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Abstract

Cytochrome coxidase (CcO) is a vital enzyme that catalyzes the reduction of molecular oxygen to
water and pumps protons across mitochondrial and bacterial membranes. While proton uptake
channels as well as water exit channels have been identified for A-type CcOs, the means by which
water and protons exit B-type CcOs remain unclear. In this work, we investigate potential
mechanisms for proton transport above the dinuclear center (DNC) in bas-type CcO of Thermus
thermophilus. Using long-time scale, all-atom molecular dynamics (MD) simulations for several
relevant protonation states, we identify a potential mechanism for proton transport that involves
propionate A of the active site heme a3 and residues Asp372, His376 and Glu126"!, with residue
His376 acting as the proton-loading site. The proposed proton transport process involves a rotation
of residue His376 and is in line with experimental findings. We also demonstrate how the strength
of the salt bridge between residues Arg225 and Asp287 depends on the protonation state and that
this salt bridge is unlikely to act as a simple electrostatic gate that prevents proton backflow. We
identify two water exit pathways that connect the water pool above the DNC to the outer P-side of
the membrane, which can potentially also act as proton exit transport pathways. Importantly, these
water exit pathways can be blocked by narrowing the entrance channel between residues GIn151'!
and Arg449/Arg450 or by obstructing the entrance through a conformational change of residue
Tyr136, respectively, both of which seem to be affected by protonation of residue His376.
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1 Introduction

Cytochrome ¢ oxidase (CcO) is the terminal oxidase of cell respiration in mitochondria and
aerobic bacteria and catalyzes the reduction of molecular oxygen to water. Utilizing the
resultant energy, this vital enzyme pumps protons across the inner mitochondrial or bacterial
cytoplasmic membrane from the negatively charged (N) to the positively charged (P) side,
thereby generating an electrochemical proton gradient. [1-4] The energy thus stored is
subsequently used to produce adenosine triphosphate in aerobic organisms.

CcO, as one of the heme-copper oxygen reductases, can be classified into A, B and C types.
[1, 3, 5-7] A- and B-type CcOs share higher sequence similarity and have a nearly identical
three-dimensional structure in the dinuclear reaction center (DNC, or BNC for binuclear
center). The DNC, which catalyzes the oxygen reduction, is composed of an Fe-heme (heme
az) and a Cu center (Cug). Additional cofactors are used for the electron transfer from
cytochrome con the P-side of the membrane to the DNC. The cofactors include the
homodinuclear copper center (Cup) and a second heme group, which is heme a in aas-type
CcOs and heme b in bas-type CcOs. A total of four electrons are required to complete a
reaction cycle, during which more than four protons are taken up from the N-side of the
membrane. Four of these protons, termed scalar protons, are consumed together with the
electrons in the DNC to produce water from oxygen, while the remaining protons, called
vectorial protons, are transferred to the P-side of the membrane. The proton pumping
efficiency is different for A- and B-type CcOs, with 1 H* pumped/e™ and 0.5 H* pumped/e™,
respectively. [8, 9] However, it has been proposed that the pump efficiency of B-type CcO
may be underestimated due to experimental limitations. [10, 11]

A number of proton pumping mechanisms have been proposed, [12-20] as well as three
plausible entry pathways for proton conduction within the A-type enzyme: the D-, K- and H-
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channels.[21-24] The H-channel has been identified for bovine oxidase and it is largely
conserved among A-type CcOs, however its functional importance remains a subject of
debate. [2, 3] The K-channel is used for transfer of some of the scalar protons from the N-
side of the membrane to the catalytic site, whereas the D-channel is used both for the
transfer of the remaining scalar protons as well as uptake of all the vectorial protons. [25-
27] In B-type CcOs, however, there is only one entry channel for the uptake of both scalar
and vectorial protons. [28] Although not sharing any significant sequence homology, this
channel is located at a similar position as the K-channel in A-type CcO and is therefore
referred to as the K-channel analog. While this proton uptake channel has been investigated
in detail, [29] the means by which the protons exit the enzyme remain unclear. [30]

