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ARTICLE INFO ABSTRACT

Complex I, NADH-ubiquinone oxidoreductase, is the first enzyme in the mitochondrial and bacterial aerobic
respiratory chain. It pumps four protons through four transiently open pathways from the high pH, negative, N-
side of the membrane to the positive, P-side driven by the exergonic transfer of electrons from NADH to a
quinone. Three protons transfer through subunits descended from antiporters, while the fourth, E-channel is
unique. The path through the E-channel is determined by a network analysis of hydrogen bonded pathways
obtained by Monte Carlo sampling of protonation states, polar hydrogen orientation and water occupancy. Input
coordinates are derived from molecular dynamics trajectories comparing oxidized, reduced (dihydro) and no
menaquinone-8 (MQ). A complex proton transfer path from the N- to the P-side is found consisting of six clusters
of highly connected hydrogen-bonded residues. The network connectivity depends on the presence of quinone
and its redox state, supporting a role for this cofactor in coupling electron and proton transfers. The N-side is
more organized with MQ-bound complex I facilitating proton entry, while the P-side is more connected in the
apo-protein, facilitating proton exit. Subunit Nqo8 forms the core of the E channel; Nqo4 provides the N-side
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entry, Nqo7 and then Nqol0 join the pathway in the middle, while Nqol1 contributes to the P-side exit.

1. Introduction

Complex I, the first protein in the aerobic electron transfer chain in
bacteria and mitochondria, oxidizes NADH from the Krebs cycle to form
a reduced quinone product [1-5]. The reduced, dihydro quinone
(quinol) is then the substrate for the cytochrome bc; complex (complex
I1I), which in turn produces a reduced cytochrome c substrate for cy-
tochrome c¢ oxidase (CcO, complex IV), where the terminal electron
acceptor, O, is reduced [1]. Each of these proteins adds to the cellular
energy of the transmembrane electrochemical gradient by removing
protons from the high pH, N-side of the membrane and adding them to
the low pH, P-side [3,6]. The resulting proton gradient, provides the
fuel for the synthesis of ATP by complex V, which allows controlled
movement of protons from P- to N-side, closing the mitochondrial
electron and proton transport chain [1].

For proton pumps, such as complex I and CcO, protons move
through the protein with energy provided by the redox reaction they

catalyze. In complex I the redox chemistry and proton pumping are
separated by a remarkable distance [7]. Thus, intramembrane channel
opening and closing is tied to the redox chemistry which occurs in the
long peripheral arm [1]. With the elucidation of an atomic resolution
complex I structure [7] it is now possible to ask detailed questions
about the mechanism by which the protein structure couples the energy
releasing redox reactions with the energy storing proton transfer reac-
tions.

A basic proton pump, that carries out a proton transfer process that
is itself thermodynamically uphill, has several minimal requirements
including [6]: (i) a change in proton affinity during the reaction cycle so
protons will be bound from the N-side and released to the P-side via
transiently loaded sites in the protein interior; (ii) a pathway for pro-
tons to be handed from donor to acceptor through the hydrophobic
interior of the membrane embedded region of the protein via a Grot-
thuss mechanism [8]; (iii) a means to close off proton transport so that
the interior is only accessible to the N-side during proton uptake into
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Fig. 1. T. thermophilus complex I. (a) Subunit Nqo4, Nqo7, Nqo8, Nqo10, and Nqo11, which are studied here, are shown as solid cylinders. The antiporter subunits
Nqol2, Nqol3 and Nqo14 are shown as semi-transparent ribbons. Iron sulfur clusters are shown in green (oxidized) and cyan (reduced). Blue arrows show direction
and approximate position of proton pumping paths. (b) Cofactors in the peripheral arm. Iron-sulfur clusters that are reduced in the MD trajectory are cyan while the
rest are green. FMN is shown in blue and menaquinone-8 in yellow. Black arrow represents likely path for electron transfer after NADH has reduced FMN. NADH is

not shown.

the protein and accessible to the P-side during release to keep protons
from moving downhill. Here, the pathway and its control elements are
investigated for complex I [7], using computational approaches that we
have developed for related protein pumps such as cytochrome c oxidase
[°1.

Mitochondrial complex I has up to forty-five subunits including
fourteen core subunits that are highly conserved from bacteria to hu-
mans [7,10-14]. The latest complete crystal structure of complex I was
solved at 3.3 A from the smaller, bacterial Thermus thermophilus [71],
which maintains the peripheral subunits for the redox reactions and
intra-membrane proton pumping subunits, but lacks smaller regulatory
subunits found in higher organisms [13]. It may thus provide a more
direct look at the minimum requirements for pumping. The peripheral
arm, containing all the redox cofactors, extends 140 A into the P-side of
the membrane, while the intramembrane subunits is 180 A long (Fig. 1)
[15]. Soluble NADH is bound at the end of the peripheral arm furthest
from the membrane. Electron transfers from NADH reduce quinone via
non-exchangeable FMN and iron-sulfur complexes. The quinone, which
is the terminal electron acceptor, enters from the membrane and
snorkels up through the protein to the binding site (Fig. 1) [16]. The
quinone position in the complex I is unique as the hydrophobic cofactor
must move 25-30 A above the membrane surface [7]. In the other
quinone requiring proteins the binding site is within the membrane
plane. The electron transfer reaction is tightly coupled to pumping of

four protons [1,17,18].The protons move through four separate, tran-
siently opened, hydrated pathways in the membrane domain (Fig. 1).
The overall reaction is:

