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A B S T R A C T

Cytochrome c Oxidase (CcO) reduces O2, the terminal electron acceptor, to water in the aerobic, respiratory
electron transport chain. The energy released by O2 reductions is stored by removing eight protons from the high
pH, N-side, of the membrane with four used for chemistry in the active site and four pumped to the low pH, P-
side. The proton transfers must occur along controllable proton pathways that prevent energy dissipating
movement towards the N-side. The CcO N-side has well established D- and K-channels to deliver protons to the
protein interior. The P-side has a buried core of hydrogen-bonded protonatable residues designated the Proton
Loading Site cluster (PLS cluster) and many protonatable residues on the P-side surface, providing no obvious
unique exit. Hydrogen bond pathways were identified in Molecular Dynamics (MD) trajectories of Rb. sphaer-
oides CcO prepared in the PR state with the heme a3 propionate and Glu286 in different protonation states. Grand
Canonical Monte Carlo sampling of water locations, polar proton positions and residue protonation states in
trajectory snapshots identify a limited number of water mediated, proton paths from PLS cluster to the surface
via a (P-exit) cluster of residues. Key P-exit residues include His93, Ser168, Thr100 and Asn96. The hydrogen
bonds between PLS cluster and P-exit clusters are mediated by a water wire in a cavity centered near Thr100,
whose hydration can be interrupted by a hydrophobic pair, Leu255B (near CuA) and Ile99. Connections between
the D channel and PLS via Glu286 are controlled by a second, variably hydrated cavity.
Significance statement: Cytochrome C oxidase plays a crucial role in cellular respiration and energy generation. It
reduces O2 to water and uses the released free energy to move protons across mitochondrial and bacterial cell
membranes adding to the essential electrochemical gradient. Energy storage requires that protons are taken up
from the high pH, N-side and released to the low pH, P-side of the membrane. We identify a potential proton exit
from a buried cluster of polar residues (the proton loading site) to the P-side of CcO via paths made up of waters
and conserved residues. Two water cavities connect the proton exit pathway to the surface only when hydrated.
Changing the degree of hydration may control otherwise energetically favorable proton backflow from the P-
side.

1. Introduction

Cytochrome c oxidase (CcO) pumps protons from the N- (negative
potential, high pH) to the P- (positive potential, low pH) side of a cell or
mitochondrial membrane. The reaction is fueled by the reduction of

oxygen (O2) to water. In each reaction cycle, four electrons are trans-
ferred from cytochrome c2+ on the P-side to the binuclear center (BNC).
The BNC is made up of heme a3, CuB and a redox active tyrosine near
the protein center. With each electron taken up by CcO, one proton is
delivered to the BNC from the N-side and another proton is pumped
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from N- to P-side. CcO thus increases the proton electrochemical gra-
dient, providing energy for processes such as ATP synthesis [1]. The
overall reaction is:

+ + → + ++ + + +O 4Cytc 8H 2H O 4Cytc 4H2 P
2

N 2 P
3

P

where the subscript indicates the P- or N-side. There are 4 distinct redox
states of the BNC denoted R/P, F, O and E. R is the most reduced state of
the BNC which is converted to P, the most oxidized BNC, when 4
electrons are donated to reduce O2. The R to P transition requires no
additional electrons. F, E and R are formed by sequential BNC reduction
[2].

Protons travel via waters and polar side chains that are transiently
protonated and deprotonated. The D- and K-channel proton uptake
paths, through the generally non-polar N-side of A-type CcO, are easy to
see in crystal structures (Fig. 1) [3,4]. Their importance has been es-
tablished by mutating key residues [1]. The D-channel transports both
chemical protons to be added to oxygen in the BNC and protons to be

pumped to the P-side after being transiently bound in a Proton Loading
Site (PLS). The K-channel provides chemical protons to the active site
only during the O to E and E to R transitions [5]. The PLS is a residue or
small group of residues whose proton affinity varies through the
pumping cycle, so that one proton is bound from the D-channel via
Glu286 and released to the P-side once in each of the four CcO redox
states. The PLS has been proposed to be a propionic acid [2,6–10], a His
ligand to CuB [10–14], a hydronium stabilized by fully ionized pro-
pionic acids [15] or distributed amongst several propionic acids [16]
(which is assumed here). All of these groups are near each other and
will be seen to be closely connected by water mediated hydrogen bonds.

In contrast to the N-side, there is no well-defined proton pathway on
the P-side. Rather a large group of buried waters, polar and ionizable
residues, interconnected by hydrogen bonds are found in a region that
include all residues that have been proposed as the PLS. In addition,
there are many P-side surface residues that could serve as proton outlets
(Fig. 1). This complexity makes it hard to see how the thermo-
dynamically favored proton loading from the P-side can be blocked.
Earlier studies suggested potential P-side exit pathways in the related
CcOs from different organisms. Proposed sites on exit paths in bovine
CcO, include Lys171B/Asp173B, His24B/Asp25B, Asp51 and Asp300
[17] (bovine CcO numbering; B indicates subunit II3). Based on the
electrostatic coupling between residues, the Lys171B/Asp173B
pathway was considered to be the most promising candidate. In other
studies, membrane potential-induced conformational changes were
suggested to induce formation of a transient proton exit pathway [18].
An H channel leading from matrix to intermembrane space was pro-
posed based on the bovine structure [19,20]. However, mutations of the
analogous residues made in Rb. sphaeroides [21] and yeast [22] CcO do
not support the H channel being required. The role of waters in the
proton exit has also been investigated [23].

