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A Protonated Water Cluster as a Transient Proton-Loading Site in
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Abstract: Cytochrome c oxidase (CcO) is a redox-driven
proton pump that powers aerobic respiratory chains. We show
here by multi-scale molecular simulations that a protonated
water cluster near the active site is likely to serve as the transient
proton-loading site (PLS) that stores a proton during the
pumping process. The pKa of this water cluster is sensitive to
the redox states of the enzyme, showing distinct similarities to
other energy converting proton pumps.

Cytochrome c oxidase (CcO) is the terminal electron
acceptor enzyme that drives aerobic respiratory chains in
mitochondria and bacteria.[1] CcO receives electrons from the
soluble cytochrome c, and transfers them to molecular
oxygen, which is reduced to water in the binuclear heme a3/
CuB active site (BNC, Figure 1). The free energy released in
the process is coupled to proton pumping across the biological
membrane. Experimental and computational studies[2] have
given detailed insights into the structure and function of the

proton pump, but the exact molecular mechanism that CcO
employs for proton pumping, nevertheless, still remains
unsolved.[1b,c]

The electron transfer (eT) in CcO through CuA, heme a,
to the BNC, thermodynamically drives two proton-transfer
(pT) processes; the chemical protons are transferred to the
BNC to complete the O2 chemistry, whereas the pumped
protons are transferred against the membrane potential to the
positively charged (P)-side of the membrane (Figure 1). The
proton-conducting D- and K-channels are employed for
uptake of chemical protons, whereas all pumped protons
originate from the D-channel.[1b,c] Time-resolved experi-
ments[2b,c] suggest that the pumped protons are transiently
stored at an unknown proton-loading site (PLS), before they
are ejected across the membrane. The PLS thus plays an
important role in transducing the free energy released from
the reduction chemistry at the BNC into pumping protons
across the membrane. Moreover, the PLS is most likely
involved in preventing the protons from leaking backwards in
the pumping step towards their thermodynamically favorable
direction.[1b,2h]

Belevich et al.[2b,c] suggested that the PLS is protonated in
150 ms by Glu-242, located at the end of the proton-conduct-
ing D-channel (Figure 1, but cf. Ref. [3]), while reduction and
protonation of the BNC led to release of the proton from the
PLS to the P-side of the membrane in about 2.6 ms.
Experimentally, it is nevertheless challenging to rule out if
the BNC reduction takes place concertedly with loading of
the PLS.[1c] It was suggested[2c] that the PLS could reside above
heme a3, for example, at the D- or A-propionate sites of
heme a3. Svensson-Ek et al.[4] observed structural changes
around the D-propionate of heme a3 (D-prp) when Glu-242
was mutated into a glutamine, and Sharpe et al.[5] found that
the Mg2+ center, located about 6 � from the D-prp, under-
went electronic transitions during the pumping process. No
direct infrared signals have so far been linked to the
protonation of the PLS,[2e, 6] but Iwaki and Rich[2e] found
that reduction of the heme a leads to spectral changes that
might reflect vibrational shifts in guanidinium groups of Arg-
438 (Figure 1), which forms an ion-pair with the D-prp.
Electrostatic calculations[2k, 7] further suggested that reduction
of heme a might lead to an increase in the pKa of several sites
above heme a3, but the exact location of the PLS, never-
theless, still remains unclear.

We show here using multi-scale molecular simulations of
CcO that a protonated water cluster above the active site in
CcO can transiently store a proton as a Zundel or Eigen-ion,
and that its pKa is sensitive to the redox state of the enzyme.
Our results are based on density functional theory (DFT)
models and hybrid quantum mechanics/molecular mechanics

Figure 1. The structure and function of cytochrome c oxidase (CcO).
Reduction of O2 to water drives electron transfer (blue arrows) from
cytochrome c (not shown) via CuA, and heme a to the heme a3/CuB

center that leads to uptake of protons (red arrows) from the negatively
charged (N) side of the membrane using the D- and K-channels. Glu-
242, at the end of the D-channel, transfers protons both to the BNC
and to the proton-loading site (PLS) above heme a3, from which the
protons are released to the positively (P)-side of the membrane. Inset:
The active site, and the nonpolar cavity above Glu-242. The PLS region
is indicated with a dotted circle.
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(QM(DFT)/MM MD) simulations, which provide an accurate
energetic description of bond-formation and bond-breakage
chemistries (Table S3), and allow us to probe the dynamics of
the PLS.