NADH + H* + Q + 4Hy* — NAD* + QH, + 4Hp*

There are seven subunits in the membrane domain of T. thermophilus
complex I [7]. Three protons are pumped through the three homo-
logous antiporter subunits, denoted Nqol2, Nqol3, Nqol4 (Fig. 1).
While the protein interior is largely made up of hydrophobic residues
there are groups of ionizable residues (Asp, Glu and Lys) that were
identified as possible proton pathways through these subunits from the
structure [7,13,19] which were largely confirmed by site-directed
mutagenesis [20-22]. The X-ray crystal structure of complex I has
provided the starting information needed for in depth analysis of the
potential proton pumping pathways. These studies have generally used
Molecular Dynamics (MD) simulations to trace out hydrogen bonded
pathways in trajectories obtained with different protonation states of
buried residues or redox states of cofactors [23-26] and Hybrid
Quantum Mechanics/Molecular Mechanics (QM/MM-MD) to in-
vestigate very local proton transfer events [23,25,26]. MD simulations
carried out with the membrane domain of E. coli showed that proto-
nation state changes of key Glu and Lys in the center of the protein
change the hydration of channels that can support proton transfer
[23,24]. The results of MD simulation using the complex I structure
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generally supported the pathways predicted given the location of
buried charged and polar residues in the crystal structure [25,26]. The
local barriers to hydronium migration from N to P side with nearby
residues in different protein protonation states were examined in the
antiporter subunits by hybrid computational methods combining QM/
MM and MD [23,25,26].

Complex I is clearly the result of evolution repurposing different
proteins for new functions: the peripheral arm of complex I is derived
from the soluble [NiFe] hydrogenases [27,28], whereas the antiporter
subunits of the membrane arm are derived from Mrp cation/H™ anti-
porters [29]. The intramembrane subunit, Nqo8 connects to the per-
ipheral arm. It is the most conserved subunit in complex I [1], however
it appears not to be related to other proteins.

While there are three antiporter derived subunits, four proton are
pumped [17]. Thus the sequence and structure of the fourth channel is
unique [1]. The crystal structures [13,19] led to the suggestion that the
fourth channel may use subunits Nqo10 and Nqo11 (NuoJ/K in E. coli),
an assignment which was also supported by MD simulations carried out
on the E. coli protein [23]. However, after the structure of the T. ther-
mophilus complex I was solved [7], it was suggested that Nqo8 forms the
fourth channel, now called the E-channel due to the abundance of
glutamic acids in this proposed path [7]. Recent QM/MM-MD simula-
tions using the T. thermophilus complex I identified a path entering from
the N-side to central residues Glu213/163 of the Nqo8 subunit [26] or
via the interface between Nqo10 and Nqoll [25]. Several internal re-
sides have been suggested as important include 7(Asp72), Glul30,
Glul63, Glu213, 10(Tyr59) and 11(Glu32) [7,19,23,25,26] (the no-
menclature is subunit(residue). Subunit Nqo8 is not explicitly stated).
However, the P-side proton exit has not been identified. Recent work
suggested that reduction of quinone triggers movement of the cofactor
to be closer to the membrane domain which is coupled to changes in the
protonation of residues around quinone position [30,31].

Hydrogen bond networks that can support proton transfers can be
identified using a number of computational methods. MD trajectories
allow for the protein to move freely within a membrane, with waters
moving in and out. However, the protonation states are predefined. In
contrast, Monte Carlo (MC) techniques allow for sampling of sidechains
protonation and position as well as the occupancy and orientation of
waters with the restriction of a fixed backbone [32]. This allows for
dynamic sampling of protonation states, while incurring restrictions on
the movement of the protein [9,33]. Constant pH MD (cpHMD) allows
protonation states to change within a MD trajectory [34-36]. Despite a
handful of successes [37], it is not yet able to bring a large system with
many interacting protonatable groups to equilibrium so is not a good
tool for analysis of complex I. Currently methods that carry out MC
analysis on snapshots generated by MD (MD/MC) provides a reasonable
compromise, especially if the MD snapshots can credibly capture bio-
logically relevant conformational states [9].

An MC analysis of hydrogen bond networks in MD trajectories has
been employed to identify the exit pathway for protons from Rb.
sphaeroides cytochrome ¢ oxidase [9]. Polar and ionizable amino acid
side chains were identified as participating in proton transfer via buried
waters. Highly connected hydrogen-bonded residues were identified as
clusters of 6-22 residues where all residues are connected to multiple
residues in the cluster either directly or via short water chains. Thus,
the model did not support a set of simple linear proton transfers. Rather
protons appear to be able to move easily within clusters. An excess,
pumped proton can be transiently trapped within an individual cluster,
with a distribution that reflects the relative proton affinity of sites
within the complex environment [38]. In cytochrome c oxidase gating
of proton transfer occurs when inter-cluster connections are broken,
usually by loss of connecting waters [38-40].