The work presented here carries out Grand Canonical Monte Carlo
(MC) sampling on Rb. sphaeroides CcO crystal structures 1M56 and
2GSM and snapshots from MD trajectories in the PR state, varying the
protonation state of Glu286 and the propionate A of heme a3 (PRAa3).
The aim is to find hydrogen bonded pathways that are potential P-side
proton exit pathways [24]. Network analysis of the hydrogen bonds
shows highly interconnected clusters that contain functional residues
such as Asp132 in the D-channel entry [25–29], the PLS propionic acids
[8–10,13,16,30,31] and the critical Glu286 [7,32–38] that links the D-
channel, the BNC and PLS. Network analysis newly identifies an ex-
tended, highly internally connected PLS cluster with ~16 residues all
buried in the protein. In X-ray crystal structures the PLS cluster is dis-
connected from the P-surface or the D-channel. Hydrated cavities are
found to open in the MD trajectories connecting the PLS cluster to the P-
surface (P-exit cavity) and to the D-channel (Glu cavity). A novel, well-
defined connection from the PLS propionic acids to the P-side surface
via Thr100, Ser168, Asn96 and His93 is seen. The connection from the
PLS depends on the hydration of the P-exit water cavity threading
through these residues. The most common mechanism to close this path
is when Ile99 and Leu255B come together, cutting the water chain in
the middle. Similarly, a previously identified, dynamically hydrated
cavity connects Glu286 and the PLS cluster when it is water filled
(Glu286 cavity) [7,24]. The Glu286 cavity hydration depends mainly
on the PRDa3 proton state in the MD trajectories [7,24], while the
protonation state of Glu286 and redox state of heme a also make con-
tributions.

Fig. 1. Distribution of polar and protonatable residues in Rb. sphaeroides CcO
(PDB ID: 1M56). Key residues have their side chains enclosed within mesh
surfaces. Blue mesh: D channel; Yellow mesh: K channel; Red mesh: Buried,
extended Proton Loading Site (PLS) cluster. Green sphere below PLS: CuB in the
BNC; Blue spheres: waters around D and K channels. Green carbon sticks below
PLS: heme a3 in the BNC (right), and heme a (left). Sticks on the top and
bottom: Side chains of all surface exposed ionizable and polar residues; in red:
acid; blue: base; green: polar.

3 Lys171B/Asp173 (bovine) is equivalent to Lys227B/Asp229B (Rb. Sphaeroides);
Asp25B (bovine) equivalent to Asp58B (Rb. Sphaeroides); His24B, Asp51, Asp300 in bo-
vine has no corresponding residue in Rb. Sphaeroides.
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2. Material and methods

2.1. MCCE calculations and hydrogen bond analysis

The calculations start with the crystal structure of Rb. sphaeroides
(PDB code 1M56) [39], which was subjected to Molecular Dynamics in
the PR state with heme a, CuA, and CuB oxidized with bound hydroxyl,
ferryl heme a3 and deprotonated, anionic Tyr288. Trajectories are
prepared in three substates that differ in the protonation state of the
propionic acid of heme a3 (PRAa3) and of Glu286 (Table S1). The tra-
jectories are designated by Glu (E) and propionic acid (Pa3) being
neutral or negative. Thus, EPa3

− has all four propionic acids deproto-
nated and Glu286 protonated. This is assumed to occur after heme a

reduces the BNC prior to the proton translocation to the BNC [40]. The
other two substates are generated from the equilibrated structure from
the EPa3

− trajectory after a 50 ns simulation. One has a deprotonated
Glu286 and protonated PRAa3 representing proton transfer to the PLS
(E−Pa3) and the other has both the PRAa3 and Glu286 protonated (EPa3)
which models a system where the PLS retains its proton with Glu286 re-
protonated. These substates were chosen based on earlier work showing
they modify the proton affinity of the PLS, favoring proton release [16]
and that they would change the hydration of a cavity near Glu286 [7].
The MD methods and parameters have been used previously [7,16] and
are described more fully in the supplementary information. MCCE
calculations and subsequent hydrogen bond network analysis are per-
formed on 33 snapshots, with 11 extracted from each of the three MD
trajectories, as well as on X-ray crystal structures 1M56 and 2GSM.

The MCCE calculations use MC sampling to generate the Boltzmann
distribution of hydrogen bond networks given backbone and side-chain
carbon and buried water oxygen positions from the MD trajectory or
crystal structures [41]. The methods and parameters used have been
previously applied to CcO [7,16,42]. Thus, residue ionization states,
polar proton positions, His tautomers and water occupancies are equi-
librated given fixed side chain positions (referred to as isosteric sam-
pling [41]). Surface waters with>5% solvent accessibility in the input
structure are removed and replaced with continuum solvent. All buried
water oxygens are given 20–100 different proton positions and they
undergo Grand Canonical MC sampling (see Table S2 for statistics of
waters retained in GCMC analysis); the use of Grand Canonical sam-
pling makes the results less dependent on the water occupancy in the
MD snapshots. Hydrogen bond donors and acceptors are defined for
each residue ionization state (Table S3). A hydrogen bond has a donor
hydrogen-acceptor distance between 1.2 Å and 3.2 Å, and angle be-
tween donor D-H and acceptor > 90°.