The X-ray structures of CcO lack water molecules in the
nonpolar region above Glu-242 that catalyze the pT process
along the chemistry and pumping pathways.[1b,2a, 8] We there-
fore performed classical MD simulations of CcO with four to
six water molecules inserted in the nonpolar cavity as
suggested from earlier calculations.[2g,h, 9] Based on the MD
structures, we addressed the energetics and structure of likely
protonation sites above heme a3 with large-scale quantum
chemical DFT and QM/MM MD simulations in states that
mimic the pumping cycle, prior and after reduction of heme a
(aox/ared) with the BNC in the experimentally observed PM

(“oxidized”), PR (“reduced”), or F (“reduced + protonated”)
states (see the Supporting Information). Our models com-
prise the active site together with nearby protein residues and
water molecules, and range in size from 150–340 atoms, and
are thus likely to have reached convergence with respect to
the size of the QM region.[10] Upon QM optimization, we find
that the proton, initially placed on the D-prp of heme a3,
moves in the structure optimization to the water cluster above
this site, forming a protonated Zundel-like (H5O2

+) water
cluster, bridging the D-prp and Glu-198/Asp-369 of the Mg2+

center (Figure 2A). We obtain a state that mimics the
protonation of the PLS, and is about 8 kcalmol�1 higher in
energy relative to the initial state with Glu-242 protonated
(Table S1). This slightly endergonic process is consistent with
previous thermodynamic analysis of the pumping-process.[11]

We find that the protonated water cluster is also stable in
several alternative states (see Figure S1 in the Supporting
Information), and resembles either Zundel (H5O2

+) or Eigen
(H3O

+) structures,[12] possibly reflecting the dynamical nature
of the proton. We also attempted protonation of the A-
propionate of heme a3 but this resulted in optimized struc-
tures that were much higher in energy or led to relaxation of
the proton back to the water cluster (Figure S2).

From the DFT models we find that protonation and
reduction of the BNC, yielding the F state, results in the
decrease of the proton affinity of the water cluster by about
9 kcalmol�1, while protonation of the PLS increases the
electron affinity of the BNC by 0.3 eV (Table S1). These
electronic energies are consistent with previous
results,[1b, 2b,c,11a,13] suggesting that the protonation of the
PLS, leads to reduction of the BNC, while protonation and
reduction of the BNC is coupled to ejection of the proton to
the P-side of the membrane.

To probe whether the protonated water cluster remains
dynamically stable also at T= 310 K, we performed QM/MM
MD simulations on the protonated and deprotonated forms of
the PLS. Snapshots of the QM/MM trajectories are shown in
Figure 2B. We find that the protonated water cluster indeed
remains stable on picosecond timescales, and is delocalized on
the two water molecules between the D-prp and Asp-364/
Glu-198. The water cluster is also stable without the proton
(Figure S3), and also after 10 ns MD relaxation (Figure S14).
In the ared/PM state the Zundel ion partially dissociates to Glu-
198 (Figure 2C), which may reflect that the PLS may re-

distribute among several sites, having a rather shallow energy
surface, as suggested by recent continuum electrostatic
calculations.[7c] We observe that reduction of heme a increases
the proton affinity of the PLS by 4–10 kcalmol�1 (Table S1),
as obtained from QM/MM single-point energy calculations or
classical electrostatic calculations on the QM/MM trajectories
(Figure S4). By calculating the vibrational spectrum from the
QM/MM MD trajectories, we find that the protonation of
water cluster leads to disappearance of vibrational peaks at
3600–3800 cm�1 (Figure S5), which have been assigned to
weakly hydrogen-bonded dangling water molecules in FTIR
studies.[6a,b] Interestingly, similar signals have also been
associated with protonated water clusters in bacteriorhodop-
sin.[6b] Our QM models further suggest that hydronium has
vibrational modes at 1770–2670 cm�1 (Table S2, Figure S5B),
and shifts linked to the guanidinium group of Arg-438 upon
protonation of PLS from that may relate to findings by Iwaki
and Rich.[2e] Vibrational frequencies can, however, be sub-
jected to large anharmonic effects for species such as the
H3O