Proton pumping requires that residues change their proton affinity during the reaction cycle
in order to take up and release protons along the proton transport pathway. Of particular
importance are residues within or neighboring the DNC and above (towards the P-side of the
membrane). These residues load protons from the N-side and release protons towards the P-
side, constituting the so-called proton-loading site (PLS). Although the identity of the PLS
of CcO is not known, it seems that this region is common to all members of the same heme-
copper oxidase family and that candidates for the PLS are limited. For aas-type CcOs (e.g. P
denitrificans, R. sphaeroides, and bovine CcO), propionates A and D of the active site heme
a3 (PRAa3z and PRDaj3), histidine ligands to Cug, and certain residues above the DNC region
have all been suggested as the possible PLS, also including surrounding water molecules.
[31-36] Recent simulations indicate that the PLS in aas-type CcOs is in fact a cluster
consisting of the propionates PRAaz and PRDa3 and nearby residues (e.g. Asp A52 and
Lys171 in bovine CcO). [37] For bas-type CcOs, theoretical and experimental data including
structural analyses and a set of site-directed mutations suggest that PRAag and nearby sites
may act as the PLS. [11, 28, 38-41] Among the residues that are thought to participate in
proton transport in baz-type CcO from Thermus thermophilus are Asp372 and His376. [11,
39, 40] Residue Glu126'"!, which can be hydrogen-bonded to His376, has also been
suggested to be involved in proton transport, [40] although recent experimental work does
not support this residue as relevant for the proton pumping efficiency. [39]

The driving force for proton pumping resides in the redox reaction of the metal centers and
the oxygen binding and reduction chemistry of the DNC. Many features of the chemical
mechanism of oxygen reduction and the subsequent mechanistic steps of the reaction cycle
are known from spectroscopy and kinetics, but it remains unclear whether proton pumping is
directly coupled to the chemistry of oxygen reduction in the DNC or indirectly coupled
through conformational and electrostatic changes in the surrounding protein, in particular
the nearby homodinuclar Cua and mononuclear Fe-heme redox centers that supply the DNC
with electrons. [3, 42—45] Briefly, the catalytic cycle of CcO proceeds through four
intermediates denoted as R, F, O, and E. [3, 8, 37, 45, 46] Between each of these
intermediate states one electron is transferred into the DNC. When the enzyme is in the fully
reduced state R (Cua*-Cua™, Fe,2* or Fey2™, Fey32t, Cug™), oxygen binds to the DNC to
form an initial peroxy product state P. After proton and electron transfer (from heme a or
heme b) to the DNC, state P progresses to state F in which the oxygen bond is broken. The
four electrons that are required for this oxygen reduction thus originated from the oxidation
of the DNC (Fe,3**, Cug?*) and heme a or heme b (Fe,3* or Fep3*). In the following steps
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the redox centers are reduced again by four cytochromes ¢, with one electron added at a time
via the Cup pair and heme a or heme b to form the O, E, and R states. In each of these four
DNC redox states there must be a specific sequence of intermediate states for the reduction
of the CcO cofactors and the transfer of a proton to the DNC and the P-side of the
membrane. The consensus model for A-type CcOs is that protons are loaded on the PLS
when heme a is reduced and released to the P-side of the membrane when a proton is
transferred to the DNC. [3, 37, 44] It is possible that A- and B-type enzymes operate with
different mechanisms, using a direct mechanism, an indirect mechanism, or a mixture of
both. Because there is only a single input path in B-type enzymes (the K-channel analog),
this mechanism must also account for a bifurcation of the proton flow between the scalar
and vector pathways at or after the entry point to the DNC. [28, 45] In A-type enzymes, a
glutamic acid residue (Glu242 in bovine numbering) is thought to deliver protons both to the
PLS cluster and the DNC and its protonation state is assumed to play a role in regulating
uptake and release of the proton from the PLS cluster. [37, 47] In B-type enzymes, an
isoleucine is present in place of the glutamic acid (11e235 in bagz-type CcO from Thermus
thermophilus), hence the mechanism that regulates proton pumping must differ.