MC sampling of each snapshot evaluates 24 to 42 million micro-
states. A water mediated connection is counted if positions that can
form a hydrogen bond between two residues are chosen in> 0.1% of
the microstates in a given snapshot. The analysis recognizes waters
often connect residues or ligands. The default networks allow as many
as 4 waters to bridge a connection. Fig. S1 shows the effect of changing
the number of waters that connect residues. Connections in different
snapshots are often made via different mobile waters. The connections
made for individual snapshots in a trajectory are merged for the final
analysis. Figs. S2 and S3 show the connections by the analysis of single
snapshot or crystal structures. This initial analysis is quite permissive,
as the connecting orientations of adjacent groups need not be found in
the same microstate. The key paths between PLS and the P-surface are
verified by identifying that there is a continuously hydrogen-bonded
path between a defined beginning and ending residue in individual
GCMC microstates. The networks are displayed using Cytoscape [43].

3. Results and discussion

3.1. Characterization of the CcO hydrogen bond network and P-exit cluster

The aim is to identify the hydrogen bond pathway(s) from the

propionic acid Proton Loading Site (PLS) to the P-side surface. The CcO
structure has 807 amino acid residues and 6 cofactors. Of these, 312
residues have polar or charged side-chains that can form hydrogen
bonds. The CcO crystal structures identify the positions of C, N and O
atoms, but drawing a hydrogen bond network requires defining the
location of all polar protons and the protonation state of all resides.
While the real protein crystal structure is in a Boltzmann distribution of
protonation states and atomic positions, this information is lost in the
reported coordinates. In contrast, MD trajectories save all proton po-
sitions in a single protonation state, at a small number of time points.
MC sampling in MCCE is used to generate a Boltzmann ensemble of
microstates, each with defined proton positions and protonation states
given fixed heavy atom positions from an MD snapshot or crystal
structure. Approximately 25× 106 microstates are subjected to
Metropolis sampling [44]. Thus, the addition of MC sampling enhances
the information about thermally accessible hydrogen bond networks in
the protein derived from a crystal structure or MD trajectory.

Two crystal structures and multiple snapshots from MD trajectories
in three protonation states were examined to determine the hydrogen
bond networks in Rb. sphaeroides CcO. Seventy-four core residues are
found in strongly internally connected clusters (Table 1). Residues are
often connected via waters. The default network described here allows
groups to be connected by as many as 4 waters. The effect of changing
the number of connecting waters on the network is discussed below. We
will start by describing the network that is generated by combining the
connections made in 11 snapshots of the most inter-connected MD
trajectory, showing all found connections. Then we will see how con-
nections are broken in a single experimental crystal structure or MD
snapshot, with different numbers of bridging waters or in MD trajec-
tories run with different protonation states of PRAa3 and Glu286. All the
pictures of the two-dimensional networks maintain residues in the same
positions to allow for visual comparison (Figs. 2B,C,D and S1, S2, S3,
S4). Network placement highlights highly interconnected clusters, but
only roughly mirror the residue positions in the three-dimensional
structure (Fig. 2A). As will be seen CcO maintains well-defined clusters
in all structures, but the connections between the clusters depend on
the hydration of specific cavities that vary between structures.

Fig. 2B depicts the network derived from connections made in 11
snapshots from an MD trajectory run in the PR state with Glu286 de-
protonated and PRAa3 protonated, designated E−Pa3 (Table S1 defines

Table 1

Residues belonging to clusters in CcO hydrogen bond network.

Cluster Residues

N-surface D28, E548, H26, H549, K27, N25, N140, R19, S23, S544, T24, T550,
W144, Y122

D-channel D132, E286, N121, N139, N207, S142, S197, S200, S201, T211, Y33
K-channel K362, S231, S299, T359, W366, Y288
BNC Heme a3 (Fe(IV)=O2−), CuB(II)-OH

−

PLS D407, D412, D229B, E254B, H411, PRAa3, PRDa, PRDa3, Q276,
R481, R482, S218B, T337, W172, W280, Y175

PLS’ N494, PRAa, Q471, R52, S497, S498, Y414
P-exit E182, H93, N96, N170B, R257, S156, S168, S186, T100, T187, W95,

Y262B
P-exit’ D188, D485, E488, N91, N258, Q165
Cluster 1a Q44B, K227B, Q251B, S253B, Y483, Y409, Q37B, Q477, T220B,

T492, W493
Cluster 2a D271, Q127B, R234B, T211B, Q345, Q126B, Q228B, R408, S48B,

W239B

Residue name (single-letter code for amino acids) followed by Rb. sphaeroides
CcO residue number. All residues are in subunit I unless marked with the 1-digit
chain designator (B) if in subunit II. PRAa and PRDa are the propionic groups of
heme a. PRA a3 and PRDa3 are the propionic groups of heme a3. Surface residues
(determined in the E−Pa3 MD trajectory) are underlined. Several ligands of
Mg2+ (H411, D412 and E254B) are in the PLS cluster.

a Cluster 1 and Cluster 2 are connected to the PLS in a small number of
snapshots. They are not discussed further or included in the network drawings.

