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Molecular oxygen acts as the terminal electron sink in the re-
spiratory chains of aerobic organisms. Cytochrome c oxidase in the
inner membrane of mitochondria and the plasma membrane of
bacteria catalyzes the reduction of oxygen to water, and couples
the free energy of the reaction to proton pumping across the mem-
brane. The proton-pumping activity contributes to the proton elec-
trochemical gradient, which drives the synthesis of ATP. Based on
kinetic experiments on the O–O bond splitting transition of the
catalytic cycle (A → PR), it has been proposed that the electron
transfer to the binuclear iron–copper center of O2 reduction ini-
tiates the proton pump mechanism. This key electron transfer
event is coupled to an internal proton transfer from a conserved
glutamic acid to the proton-loading site of the pump. However, the
proton may instead be transferred to the binuclear center to com-
plete the oxygen reduction chemistry, which would constitute
a short-circuit. Based on atomistic molecular dynamics simulations
of cytochrome c oxidase in an explicit membrane–solvent environ-
ment, complemented by related free-energy calculations, we pro-
pose that this short-circuit is effectively prevented by a redox-
state–dependent organization of water molecules within the
protein structure that gates the proton transfer pathway.

cell respiration | atomistic molecular dynamics simulations |
functional water molecules | free-energy calculations

Life on Earth is supported by a constant supply of energy in the
form of ATP. Cytochrome c oxidase (CcO) in the respiratory

chains of mitochondria and bacteria catalyzes the exergonic re-
duction of molecular oxygen (O2) to water and uses the free en-
ergy of the reaction to pump protons across the membrane (1–3).
The oxygen reduction reaction takes place at a highly conserved
active site formed by two metal sites, heme a3 and CuB (Fig. 1 A
and B), called the binuclear center (BNC). The electrons donated
by the mobile electron carrier cytochrome c reach the BNC via
two other conserved metal centers, CuA and heme a (Fig. 1A).
The protons required for the chemistry of O2 reduction to water,
and for proton pumping, are transported with the assistance of
side chains of polar amino acids and conserved water molecules in
the protein interior (4–6) (Fig. 1A). Two such proton transfer
pathways have been described in the mitochondrial and bacterial
A-type oxidases (to distinguish between different types of oxi-
dases, see ref. 7), namely, the D and K channels (8, 9), the names
of which are based on the conserved amino acid residues Asp91
and Lys319, respectively (Fig. 1A, amino acid numbering based on
the bovine heart CcO). The D channel is responsible for the
translocation of all of the pumped protons, and for the transfer of
at least two of the four protons required for oxygen reduction
chemistry, whereas the K channel supplies one or two protons to
the BNC during the reductive phase of the catalytic cycle (8, 9).
The D channel terminates at a highly conserved glutamic acid
residue, Glu242, from where the protons are either transferred to
the BNC for consumption, or to the proton-loading site (PLS) for
pumping across the membrane (Fig. 1A). In 2003, Wikström et al.
postulated a molecular mechanism in which water molecules in
the nonpolar cavity above Glu242 would form proton-transferring

chains, the orientation of which depends upon the redox state of
the enzyme (10). They proposed that the reduction of the low-
spin heme would result in transfer of a proton via a preorganized
water chain from Glu242 to the D-propionate (Dprp) of the high-
spin heme, whereas in the case when the electron has moved to
the BNC, the water chain would reorientate and conduct protons
from Glu242 to the BNC (Fig. 1A, and see below). Even though
there is little direct experimental support available for such a
water-gated mechanism, a recent FTIR study indeed suggests
changes in water organization upon changes in the redox state of
the enzyme (11). Many of the elementary steps that were postu-
lated in the water-gated mechanism have gained support from
experiments in the recent past (12, 13).
It is generally thought that the proton pump of CcO operates