Here, we perform an MD/MC network analysis of hydrogen bonds
derived from MC calculations of MD snapshots carried out with the
most recent complex I structure from T. thermophilus [41]. The simu-
lations are carried out wusing trajectories with the oxidized
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menaquinone-8, MQ, the reduced MQH,, and with no quinone (the apo-
protein). Monte-Carlo analysis of the hydrogen bond network was
performed across five protein subunits at the junction between the so-
luble and the transmembrane domains of complex I (Nqo4, Nqo7, Nqo8,
Nqo10, and Nqo11 (Fig. 1)) to identify the E-channel proton pathway. A
complete proton transfer pathway is found between the N and the P-
sides of the membrane. Comparing the connections in states with dif-
ferent quinone occupancy it is shown that connections to the N-side are
strong in the quinone containing protein, while the P-side is more
connected in the apo-structure, providing a possible gating mechanism
to control access to the different sides of the membrane.

2. Methods
2.1. MD simulation

Models employed in our MC simulations are extracted from our
recently reported MD simulations of the T. thermophilus complex I [41].
Preparation of the simulation system is described in the MD article, and
summarized herein. The initial complex I model was derived from the
334 crystal structure (PDB ID: 4HEA). Loops within the Nqo6 subunit
between residues 55-70 were reconstructed using the more recent decyl
ubiquinone-bound complex I structure [PDB ID: 6I0D]. In subunits
Nqo7, 8, 12-14 all the Asp, Glu, Arg and Lys were considered to be
ionized and His are modeled as neutral with the proton on NE. The
complete molecular model (complex I embedded in a hydrated patch of
1000 1-palmitoyl-2-oleyol-sn-glycerophosphocholines [POPC] in the
presence of 150 mM NaCl) consisted of ~1,000,000 atoms in a box of
28 nm X 14 nm X 24 nm. This system was parameterized with the
CHARMMS36 force field, including CMAP corrections for proteins
[42,43]. The TIP3P model was employed to describe explicit water
interactions. CHARMM parameters for the Iron-sulfur cluster were de-
rived by Chang and Kim from Density Functional Theory calculations
[44]. Clusters N1a, N1b, N5, N7 and N6b were oxidized and N3, N4 N6a
and N2 reduced, preserving an alternation of oxidized and reduced
states [2]. This pattern is supported by studies on bovine complex I
[45-47]. It has been shown that Nla in T. thermophilus is not NADH-
reducible, akin to bovine complex I [48,49]. The Flavin mononucleo-
tide was described with the parameter set designed by Freddolino et al.
[50].

The polar ring of menaquinone was aligned with that of decyl-
ubiquinone in the X-ray structure (PDB ID: 6I10D), so the phenyl oxygens
are interacting with residues His 38 and Tyr 87 of subunit Nqo4. The
menaquinone tail was then refined using 10 ns of Molecular Dynamics
Flexible Fitting (MDFF) [51] simulations into the hollow quinone-
binding cavity. The structure with the highest cross-correlation and
lowest energy was chosen for subsequent MD simulation. The system
was equilibrated in the NPT ensemble (T = 313 K, P = 1 atm for
100 ns) before initiating production runs. Simulations were performed
using 1.0 fs timestep with a force-based switching function for long-
range interactions from 10 to 12 A, Langevin thermostat, Nosé-Hoover
Langevin barostat, and a flexible cell. Trajectories were run for 0.5 ps.
Eighteen snapshots were taken from one trajectory of the apo-protein
and the protein with MQH, or MQ bound. Eleven snapshots were ob-
tained from a second trajectory with MQ bound. Snapshots were se-
lected to have different levels of hydration (Fig. SI.1).

2.2. MCCE simulation

The hydrogen bond networks are obtained with MC sampling of
multiple MD snapshots [9] using MCCE [33]. Only subunits Nqo4,
Nqo7, Nqo8, Nqol0, and Nqoll are included. As MCCE maintains a
rigid backbone there is little interaction with subunits further away.
The protein is inserted into a 33 A thick rectangular slab using IPECE to
emulate the membrane [52]. IPECE embeds the protein in a low di-
electric slab so that the fewest surface ionizable residues are buried by
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Fig. 2. Hydrogen bond networks for complex I E channel. (a) Subunits Nqo4, Nqo7, Nqo8, Nqo10, and Nqol1 are shown as semi-transparent cylinders. Side chains
identified with each cluster: 1: yellow, 2: gray, 3: red, 4: purple, 5: green, 6: blue. Several key residues are labeled. (b, ¢, d) MCCE hydrogen bond network for: (b) the
menaquinone docked structure; (c) the reduced menaquinone (MQH,) docked structure; (d) without menaquinone. Clusters of highly connected residues are placed
within a circle with the color used in the adjacent structure. A line represents residues connected by zero to four waters. Prefix in each node is subunit number.
Residues from Nqo8, which contributes the most residues, do not have a prefix. One letter amino acid code is followed by the residue number. The node color is based
on the residues type. Acid: red; base: blue; polar: green; MQ or MQH,: yellow; diamond nodes: surface residues. All residues are enumerated in Table 1. The node
labels can be read when the PDF image is magnified and an enlarged figure is found in Fig. SI.6. The positions of nodes are initially fixed with the analysis of the MQ
containing structures, which is the most highly connected. Breaks in connections between nodes that are close together in the MQH, or quinone removed trajectories
are made more visible by short black lines.
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calculating the exposed surface area of Asp OD1 and OD2, Glu OE1 and
OE2, Arg NH1 and NH2, and Lys NZ. Surface water molecules with >
5% solvent accessible surface are replaced with continuum solvent.