X. Cai et al. BBA - Bioenergetics xxx (xxxx) xxx–xxx

3



redox and protonation states fixed in each trajectory). The D-channel,
K-channel, BNC and PLS cluster form self-connected regions (Table 1).
Glu286 is the well-established hub connecting the D-channel, BNC and
PLS. The PLS propionic acids are part of a highly interconnected PLS
cluster. Glu101B, which was proposed to be the K-channel entrance
[45,46], is not connected to the K-channel cluster in any trajectory. In
addition to Asp132, only the N-surface, P-exit and associated P-exit’
clusters have surface exposed residues. Two extra P-side clusters
(Cluster 1 and Cluster 2), adjacent to the PLS cluster are found to be
connected in only a few snapshots. Other residues form much smaller,

isolated networks that do not connect to the BNC, PLS cluster or D or K
channel clusters in any MD or PDB structures.

3.1.1. N-side networks

While the identity of the exit to the P-side represents the key finding
here, we will first briefly describe the N-side connections, which are in
agreement with previous studies [7,25–29,32–38,47,48]. The D-
channel is an internally well-connected cluster with a unique entrance
at Asp132 and exit at Glu286. The network analysis identifies a novel
N-surface cluster that connects the D-channel via Asp132 to a set of

B

7.00 W

6.91 W

3.33 W

3.00 W

A

C D

Fig. 2. Hydrogen bond networks in CcO. (A) Rb. sphaeroides CcO side chains in different clusters in surface mesh; orange: N-surface, blue: D-channel, yellow: K-
channel, red: PLS, cyan: PLS’, brown: P-exit, purple: P-exit’. Waters (blue) and CuB (green) are spheres, hemes are shown as sticks. (B) Hydrogen bond network based
on MCCE analysis of E−Pa3 snapshots (Glu286 deprotonated and PRAa3 protonated), with well-hydrated Glu286 and P-exit cavities. Each line represents a direct side-
chain hydrogen bond or one mediated by up to 4 waters (see Fig. S1 to see the dependence of the networks on the number of bridging waters). The nodes are colored
based on the amino acid type; red: acid; blue: base; green: neutral polar; orange: propionic acids; purple: BNC; diamonds: surface residues. Clusters are surrounded by
ellipses of the same colors as in A. For clarity only the residue number is given for each node (Table 1 lists residue names for each node. PA, PD, PA3, PD3 represents
PRAa, PRDa, PRAa3, PRDa3 respectively). All network figures place all nodes in the same location. The numbers between the clusters are the average hydration level of
Glu286 cavity (between Glu286 and PLS clusters) and the P-exit cavity (between PLS and P-exit clusters). (C) Hydrogen bond network at 0 ns, 3 ns, 7 ns in the EPa3

−

trajectory with relatively low hydration of Glu286 and P-exit cavities, which breaks the inter-cluster connections between PLS & P-exit and Glu286 & PLS. (D)
Hydrogen bond network at 20 ns, 32 ns, 38 ns, 50 ns in EPa3

− trajectory with a relatively low hydration of Glu286 cavity, and well-hydrated P-exit cavity. This breaks
the inter-cluster connections between PLS and Glu286, while PLS still connects to the P-exit. Substate nomenclature, E represents Glu286, and Pa3 the PRAa3.
Therefore, EPa3

− is PR state with protonated Glu286 and all deprotonated propionic groups; EPa3 has Glu286 and PRAa3 protonated; while E−Pa3 has deprotonated
Glu286 and protonated PRAa3.
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surface-exposed residues. The N-surface cluster could serve as an an-
tenna for proton capture from the compartment with low proton che-
mical potential, a feature of CcO that was suggested by earlier mea-
surements of the pH dependence of N-side proton uptake [49]. Six of
the fourteen N-surface cluster residues are surface exposed including
the ionizable residues His549, Asp28 and Glu548. The K-channel
cluster, is isolated, with no connection to the BNC or the surface [4,50].
This may be a result of its only transferring protons to the BNC in the O
to E to R steps, so it may not be connected in the PR state studied here
[5].

3.1.2. P-side networks

The network on the P-side of the protein shows a highly inter-
connected group of 16 residues identified as the Proton Loading Site
(PLS) cluster. The PLS propionic acids are postulated to transiently hold
protons prior to their expulsion to the P-side [8–10,13,16,30,31]. Pre-
vious studies [16] have shown that the proton affinity of the propionic
acids in this complex environment are poised so they will change pro-
tonation state, loading a proton and releasing one as the electrons are
transferred to heme a and on to heme a3 and protons move to the BNC.
The PLS cluster has 7 acidic residues and only 3 basic ones. These in-
clude His411, Asp412 and Glu254B that are Mg2+ ligands as well as
Glu254B that is one of the ligands to CuA.