via the same mechanism in each of the 4 one-electron reduction
steps of the catalytic cycle (Fig. 1B). However, kinetic data on two
different transitions (A → PR and OH → EH) have suggested
dissimilarities in some of the elementary steps (12, 13). Fully re-
duced enzyme reacts with oxygen and forms an oxygenated ad-
duct A in ca. 10 μs, followed by splitting of the O–O bond leading
to formation of the PR intermediate (in ∼25 μs) that is linked to
loading of the PLS with a proton (3, 12). O–O bond splitting from
state A in the absence of electrons in heme a or CuA yields the
stable state PM without proton transfer to the PLS (3, 12).
Therefore, it is the electron transfer from heme a into the BNC
accompanying O–O bond scission during A→ PR that is linked to
the proton transfer to the PLS. The structure of the PR in-
termediate is well characterized with ferryl heme a3, cupric hy-
droxide, and tyrosinate (3, 14). In PM the tyrosine is almost
certainly in the form of a neutral radical (3, 14), so the reaction
PM → PR is a proton-coupled electron transfer reaction (PCET)
that initiates the reactions of the proton pump (3, 12). Note that
in the state PR the proton at the PLS partially neutralizes the
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electron in the BNC (3) in accordance with the charge-neutrali-
zation principle of the BNC (15). However, an important question
arises: how can proton transfer from Glu242 to the BNC be
prevented, which would short-circuit one step of proton pumping
and form the next stable intermediate F? In the OH → EH tran-
sition of the catalytic cycle this short-circuit is minimized because
reduction of the low-spin heme is thought to raise the pKa of the
PLS sufficiently to lead to its protonation before transfer of the
electron to the BNC (3, 10, 13, 16–18), and uncompensated
proton transfer to the BNC is endergonic in nature (refs. 13,16,17;
cf. ref. 19). In contrast, the likelihood of a proton leak in the A→
PR transition increases manifold because the electron transfer
from heme a to the BNC is required for loading of the PLS with
a proton (3, 12). This facet is analyzed in the current work, and it
is proposed that it is the orientation of the water molecules in the
nonpolar cavity above Glu242 that effectively gates the pump and
minimizes such a short-circuit.

Results
Classical all-atom MD simulations performed on certain key
intermediate states of the catalytic cycle of CcO (Table 1) pro-
vide a detailed view of the organization and dynamics of water
molecules in the nonpolar cavity just above the conserved glu-
tamic acid Glu242 (Figs. 1 and 2). These water molecules may
form continuous water chain connections from the proton donor
Glu242 to two different proton acceptor groups, either the Dprp
of the high-spin heme or an oxygenous metal ligand in the BNC.
Depending upon the redox state of the enzyme, a preferential
connection to either of the two proton acceptors has been ob-
served (10), which is the “water-gated” phenomenon that is
studied in detail here.

We first studied the PM → PR transition of the catalytic cycle
(2, 3) in three different states (Table 1): PM, where heme a is
oxidized; PM’, where heme a is reduced; and PR, where the BNC
initially in state PM has just received the electron from heme a.
The data presented in Table 2 show that immediately before the
proton-coupled electron transfer (state PM’), a proton-conduct-
ing water chain connection forms from Glu242 to Dprp (PUMP
configuration, Fig. 2) with over 200 times higher propensity com-
pared with the corresponding connection from Glu242 to the BNC
(CHEM configuration, Fig. 2). In contrast, after the electron has
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Fig. 1. (A) A three-subunit (SU) CcO. SU I (blue), II (red), and III (orange) are displayed as transparent ribbons. The D and K channels of proton transfer are
marked with blue arrows. Crystallographic water molecules present in these proton channels are shown in purple. Electron transfer (red arrow) takes place
from CuA (orange) via heme a (yellow) to the binuclear center comprising heme a3 (yellow)–CuB (orange). Protons are transferred from Glu242 (E242) either to
the PLS or to the binuclear center (black arrows). Lipid bilayer (silver lines), water (gray dots), and sodium (light yellow) and chloride (cyan) ions are also
displayed. (B) The catalytic cycle of CcO. The states of heme a3, CuB, and the cross-linked tyrosine are displayed. Each light orange rectangle corresponds to
a state of the BNC, the name of which is displayed in red (Upper Right). Pumped protons are shown in blue, black H+ indicates uptake of a proton for water
formation, and e− indicates transfer of an electron from the low-spin heme a. Catalysis of O2 reduction occurs clockwise.