+.[14]

To probe how the cluster is protonated by Glu-242, we
also performed unrestrained QM/MM MD simulations with
a hydronium next to a neutral Glu-242, a transient species
mimicking a concerted proton transfer from the D-channel, as
suggested by recent semi-empirical QM/MM studies.[15a] In

Figure 2. Structure and dynamics of the protonated water cluster
above the D-propionate of heme a3. A) Optimized protonated water
cluster in the PM state from a DFT model with 340 atoms. B) Snap-
shots from QM/MM dynamics of the protonated water cluster from
a 5 ps trajectory with about 130 QM atoms and about 88700 MM
atoms. C) QM/MM dynamics and probability distributions of the
central oxygen-hydrogen distance differences, shown in inset to the
right. A value near 0 �, indicates a proton shared between two
oxygens, while values > + 1.0/<�1.0 � indicate regular hydrogen
bonds. The three panels show the dynamics in the aox/P

m
(top), ared/P

m

(middle), aox/F (bottom) states.
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these simulations, we observed spontaneous pT using a Grot-
thuss-type hopping mechanism, shown in Figure 3A, with
intermediate Zundel (H5O2

+) and hydronium (H3O
+)-type

structures. This pT process takes place semi-concertedly,
typical for pT in short water wires,[17] and leads to formation of
the protonated water cluster above the D-prp in 0.5 ps
(Figure S6). To further understand the dependence of redox
states on this pT, we performed QM/MM reaction path
optimizations of the pT from a neutral Glu-242 to the PLS.
We obtain a pT barrier of 12–18 kcal mol�1 in the ared/PM state
(Figure 3B, Figure S7), which is consistent with free energy
profiles obtained from previous EVB calculations.[2i,j] Our
calculations further suggest that in states with heme a
oxidized (aox/PM and aox/PR) the barrier increases to 20–

22 kcal mol�1, suggesting that the redox state of heme a
electrostatically controls the pT barrier, also in the case that
pT takes place from a neutral Glu-242,cf.[13] and may thus
provide a gating element preventing proton backflow. Reac-
tion scans can, however, be sensitive to local changes in the
protein environment,[16] for example, the Trp-126/D-prp
hydrogen-bond, which is broken in our simulations (Fig-
ure S13), resembling configurations described by Goyal
et al.[15b] Our solvation free-energy calculations, nevertheless,
also support that the electron on heme a lowers the pT barrier
by up to 4 kcalmol�1 (Figure S11). Moreover, rotation of the
anionic Glu-242 towards the D-channel, and its rapid re-
protonation might further contribute in preventing the proton
from leaking back to Glu-242.[2h,j,m] (Figure S9). The barrier
for the PLS loading in the ared/PM state is in good agreement
with the experimental barrier of about 13 kcal mol�1.[2b,c]

Based on our benchmarking calculations (Tables S3 and S4),
the employed DFT-method captures the proton affinity
differences between carboxylates and water clusters with an
accuracy of about 2 kcal mol�1 relative to correlated calcu-
lations. Moreover, entropic effects might further reduce the
barriers by about 3 kcal mol�1 based on model calculations of
pT in water wires[17b] Tunneling effects based on measured H/
D kinetic isotopic effects in CcO are expected to have a small
contribution on the barriers.[18]