Allowing hops through a maximum of 4 waters, each PLS cluster
residue is connected to at least 6 other cluster members. This suggests
that a proton bound to any residue in the PLS cluster can easily find the
sites with the highest proton affinity. Previous MCCE studies showed
that the four propionic acids function as a distributed proton loading
site [16], while other residues rarely change their equilibrium proto-
nation as the PLS loads and releases protons. However, the PLS cluster
residues play a role in setting the proton affinity of the propionic acids
and permit the proton to move though the highly extended, buried
cluster. A weakly connected PLS’ cluster is also identified. Neither PLS
nor the PLS’ clusters contain any surface exposed residues.

3.1.3. Pathway from the PLS to the P-surface

The P-side surface of CcO contains ~46 solvent exposed polar re-
sidues. It has not been established how the PLS connects to the surface
[21,22]. The network drawn in Fig. 2B is very permissive in identifying
connections. Here two residues are connected if they form direct or
water mediated hydrogen bonds, with four or fewer intervening water
molecules, in at least 0.1% of the equilibrated microstates. What is
striking is how few surface residues (Diamond shaped nodes in Fig. 2B)
are connected to the internal clusters on the P-side (or the N-side) of
CcO. Thus, despite the highly interconnected PLS cluster in the center of
the P-side, which extends over ~20 Å, there are few connections to the
surface. The identified path in the network from PLS to the surface is
via the P-exit cluster, containing 12 residues (Table 1). The P-exit
cluster is connected to the P-exit’ cluster with 6 residues. The P-exit’
cluster spans three water connected locations, each with a pair of re-
sidues. The P-exit and P-exit’ clusters each have 4 surface exposed re-
sidues.

The well-connected hydrogen bond network found in the E−Pa3
trajectory is analyzed to find the sites with the largest number of
shortest paths between all possible pairs of residues (nodes) (Fig. S4).
The pivotal groups in the PLS cluster are the PLS propionic acids PRDa,
PRAa3 and PRDa3 and Glu254B. The P-exit cluster links to the PLS
cluster via Ser168, Ser186, Thr100, Asn96 and Trp95. The key surface-
exposed residues are His93, Glu182 and Glu488 in the P-exit or P-exit’
clusters.

A given snapshot can be analyzed in different ways. The default
network analysis defines side chains as being connected if a hydrogen-
bonded path between them can be found via four or fewer waters. To
understand the importance of waters, the hydrogen bond network is
calculated with different cutoffs for the maximum number of waters
bridging residues (Fig. S1). With no intervening waters, few residues

are connected, highlighting the importance of waters. However, there is
little difference between networks with 3, 4 or 5 connecting waters, and
4 is the default here.

The network found for a series of individual E−Pa3 snapshots (Fig.
S2) shows the persistence of hydrogen bonds through the MD trajec-
tory. There is some variation in connectivity within N-surface and P-exit
clusters in individual snapshot. However, the clusters and their inter-
connections remain relatively intact, with connection from the PLS to
the P-exit cluster retained in all snapshots from this trajectory.

3.2. Hydration controls connectivity in P-side networks

In the MCCE analysis of the E−Pa3 trajectory, all clusters, except the
K-channel, are interconnected. Analysis of crystal structures and dif-
ferent MD trajectories identify cavities whose changing hydration
modulates the inter-cluster connections in a manner that can contribute
to the control of CcO proton transfers. The hydrogen bond networks
were determined in two X-ray structures of CcO (PDB ID: 1M56 and
2GSM), retaining the experimental, buried water positions. Each crystal
structure (Fig. S3) is better compared with a single MD snapshot (Fig.
S2) than with the network formed by merging the connections found
from multiple snapshots (Fig. 2B). The X-ray structure networks show
all internally connected clusters seen in Fig. 2B. The P-exit and N-sur-
face clusters revealed in the analysis of MD snapshots can be seen in
hindsight in the crystal structure. However, the water-mediated inter-
cluster connections between D-channel and the PLS via Glu286 and
from the PLS cluster to the P-exit are lost.

Two additional PR MD trajectories were analyzed. One fixed Glu286
protonated and all propionic acids ionized (EPa3

−) and another kept
both acids neutral (EPa3). In each case 11 snapshots from a given tra-
jectory were subjected to MCCE network analysis and the results
merged. The connections within clusters remain in all snapshots in all
trajectories; however, the inter-cluster connections vary (Table 2,
Fig. 2B, C, D). Thus, connections from the D-channel to the PLS (Fig. 2C,
D) or from the PLS to the P-exit (Fig. 2C) are broken. Two cavities,
designated the Glu286 cavity and P-exit cavity, are found to control the
inter-cluster connectivity to and from the PLS in the X-ray crystal
structures and the MD trajectories. The P-exit cavity hydration is as-
signed as the number of waters within 3.5 Å of side-chain polar atoms of
Thr100, Trp95 or Asn96 (Table S4). The Glu286 cavity hydration is
assigned by the number of waters within 4.5 Å of the terminal oxygens
of the Glu. The number of waters in these cavities and the cluster
connectivity is summarized in Tables 2 and S4.