Table 1. Description of model systems and simulation times

State* Heme a Heme a3 Copper Tyrosine† Time‡

PM Fe[III] Fe[IV]=O2- CuB[II]-OH− TyrO* ∼60
PM’ Fe[II] Fe[IV]=O2- CuB[II]-OH− TyrO* ∼65
PR Fe[III] Fe[IV]=O2- CuB[II]-OH− TyrO− ∼65
F Fe[III] Fe[IV]=O2- CuB[II]-OH2 TyrO− ∼31
F’ Fe[II] Fe[IV]=O2- CuB[II]-OH2 TyrO− ∼30
FR Fe[III] Fe[III]-OH− CuB[II]-OH− TyrO− ∼30
FH’ Fe[II] Fe[IV]=O2- CuB[II] TyrO− ∼70
FH,R Fe[III] Fe[IV]=O2- CuB[I] TyrO− ∼70
F’C Fe[II] Fe[IV]=O2- CuB[II]-OH− TyrOH ∼30
PM’ Fe[II] Fe[IV]=O2- CuB[II]-OH− TyrO* ∼30§

PR Fe[III] Fe[IV]=O2- CuB[II]-OH− TyrO− ∼30{

*Redox state.
†Cross-linked tyrosine Y244.
‡Simulation time, ns.
§Preformed CHEM configuration (as in Fig. 2).
{Preformed PUMP configuration (as in Fig. 2).
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moved to the BNC (forming PR), the tendency to form a water
chain from Glu242 to the BNC increased nearly 50 times, and the
probability of the PUMP configuration decreased by nearly sixfold.
The same data are displayed in Fig. 3, but highlighting the stability
of the two configurations over the course of the simulation in
different redox states. Note especially that upon reduction of the
low-spin heme (PM’) the PUMP configuration is abundant whereas
the CHEM configuration vanishes almost completely. In the case
where the electron has been transferred to the BNC (PR), the
CHEM configuration resurfaces and stabilizes together with the
PUMP configuration, forming a fork-like structure (Fig. 2). In-
spection of the data in Fig. 3 also reveals that the PUMP config-
uration is persistent for longer time periods in the PM’ state relative
to PM and PR, where its probability approaches zero at the longest
times. Most importantly, the CHEM configuration vanishes alto-
gether after ∼25 ns in the PM’ state (Fig. 3). The data in Table S1
show that a similar result is obtained even if the number of water
molecules above and below Glu242 is varied.
Similar statistics are also observed for the intermediate states

F, F’, and FR. F is the state of the BNC after protonation of the
PR state (Fig. 1B and Table 1). In the state F’ the low-spin heme
is further reduced and now the PUMP configuration of the water
molecules is stabilized by nearly 4 orders of magnitude relative to
the CHEM configuration (Table 2). In contrast, in the FR state,
when the electron has moved over to the BNC, the probability of
the CHEM configuration increased by three orders of magnitude,
being now roughly equally probable as the PUMP configuration.
To further test the reversibility of the water chain organiza-

tion, we performed ∼30-ns simulations starting from a preformed
PUMP or CHEM configuration, but reversing the redox states in
which they had been formed (Table 1). The data in Fig. 4 show
that when started from a preformed PUMP configuration typical
of the PM’ state, and switching to the PR redox state, the PUMP
configuration was destabilized in∼15 ns. At around the same time
the CHEM configuration became much more stable, in agree-
ment with the data shown in Table 2 and Fig. 3. On the other
hand, when started from a preformed CHEM configuration, the
PUMP configuration rapidly stabilized in the PM’ redox state, and
lasted for about 5 ns, after which water molecules exited the non-
polar cavity (SI Text and Fig. S1). The CHEM configuration re-
mained slightly unstable relative to the PUMP configuration in the
PM’ redox state, and was completely eliminated at ∼4 ns (Fig. 4).
Overall, the water dynamics data (Table 2 and Table S1, and

Figs. 3 and 4) from 12 independent simulations representing the

PM to PR, and the F to FR transitions of the catalytic cycle suggest
that upon reduction of heme a, the propensity to form a water
wire from Glu242 to the Dprp of the high-spin heme is at least
about two orders of magnitude higher than forming the configu-
ration that would assist proton transfer from Glu242 to the BNC.
This result is supported by umbrella sampling calculations (SI Text
and Fig. S2), which show that the energetic cost associated with
formation of the CHEM configuration in the state PM’ is 3.14 ±
0.33 kcal/mol, in agreement with the equilibrium simulation data
(Table 2).
The possible physical origins of the observed water wire re-