In addition to the vectorial protons, the water that is produced in the chemistry of O,
reduction also needs to leave the active site and enzyme. Several water cavities in the interior
of the protein as well as pathways that connect the active site to the protein exterior at the P-
side of the membrane have been identified by experiment and computer simulations for aas-
type CcO. [48-52] These water pathways are likely used both for product water and proton
pumping out of the protein. [50, 51, 53] However, no clear mechanism on water or proton
transport pathways is available for bas-type CcOs and the experimental Kinetic evidence is
incomplete.

In the bas-type CcO from Thermus thermophilus, a salt bridge between Arg225 and Asp287
is located at the interface between protein subunits | and 1. Since mutagenesis studies by
Chang et al. [39] indicate that Asp287 is important for efficient proton pumping, it has been
proposed that this salt bridge operates as a simple electrostatic gate in the proton exit
pathway that prevents backflow of protons. [45] The relevance of this salt bridge for proton
pumping, however, is not clear.

We have performed unbiased long time-scale molecular dynamics (MD) simulations of the
bas-type CcO from T7hermus thermophilus [54] to gain insight into the roles of the relevant
residues around the postulated PLS for proton transport. Based on simulations of a variety of
different protonation states we present a potential mechanism for proton transport that
involves PRAag, Asp372, His376 and Glu126!!. The mechanism is supported by energetics
from density functional theory (DFT) calculations for active site cluster models. We
furthermore investigate the effect of different protonation states on the strength of the salt
bridge Asp287-Arg225 and how this could affect proton transport. Importantly, we also
identify two water transport pathways that connect the water pool above the DNC to the P-
side of the membrane. These water transport pathways could potentially act also as proton
exit pathways.
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2 Materials and Methods

2.1 Model preparation

The computational model is based on the high resolution (1.8 A) X-ray crystal structure of
the bas-type CcO from 7hermus thermophilus in the reduced state in lipidic cubic phase
(LCP) crystal as obtained from the Protein Data Bank (PDB ID: 3S8F).[54] The crystal
structure contains two oxygen atoms between the Fe and Cu centers of the DNC, which have
been proposed to be a bridging hydroperoxide. [55] For our calculations, we retained the
bridging hydroperoxide and employed oxidation states of the metal centers that correspond
to a critical redox intermediate of the reaction cycle, which has been proposed to be a pre-
pump state. [40, 45] By a “pre-pump state”, we mean that the reaction chemistry that occurs
immediately after this intermediate produces proton pumping. Specifically, the heme b and
Cup pair are reduced, that is Fe,2* and Cua*-Cua™, while the DNC (heme a3 and Cug) is
oxidized with Fe,33* and Cug?*. The special tyrosine (Tyr237) is deprotonated. This true
peroxo state corresponds to state 6 in the reaction cycle presented by Noodleman and
coworkers, and is a state that follows the initial adduct state but precedes the P state. [40, 45]
The H++ software [56] was used to determine the protonation states of titratable residues for
this intermediate state of the reaction cycle, as detailed in the Supporting Information. We
denote the lowest energy protonation state as state D in this work.

The protein, including 189 relevant interstitial X-ray crystal water molecules, was inserted
into a palmitoyl-oleoyl-phosphatidylcholine (POPC) bilayer containing 180 lipid molecules
and solvated in 0.15M KClI solution with a total of 18,866 water molecules by means of the
CHARMM-GUI membrane builder. [57] For this purpose, the protein crystal structure
without heme groups and metal atoms was employed. VMD [58] was used to combine the
lipid and solvent coordinates with the complete enzyme structure including relevant crystal
waters via a root-mean-square deviation (RMSD) fit. Subsequently, K* or CI~ ions were
removed to neutralize the system as appropriate for the different protonation states
considered in our simulations. The AmberTools [59, 60] charmmlipid2amber.py and LEaP
programs were used to convert the atom and residue nomenclature from CHARMM to
AMBER format and to assign parameters. The Amber Lipid14 force field [61] was used in
combination with the Amber ff12SB force field [62, 63], TIP3P parameters for water [64]
and the Joung/Cheatham ion parameters [65]. Non-standard residues were parameterized as
detailed below.

