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Abstract

The membrane-bound enzyme cytochrome ¢ oxidase, the terminal member in the respiratory chain, converts oxygen into water and
generates an electrochemical gradient by coupling the electron transfer to proton pumping across the membrane. Here we have investigated
the dynamics of an excess proton and the surrounding protein environment near the active sites. The multi-state empirical valence bond
(MS-EVB) molecular dynamics method was used to simulate the explicit dynamics of proton transfer through the critically important
hydrophobic channel between Glu242 (bovine notation) and the D-propionate of heme a; (PRDasj) for the first time. The results from these
molecular dynamics simulations indicate that the PRDa; can indeed re-orientate and dissociate from Arg438, despite the high stability of
such an ion pair, and has the ability to accept protons via bound water molecules. Any large conformational change of the adjacent heme a
D-propionate group is, however, sterically blocked directly by the protein. Free energy calculations of the PRDaj; side chain isomerization
and the proton translocation between Glu242 and the PRDaj; site have also been performed. The results exhibit a redox state-dependent
dynamical behavior and indicate that reduction of the low-spin heme a may initiate internal transfer of the pumped proton from Glu242 to

the PRDaj site.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Respiratory heme-copper oxidases constitute the last com-
ponents of the respiratory chain of most aerobic organisms.
These membrane-bound enzymes couple the electron transfer
reactions to the proton pumping process across the membrane
and catalyze the reduction of dioxygen to water (O,+
8H'+4e —2H,0+4H"). In cytochrome c oxidase (CcO), an
electron is first delivered from cytochrome ¢ to the primary
electron acceptor, Cu,, located at the extracellular side of the
membrane. From Cu,, electrons are transferred consecutively
to the heme a group and to the heme a3-Cug binuclear center
where oxygen binds to the Fe of heme a;.

All protons pumped across the membrane by CcO are
transferred through its D-pathway that leads from the cytoplas-
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mic side of the membrane towards the catalytic site. The channel
starts at Asp91 near the inner surface of CcO, and continues half
way into the membrane along a hydrogen-bonded water chain,
and ends at the well-conserved Glu242 residue. Glu242 is
located ~25 A above the surface, at approximately equal
distances from heme @ and heme a;. This residue may undergo a
conformational change during the catalytic cycle and facilitates
the proton translocation beyond it. Studies of site-directed
mutations of the highly conserved arginine pair (Arg438 and
Arg439) [1-3], which strongly interact with the D-propionates
of the two heme groups via salt bridges (Fig. 1), suggest that
the D-propionate of heme a; (PRDaj) is involved in proton
pumping and may function as the primary proton acceptor for the
pumped protons. It should be noted that throughout this paper
bovine CcO notation will be used.

In the crystal structures determined so far there are no water
molecules resolved in the hydrophobic cavity beyond Glu242
[4—7], but results from computational studies have suggested
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Heme a3

Glu242

Fig. 1. The hydrogen-bonded, proton-conducting water chains from Glu242 to
the D-propionate of heme @3 and to the binuclear center, as obtained from
molecular dynamics simulations. The hydrogen bonds are shown as dashed
lines.

[8—11] that the hydrophobic cavity has space to transiently hold
several water molecules and those water molecules can form
branched chains, connecting Glu242 with the PRDaj; and the
binuclear center (Fig. 1). Indeed, because of their diffusive
character, water molecules may not be crystallographically
discernible, so some number of water molecules are likely to
rearrange themselves during the oxidase cycle. These water
molecules are likely to be structurally disordered and the
hydrogen-bonded water chains may be formed only transiently
during the catalytic cycle.

Although the pathways for the protons to be transported
beyond Glu242 have already been suggested, the mechanisms
of how the pumped protons and the chemical protons are
distinguished and how the alternative proton translocation
pathways are regulated by the driving electron transfer reactions
are still a matter of debate. A redox state-dependent switch in
the orientation of proton translocation (PT) has been proposed
to explain this functional duality. A classical molecular
dynamics study recently reported by Wikstrom and coworkers
[12,13] has suggested a unique gating mechanism of proton
pumping by a redox state-controlled orientation of water arrays
in the cavity. However, a complete microscopic understanding
of the PT and the validation of these proposed mechanisms can
only be achieved through the inclusion of an explicit excess
proton in the simulation dynamics [14,15]. In the present study,
such an effort is made to gain further insight into the proton
pumping mechanism in CcO. We focus on the dynamics and the
free energy profiles of the excess proton and the surrounding
protein environment near the active sites, and in particular, how
the proton translocation dynamics from Glu242 to the PRDaj;
site is altered by electron transfer from heme a to the binuclear
center. The results from our simulations suggest that the proton
dynamics close to the active sites and certain protein con-
formational rearrangements are redox state-dependent. The
key role of heme a in the proton pumping mechanism is also
discussed.