arrangement call for a brief note. In the original work it was
already suggested that the electric field induced by an electron
on heme a, or in the BNC, could influence the water molecule
organization due to charge–dipole interactions (ref. 10; cf. ref.
20). The redox-state–dependent water dynamics presented here
in a much more comprehensive system consolidates this point.
However, it is also likely that stabilization of local hydrogen bonds
assists in further stabilization of water chains upon changes in redox
states. For instance, the partial charge on the oxygen atom ligating
CuB changes from −0.66e to −0.80e upon reduction (PM’ → PR)
(21), which may strengthen the hydrogen bond with the nearest
water molecule. This stabilization would then affect the entire water
chain up to the terminal proton donor Glu242 due to cooperative
hydrogen bonding effects among water molecules (22, 23).
Recently, Yang and Cui (24) investigated the validity of the

water-gated mechanism by performing ∼20-ns MD simulations
in an explicit membrane environment. In contrast with the work
presented here, their equivalent of the F’ state had a hydroxyl
ligand of CuB and a protonated tyrosine (state F’C in Table 1).
They found that the OH ligand of CuB always acts as a H-bond
acceptor from the nearest water molecule, and concluded that
such a water wire to the BNC compromises the water-gated
mechanism. We decided to investigate this issue in more detail
here. First, note that FTIR data have shown that the cross-linked
tyrosine is deprotonated in the state F (25). Therefore, a water
molecule rather than a hydroxyl ionmost likely ligates the CuB ion
in this state (Table 1; see also ref. 26). This difference is found to
be very important and is assessed below. In agreement with Yang
and Cui (24), we also observed that the OH ligand of CuB may

Fig. 2. The PUMP and CHEM configurations as snapshots from simulations.
In the PUMP configuration a water wire forms between Glu242 (E242) and
Dprp of heme a3. In the CHEM configuration an additional water wire con-
nects Glu242 (E242) to the BNC (heme a3–CuB). Hydrogen atoms attached to
nitrogen (blue) and oxygen (red) are shown in white, carbon in cyan, and Fe
and Cu atoms in green and orange, respectively. The transparent ribbons show
SU I (blue) and II (red).

Table 2. Orientation of water chains in the nonpolar cavity of
the enzyme in different redox states

Redox state PUMP* CHEM*

PM 16,963 (28) 2,520 (4)
PM’ 29,488 (46) 143 (0.2)/3.8†

PR 4,826 (7) 7,418 (11)
F 764 (2.5) 0 (0)
F’ 10,756 (36) 3 (0.01)/5.6†

FR 4,261 (14) 3,343 (11)
FH’ 16,304 (24) 279 (0.4)/3.4†

FH,R 142 (0.2) 12,219 (18)
F’C 4,356 (14) 5,868 (19)/1.0†

F’ ‡ 12,160 (41) 0 (0)

*PUMP denotes a complete water wire from Glu242 to the Dprp of the high-
spin heme, and CHEM denotes a corresponding water wire to the binuclear
site (Fig. 2), based on the hydrogen bonding criteria described in Materials
and Methods. The total number of frames in each configuration is given,
along with the percentage of the observed water chain out of all frames, in
parentheses.
†Energy cost [being described as –kB T ln P(CHEM) in units of kcal/mol] asso-
ciated with the formation of the CHEM configuration in the states when
heme a is reduced.
‡Data based on charge parameterization used in Yang and Cui (ref. 24, and
references therein) but with the structure of the F’ state as described in the
current work.
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indeed act as a preferential H-bond donor to the oxygenous li-
gand of heme a3 for ca. 83% of the simulation length (averaged
over all PM → PR simulations), suggesting that it can act as
a primary H-bond acceptor from the nearest water molecule.
However, our data on the P states clearly show that a stable water
wire connection to the OH ligand of CuB forms only in the state
when the electron has moved over to the BNC, even though the
OH ligand of CuB is present in all of the three states simulated
(PM, PM’, and PR). To further test whether the presence of a
H-bond acceptor in the BNC compromises the water-gated
mechanism, we performed fairly long (∼70-ns) MD simulations in
yet another version of the F states (FH’ and FH,R). These states are
similar to F’ and FR, except that the water ligand of CuB has been
removed (26), which leaves the ferryl iron-oxo group as a strong
hydrogen bond acceptor in the BNC. The data presented in Table
2 show a similar trend as for the other intermediates. The PUMP
configuration is some 60-fold more stable than the CHEM con-
figuration before the PCET (FH’ state). Hence, the water-gated
mechanism operates independently of the identity of the hydro-
gen bond acceptor group in the BNC.
The original simulation studies proposing the water-gated

