-36Nqo8 ion pair is of special interest, as it is has
been found to affect the assembly and function of complex I (42).
To further probe how these dynamical changes affect the re-

dox potential of Q in the putative second binding site near Trp-
241Nqo8, and protonation events that may couple to occupation
of this site, we performed PB continuum electrostatics calcula-
tions of Q along snapshots of structures obtained from the MD
simulations. We find that the movement of Q, from the site 1 to
site 2, is linked to an increase in the redox potential by ca.
200 mV (Qox/SQ

•/− couple; SI Appendix, Fig. S14), which arises
from differences in local protein surroundings, especially by in-
teraction or proximity to positively charged residues (Arg-62Nqo6,
Arg-36Nqo8, and Lys-69Nqo8), and dissociation from the N2 cen-
ter (30). Moreover, approximate electrostatic binding free en-
ergies further suggest that the motion of the Qox/QH2 toward the
second binding site is coupled with an energy release of ca.
5 kcal·mol−1 (SI Appendix, Fig. S15), which could account in part
for the increase in redox potential and the overall shape of the
PMF profiles. Our PB calculations also suggest that Q binding at
site 2 may trigger protonation changes of nearby residues His-
233Nqo8 and Asp-72Nqo7 (SI Appendix, Fig. S16), an event that
could be involved in the proton-pumping process (discussed below).
While some negatively (positively) charged residues remained

deprotonated (protonated) through the simulation trajectories,
the PB calculations suggest that certain specific residues might
undergo protonation changes that are linked with the Q position.
To this end, Asp-72Nqo7 and Glu-74Nqo7 prefer to be deproto-
nated when Qox is in the binding site 1 and protonated when Qox
is approaching these residues. In contrast, Glu-130Nqo8 is initially
protonated when Qox is in binding site 1, but it deprotonates
when the Qox approaches binding site 2/2′. We find that His-
38Nqo4 is predicted to be protonated with Qox and neutral (δ-
or e- tautomer on His) with QH2, but interestingly the PB cal-
culations suggest that Tyr-87Nqo4 would prefer to reprotonate
also in the simulation trajectory with QH2/His/TyrO−. The rea-

son for the latter finding might be that QH2 moves rapidly to the
second binding site, which is expected to increase the proton
affinity of Tyr-87Nqo4. The reprotonation of Tyr-87Nqo4 might,
however, be kinetically limited by formation of a water contact to
the N-side of the membrane or by conformational changes of
nearby residues (39). To this end, His-34Nqo4 is located at the
interface between the active site and the N-side, and the residue
could thus act as an intermediate proton donor during reprotona-
tion of the active site. The PB calculations suggest that His-34Nqo4
remains deprotonated when Q is in site 1, but it protonates when
the Qox moves away or is reduced and protonated into QH2.
Moreover, consistent with our earlier work (26), Glu-35Nqo8, Glu-
248Nqo8, Glu-223Nqo8, and Glu-235Nqo8 are deprotonated when Qox
residues in binding site 1, but they show a strong upshift in their pKa
values when the Qox moves approaches bindings site 2/2′ (SI Ap-
pendix, Fig. S16). Some of these acidic residues were recently
modeled in their protonated states by studying multiple redox/
protonation states of a Q molecule in the middle of the Q tunnel
(39), in line with the Q-shuttle proposal (4), and were found to be
conformationally flexible depending upon their protonation states.
The observed pKa shifts correlate with the ion-pair dynamics (SI
Appendix, Fig. S12). For example, the increase in the pKa of Glu-
225Nqo8 correlates well with the distance to Lys-40Nqo7 and Arg-
73Nqo8 (SI Appendix, Fig. S12), and similar correlations are ob-
served for Glu-35Nqo8 and Glu-235Nqo8 and their nearby ion pairs.
Importantly, the predicted Q-binding sites and surrounding ion
pairs can form valuable input for future site-directed mutagenesis
and labeling experiments (SI Appendix, Table S4).