In the crystal structures the Glu286 and P-exit cavities are dry and
the clusters unconnected. In the MD trajectories the cavity hydration
fluctuations depend on the assigned propionic acid and Glu286 proto-
nation state. After 50 ns in the EPa3

− substate with all four propionic
acids ionized, only two of the five water molecules initially added to the
Glu286 cavity region are retained and inter-cluster connections are
broken. However, when initiated with this dry Glu286 cavity, proto-
nation of PRAa3 in the E−Pa3 substate shows a rapid increase of the
hydration level in both the Glu286 cavity (as also seen in previous
studies when PRDa3 was protonated [7]) and P-exit cavity as detailed
here. In contrast, the EPa3 state retains a dry Glu286 cavity (see Table
S4). Overall, the E−Pa3 trajectory is characterized by both cavities
being well hydrated, EPa3 is significantly drier, while EPa3

−
fluctuates

between dry and partially hydrated cavities. The wet to dry transition
can occur over multiple tens of nanoseconds.

The Glu286 cavity has been described previously [7,51,52]. Hy-
dration of this cavity has been shown to substantially lower the pKa of
Glu286, stabilizing proton loss and the E-Pa3 state[7]. MD simulations
and free energy calculations [53] suggested that the Glu286 cavity
opening is largely controlled by PLS propionic acid protonation, which
perturbs the conformation of a nearby loop that contains Trp172 and
thus the volume of the cavity; a deprotonated Glu286 further facilitates
and stabilizes the hydration level increase in the cavity, while the cavity
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expansion and wetting transition occurs substantially more slowly
when Glu286 is protonated [53]. As all Propionic acids are in the PLS
(or PLS’) clusters, a loaded proton can equilibrate amongst the different
acids [16]. Thus, as the cavity hydration and resultant cluster con-
nectivity may be triggered by the loading of the PLS, it need not be
strongly dependent on which of these acids is protonated. We see here
when at least 6 waters are present in the Glu286 cavity, the PLS and
Glu286 are always connected. No snapshots with 4 or fewer waters
within 4.5 Å of Glu286 show connections, while 5 waters may or may
not mediate the connection.

The newly identified P-exit cavity connects the PLS and P-exit
clusters. The P-exit cavity is bounded by Trp172, Arg482, Trp95, Asn96
and Thr100 (Fig. 3). The P-exit cavity is linear in contrast to the more
spherical Glu286 cavity. With 6 waters in this cavity, the PLS cluster is
connected to the P-exit cluster and with 3 or fewer it is not. With in-
termediate number of water molecules, the pathway need not be
complete. The connection between Thr100 and PRDa requires at least
two waters.

The P-exit cavity is connected to a nearby loop, consisting of re-
sidues Gly167, Ser168, Gly169, Ile170, Gly171, Trp172 and Val173,
including the highly conserved GxGxGWxxYxPL motif (Table S5).
Elements of this loop had been previously found to determine the hy-
dration of the Glu286 cavity [7]. Trp172 in the loop interacts directly
with PRDa3. On the top and bottom of the P-exit cavity, there is a hy-
drophobic pair, Leu255B and Ile99 (Fig. 3B, D). The pair moves apart
when the P-exit cavity is wet, and they are closer when the P-exit cavity
is dry. Leu255B is near CuA, whose one-electron reduction is coupled
with one-proton pumping in CcO [54]. In the HSSP database [55], re-
sidue 255B is 76% Ile, and 23% Leu, with weight 0.76, while residue 99
is 63% Val, 22% Phe, and 7% Ile, with weight 0.47. Thus, they are
almost always occupied by hydrophobic amino acids. This cavity is dry
in the crystal structures and can be variably hydrated in a single tra-
jectory. Thus, in contrast to our better understanding of how the pro-
pionic acids and Glu286 protonation states trigger and stabilize changes
in the Glu cavity hydration, we do not know the specific set of condi-
tions that will reproducibly change the P-exit cavity hydration.

Proton uptake to the PLS from the P-side must be controlled so that
protons move uphill from N- to P-side. There will be no proton transfer
if there is no pathway, thus changing cavity hydration is one method to
block translocation. However, when connected paths are found the
rates of competing proton transfers to N- or P-side of the membrane and
to the PLS or BNC depend on multiple factors. These include: the me-
tastable proton affinity of the PLS, Glu286 and BNC, which change
through the reaction cycle [16]; the stability of pathways that are well

oriented for proton transfer [56]; the energy of injecting a proton into
the pathway [17,24,51] as well as the transmembrane electrochemical
potential and ∆pH, which determines the overall back pressure on
proton pumping [57,58]. The merged network generated from the
trajectory with Glu286 and PRAa3 protonated shows interconnections
between N-surface, D-channel, PLS and P-exit clusters (Fig. 2, Table
S6). Many individual snapshots also show persistent connections be-
tween P- and N-side clusters (Fig. S2, Table S4). Thus, other factors
would be needed to disrupt proton transfers in the wrong direction. The
energetics of proton transfer that can reduce transfer in a connected
path is outside of the scope of this paper.

3.3. Comparison with earlier studies

3.3.1. Residue conservation

The network analysis of Rb. sphaeroides CcO identifies Thr100,
Ser168, Asn96, Glu182, Asp485 and Tyr262B as important residues for
proton transfer to the P-side surface. An alignment of CcO sequences in
the HSSP database [55] shows that Thr100, Asn96, Arg257 are highly
conserved with a weight > 0.8. In contrast, His93 is often changed to
the polar Gln while Glu182 is often found to be a non-polar Ile or Leu.
These residues may play a role only in Rb. sphaeroides and closely re-
lated CcOs, or waters in the P-exit cavities may relax in the requirement
for specific residues. Thus, the residues that directly connect PLS and
the P-exit cluster are relatively conserved, whereas the surface exposed
residues of P-exit cluster are more variable.