mechanism used a much simpler model system (10), and the sim-
ulations were performed in vacuum or gas phase (27). To compare
those results with the current simulations, we conducted test cal-
culations by running 10-ns vacuum simulations in two different
redox states (FH’ and FH,R). In agreement with previous studies
(10, 27), we observed that in the FH’ state the energy cost associ-
ated with forming the “wrong” CHEM configuration is nearly
7 kcal/mol, whereas in the state FH,R a water wire to BNC (CHEM
configuration) readily forms (Table S2). The energy is ca. 3 kcal/mol
less (lower limit) when the occupancy of water chains is obtained
from the current protein–lipid–solvent simulations (Table 2). The
reasons for this difference are most likely due to the differences
in simulation methodologies. Nevertheless, it is clear that the
water dynamics in the nonpolar cavity follows the water-gated
principle qualitatively in the same way irrespective of the model
system used.

Yang and Cui (24) claimed that the water-gated principle is
the result of the previously used simplified computational models,
implying the lack of a membrane–solvent environment. Our
current data demonstrate that this conclusion is incorrect. On the
other hand, we agree with these authors that the correct results of
such analyses require careful consideration of the ligand state of
the metal sites and the protonation states of key residues. As
shown in Table 2 and Table S2, the distinction between the
PUMP and CHEM configurations of the water molecules van-
ishes entirely in the structure of the state F’ used by Yang and Cui
(24), where the tyrosine rather than the OH ligand of CuB is
protonated (state F’C in Tables 1 and 2 and Table S2). Finally, to
test how sensitive our results are to the assigned partial charges,
we repeated the test of the F’ state but using the charges used by
Yang and Cui (ref. 24, and references therein). As shown in Table
2, the result is in good agreement with the water-gate model,
proving that the failure to observe water-gated behavior by these
authors was due to the incorrect F’C structure.

Discussion
In the A → PR transition of the catalytic cycle, electron transfer
from the low-spin heme to the BNC is coupled to the loading of
the proton pump by proton transfer from Glu242 to the PLS (3,
12). Here, the possibility of premature electron coupled proton
transfer directly to the BNC is a serious risk, which would in-
evitably lead to short-circuit and loss of proton pumping. As
shown here, the water-gated mechanism becomes crucial in this
scenario. The data in Table 2 show that before the proton-coupled
electron transfer (PCET), when the low-spin heme is reduced, the
PUMP configuration of the water molecules is preferred over
the CHEM configuration by a factor of at least 60 and up to
nearly 4,000, depending on the precise structure of the binuclear
center. This stabilization of the PUMP configuration effectively
prevents the short-circuit, and ensures a stoichiometric proton-
pumping efficiency of at least 98%. The proposed protein-
bound water rearrangement, which shares similarity with the
water dynamics observed for the light-induced proton pump,
bacteriorhodopsin (28), supports the general view that protein-
bound water molecules play very important roles in enzyme

Fig. 3. Persistence of the PUMP and CHEM water chain configurations over
the course of simulation in three different redox states (PM, PM’, and PR)
smoothened by a running average of 100 simulation snapshots. Abscissa is
simulation time in nanoseconds, and ordinate describes whether a PUMP or
a CHEM path exists (#1) or not (#0) based on the H-bonding criteria discussed
in Materials and Methods.