Mechanistic Implications. Experimental data (43) suggest that the
complex I from Escherichia coli comprises one tightly bound Q
with a ratio of 1.3 (± 0.1) per FMN molecule. However, it re-
mains entirely unknown where the Q molecule is bound in the
complex I structure. Based on the data from our PMF calcula-
tions, we suggest that Q can bind at or near the site of reduction,
and at a site close to the entrance of the Q tunnel, formed by two
highly tilted and one horizontal helix of the Nqo8 subunit (SI
Appendix, Fig. S3). This second site, located at a distance of
around 30 Å away from Tyr-87Nqo4, is lined with aromatic and
charged groups that offer favorable interactions for the Qox and
QH2 headgroups. The equilibrium redox titration shows that the
tightly bound Q gets reduced to quinol at potentials <−300 mV
(43), which according to our calculations would correspond to
the Q bound at a site ca. 4 Å from Tyr-87Nqo4. At the second
binding site near the tunnel opening, the calculated redox po-
tential is substantially higher, shifted up by the interactions with
nearby positively charged residues. Interestingly, such a shift in
redox potential coupled to Q motion has been proposed (4) as an
explanation of redox titration experiments (43).
Upon electron transfer from N2 to the Q bound at site 1,

leading to the formation of semiquinone (SQ), our calculations
indicate that the significant work linked to dissociating SQ could
kinetically trap the latter (SI Appendix, Fig. S17). A similar ki-
netic trapping of an SQ has also been suggested in cytochrome
bc1 (44). Arrival of the second electron from the iron–sulfur
chain leads to formation of the two-electron reduced QH2 spe-
cies by coupled proton transfer from His-38Nqo4 and Tyr-87Nqo4,
followed by structural rearrangement (26). This process reduces the
binding free energy of the quinol by 2–3 kcal·mol−1, suggesting that
the species is released to Q-binding site 1′. Our calculations
suggest that the diffusion of quinol toward the latter site is
exergonic, a process that may thus comprise a primary energy
transduction step in complex I that the enzyme employs for
driving the proton-pumping machinery (17). Diffusion of the
QH2 from site 1′ away from N2 also appears to be barrierless
until it reaches site 2, found based on our free energy calcula-
tions. Our electrostatic calculations suggest that the Q bound at
the second site at the entrance of the Q tunnel may alter the
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protonation probability of nearby titratable residues (SI Appen-
dix, Figs. S16 and S18). To this end, previous MD simulations
(16, 45) suggest that the protonation states of buried residues in
the membrane domain of complex I may control the formation
proton-conducting water wires between the bulk.
In the standard single-Q model, Q molecules exchange with

the membrane pool. Since the N2 cluster is the primary electron
donor to Q, a newly arriving Q species bound initially at Q-
binding site 2/2′ will need to diffuse toward the active site 1 close
to N2, become reduced and travel back to site 2/2′, and finally
diffuse into the membrane. We roughly estimated a minimum
round-trip time in the range of tens of microseconds, in the
absence of free energy barriers, which would move into the
millisecond regime for barriers as low as 3 kcal·mol−1. Indeed,
the barriers in our simulations appear to be higher than this, but
we caution against overinterpretation of these values, which may
reflect in part the difficulties in equilibrating and sampling the
motions of such a large and complex protein.
Nevertheless, it is worth noting that even under the most ideal

circumstances of a large Q pool in the membrane and completely
unrestricted motion of Q in the ca. 35-Å tunnel with a diffusion
coefficient D, that is 1/10 of free diffusion, and a barrier of only
3 kcal·mol−1, the round-trip time is already around 1 ms. Any
further increase in the barrier height would thus limit the overall
turnover. As a possible alternative, binding of a second Q has
been occasionally discussed in the literature (4) (see also refs. 17
and 46). Interpreting our simulation results also in such a
framework, one Q molecule would continuously shuttle between
two binding sites 1 and 2, and function as a redox transducer.
From site 2 (or 2′) the electrons would have to be transferred to
a secondary Q in the membrane or in site 2′. To contribute to the
Q pool, the quinol at the second Q-binding site, ca. 30 Å away
from Tyr-87Nqo4, has to further reduce a membrane-bound Q if
the former is restricted to the piston motion between the two
sites, as possibly supported by the obtained high free energy
barrier for QH2 to exit the membrane. The oxidation of quinol at
this site by a membrane-bound Q requires the latter to be within
ca. 14 Å of the former to allow for an efficient electron transfer
according to biological electron transfer theories (38). A putative
membrane bound site, QM (M for membrane) on the surface of
the Nqo8 subunit would have to fulfill this criterion. This site
would need to have a protonic connectivity with the aqueous N-
phase or to the QH2 species at second Q-binding site, which is
required to stabilize the negatively charged species (Q•/− or QH−)
that forms upon reduction, and the coupled oxidation of quinol.
The putative double-Q-piston model is consistent with some pre-
vious experimental and computational suggestions, for example the
redox-state-dependent conformational fluctuation of E-quartet
glutamates in subunit Nqo8 (26), conformational changes of resi-
dues in the two crystal structures, in particular Glu-213Nqo8 (11,
12), and data from labeling studies (35), that allow us to construct a
basic architecture of this putative third Q-binding site.
The possibility of multiple Q-binding sites in complex I is in-