In MCCE a conformer represents a choice (degree of freedom) for a
side chain or ligand or water that is available for Monte Carlo (MC)
sampling [33]. Here, the protein backbone and side chain carbon atoms
are obtained from the input MD snapshot and held fixed in MCCE.
Multiple ‘isosteric’ conformers that change the position of polar hy-
drogens of side chain and water polar protons, the protonation state of
Asp, Glu, Arg, Lys, Tyr and Cys and the occupancy of water binding
sites are sampled [33]. This allows extensive analysis of the allowed
hydrogen bond network for individual snapshots obtained from MD
trajectories.

All buried waters are allowed to remain as they are essential
members of hydrogen transfer pathways. The oxygen of each buried
water oxygen generates 5 to 100 conformers with different proton po-
sitions. Each water also has a conformer moved into solution. MCCE
uses GCMC (Grand Canonical Monte Carlo) sampling, which allows the
number of water molecules within the complex to change by keeping
constant chemical potential, volume and temperature of a reservoir.
The behavior of TIP3 water in GCMC sampling in MCCE has been re-
cently benchmarked against the behavior of water in MD [53]. In cal-
culations that enhance hydration, a different function in the IPECE
program inserts water oxygens into cavities that can accommodate a
sphere with a radius of 1.4 A [52].

At least 11 MD snapshots were subjected to MC sampling, collecting
17 to 35 million microstates for each snapshot. Thus, MCCE samples as
many microstates as the timesteps that are needed to obtain more than
a 10 ns MD trajectory. The MC analysis can reveal the complexity of the
possible network connections. The network for each snapshot is formed
from the hydrogen bonds found in at least 0.1% of microstates in the
Boltzmann distribution. In the default network analysis, two residues or
ligands are viewed as being connected if they can be bridged by zero to
4 water molecules. A permissive network is built up here as it contains
connections from different microstates in a single snapshot. In addition,
in the default presentation, networks from different snapshots from the
same trajectory are merged. Networks are visualized using Cytoscape
[54]. Additional description of the hydrogen bond network criteria is
given in Table SI.1.

Active proton transfer networks end at the surface of the protein.
Surface residues are identified based on their solvent accessible surface
in the first frame of the menaquinone bound snapshot. A residue is
considered surface exposed if 20% of the whole residue is surface ex-
posed.

Conservation of a residues is determined by HSSP multiple align-
ment of approximately 2500 sequences of complex I [55].

Table 1
Residues in each cluster.
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3. Results and Discussion

The aim of this paper is to identify the proton transfer pathway in
the unique E-channel of complex I, and to observe whether the con-
nectivity of the path is influenced by the presence of an oxidized or
reduced MQ or absence of MQ in a manner that might be able to control
proton transfer across the membrane. MC sampling is performed on
multiple MD snapshots to determine the Boltzmann distribution of io-
nization states, water occupancy and the resultant hydrogen bonded
connections that can carry protons [9]. While the entire protein was
contained in the MD trajectory, only subunits Nqo4, Nqo7, Nqo8,
Nqo10, and Nqoll, which are distinct from the antiporter-derived
subunits are included in the MC analysis (Fig. 1). The quinone is not
present in this crystal structure. Recent papers have described several
possible positions for the quinone in T. thermophilus [30,31]. Here MQ
was aligned starting from the structure with decyl-DQ bound (PDB ID:
6I10D) where the introduced MQ carbonyls bound via 4(Tyr87) and
4(His38).

Simulations started with snapshots from the MD trajectory with
bound MQ-8 generate the most complete pathway from N- to P-side of
the protein. This will be described first and then compared with the
results from trajectories with reduced or no quinone. The resultant
analysis of the hydrogen bonds between amino acids, allowing for in-
tervening waters does not produce a linear pathway. Rather, it shows a
complex cluster of interconnections. This complexity is illustrated in
several ways. Fig. 2a shows the amino acid side chains that are iden-
tified as making up the network of residues that can connect the N- to P-
side of the protein. They are colored to represent clusters identified by
the network analysis shown in Fig. 2b, where residues are divided into
‘clusters’ and ‘connecting residues.’

In the network, a connection, represented by a line (edge), indicates
a hydrogen bond path between the two residues (nodes). A connection
can be direct or through as many as 4 intervening waters, and must be
found in at least 0.1% of the accepted MC microstates found in MCCE
simulations on at least one MD snapshot [9]. A cluster is made up of
residues that each have connections to three or more other residues
within that cluster (Fig. 2b—d). Our working hypothesis is that protons
can move freely within a cluster, with the proton distribution de-
termined by the relative residue proton affinity of individual sites
[38,56]. Given the distribution of connections found by MC sampling of
available hydrogen bonds and the branching of connections allowed by
bridging waters, residues are found to be connected to as many as 18
other intra-cluster and inter-cluster residues. Peripheral nodes, shown
outside the highly connected ring, are connected to only one or 2 other
residues. Peripheral residues are counted as part of the cluster in Tables
1 and 2. Six highly connected clusters are identified. Connecting

Residues in cluster or connectors

Subunits Nqo

Cluster 1 4(Q33), 4(S36), 4(T37), 4(H38), 4(D139), 4(R217), R216, E223, E225, Q226, {4(Y87)} 4,8