2.2 Parameters for CcO cofactors

Force field parameters for the Cup pair, heme b, and the DNC heme az and Cug were
obtained as follows. Parameters for heme b including bonded parameters to the coordinating
histidine residues as well as Lennard-Jones parameters for Cu were taken from the literature.
[66, 67] Parameters for heme a3 were derived from these heme b parameters with
appropriate modifications for the geranyl-geranyl tail and the formyl group based on the
GAFF force field. [68] GAFF parameters were also used for the bridging hydroperoxide in
the DNC and the special C-N bond between His233 and Tyr237. Harmonic bond and angle
constraints were employed between all metal centers and the ligands, for Cua based on the
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crystal structure and for the DNC based on geometries optimized for a cluster model with
DFT. All parameters are available from Ref [69].

The DFT calculations were performed with the ADF program [70-72] using the OLYP
exchange-correlation functional [73, 74] in conjunction with double- and triple-zeta
polarized (DZP and TZP) Slater type basis sets (with TZP on the metal atoms and DZP on
all other atoms) from the ADF basis set library [75]. The effect of the protein environment
was included by means of the COSMO dielectric continuum model [76-78] using a
dielectric constant of e = 18.5. The geometry optimizations of the DNC employed the same
205 atom cluster model used previously by Noodleman et a/. [45] consisting of heme ag, the
side chain of the axial His384 ligand to heme Feg3, the bridging hydroperoxide, Cug and the
side chains of its three coordinating ligands His283, His282 and the special His233 that is
covalently linked to Tyr237, as well as the side chains of the three residues Arg449, doubly
protonated His376 (positively charged, +1) and protonated Asp372 above the DNC, Gly232
including backbone atoms linked to His233, and 7 water molecules. The low spin Fe3* and
Cu2* centers of the DNC were antiferromagnetically coupled in our calculations. We
constrained the positions of the link atoms to the crystal structure coordinates during the
DFT geometry optimizations.

Charges for the cofactors were derived using DFT with the OLYP potential as described
above via an electrostatic potential (ESP) fit approach as implemented in the SCRF module
[79, 80] of ADF. For the Cup pair we employed a 36 atoms cluster model that includes the
two Cu atoms and the side chains of the coordinating histidine and cysteine residues
His114!"!, His157"!, Cys149", and Cys153!!. For heme b we included both the heme b and the
side chains of its two axial histidine ligands, residues His72 and His386, in the cluster model
(97 atoms). For the DNC, we employed the coordinates obtained from the geometry
optimization of the cluster model described above, but adding the geranyl-geranyl tail and
removing residues Arg449, His376, Asp372 and Gly232 (total 192 atoms). Two different
charge sets were generated for the DNC, one with deprotonated PRAas, and one with
protonated PRAas. The ESP charges derived were used both for the cofactors and the
coordinating residues, which are thus modified from the standard Amber ff12SB charges.
Charges on symmetry equivalent atoms such as methyl group hydrogens were averaged and
all charges were scaled uniformly such that the total charge of our cluster models and the
backbone atoms yields the correct integer charge. The charges and the coordinates of our
cluster models used to derive the charges are provided in the Supporting Information and in
Ref [69].