2. Methods

All of the molecular dynamics (MD) simulations presented in this work were
performed using the DL_POLY [16] package modified to incorporate the second
generation multi-state empirical valence bond (MS-EVB2) algorithm [14,15]
and the Amber99 force field [17]. The implementation of the MS-EVB2
methodology for simulations of CcO has been previously described in Refs.
[18,19]. The starting structure for the simulations includes both subunit I and II
of the bovine cytochrome ¢ oxidase (PDB ID code 1v54) [6], crystallographic
waters within 8 A of these two subunits, and an excess proton (constituting a
composite system of ~ 13,000 atoms). A weak harmonic restraint of 1 kcal/mol.
A? was applied to the C,, atoms to maintain the shape of the isolated and solvated
protein subunits I and II. These restraints were used in previous MD simulations
of one subunit of CcO [18,19]. Six water molecules were inserted into the
hydrophobic cavity between the two hemes. The residues Glu242 and Asp364
were then protonated, and all heme propionates were deprotonated, as suggested
by electrostatic calculations [20]. The rest of the amino acids remained in their
default protonation state. Standard electrostatic potential (ESP) derived charges
for the Cug center, the His240- Tyr244 crosslink, and Cug with its three histidine
ligands (His290, His291, His240), were calculated with the Hartree—Fock
method from Gaussian 03 using the 6-31G* basis set, and then fitted to the
restrained electrostatic potential (RESP) charges used in the Amber99 force field
[17,21]. The Cug center was assumed to be in its reduced state throughout. The
partial charges for heme groups were derived mainly from the ZINDO/1 method
in HyperChem (version 7.5, Hypercube, Inc.). If one of the hemes was reduced,
its overall charge became one charge unit more negative.

A further truncated system, including only the subunit I, internal water
molecules and bulk water within 8 A of the subunit I, was employed for the free
energy profile, i.e., potential of mean force (PMF), calculations to reduce the
computational cost. To calculate the PMF for PT between Glu242 and PRDaj;,
an internal reaction coordinate was chosen as the position of the center of excess
charge [18,22] projected along the direction defined as the vector connecting the
center of mass position of the Glu242 C; atom to the center of mass position of
the Arg438 NH2 atom. The protocol for the PMF calculations has been
described elsewhere [18,19] and was followed in the present calculations. A
series of umbrella sampling simulations [23,24] was carried out with a window
spacing of 0.25 A and a force constant k=15 ~ 100 kcal/mol. Each window was
simulated with an equilibration time of 100 ps and a sampling time of 1.5 ns. The
PMF was then constructed from the density distributions in each window via the
weighted histogram analysis methods (WHAM) [23]. The simulation trajec-
tories were then analyzed with tools either from the GROMACS package
[25,26] or an in-house code. Computer-aided structure analysis was performed
using the VMD software [27].

3. Results and discussion
3.1. The Arg438 and PRDaj ion pair

The D-propionate of heme a3 (PRDaj3) forms salt bridges
with two arginines (Arg438 and Arg439). Mutagenesis
experiments suggest that the D-propionate is a potential
proton-loading site for the pumped protons, and is likely
involved in the proton exit pathway [1,2]. This PRDaj side
chain group would be in very good position to receive protons
from Glu242 if it undergoes a conformational change such that a
PT pathway can be created. However, this view has been
challenged based on inspection of the crystal structure [6] in
which the PRDaj; is highly stabilized by the hydrogen bonds
and charge interactions with Arg438 and Arg439, making the
dissociation of the PRDaj; and Arg438 pair seem unlikely. Since
X-ray studies provide a static picture of the protein, and only
limited information about fluctuations within the protein
structure, Wikstrdm and coworkers [12] tested this possibility
recently by conventional MD simulations and showed that the
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hydrogen—oxygen distance of the Argd38/PRDaj pair fluctu-
ated to a transient maximum (=~ 0.1 ps) of >4 A, indicating that
the ion pair can indeed dissociate.