Cluster 2 4(E50), 4(Q389), 7(H60), R154, S158, D220, E227, R301, Y302, D303, {4(S48), 4(E51), 4(E216), Q304, R307)} 4,(7),8

Connecting land 2 4(E388), 4(D392), R299 4,8

Cluster 3 4(T27), 4(N29), 4(R42), 7(E45), 7(D49), 7(E53), D71, S139, S143, S145, K146, Y147, S148, S152, E235, Y236, S237, K240, {4(H58), 4,7,8
4(Y61), 7(S46), 7(N48)}

Cluster 4 7(T10), 7(D72), 7(E74), 7(W79), 7(T100), 7(W111), S89, Y124, S129, E130, Y134, S161, Y162, E163, Y206, S210, E213, H251, T254, 7, 8,10
W310, {7(Y109), 7(E110), 7(K113), 7(R117), 10(T150), 10(E158)}

Connecting 1, 2, 3 and 4 4(T144), E35, S155, S156, Y232, H233, T234, Q245, E248, Y249, R294 8,(4)

Cluster 5 10(Y43), 10(Q55), 10(Y59), 11(E32), 11(N36), 11(N39), {10(S15), 10(N35;0)} 10, 11

Cluster 6 7(Q5), 7(E6), 7(Y7), 7(S84), T2, W3, S4, Y5, D8, K16, Q112, W114, N117, D119, S179, N181, N183, D184, N187, W188, K190, 7, 8,10, 11

10(R49), 10(Q125), {Y10, 10(S2), 10(E5), 10(D47), 10(D118), 10(K120), 11(Y3), 11(R47), 11(Q54)}

Residues in each cluster from T. thermophilus complex I (PDB ID: 4HEA). Residues from Nqo8, which contributes the most residues, do not have a prefix. The other
subunits included in the analysis (Nqo4, 7, 10 and 11) are identified by the prefix number. Residues inside curly brackets are peripheral residues, on the edge of the
cluster, connected to only one or two cluster residues. Underlined residues are surface exposed (%SAS = 20) identified using MCCE on the first frame of the
menaquinone bound snapshot. Subunits Nqo column: The subunit that contributes residues to each cluster. Subunits in parenthesis contribute only one residue to the

cluster. The designation of these subunits in other organisms is found in [58].
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Table 2
Count of residue types within each cluster.

Cluster Count of residues in network obtained from MQ
containing trajectory
Total Acid Base Grotthuss Non-Grotthuss
(D, E) (K,R) polar polar
(S, T, Y, H) (Q,N,W)
Cluster 1 11 3 2 4 2
Cluster 2 15 6 3 4 2
Connecting clusters 3 2 1 0 0
1-2
Cluster 3 22 5 3 12 2
Cluster 4 26 7 2 14 3
Connecting clusters 11 2 1 7 1
1-4
Cluster 5 8 1 0 3 4
Cluster 6 32 7 5 9 11
Total residues in 128 33 17 50 24
clusters
Total residue in 390 94 78 161 57

studied system

Number of residues in each cluster, including peripheral residues the cluster
edge (Table 1). Total residue counts all residues in subunits Nqo4, Nqo7, Nqo8,
Nqo10, and Nqol1which can form hydrogen bonds. Grotthuss competent polar
residues have a lone pair and a polar proton so can accept and donate a proton.
These are hydroxyl containing side chains Ser, Thr and Tyr, as well as His, Glu
and Asp, which are Grotthuss competent when neutral.

residues bridge clusters. The network figure shows each residue name,
which can be read when the image is magnified (Fig. SI.6). All residues
in the network are also listed in Table 1.

Another measure of the complexity of the network can be seen in
how many residues are included. Here 128, mostly buried residues
within three transmembrane subunits of complex I are involved in the
network (Table 2). This group of residues can be divided into several
categories that define their possible functions. Grotthuss-competent
residues can participate in Grotthuss proton transfer as they have a lone
pair of electrons that can accept a proton as well as a dissociable proton.
Water molecules, hydroxyl containing side chains, protonated acidic
residues and neutral His meet these criteria. Non-Grotthuss residues can
make strong hydrogen bonds but are not set up to ‘simultaneously’
receive and release a proton. A neutral Lys can serve, but an ionized Lys
has no lone pair to accept a proton. Likewise, an Arg can only facilitate
proton transfer if it (initially) loses a proton, which must be replaced on
the same nitrogen [57]. Non-Grotthuss side chains can anchor the
network and will strongly influence the proton affinity of residues
within and near the cluster.

The network shown in Fig. 2b identifies an almost complete path
between the N and P-side when MQ is bound. Overall, we see two
clusters (2 and 3) which have residues that connect to the N-side of the
membrane. They surround the quinone containing cluster (1). Clusters
1,2, and 3 connect to the deeply buried cluster 4. A small isolated
cluster (5) is also found. Cluster 6 contains P-side surface exposed re-
sidues. With MQ bound there is a gap between clusters 4 and 6, which
can stop proton flow.

3.1. Character of the clusters that make up the E-pathway in the MQ
containing structures

The aim here is to provide specific detail for the E-pathway residues
in each cluster in the MQ trajectory. The proton pathway we will de-
scribe reaches from the quinone binding site to exits on the P-side. Here
we will describe the makeup of the clusters and the inter cluster con-
nections.