3.3.2. Suggested pathways

The residues on the proton transfer pathway proposed here were
compared with those suggested in earlier studies. The network seen
here (Table 1) does not include the N-side amino acids proposed to be
part of the H-channel [18,19,21,22]. However, the auxiliary PLS’ con-
tains residues Gln471, Tyr414 and Arg52, Asn494, Ser497 which are
part of the P-side of the proposed H channel.4 In addition, the P-exit and
P-exit’ cluster contains Asn96, Trp95, His93, Asn91, equivalent to
Gly49 to Asn55 in bovine CcO H channel [18]. The key H-channel re-
sidues are Tyr54 and Asp51 (bovine numbering). However, the Tyr is
replaced with Trp95 (Rb. sphaeroides), while there is a gap in Rb.
sphaeroides CcO in the region of Asp51.

Table 2

The Glu286 and P-exit cavity hydration and cluster connectivity summarized for different groupings of MD snapshots.

E286a P-exitb E-orienc PLS→ PEd E→ PLS D→ E E→ BNC BNC→PLS

E−Pa3 6.91 ± 1.22 7.00 ± 1.10 10.0 ± 0.7 100% 100% 100% 73% 82%
EPa3− 2.82 ± 1.32 5.00 ± 1.55 10.3 ± 0.8 64% 0% 91% 18% 0%
EPa3

−

Wet
2.86 ± 1.35 5.71 ± 1.38 10.1 ± 0.7 100% 0% 100% 14% 0%

EPa3
−

Dry
2.75 ± 1.50 3.75 ± 0.96 10.7 ± 0.8 0% 0% 75% 25% 0%

EPa3 1.45 ± 0.69 6.36 ± 1.12 11.7 ± 0.8 100% 0% 91% 0% 73%
1M56 1 2 10.3 0% 0% 100% 0% 0%
2GSM 1 2 10.2 0% 0% 100% 0% 0%

EPa3
− Dry snapshots have unconnected PLS and P-exit clusters, while in EPa3

− Wet they are connected. The correlation between PLS→ PE and E→ PLS in individual
snapshots: 33% both connected; 12% both disconnected: 54% PLS→ PE but not E→ PLS. There are no snapshots with E→ PLS connected but PLS→ PE unconnected.

a The number of waters within 4.5 Å of either terminal oxygen of Glu286.
b The number of waters within 3.5 Å of the side-chain polar atoms of Thr100, Asn95 or Trp94.
c The Glu286 orientation is defined by the distance in Å between Glu286 CD and heme a3 CAD atoms. A distance of ≤10 Å indicates the Glu286 is pointing up

towards the PLS, while with a distance> 11 Å it points down into the D channel.
d PLS→ PE, E→ PLS, D→ E, E→ BNC, BNC→ PLS represent the percentage of the snapshots where inter-cluster connections between PLS and P-exit, Glu286 and

PLS, D-channel and Glu286, Glu286 and BNC, BNC and PLS were found. The water occupancy and connectivity of each individual snapshot is found in Table S4. The
residues in each cluster are listed in Table 1.

4 H channel sequence alignment: His413, Thr424, Ser461, Ser382, Ser454, Gln428,
Arg38, Asn451, Tyr443, Tyr371, Try54, Asp51 (bovine) is equivalent to His456, Thr467,
Ser504, Ser425, Ser497, Gln471, Arg52, Asn494, Try486, Tyr414, Trp95 (Rb.
Sphaeroides). Asp51 has no Rb. Sphaeroides equivalent.
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Crystal structures of the bovine protein also show the segment
Gly49 to Asn55 moves towards the cytosolic surface by about 4.5 Å near
the carboxylate group of Asp51 on reduction of the fully oxidized en-
zyme [18]. These movements occur in the region near the P-exit
pathway.

Studies of H/D exchange coupled to mass spectrometry identified
segments of Rb. sphaeroides CcO where the exchange rates are altered in
the E286H mutant, which turns over slowly without pumping [59]. Five
residues in the PLS cluster (Gln276, Thr337, Trp172, Trp280, Tyr175),
two in the P-exit cluster (Arg257, Ser168) and two in the P-exit’ cluster
(Asn258, Gln165) are in regions whose solvent exposure or protein
dynamics are modified. Residues in other clusters did not show altered
H/D exchange. There are other regions of the protein whose side chains
exchange rates vary that are not found in the network investigated here.

Earlier calculations evaluated possible proton exit pathways in a
bovine x-ray crystal structure by finding the amino acids in the region
on the P-side that are coupled electrostatically to the His ligand to CuB
that was assumed to be the PLS [11–14]. Residues that were found to
change proton affinity when CcO moves between different redox states
were proposed to provide a low energy proton transfer pathway [12].
The calculations thus identified sites for proton transfers in a manner
that focused on electrostatic energy connections rather than hydrogen
bond connections. Possible water pathways were also traced in bovine
[23] and Rb. sphaeroides [53] CcO MD trajectories. The pathway in
bovine CcO runs through the PLS cluster but not in the direction of the
P-exit cluster. The analysis of the bovine trajectories considered tran-
sient hydrogen bond connections in snapshots, again suggesting

pathways via His204B/Lys171B, which are not in the network found
here.