The MD study of Wikstrom et al. also showed that
dissociation of the ion pair is controlled by the oxidation states
of heme a and the heme a;-Cup binuclear center, indicating a
redox state-dependence of the dissociation event [12]. There-
fore, to further evaluate the relative thermodynamic stability of
the Arg438/PRDaj; ion pair and to quantitively examine its
sensitivity to the different heme and Cug oxidation states, free
energies were calculated in the present work as a function of the
dihedral angle 0 (C,-Cg-C,-Cs) of the PRDaj side chain with
the enzyme in two different oxidation states: the ORR state,
where the binuclear center is fully reduced (two electrons) and
the ROR state, where the second electron is on heme a rather
than on heme a3, and the results are shown in Fig. 2. The
characteristic features of the free energy profiles as the PRDaj;
side chain changing from 6=—180° to 0° are that both profiles
exhibit a considerable increase, but the energy rise is greater in
the ORR state than in the ROR state. The results suggest that,
first, the most favorable configuration for the PRDaj; side chain
is when it is strongly interacting with Arg438 and, second, that
the PRDaj side chain can more easily rearrange itself via a
downward swing and be ready to receive a proton upon the
reduction of heme a.

Several MS-EVB2 simulations were also performed with an
excess proton at the bottom of the water chain close to Glu242.
During the simulations, five water molecules form two
hydrogen-bonded paths between Glu242 and the PRDaj site
or the binuclear center. One water molecule binds to the active
site, bridging Fe and Cu, which provides insight into the O,/
water accessibility of the active site (Figs. 1 and 3). In each of
these simulations with an explicit excess proton included,
considerable fluctuation in the hydrogen-bond network near
Arg438 and the PRDaj site occurred. Additionally, significant
conformational changes were observed for the PRDaj side
chain; the PRDa; group was seen to undergo a rotation an
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Fig. 2. Free energy profiles (PMFs) for the side chain rotation of the PRDa; with
the enzyme in two redox states: the ORR state and ROR state. The water
molecules are hidden for clarity. The error bars of the profiles range from 0.1 to
0.4 kcal/mol.

heme a heme a3

Fig. 3. Snapshot at the end of 150 ps of an MS-EVB2 MD simulation. Dashed
lines indicate the H-bonding interactions. The residues are colored by atom
name following standard convention. The excess proton is represented as a
green sphere, and shared by two water molecules in a Zundel complex HsOj3.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

orientation from pointing up towards Arg438 to one pointing
downwards to the water chain between hemes (Fig. 3), allowing
formation of distinct interactions with the excess proton. It
should be noted that in Fig. 3 the excess proton is solvated as a
Zundel complex HsOj3, shared between two individual water
molecules; the Zundel complex is in turn stabilized by
hydrogen-bonding (h-bonding) with the carboxylate group of
the PRDaj;. The overall h-bonding interactions between the
Zundel and the PRDaj; group became stronger as is evidenced
by short distances ranging from 1.3 to 2.0 A. The formation of a
strong ionic h-bonded proton wire is likely to lower the free
energy barrier for proton hopping.

The increase of the hydrogen—oxygen distance of the
Arg438/PRDaj pair has been reported previously in the
conventional MD study [12], where the pair was found to be
slightly pushed away from each other, but to our knowledge the
present results are the first time that such a dramatic downward
conformational change of the PRDaj; side chain has been
observed. These results further confirm that the D-propionate of
heme a; has enough flexibility to change its conformation and
coordination as it dissociates from Arg438 and likely accepts
protons directly via bound water molecules. This conforma-
tional isomerization also allows water exchange between the
hydrophobic cavity and the exit channel beyond Arg438, a
behavior also revealed in other MD studies [12].

It should be mentioned that although the D-propionate
groups of both heme a and heme a; are buried at the same level
inside the protein and proximal to each other, a conformational
change of the heme a D-propionate was not seen in our simu-
lations. This may be explained by the steric barrier imposed by
the surrounding residues, such as Arg438, Arg439 and Trp126
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(Fig. 3), as well as the strong tendency to retain the hydrogen-
bonded structure. The D-propionate of heme a cannot move
past these residues without perturbing the protein structure, and
thus remained away from the inside of the hydrophobic cavity.