Fig. 4. Temporal behavior of the preformed PUMP and CHEM water chain
configurations in the PR (preformed PUMP) and PM’ (preformed CHEM) re-
dox states. The plots are smoothened by a running average of 100 simula-
tion snapshots. Abscissa is time of simulation in nanoseconds, and ordinate
describes whether a PUMP or a CHEM path exists (#1) or not (#0) based on
the H-bonding criteria discussed in Methods section.
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function. Time-resolved FTIR studies and/or high-resolution
X-ray structures of intermediate states would be required to test
the proposal experimentally.
The PCET event is reversible. The water chain from Glu242 to

the Dprp of heme a3 (PUMP orientation) remains formed after
the PCET so that the proton may be transferred back to the
Glu242, and the risk of short-circuiting the pump by transfer of
the proton to the BNC must be considered. First, the strong
proton–electron coupling in the PCET requires such proton
transfer back to Glu242 to be coupled to transfer of the electron
back to heme a by nanosecond electron tunneling (29). Secondly,
as discussed previously (16, 17, 30), the Dprp is almost certainly
not identical to the PLS, so that the protonation of the former is
likely to be only transient.
The fact that the CHEM configuration does form before the

PCET, albeit very rarely compared with the PUMP configuration
(Table 2 and Fig. 3), is a more serious problem. The rate-limiting
step for the P→F transition, for example, takes ca. 100 μs (3),
which seems to be long enough to allow for short-circuiting proton
transfer to the BNC by the CHEMpathway, even though the latter
forms rarely on a subnanosecond time scale (Table 2). This
problemmay be solved by the gating properties of Glu242 (31–33).
Glu242 undergoes side-chain isomerization between an “up” po-
sition where it interacts with water molecules in the apolar cavity
(Fig. 2), and the “down” position seen in all crystal structures
where it interacts with water molecules at the end of the D path-
way (Fig. 1A). After donating its proton to the PLS via the PUMP
configuration of water molecules, the deprotonated Glu242 anion
flips to the down position remarkably quickly (∼1 ps; refs. 31, 32),
which eliminates protonic connectivity between the PLS and the
BNC. Moreover, the down position of the Glu242 anion is pre-
ferred over the up position by a factor of at least 104 (31). The
Glu242 anion is subsequently protonated via the D pathway. At
a pH of 7 on the aqueous N side of the membrane and assuming
a pKa of 9 for Glu242 (3), there is further stabilization by a factor
of 102. The very fast isomerization of the Glu242 anion to the
down position thus provides a kinetic trap that minimizes the
possibility of a protonic leak to the BNC. From a thermodynamic
viewpoint the isomerization and acid–base properties of Glu242
destabilize the state before PCET by a factor of ≥106. Together
with the ≥102-fold preference of the PUMP configuration over
CHEM, these properties are sufficient to effectively minimize
short-circuit of the proton pump, as verified by mathematical
modeling (33). Thus, the water orientation is essential to prevent
proton leakage, but it is not alone sufficient to achieve the high
efficiency observed for the proton pump of CcO. Finally, because
the anionic Glu242 in the down conformation is known to ac-
cumulate water molecules to stabilize its negative charge (31,
32), the nonpolar cavity may transiently dry out and prevent any
protonic equilibration between the protonated PLS and the re-
duced BNC. Water is constantly produced at the BNC during
turnover, and exits the nonpolar cavity (27, 34). Indeed, in the
simulations presented here, water molecules are observed to
leave the nonpolar cavity, and exchange with the crystallographic
water molecules present in the hydrophilic domain above the
propionates (SI Text).
It may be of interest to compare the present results with the

sequence of proton-pumping events proposed for one-electron
reduction of the ferric–cupric enzyme (state OH) (13, 16–18). In
that case the reduction of heme a has been proposed to lead to
protonation of the PLS from the N side of the membrane before
and independent of electron transfer to the BNC. Premature
proton transfer to the BNC is then thought to be prevented for
thermodynamic reasons, and gating by water molecules would
seem to be of less importance. However, previous density func-
tional theory and electrostatic calculations have led to the sug-
gestion of a strongly coupled PCET (19, 35) also in this step of
the catalytic cycle, in which case the water-gated mechanism

would gain even higher significance. The notion of an identical
principle of proton pumping in the different steps of the catalytic
cycle would support this view, and further experimentation is
required to settle this matter.

Conclusions
Atomistic MD simulations on a three-subunit CcO complex in an
explicit lipid–solvent environment, and comprising two different
reaction steps of the catalytic cycle, suggest that water-gated proton
transfer is an essential albeit not sufficient feature to prevent short-
circuit of the proton-pumping mechanism. The results show that
the water-gated principle is independent of the identity of the
proton acceptor group in the binuclear center, but strongly de-
pendent on its protonation state, and corroborate the role of
water molecules in achieving high efficiency in biological energy
transduction.