directly also supported by the recent reinterpretation of EPR
data of SQ species in complex I from E. coli (47). In addition to
already well-known fast- and slow-relaxing SQ signals (SQNf and
SQNs, respectively) (19, 28) that fit well with the two proposed
sites, with distances of ∼10 Å and 35 Å from the N2 center,
respectively, a third very-slow-relaxing SQ signal (SQNvs) has
been proposed (47). It was suggested that the latter signal orig-
inates from a Q bound at a membrane–protein interface (47). In
the context of our model, the latter location would correspond to
the QM site, whereas SQNf and SQNs would be analogous to the
sites ca. 4–10 Å and ca. 25–35 Å from Tyr-87Nqo4, respectively.
After reoxidation of QH2 bound at the second site, its protons

are either released to the N- or P-sides of the membrane,
transferred to the QM molecule, or a combination of these sce-
narios. Moreover, reprotonation of the residues that served as

initial proton donors in the Q reduction step (Tyr-87Nqo4 and
His-38Nqo4) is required for complex I to restore its ground state
for the next reaction cycle.

Conclusions
Our molecular simulations on complex I in states that occur
immediately before and after the Q reduction suggest that a
single Q molecule shuttles between the hydrophilic and mem-
brane domains of complex I within a tight tunnel. This remark-
able diffusion process spans a distance of ca. 30 Å and is likely to
be important for establishing a strong coupling between the
spatially distant proton and electron transfer activities in com-
plex I. Based on our molecular simulations, we have described
here the molecular structure of a putative second Q-binding site,
hoping to stimulate new site-directed mutagenesis and labeling
experiments (SI Appendix, Table S4). The studied Q piston
motion is suggested to comprise an elementary energy trans-
duction step in complex I that is responsible for activating the
long-range controlled proton-pumping machinery.

Methods
MD Simulations. The crystal structure of complex I from Thermus thermo-
philus was taken from the Protein Data Bank (PDB ID code 4HEA) (11).
Following the protocol described in our earlier work (26), we constructed an
atomistic model system of complex I immersed in a lipid–solvent environ-
ment. The model system consisted of 809,314–823,699 atoms, including the
entire complex I, POPC lipids, TIP3P water molecules, and Na+ and Cl− ions,
mimicking a 150 mM salt concentration. We performed simulations in vari-
ous redox/protonation states of Q using Q1, Q6, and Q10 (see text and SI
Appendix, Table S1). Force-field parameters for the ubiquinone substrates
and iron–sulfur centers were derived from density functional theory calcu-
lations from our previous work (26, 30, 33). Our previous calculations (30)
suggest that the derived parameters reproduce experimental redox poten-
tials. The simulations were performed with NAMD2 (48), using the
CHARMM27 and CHARMM36 force fields for protein, lipids, water, and ions
(49, 50) at constant temperature (T) and pressure (P), with T = 310 K and P =
1 atm. The time step was 1–2 fs, long-range electrostatics was treated with
particle mesh Ewald method, and all hydrogen bonds are restrained by the
ShakeH algorithm as implemented in NAMD. The equilibrium properties of
our simulation models were monitored with different indicators (e.g., the
lipid equilibration is shown in SI Appendix, Fig. S20). Simulation trajectories
were analyzed using Visual Molecular Dynamics (51). All simulation setups
are summarized in SI Appendix, Table S1.