We find that in all available high-resolution X-ray
structures of CcO, the water molecules involved in forming
the protonated water cluster near the propionic groups of
heme a3 are structurally conserved (Figure S8). Moreover, the
water structure involved in forming the protonated cluster
remains stable during several hundred nanosecond MD
simulations (Figure S10). If the water molecules involved in
forming the putative PLS are functionally important, it would
also imply that a “dry” PLS region might lead to a compro-
mised proton-pumping activity, which can be observed under
certain experimental conditions, such as in the resting
oxidized (O) state.[1b,c] Reduction and re-oxidation can be
used for re-activation of the O state into a pumping OH state,
which is also linked to synthesis of new water molecules at the
BNC, and could further “re-wet” the PLS. Previous MD
simulations[19] indeed suggest that water molecules leave the
nonpolar cavity above Glu-242 via opening of the D-prp/Arg-
438 ion pair. QM/MM free-energy calculations can provide
important generalization of the coupling between the hydra-
tion dynamics and the pumping energetics in CcO, but such
simulations are currently outside the scope of our present
work.

The identified water cluster has an interesting resem-
blance to the proton-release group (PRG) of the light-driven
proton pump, bacteriorhodopsin (bR), which serves a similar
functional role as PLS. Experimental studies[6b] suggest that
the PRG in bR may comprise a protonated water cluster
bridging between Glu-194/Glu-204 and Arg-82, resembling
our suggested PLS site in CcO. However, recent semi-
empirical calculations on bR[20] suggest that the nearby
protein residues prefer the proton to the water cluster.

In summary, we have shown here that a structurally
conserved water cluster may function as a transient proton-
loading site (PLS) in CcO. Our simulations suggest that

Figure 3. QM/MM simulations of the pT from Glu-242 to the PLS.
A) In the ared/P

m
(red/ox) state, Glu-242 protonates the water cluster

above heme a3 in 0.5 ps along the water chain that forms in classical
MD simulations. The pT takes place by a semi-concerted Grotthuss-
type transfer mechanism (S1). The QM/MM MD simulation was
initiated by adding a hydronium near a neutral Glu-242, mimicking
a concerted proton uptake from the D-channel. B) pT reaction profiles
at B3LYP-D3/def2-TZVP level for the loading of PLS from a neutral
Glu-242 (without added hydronium) in ared/P

m
(red; red/ox), aox/P

m

(blue; ox/ox), aox/PR (green; ox/red) states. Reaction profiles at B3LYP-
D3/def2-SVP level are shown in Figure S7.
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protonation of this water cluster is sensitive to the redox-state
of the enzyme, and takes place by water-mediated Grotthuss-
type transfer mechanism from Glu-242. The water cluster
remained stable in both large-scale quantum chemical
calculations and QM/MM dynamics simulations on pico-
second timescales. Consistent with experiments, we also
found that protonation of this cluster increases the redox-
potential of the active site, while reduction and protonation of
the latter was coupled to the decrease of its pKa that is likely
to couple to the release of the proton to the P-side of the
membrane. Our multi-scale simulations suggest that water
molecules in CcO provide important coupling elements with
distinct similarities to other energy converting proton pumps
such as bacteriorhodopsin[6b] and the respiratory complex I.[21]

Methods
MD models were built based on the X-ray structure bovine
CcO (PDB ID: 1V54),[2a] with subunits I-II embedded in
a POPC membrane and solvated with TIP3P water, and
100 mm NaCl. The system was relaxed for 10 ns, at T= 310 K
with a 1 fs integration time step with NAMD[22] using the
CHARMM27 force field[23] and in-house parameters.[24] QM
and QM/MM models were based on relaxed MD structures.
QM/MM MD were carried out for 5 ps and reaction pathway
optimizations were performed using a linear combination of
the pT-coordinates (see the Supporting Information). The
QM region comprised about 130 atoms described at BP86-
D3/def2-SVP or B3LYP-D3/def2-SVP levels[26] and the
remaining system treated at the MM level. The QM cluster
models with about 340 atoms were optimized at BP86-D3/
def2-SVP/def2-TZVP (Fe, Cu) level[27] and the COSMO
model[28] with e = 4. Single point calculations were carried out
at the B3LYP-D3/def2-SVP/def2-TZVP (Fe, Cu) level.[26a,c]

TURBOMOLE v6.5-6.6[29] was employed for the QM calcu-
lations, CHARMM/Q-Chem for QM/MM,[25] and VMD[30] for
visualization. Details of the computational methods can be
found in the Supporting Information.
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