Cluster 1 (11 residues) and 2 (15 residues) are near the N-side of the
protein with 3 surface exposed residues in cluster 2 (Tables 1 and 2).
Cluster 1 is linked directly to the quinone via 4(Tyr87) and 4(His38)
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without intervening waters (Fig. SI.2). These two clusters are internally
highly connected. For example, four residues in cluster 1 are connected
in some microstates to more than six other cluster 1 resides. The io-
nizable residues in cluster 1 and 2 are highly conserved (Table SI.6).
Site-directed mutations have shown cluster residues 4(Tyr87) and
4(His38) [59,60] and Arg216 [61] and 4(Asp139) [62] in cluster 1 and
Glu220, Glu227 and Argl54 in cluster 2 [61] decrease the quinone
dependent activity. Recent simulations also show a role for 4(His38) in
quinone binding [63].

Fig. 2 shows connections that are present in the MCCE network
analysis of at least one snapshot. Cluster 1 and 2 are interconnected by
two residues and connected to cluster 3 and 4 via multiple residues
(Table 1 and Fig. 2(b)). Table SI.2 shows how many snapshots show the
connections. Cluster 1 is connected to cluster 2 in 100% of the in-
dividual snapshots; to cluster 4 in 67% of the snapshots; and to cluster 3
in only 6% (1 of 18) snapshots (Table SI.2).

The large cluster 3 has 22 residues, with seven surface exposed
providing entry to the interior (Table 1). Cluster residues 7(Glu45) and
Glu235 have been shown to help support quinone dependent activity
[12,19]. This cluster makes rare connections to the quinone binding
cluster 1 and to the fully buried, central cluster 4 via Serl56 and
Thr234 (Table SI.2).

Cluster 4 sits in the middle of the protein and is connected to
clusters 1 (95%), 2 (28%) and 3 (6%) towards the N-side and comes
close to cluster 6, which is the P-side exit. The numbers in parenthesis
show the number of MD snapshots where the clusters are connected
(Table SI.2). Previous inspection of the structure [7] led to the sug-
gestion that residues in cluster 4, including 7(Asp72), Glu130, Glu163,
Glu213, could play a role in forming the E channel. The crystal struc-
tures of the T. thermophilus Complex I includes no water molecules.
Previous MD studies showed that the central cluster region undergoes a
large increase in hydration which depends on the residue ionization
state [26], which helps proton uptake from the N-side into what is
denoted cluster 4 here [62]. The residues in cluster 4 are highly con-
served (Table SI.6).

Cluster 5 has only eight residues, which are highly conserved. These
include 10(Tyr59) and 11(Glu32) which have been previously sug-
gested to play a role in the proton transfer pathway (Table 1 and
Fig. 2b) [12,19]. The cluster has a high proportion of direct sidechain
connections and hence is not significantly changed when the hydrogen
bond analysis does not consider bridging waters, which makes it more
visible in a direct inspection of the structure (Fig. SI.2). However, it is
never connected to any other clusters in any of our standard MCCE
analysis of MD snapshots.

The network analysis finds cluster 6 on the P-side made up of 32
residues, including eight highly conserved surface residues (Tables 1
and SI.6). Only cluster 6 has residues exposed to the P-side of the
protein, so it must connect to one of the internal clusters (4 or 5) to
allow for proton release. Despite cluster 6 being internally highly
connected, we find no connection between cluster 6 and 4 or 5 in the
snapshots derived from the MQ containing trajectory. Thus, a region
that can provide a clear gate to stop proton transfer is at this junction.
We will return to the completion of the network following the com-
parison of the MQ, MQH- and apo trajectories.

3.1.1. Proton entry pathway

The N-side proton entry pathway is not yet well established [7].
From the networks drawn in Fig. 2(b), clusters 2 and 3 have residues
exposed to the N-side of the protein. The surface residues 4(Glu51),
4(Glu216) and Arg307 (Table 1) are in cluster 2, while 4(Thr27),
4(His58), 4(Tyr61), 7(Ser46) 7(Asn48), 7(Asp49), 7(Glu53) are in
cluster 3. The surface residues are connected to the internal residues in
the clusters via water molecules. Analysis of single snapshots shows that
cluster 2 is the more likely proton entry than cluster 3 as its connection
to the protein interior (cluster 4) are found more often (Table SI.2).
Thus, subunits Nqo4 and Nqo8 contribute to N-side entry paths with
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Fig. 3. Representative snapshot from the trajectory with menaquinone bound showing hydrophobic (yellow) and water surface: (purple: waters in central cluster 4,
blue: waters in P-side cluster 6); (a) Water and hydrophobic surface; (b) Water surface around 7(T10) and Y124, the two residues that almost bridge the central and

the P-side clusters.

possible contributions from subunit Nqo7 in cluster 3.

3.1.2. Proton exit pathway

We see one large cluster of highly hydrogen bonded residues near
the P-side of the protein. The surface residues 7(Gln5), Trp3, Tyrl0,
Lys190, 10(Ser2), 10(Asp118), 10(GIn125), 10(Lys120) are members of
cluster 6 (Table 1). Out of these eight surface residues, four are from
subunit Nqo10. Thus, subunits Nqo8 and Nqo10 form the path for the
proton exit.