2.3 Molecular dynamics simulations

All the molecular dynamics (MD) simulations were carried out using the GPU-accelerated
version [81-83] of the PMEMD program in the Amber14 software package. [59, 60] The
starting structures were minimized for 5,000 steps of steepest descent before the system was
gradually heated from 10 to 300 K over 100 ps and then kept at 300 K for 100 ps in the NVT
ensemble. The system was subsequently equilibrated for 10 ns in the NPT ensemble at 300
K and 1 bar. The pressure was regulated anisotropically with the Berendsen barostat [84]
using a pressure relaxation time of 1.0 ps. The temperature was regulated using Langevin
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dynamics [85] with a collision frequency of 5.0 ps~1 during heating that was changed to 1.0
ps~1 for equilibration, while the Berendsen weak coupling algorithm [84] with a time
constant of 10.0 ps was applied for the production runs. A real-space cutoff of 8.0 A was
applied to non-bonded interactions. Periodic boundary conditions were employed, and the
particle mesh Ewald summation method (PME) was used to treat all long-range
electrostatics. [86] A long-range dispersion correction was applied to the energy and
pressure beyond the cut-off. [87] The SHAKE algorithm was used to constrain bonds
involving hydrogen with a relative tolerance of 1076, [88, 89] and a 2 fs time step was used.
Trajectories of 140 ns length were generated for each of the production runs and snapshots
for analysis were saved every 2 ps. To ensure that the simulations are well equilibrated, we
have monitored the RMSD of the protein backbone carbon atoms and the area per lipid of
the lipid bilayer (Supporting Information Figures S1 and S2). Analysis was conducted on the
equilibrated portion of the trajectories using the AmberTools CPPTRAJ program. [90]

2.4 Energies of proton transfer and proton uptake

The reaction energies for the proton transfers and proton uptake from the N-side of the
membrane were obtained from DFT calculations of DNC cluster models with 204 atoms
(205 atoms if protonated) as described above, however, employing both the OLYP and the
PW091 [91] semilocal exchange-correlation functionals including dispersion corrections [92]
(OLYP-D3, PW91-D3). While OLYP was shown to yield superior spin state splitting
energetics, PW91 typically provides good reaction energies. [45, 93] The inner cores of
C(1s), N(1s), O(1s), Fe(1s,2s,2p), and Cu(1s,2s,2p) are treated by frozen core approximation
in these calculations. We have also performed all-electron single point calculations with the
B3LYP-D3 hybrid functional [94, 95] on the PW91-D3 optimized geometries. We account
for the free energy of proton uptake from aqueous solution at pH = 7 with values AGpyy shift
of —3.6 kcal/mol (PW91), —5.2 kcal/mol (OLYP) and 5.6 kcal/mol (B3LYP), which are
added to the electronic energies of the protonated clusters. These values are obtained from
AGpyrot shift = AZPE - AGief(HY) + AEco(pH = 7). In this equation AZPE is the zero point
energy difference between the protonated state and the deprotonated state, for which we use
8.0 kcal/mol. The reference energy of the solvated proton is AGef(H*) = E(H*) + AGgq(H™,
latm) - TASgaS(H") + (5/2)RT. Since ADF computes all energies with respect to a sum of
spin-restricted atoms, the gas phase energy of a proton E(H*) is relative to a spin-restricted
hydrogen atom and thus not zero and depends on the density functional. For E(H*) we
employ the empirically corrected values of 291.5 kcal/mol (PW91), 293.1 kcal/mol (OLYP)
and 282.3 kcal/mol (B3LYP) from reference [45]. For the solvation free energy of a proton
at 1 atm pressure AGgy(H*, 1atm) we use the best available value of —264.0 kcal/mol [96,
97], for the translational entropy contribution to the gas-phase free energy of a proton
TASys(HY) at 298 K and 1 atm pressure we use 7.8 kcal/mol, [98] and (5/2)RT =1.5
kcal/mol includes the proton translational energy (3/2)RT and PV = RT. Finally, the
correction for the proton concentration for a neutral solvent at pH = 7, AE o (pH = 7), is 1.3
x 7 kcal/mol = 9.6 kcal/mol. A detailed discussion can be found in the appendix of reference
[45].
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2.5 Potential of mean force

The potential of mean force (PMF) for the dissociation of the salt bridge between Asp287
and Arg225 was obtained from umbrella sampling [99] simulations. As the reaction
coordinate we have chosen the distance between the carbon atom C., of the carboxy! group
in Asp287 and the carbon atom C of the guanidinium group in Arg225. A harmonic biasing
potential V(1) = kymp(7— 5)? with a force constant of A,mp = 10.0 kcal/(mol A2) was
employed to restrain the reaction coordinate in the range of 2.0 A to 10.8 A, with windows
centered every 0.2 A. Initial configurations along the reaction coordinate were generated
from a snapshot of the neighboring window, followed by 200 ps equilibration. Data was
collected for 5 ns at each window and the biased frequency distributions were converted to
free energies using the weighted histogram analysis method (WHAM) [100, 101] with a bin
size of 0.05 A and a stringent tolerance of 1076 kcal/mol on every point of the PMF.