3.2. The proton pumping path between Glu242 and PRDaj;

The translocation of protons from Glu242 to the proton-
loading site, presumably the PRDaj group near the exit channel,
is the expected first step in the directional proton pumping by
CcO. To gain further insight into the proton pumping
mechanism, and in particular to investigate the energetic
consequences of the redox states on the PT from Glu242 to
PRDa;, free energy (PMF) calculations of the proton transloca-
tion along the path were performed. The active sites, heme a,
heme a3, and Cug, were treated in three different redox states:
ORR, oxidized heme a, and fully reduced heme a3;-Cup
binuclear center; OOR, oxidized hemes, and reduced Cug;
and ROR, reduced heme a, oxidized heme a3, and reduced Cug.
In all the simulations reported here, the Glu242 residue was
protonated for reasons that will be described below. The PMFs
were constructed using the umbrella sampling technique
incorporated in the MS-EVB2 model as described earlier. The
PMF in this case is the permeation free energy profile of the
excess proton projected on the relevant reaction coordinate
(RC) defined along the pathway connecting Glu242 and the
PRDaj; (see Methods section).

The resulting free energy profiles from Glu242 towards the
PRDa; are shown in Fig. 4. At RC=4 A, the center of excess
charge is located on average above Glu242 near the bottom
of the path, whereas RC=10 A represents a configuration in
which the excess proton is located in close vicinity of the
PRDaj;/Arg438 pair (see the insets in Fig. 4). The intermediate
position, RC=6 A, corresponds to the intersection of the two

Free Energy (Kcal/mol)

Z(A)

Fig. 4. Free energy profiles (PMFs) for proton translocation along the reaction
coordinate of the pathway between Glu242 and D-propionate of heme a3 with
the catalytic sites, heme a, heme a3, and Cug, in different oxidation states (see
text for details). The error bars of the profiles come from block averaging, and
range from +0.02 to 0.25 kcal/mol. The insets show the transferred proton as a
yellow sphere. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

branched pathways leading separately to the PRDaj site and the
binuclear center. The free energy barrier associated with PT in
the ORR state is ~2 kcal/mol, with a peak around RC=6 A; as
the heme a3-Cug binuclear center becomes one charge unit less
negative, the free energy barrier in the OOR intermediate state
appears less pronounced, i.e., less than 1 kcal/mol. With a
second electron on heme « (the ROR state), however, the profile
exhibits an apparent downhill trend, and the proton experiences
no barrier in translocating from Glu242 to the PRDa; site,
indicating a favorable proton movement between them. These
results indicate that the PT between Glu242 and the PRDa; is
less favorable when the binuclear center is fully reduced, and it
is therefore conceivable that in this case the proton would be
drawn to the binuclear center. In fact, an inspection of the
simulation trajectories indicates that the solvation structure of
the excess proton is very unstable at RC=6 A, and a relatively
large umbrella force constant was required to constrain the
center of excess charge at the equilibrium position in the free
energy umbrella sampling for the PMF calculations.

To avoid the unproductive back flow of protons from the
extracellular side, the protein must ensure that, following
Glu242 deprotonation, the energy barrier for back proton
transfer from the PRDaj; group to Glu242 is larger than that for
proton transfer from Glu242 to the PRDa; site. The above PMF
calculations suggest in response to a second electron on heme a
the proton released from Glu242 now has a driving force to
move close to the PRDa; group, which may help to suppress the
back proton transfer from the PRDaj; group to Glu242.

The present work assumes that Glu242 has been rapidly
reprotonated after proton dissociation. This was in part neces-
sary given that the current MS-EVB model cannot describe
proton transfer between water molecules and a protonatable
residue, such as glutamic acid, and in part motivated by the
rationale that Glu242 has a pK, value higher than physiological
condition and likely becomes quickly reprotonated after
releasing its proton. The second proton could come from the
recently discovered “proton trap” region 6—7 A below Glu242 in
the D-pathway [18,19,31], though it could come from other
locations as well. However, the acidity of Glu242 may actually
depend on the redox states of the metal centers. IR difference
spectra studies [28—30] have shown that the protonation state of
Glu242 can change upon electron transfer between heme a and
the binuclear center, and that Glu242 can be deprotonated under
certain circumstances. These studies suggested Glu242’s pK,
shift might be caused by conformational changes in protein
backbone that alter the microenvironment of the residue and
thereby alter proton dissociation. These results seem to contra-
dict the assumption made in the present work, that Glu242 is
rapidly reprotonated, and certainly warrant further simulation
analysis with a fully protonatable glutamic acid MS-EVB model.
It is not clear, however, if the experimentally observed states are
long lived or transiently formed during transitions. Thus, further
experimental studies are likely also necessary to elucidate the
sequence and timescale of protonation events of key residues,
such as Glu242, PRDa; and Arg438, and the complex electron/
proton linkage before the vectorial proton pumping mechanism
can be thoroughly understood.
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Despite these open-ended questions, the present study seeks
to clarify which oxidation states enable the proton released from
Glu242 to favor the putatitive pump-loading site, PRDas, over
the binuclear center. This study is not addressing the full proton
transfer process from Glu242 to PRDas, which would clearly
involve a rate-limiting barrier of dissociation (explaining the
long timescales associated with this transfer). These issues will
be the focus of future work.