SMD Simulations.We performed two independent SMD simulations (52, 53) of
bound Q and quinol in the first binding site in hydrogen-bonding distance to
Tyr-87Nqo4, with a constant pulling velocity of 0.5 Å·ns−1 and a force constant
of 100 kcal·mol−1·Å−2, applied to the center of mass of Q in the direction of
the exit of the binding pocket. To keep the protein and the lipid membrane
stable in the box, we fixed the Cα atoms in the transmembrane helices of
Nqo10 with a force constant of 2 kcal·mol−1·Å−2. No temperature or pressure
controls were used in the SMD simulations, which were performed using
NAMD2 (48). We also performed a second set of SMD simulations with higher
pulling velocities, by pulling the last carbon atom (C34) of the Q6 tail at a
constant velocity of 5 Å·ns−1 in various redox/protonation states of Q (Qox,
QH2, and SQ). After multiple tests, the value of the force constant (k) was
chosen to be 8 kcal·mol−1·Å−2. The snapshots along the pulling trajectories
were used to perform equilibrium US simulations (discussed below). Due to the
slow convergence (54), we did not calculate the PMF from the SMD simulations.
However, our preliminary calculations show that it is energetically costly to pull
a negatively charged SQ out of the Q tunnel in comparison with neutral Qox

and QH2 species (SI Appendix, Fig. S17).

PMF from Diffusion Model. Based on snapshots extracted every 2 ns from the
SMD trajectory of Q and QH2, we initiated multiple unrestrained equilibrium
MD simulations starting from different positions of the Qox and QH2. For
Qox, we performed initially 38 such MD simulations, each 11 ns long, and to
improve the sampling in rarely visited regions of the reaction coordinate we
initiated 23 additional 11-ns MD simulations. We completed the dataset of Q
by adding 4 × 11-ns MD simulations in which the Q headgroup was initially
in hydrogen-bonded contact with His-38Nqo4 and Tyr-87Nqo4, using a starting
structure obtained from previous work (26). For the quinol simulations, we
initially performed 38 × 11-ns MD simulations and to improve the sampling in
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rarely visited regions, we initiated 14 additional 11-ns MD simulations. We
completed the dataset of QH2 by adding 5 × 11-ns MD simulation in which the
Q headgroup was initially in hydrogen-bonded contact with His-38Nqo4 and
Tyr-87Nqo4, starting from the same structure as the QH2 SMD, but with QH2

replaced by Q. From the complete 65 × 11-ns and 57 × 11-ns equilibrium MD
simulations of Qox and QH2, respectively, the last 10 ns were used for the
analysis. In addition to the Tyr-Q distance reaction coordinate, we also pro-
jected the shortest distance between Tyr-87Nqo4 and a carbonyl oxygen of the
Q/ol headgroup on the SMD pulling vector (SI Appendix, Fig. S4). Results for
these PMF calculations are shown in Fig. 4 and SI Appendix, Fig. S5.

One-Dimensional Diffusion Model. The rate constant for the overall Q release by
diffusion along theQ tunnel is exponentially sensitive to the free energy barrier
heights and linearly proportional to the diffusion coefficient. The position-
dependent diffusion coefficient DðqÞ along the reaction coordinate q de-
scribes the local dynamics on the free energy surface FðqÞ. Several 1D coor-
dinates qwere considered to monitor the motion of Q through the Q-binding
cavity, each discretized into bins qi (0 ≤ i ≤ N) of width Δq= jqi+1 −qi j = 2 Å.
Error bars in the PMF indicate standard errors of the mean, which were esti-
mated by block averaging, dividing the trajectories into three blocks of
equal length.

From the observed bin transitions in the MD trajectories, we estimated
DðqÞ and FðqÞ self-consistently by using a 1D diffusion model as described in
ref. 40. The MD simulation reports on the local “propagators” along the
reaction coordinate q. One can compare the observed bin transitions in the
MD trajectories with those expected from the diffusive dynamics. A likeli-
hood function is constructed that gives the probability of observing exactly
the motion along q seen in the simulations.

The likelihood L between transitions given the rate model is

log  L=
X
i, j

Nji logðpðj,Δt ⋁ i, 0ÞÞ, [1]

where Nji is the number of observed transitions from state i to j with the lag
time Δt. Nji was computed from MD trajectories with coordinates saved
every 10 ps. The lag times of 1.5, 2, and 2.5 ns were used. pðj,Δt ⋁ i, 0Þ is the
conditional probability that the system is in the state j at the time t + Δt
given that it is in the state i at time t. The log (L) is maximized with a Monte
Carlo search by varying Fi and Di ± 1/2. All kinetic constants k of the local
propagator in the diffusion model enter into the rate matrix K.