Materials and Methods
The three subunit enzyme [subunits I, II, and III; Protein Data Bank ID code
1V54 (36)] was used to construct the simulation system shown in Fig. 1. All
crystallographic water molecules that were present in these subunits were
retained for model construction. In addition, four or five water molecules
were explicitly modeled in the nonpolar cavity above Glu242. Previously, up
to four water molecules have been predicted to reside in this cavity (10, 37,
38). To assess the robustness of the results we performed 15–25-ns-long
simulations with three more water molecules modeled in the cavity below
Glu242 in different redox states (Table S1). The redox states of the metal
centers in different simulation states are shown in Table 1.

The protonation states of BNC ligands were decided on the basis of
available experimental data (3) and previous density functional theory (DFT)
calculations performed on cluster systems (3, 21, 26). It is known based on
spectroscopic measurements that all P and F variants have a ferryl heme a3
(3, 14) except for the postulated state FR, which has ferric heme a3 ligated by
a hydroxyl ion (26). CuB, on the other hand, is known to be ligated either by
an OH in all P, or by a water molecule in all F states (14), with the exception
of state FR (ref. 26; see also Table 1). CuB is not ligated by any oxygenous
ligand in the FH’ and FH,R states (ref. 26; see also Table 1).

The crucial amino acid residue Glu242 was modeled protonated in all
simulations based on data available from kinetic and FTIR experiments (3).
Asp364, which forms a hydrogen bond with the A-propionate of high-spin
heme, was also kept protonated based on DFT calculation data (21, 30). The
cross-linked tyrosine, which supplies a proton and an electron in the early
phase of the catalytic cycle (Fig. 1B), was modeled as a neutral radical in the
PM and PM’ states, but was tyrosinate in all other states, in agreement with
FTIR data (ref. 25, cf. ref. 24; see also Table 1). Lys319 in the K channel was
protonated in all of the simulations based on DFT–electrostatic calculations
(39), as well as His207 in subunit III due to its ion pairing with Glu90 in the
same subunit. All other amino acid residues were kept in their standard
protonation states.

The charges and parameters of standard amino acid residues were ob-
tained from the Chemistry at HarvardMacromolecular Mechanics (CHARMM)
force field (40), and for metal centers, charges and parameters were ob-
tained from previous studies (21, 26). After construction of the protein system,
it was immersed in a lipid bilayer comprising cardiolipin (CL), phosphatidyl-
choline (PC), and phosphatidylethanolamine (PE) molecules. The ratio of
CL:PC:PE molecules in the simulation system was 1:3.38:3.05, in accordance
with previously published data (41). The charges and parameters of lipid
molecules were taken from ref. 41, but were modified according to the
more recent and accurate C36 CHARMM force field (42). The whole system
was solvated with TIP3 water molecules, and ions (Na+ and Cl−) were added
to neutralize the system and to give a salt concentration of 100 mM. The
model system consisted of nearly 280,000 atoms in total.

The MD simulations were performed using the NAMD (43) program. The
time step of 1 fs was used in all simulations. The temperature and pressure
were maintained at 310 K and 1.0132 bar using the Langevin thermostat and
barostat, respectively. A cutoff of 12 Å was applied, with a switching dis-
tance of 10 Å for nonbonded interactions. Electrostatics was evaluated with
the particle mesh Ewald method implemented in NAMD (43). An initial
energy minimization of ca. 2,000–4,000 steps was performed before all
simulations, which were performed without any constraints. The protonated
Glu242 modeled in its down crystallographic conformation (Fig. 1A) spon-
taneously flipped up in simulations of all states (Fig. 2). The data were saved
every picosecond (every 1,000 steps). The simulation times of individual runs
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in different redox states are given in Table 1. The simulation times and the
frequency of writing coordinates to trajectory files are sufficiently balanced
with respect to the dynamics of water molecules, which is known to be rapid
(28, 44). Overall, the total simulation time of all simulation runs is ca. 0.76 μs.
All analysis on simulation trajectories was done with the help of Tcl scripting
available in VMD (45). The H-bonding criteria of distance(D-H...A) < 4 Å and
angle(D-H...A) > 150° were used during the analysis in accordance with the
previous studies (46). A detailed description of the free energy calculations is
given in SI Text.
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