The MS-EVB2 model used in the current study is also not
currently capable of completely delocalizing the proton on the
PRDaj; side chain through a dynamical protonation/deprotona-
tion event. Including a protonatable PRDaj side chain would
undoubtedly decrease the minima of the proton near PRDa3, but
is not expected to change the relative free energy profiles
between the Glu242 and PRDas;.

It is noteworthy that, as seen in the inserted snapshots in Fig.
4, the conformational isomerization of Glu242 occurs during
the proton translocation. In the initial state of proton transfer, the
COOH group occupies a conformation with the unpaired
oxygen pointing up towards the solvated excess proton. After
the proton transfer, Glu242 reverts to its position in the crystal
structure, forming a hydrogen bond with the sulfur of Met71
(not shown). The conformational changes of the Glu242 residue
may account for the switch and reestablishment of an alternative
proton linkage between the D-channel and the active sites. In
addition, during the process of proton migration the PRDa; side
chain swings downwards and establishes a hydrogen-bond
connection with the excess proton, and this hydrogen-bond
interaction may be a contributing factor to the favorable free
energy.

4. Conclusions

One of the key issues to address in CcO’s proton pumping
mechanism is how PT from Glu242 to the proton-loading site
and beyond is coupled to the electron transfer. In this paper, we
have examined the dynamics of the protein environment and an
explicit excess proton near the putative proton-loading site, the
PRDaj and also their sensitivity to the different heme and Cug
oxidation states. The MS-EVB2 simulation results provide clear
evidence supporting the view that the reduction of heme a
induces the conformational reorientation of the PRDaj group
and that this process subsequently aids in the proton transloca-
tion from Glu242 to the PRDaj;. This is potentially the initial
step in the proton pumping process that enables, via the
increased positive charge of PRDaj;, electron transfer from
heme a to the binuclear center. Thus, our simulation results
favor the mechanism in which transfer of pumped proton
precedes the electron transfer to the binuclear center [32,33]. It
should be noted that the calculations reported in the present
study entirely focus on the initial proton pumping process
between Glu242 and the PRDaj group and do not address the
entire enzymatic cycle. In particular, the calculations do not
provide information on the chemical pathway between Glu242
and the binuclear center, which demands the characterization of
alternative charge/redox states of the binuclear center and many
other key groups at various stages of the catalytic cycle.

The key role of the low-spin heme « in proton pumping has
been proposed previously from experimental investigations of
redox-coupled proton movement in the enzyme [34] and careful
examination of the high-resolution crystal structures of both the
fully oxidized and reduced enzymes [6,35]. Nevertheless, the
previous proposal by Tsukihara et al. [6,35,36] suggested the
proton pumping event, driven by the oxidation state of heme a,
occurs through a so-called H-pathway that leads from Arg38 to
the mitochondrial intermembrane space via a hydrogen-bond
network and ends at the functionally important Asp51. In this
paper, under the assumption of the Arg438/PRDaj pair being
the initial proton-loading site, our simulations focused on the
proton pumping pathway between Glu242 and PRDaj;, and
have shown no indication of the role of the H- pathway. The
data presented in this study also give no indication of the route
by which the protons are released from PRDaj; to the
extracellular side. It is conceivable that PRDa3; may undergo a
conformational change and facilitate proton movement to the
region above the heme propionates. Results from electrostatic
calculations suggest that in the large hydrophilic region at the
interface of subunits I and II there is an assembly of interacting
acidic groups that could function as proton-shuttling groups
[20]. Thus this region has been suggested to provide a proton
storage area and part of the exit pathway.

The study of proton pumping in CcO clearly merits further
careful examination in the future. To achieve an even greater
understanding of the proton pumping mechanism, it is
necessary to extend the present MS-EVB simulation model
for CcO to include the possible protonation/deprotonation of
ionizable residues that play a direct role in proton translocation,
such as Glu242 and the D-propionate of heme a; group. Future
work will be focused on developing accurate parameter for such
key protonatable groups and on calculating their pK, shifts that
may arise during the enzymatic cycle.
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