The rate constant from state i to state i± 1 is

ki→i±1 =
Di±1

2

Δq2   exp
�
−Fi±1 − Fi

2kBT

�
. [2]

Fi is the free energy at the center of bin qi, and Di±1
2
=Dðqi +qi±1=2Þ is the

diffusion coefficient between bin i and i ± 1. Because the local propagator is
moving on a 1D reaction coordinate, direct transitions occur only between
neighboring bins. The rate matrix K thus adopts the following form:

Kij =
� ki←j if  ji− jj=1
− kj→j+1 − kj→j−1 if  i= j

0 otherwise
. [3]

US Simulations. US simulations (36) were performed using the colvar module in
NAMD2 (48). Smaller model systems of complex I consisting of ca. 180,000 atoms
were constructed from the SMD simulation trajectories. Each model system
consisted of Nqo4–Nqo10 and Nqo15 complex I subunits, immersed in lipid–
solvent surroundings. US simulations were performed by constraining the dis-

tance between Tyr-87Nqo4 and the headgroup of Q by a half-harmonic potential
of 5 kcal·mol−1·Å−2. The distance sampled was in the range of [4 Å, 50 Å] with a
0.5-Å spacing, simulating in total 61 umbrella windows. At d = 4 Å, the Q
headgroup is hydrogen bonding with Tyr-87Nqo4, whereas at a distance of 50 Å
it is almost out in the lipidic milieu, such that the entire Q-tunnel region
was explored.

The US simulations were performed for two states of Q (Qox and QH2),
using a short-tailed Q1. A sufficient overlap between the neighboring his-
tograms was observed for each Q-state simulation (SI Appendix, Fig. S19),
and convergence was analyzed by calculating the time evolution of PMF
profiles. The PMF was calculated using WHAM (37), as implemented in ref.
55, with a convergence threshold of 0.00001 kcal·mol−1, and after discarding
the first 5 ns of data. The bootstrap error analysis, as implemented in ref. 55,
showed a statistical uncertainty of ±0.1 kcal·mol−1 (see also Fig. 3).

Our analysis revealed that closely spaced US windows (with shorter simu-
lations timescales) allow better coverage of the reaction coordinate and faster
convergence of PMF profiles. However, despite these and using a smaller li-
gand (Q1), the very high complexity of the protein–substrate system results in
minor oscillations in PMF profiles, thereby representing limited sampling.

PB Continuum Electrostatics. Redox potentials and pKa values were computed
based on electrostatic potentials obtained by solving the linearized PB equa-
tion using APBS (56) and Monte Carlo titration sampling (57, 58). The protein
was described using atomic partial charges, embedded in an inhomogeneous
dielectric continuum with dielectric constants of ep = 4 for the protein and
ew = 80 for the water, a probe radius of 1.4 Å, and ionic strength of 100 mM
potassium chloride. The redox potential was computed as a difference of
electrostatic free energy shifts between a model compound in water and the
model compound in the protein. Charges for Q and iron–sulfur clusters as well
as redox potentials of model compounds in water were obtained from ref. 30.
Due to limited experimental data available for complex I, benchmarking the
accuracy of the PB calculations is outside the scope of the present work.
However, previous studies (59) suggest that PB calculations can reproduce
experimental data in proteins with a mean error of ca. 1 pK unit (59) or 60 mV
(60, 61). Redox potentials of iron–sulfur cluster are computationally chal-
lenging (62), but we found (30) that some experimental redox potentials for
complex I are indeed reproduced within a 100- to 200-mV error bar. However,
we expect the complexity of the simulation system is likely to introduce larger
overall errors but nevertheless to qualitatively capture electrostatic effects
linked to Q dynamics. Results from the PB calculations are shown in SI Ap-
pendix, Figs. S14–S16.
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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). 

A

C

D

upperLower middle

Channel 2

Channel 1

B

Kink

Kink

Twisting

Bending

Tyr87

0.6 nm
0.8 nm

3.2 nm
4.0 nm

Kink 2.0 nm

Nqo8

Nqo7/10/11

Nqo4

Twisting

Bending
Tyr87

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 tt = 1.0 ps 
(38), a semi-isotropic Parrinello-Rahman barostat (39) with a coupling 
constant of tp = 12.0 ps, and a compressibility of c = 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 ms 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 ms 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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