3 Results and Discussion

3.1 Proton transport above the DNC

As mentioned in the introduction, PRAaz and nearby sites are thought to act as the proton-
loading site for proton pumping in ba3-type CcOs. [11, 28, 39-41] Among the residues that
site-directed mutagenesis experiments have identified as being important for proton
pumping are the residues Asp372 and His376. [11, 39] For instance, the mutants Asp372lle
and His376Asn totally inhibit or severely reduce proton pumping. Residue Glu126'! has also
been suggested to be of importance based on theoretical considerations. [40] In order to
understand potential proton transfer mechanisms that involve these residues, we have
analyzed structural features and hydrogen bond networks that were obtained from unbiased
MD simulations of a variety of relevant protonation states. In these simulations we focus on
a hydroperoxo-bridged intermediate of the reaction cycle that has been postulated to be a
pre-pump state. [40, 45] The different protonation states that we have considered are listed
in Table 1. Using simulations that are performed for a single redox state precludes drawing
direct conclusions about how the proton transport is regulated by the electron transfer
processes in CcO and the redox chemistry of oxygen reduction in the DNC. Nevertheless it
is possible, as discussed below, to develop a plausible mechanism for proton transfer to/from
the PLS that is in line with experimental findings.

Figure 1 shows the proposed proton transfer pathway. In the redox state of the CcO reaction
cycle that forms the basis of our simulations (true peroxo state with hydroperoxo-bridged
Fe,33* and Cug?*, reduced Fep2* and Cua*-Cup™, deprotonated Tyr237), the most favorable
protonation state has both PRAag and Glu126!! deprotonated, while Asp372 is protonated
and His376 doubly protonated (state D in Figure 1). This is also what one would expect by
analyzing the geometry and bond distances of crystal structure 3S8F. His376 could thus be
the PLS and in what follows we demonstrate that proton uptake via protonation states A to C
and proton expulsion via protonation states E and F is reasonable. To this end we have
performed MD simulations of each of the intermediates A to F and analyzed hydrogen
bonding patterns and structural changes.
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Initially, Glu126!! is deprotonated, His376 is e-protonated, and either Asp372 or PRAag is
protonated (intermediates A and B). In these protonation states, there is a strong hydrogen
bond between Asp372 and PRAas, which is present throughout our 140 ns simulations. This
can be seen from Table 2, which shows that hydrogen bond occupancies between the
carboxylate oxygen atoms of PRAa3z (O1A/02A) and the carboxylate oxygen atoms of
Asp372 (OD1/0D?2) are very high for states A and B. As a result, it is likely that the proton
can easily transfer between Asp372 and PRAas. In contrast, we could not detect hydrogen
bonding between PRAaz and His376 for these states. This is important, since absence of a
strong hydrogen bond allows His376 to rotate and change orientation (Figure 2) such that
the &-nitrogen atom gets positioned to accept a hydrogen bond from PRAag at a later stage.
In fact, we have observed several spontaneous rotations of the imidazole group of His376 in
simulation B.

At this point a proton can be loaded from the K-channel analog onto Asp372, such that both
Asp372 and PRAagz are protonated (state C). This leads to formation of a strong hydrogen
bond between the protonated carboxylate group of PRAag as donor and the &-nitrogen of
His376 (ND1) as acceptor (Table 2), allowing for efficient proton transfer from PRAag to
His376 (state D). Alternatively, it may be possible to first transfer a proton from PRAa3 to
His376, forming a different intermediate B, (not shown in Figure 1) in which His376 is
doubly protonated and both Asp372 and PRAa3 are deprotonated, followed by reprotonation
of Asp372 and formation of state D. DFT calculations (see below) indicate that this pathway
via intermediate B, may actually be energetically favorable.