3.2. Comparison with MQH, and quinone removed structures

The opening and closing of the pathway to the N- and P-side should
be coupled to the redox reactions. Here, this may be revealed by
comparing the networks in trajectories with different quinone site oc-
cupancy and redox state. The MD simulations [41] revealed a difference
in hydrogen partners for the Q carbonyls and QH, hydroxyls. The hy-
dration and number of hydrogen bonds in the transmembrane domains
was also sensitive to the presence or absence of the quinone. Here we
trace the effects of the changes in the hydration on the structure of the
E-channel.

Comparison of the hydrogen bond network obtained from MCCE
analysis of trajectories with MQH, bound (Fig. 2¢) show similarities,
but also significant differences from what is seen in the trajectory with
oxidized MQ (Fig. 2a). The MQH, hydroxyls most often make hydrogen
bonds to D139, E36 and Q226, in cluster 1 (Table SI.2) [41]. These
changes reach into the protein, far from the quinone binding site. All
clusters are significantly less interconnected. Cluster 3 becomes isolated
as its rare connections with clusters 2 and 4 are lost. There is no con-
nection between the N-side cluster 1 and the central cluster 4, as Ser161
has become disconnected from the network (Fig. 2c). This is far

different from the rich web of connections found with the quinone
present. The break between Cluster 4 and 6 has widened. Interestingly,
7(Thr10) moves from being connected to cluster 4 with MQ present to
being connected to cluster 6 while Tyr124 has lost its hydrogen bond
connection to either cluster.

The MCCE network analysis of snapshots from the trajectory run
with the apo Complex I shows that cluster 3 remains disconnected, but
the connections between N-side clusters 1 and 2 and central cluster 4
are being rebuilt (Fig. 2d). What is most notable is the strong increase in
connections in the P-side Cluster 6 and the strong connection of Tyr124
and 7(Thr10) within this cluster. These two residues do not bridge the
gap between Clusters 4 and 6 in any trajectory, but jump to different
sides of the intercluster break under different conditions.

3.3. Overview of the pathway

Our analysis shows the E-pathway to be extended and complex. This
complexity has resulted in different ideas for the location of the path.
Recent analysis of the E-channel pathway implicated Nqo8 in proton
transfer [7,26] but there was no consensus on the role of Nqo1l0 and
Nqol1 [13,19,23] (Fig. SL.9). Here we see Nqo8 forms the spine of the
proposed E-channel and residues from this subunit are found in every
cluster (Table 1). Nqo4 is involved on the N-side of the protein, Nqo7
and then Nqol0 join the pathway in the middle, while Nqoll con-
tributes to the cluster on the P-side. The network analysis identifies
residues that have been previously implicated in the E-channel and
these are given explicit residue labels in Fig. 2a
[7,12,13,19,23,25,26,61,62]. However, the network model does not
propose a strictly linear path, but rather it identifies a larger group of
residues that form clusters where protons can move freely. Hydro-
phobic regions with low hydration break connections between the
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internal clusters 4 and 5 and isolate the P-side cluster 6, as has been
reported previously [25,26].

3.4. Adding hydration to complete the connections to the P-side

The main goal is to find the complete pathway from N-side to P-side
of the E-channel. The default analysis shows clear connections between
the N-side (clusters 1, 2, 3) and the center of the protein (cluster 4) in
the MQ containing trajectory. These connections are broken in the
snapshots from the trajectory containing MQH, and rebuilt in the apo-
Complex I trajectory. However, no connections to cluster 5 are ever
seen, while those between 4 and 6 involve Tyrl24 and 7(Thrl0)
changing their cluster identity in different states. The region between
clusters 4 and 5 or 6 is surrounded by hydrophobic residues (Fig. 3).
There are many small cavities, which are dry (Fig. SL.5). Additional
calculations were carried out to test the initial conclusions. In particular
the goal is to see if water addition can bridge the center of the protein to
the P-side.

Seven additional snapshots were analyzed for each quinone state
and no connections were seen amongst clusters 4, 5 and 6. In the
standard calculations the oxygen positions for waters subjected to
GCMC are obtained from the MD snapshot. Additional water positions
were added around these clusters using IPECE, which identifies cavities
with a radius >1.4 A (Fig. SI.10) [52]. These bridge rare connections
between residue 7(Asp72) in cluster 4 to residues 10(Tyr59) and
11(Glu32) in cluster 5 in snapshots from the MQ trajectory but not in
the MQH, or apo structures (Fig. 4a and SI.7). However, despite finding
rare connections between cluster 4 and 5, no exit from cluster 5 (via
cluster 6 or alternative path) is ever found. The addition of IPECE [52]
waters to MC sampling does not change the apparent role of Tyr124 and
7(Thr10) in connecting cluster 4 to 6.

The water content of the trajectory is key to the connections be-
tween the clusters. Fig. SI.1 shows the distribution of water counts in
each trajectory, and the hydration of analyzed snapshots. Eleven
snapshots of an additional trajectory with MQ bound, starting from the
same initial conditions, but which became more hydrated was ana-
lyzed. The comparison of two trajectories allows us to assess the ro-
bustness of our conclusions. The connections amongst the N-side clus-
ters are found to be quite similar to that found in the initial MQ
containing trajectory, with interconnections amongst clusters 1, 2, 3
and 4. A few residues shift into or out of the clusters, but in well-con-
nected clusters individual nodes are rarely essential unless they provide
a unique connection to another cluster. Cluster 5 remains firmly
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isolated. However, with the second MQ containing trajectory the con-
nection between clusters 4 and 6 via Tyr124 and 7(Thr10) is now made
and 7(Tyr7) in cluster 6 forms an additional connection to Glul30
(Fig. 4b).