The pathway to the P-surface found here is different from the ones
identified earlier [17], which involved residues in the Mg2+ cluster and
the Lys171B/Asp173B (bovine numbering; Lys227B/Asp229B here)
pairs. In our analysis, Asp229B is one of the PLS cluster residues and
Lys227B in the rarely connected Cluster 1. A proposed exit pathway for
the product water runs near this Lys227B/Asp229B pathway [60]. The
pathway addressed here runs in the same direction as one of the two
water exchange pathways, which passes near His93/Glu182 [53].
While water and protons can use the same paths, our study highlights a
separate path for the exit of protons.

3.3.3. P-side mutational analysis

While mutations of key N-side residues such as Asp132, Lys362 and
Glu286 reduce activity in a clear-cut way, mutations on the P-side have
often provide inconclusive results [48,59,61–66]. One reason may arise
from the different styles of connections on P- and N-sides. The N-side D-
channel has a unique entry (Asp132) and exit (Glu286) connected by a
linear array of waters and polar residues, with no other ionizable
groups. In contrast, the PLS on the P-side is part of the PLS cluster, a
buried, highly interconnected region with 6 polar residues and 7 acids
and 3 bases. The network analysis shows water mediated connections
from Glu286 to multiple residues in the PLS cluster. In addition, while
the P-exit is a highly localized region on the P-side surface, there are
several discrete paths from the PLS to the surface that may contribute,
making it hard to block transfer with a single mutation. A P-side that

Fig. 3. P-exit cavity. Protein backbone is shown. Yellow carbon spheres used for W172 and R482 are in the PLS cluster, while T100, W95 and N96 in the P-exit cluster
have green carbons. Water molecules are cyan spheres. (A, C) EPa2

− snapshot with wet P-exit cavity. P-exit water wire is enclosed by cyan surface. The distance
between L255B atom CG and I99 atom CB is 8.9 Å. (B, D) EPa3

− snapshot with dry P-exit cavity. The distance between L255B atom CG and I99 atom CB is 7.2 Å. In A,
B L258B and I99 are above and below the water wire. In C, D the view is rotated. The two hydrophobic groups have their carbons colored magenta.
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can support some backward proton transfer allows non-energy con-
serving reactions with O2 as the terminal acceptor at high proton mo-
tive force when protons may need to enter from the P-side to dissipate
energy. Situations where CcO cannot accept electrons lead to ROS
build-up from reduced complex I and III [57].

The extensive, interconnected PLS cluster may also contribute to
unanticipated effects of mutating P-side residues. The ability of the PLS
to bind and release protons relies on its changing proton affinity as well
as its connections to the surface [16]. Thus, to bind and release one
proton, the cluster must have an effective pKa above 9 in the loading
state and below 5 in the release state (assuming the pH is 7 and
probability that a proton will be bound and released is 99%). The
proton affinity is controlled by the redox states of CuA, heme a and the
BNC, as well as the position and charge of the web of nearby polar and
charged residues. Thus, mutations in the PLS such as of Arg482, Arg481
have had variable effects [65–67]. Additionally, residues such as His93
and Thr100, which are important nodes on the P-exit pathway, appear
to modify the electrochemistry of CuA and heme a, making it difficult to
isolate their role in proton transfer [67].

Support for the proposed P-exit network can be obtained from ne-
gative results, where mutation of residues that are not in our proposed
networks in fact have little or no effect on CcO function. These include
Ser504, Thr467, His456, Glu450, and Ser425 on the proposed H-
pathway. These are mainly near but unconnected from the ancillary
PLS’ cluster, and were found to have little effect on proton pumping
[18,21]. Mutations of the dead-end PLS’ such as Q471A and Y414F,
which do not change the charge, also do not change CcO function [21].
In contrast, R52A in the PLS’ cluster does not support activity, which
may be due to changes in PLS proton affinity rather than pathway
connectivity. Thus, the network analysis while indicating a preferred
pathway may also provide a rationale for the lack of difinitive results
found for different P-side mutations in CcO.

4. Conclusions

While D and K channels are clearly delineated on the N-side of CcO,
the cytochrome c oxidase structures do not identify a simple pathway
for proton exit to the P-side. The hydrogen bond network analysis of
CcO reveals an extended, but fully buried set of residues that from a PLS
cluster. A small number of pathways leads from the PLS cluster to a
cluster of residues on the P-side surface via the P-exit cavity. Glu286 is
also seen as a hub connecting the D-channel, the PLS and the BNC. A
variably hydrated water cavity near Glu286 allows a mechanism to
modulate the connections between BNC and PLS.

The thermodynamically uphill transfer of protons from N- to P-exit
requires a controlled exit pathway to avoid excessive thermo-
dynamically favorable proton back-flow. Variable hydration of the PLS
cavity near Thr100 can make or break the connection between the PLS
and the P-side surface. When the Glu and PLS cavities are dehydrated
the PLS is fully insulated from the surface of the protein. However, the
changes in redox state or residue protonation that can reliably trigger
connectivity changes in the exit pathway, are still unknown.
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