3.4.1. Identification of the path to the P-side

The connections between the central cluster 4 and P-side, cluster 6
are the most difficult to find. This area between the two clusters is quite
hydrophobic (Fig. 3). However, some connections are seen in the better
hydrated trajectory. One is from Glul130 (cluster 4) to 7(Tyr7) (cluster
6). The Glul30 is not highly conserved, being found in only 2% of the
sequences (Table SI.6) [55], but the alternatives are Ser or Gly, which
may support proton transfers.

Another possible path from cluster 4 to 6 is via Tyrl24 and
7(Thr10). These were of interest as they are unusual in being associated
with different clusters in the snapshots derived from the MQ and MQH,
trajectories, providing a sense that they could bridge the two clusters.
One concern is that neither residues is well conserved (Table SI.6) [55].
7(Thr10) is only found in 3% of sequences and more likely to be an Ile
or Val. Tyr124 is found 41% of the sequences and is often a Phe (Table
SL.6). A covariance analysis was carried out to see if we could identify
polar residues that might be found to replace these two residues. No
clear candidates were found. Thus, while much of the results provided
here for the clusters and their connections involve conserved residues,
the connection between 4 and 6 may be unique to a subset of Complex 1
proteins. In addition, 7(Tyr7) and Tyr124 are within 5 A of each other,
indicating that this region of the protein can support several paths
between the central and P-exit clusters in this region, which change as
water transiently enters hydrophobic channels.

Alternatively, we must acknowledge that the MD trajectories are
carried out in a single set of residue protonation states for a limited
amount of time. Proton pumps require that pathways are never com-
plete at any given time. Connections must be made a broken in syn-
chrony with the redox reactions in the peripheral region. The regions
between 4, 5 and 6 are quite hydrophobic and may require a specific set
of triggers to allow connections, which we may not have found.

3.5. Comparison of the pathway presented here with previous E-channel
pathways

The hydrogen bond network analysis does not find a unique
pathway for proton transfer. It rather sees clusters of interconnected
residues that can hold a proton and residues that bridge the gaps
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Fig. 4. Hydrogen bond network for trajectory with additional levels of hydration. The node color and position are the same as found in Fig. 2. Here we focus for the
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between clusters. The direction of proton transfer through the protein
and key residues can be compared with earlier studies of the E-pathway
in complex I to see where multiple studies are converging to one answer
and where there is still a diversity of views (Fig. SI.9). Inspection of the
crystal structure of T. thermophilus complex I predicted a pathway from
the N-side to the center of the protein mostly involving subunit Nqo8
[71, which was supported by QM/MM-MD calculations [26]. However,
these studies did not identify the P-side exit. Other pathways were
defined from crystal structure of E. coli [19] and Y. lipolytica involve
Nqo10 and Nqol1, which were supported by MD simulations on the E.
coli [23] and T. thermophilus [25] protein. The N-side portion of the
pathway found here generally agrees with those found in earlier stu-
dies, running through Nqo8 up to central cluster 4 [7,26]. However,
there is the greatest diversity in the proposed P-side exit pathways. One
notable difference between the work present here and the previous
studies is the role of cluster 5, with the key residues 11(E32) and
10(Y59). In simulations based on any MD snapshot cluster 5 is isolated.
We see only rare connections between 7(D72) in cluster 4 and 11(E32)
and 10(Y59) in cluster 5 with addition of waters using IPECE [52].
However, cluster 5 is never connected to the P-side surface.

3.6. Proposed pumping cycle

Proton transfer pathways in proton pumps need to have connec-
tions, but also gates where connections can be broken. Thus, the net-
work found with MQ bound is well connected on the N-side and appears
to be primed for proton uptake. When the quinone is reduced the
clusters that connect the E-channel to the N-side become disorganized
and disconnected. This will block back flow of the proton. In the
structure without quinone the P-side is now highly internally connected
and also has many surface connections, which could allow proton re-
lease. The network analysis would thus support a model where protons
are bound in the MQ state and released in the apo-complex I. The
pumping in a semiquinone containing complex I remains a topic for
further study.

4. Conclusion

Proton pumping requires connections and gates. The network ana-
lysis considers that protons transfer easily within a cluster, finding the
sites with the highest proton affinity. Here we identify 6 internally
connected clusters. This is similar to what is seen in CcO which has a
well-studied Proton Loading Site (PLS) where protons are held during
the reaction cycle [6,9]. Thus, the proton may move between several
sites in a cluster with facile transfer amongst them shifting as the local
proton affinity changes. The clusters are connected by a small number
of less connected, bridging residues.

Proton pumping also relies on the connections between clusters
being broken to block proton transfer from P- to N-side. We see that the
N-side clusters become disconnected in the apo structure when the P-
side cluster become better connected. Thus, the system can release
protons to the P-side more easily in the apo state. In complex I, the
connection between the center of the protein and the P-side is blocked
by a layer of hydrophobic residues. More transient connections are seen
only in better hydrated trajectory, but this occurs via poorly conserved
residues. Thus, this path is used by a subset of complex I proteins.
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