After proton transfer to His376, there are still strong hydrogen bond interactions between
PRA&a3 and both protonated Asp372 and protonated His376. Importantly, hydrogen bond
interactions between the carboxylate group of Glu126'! (OE1/OE2) and the doubly
protonated e-nitrogen of His376 (NE2) strengthen considerably in state D (Table 2). This is
to be expected, since a doubly protonated histidine group is a stronger hydrogen bond donor.
Formation of such a hydrogen bond indicates that proton transfer from His376 to Glu126'!
should be facilitated, which results in state E with &-protonated His376.

Finally, the proton is released from Glu126!! to continue the proton transfer through water
exit pathways as discussed in the corresponding section below. The resulting state (F) is
equivalent to state A with the difference that His376 is now &-protonated as opposed to e-
protonated. This ring is rotated by 180° (flipped) compared to its orientation in state A. The
proton transfer process can now be repeated in an equivalent way as described above and
shown in Figure 1, however starting from state F (A’) instead of state A. This is indicated by
dots in Figure 1. We have performed MD simulations for the corresponding states and the
only significant difference that we could observe was that spontaneous rotation of &-
protonated His376 does not occur in the state that is equivalent to state B. Instead, His376
rotates after proton loading, in the state that is equivalent to state C. The reason is that the
protonated &-nitrogen (ND1) is in a good position to form a hydrogen bond with Asp372
(Table S3). Therefore, the probability to form a hydrogen bond between protonated PRAa3
and the e-nitrogen of His376 is reduced. Nevertheless, there is considerable flexibility in the
spatial arrangement of the functional groups of Asp372, PRAasz, and His376 and we do
observe frequent formation of a hydrogen bond network that is equivalent to the depiction of
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state C in Figure 1. This allows proton transfer from PRAaz to His376 in state C’. Details of
the hydrogen bond occupancies for simulations of states leading from state F to state A are
summarized in the Supporting Information.

DFT calculations (Table 3 and Figure 3) show that proton uptake from the bulk solution on
the N-side of the membrane to His376, the postulated PLS of the reaction cycle, is
energetically favorable and that the postulated proton transfer pathway is feasible. For the
DFT calculations we have chosen the His376 conformation from the crystal structure,
corresponding to state D, in order to be able to preserve the total number of hydrogen bonds
in the cluster model and constrain the position of the coordinates of the protein backbone
link atoms. We will first discuss results with the semilocal density functionals (PW91-D3/
OLYP-D3). The initial proton transfer from Asp372 to PRAaz (A’—B) is uphill and
requires approximately 10 kcal/mol. Reprotonation of Asp372 by uptake of a proton from
pH=7 (B—C’) is predicted to require only 4.4 kcal/mol (PW91-D3) or even release some
energy (-0.4 kcal/mol, OLYP-D3). The following formation of state D by proton transfer
from PRAa3 to His376 (C’—D) is strongly downbhill and releases 14.8 (OLYP-D3) to 20.0
kcal/mol (PW91-D3). An alternative pathway, in which proton transfer from PRAaz to
His376 takes place before proton uptake from pH=7 (B— B, followed by B,—D) is favored
by both functionals. PW91-D3 predicts state B2 to be lower in energy than state C* by 3.7
kcal/mol and OLYP-D3 by 2.5 kcal/mol. The hybrid functional B3LYP-D3 predicts the
initial proton transfer to require more energy, but then both states B, and C” are downbhill
from state B. It may thus well be possible that both mechanisms for protonation of His376
operate in tandem. One should keep in mind that the exact values of the computed energies
not only depend on the choice of exchange-correlation functional in the DFT calculations
but also the hydrogen bonding network of the optimized local minima of the cluster models.
Furthermore, explicit electrostatic effects of the larger environment are not taken into
account in these DFT calculations. Nevertheless it is clear that the proton will quickly
transfer to His376 and not reside on Asp372/PRAas, which means that His376 can be
considered as the real PLS. Once the proton is on His376 and Asp372 reprotonated (state D),
it is highly unfavorable for His376 to give back the proton to PRAaz. Therefore, the pair
PRAas/protonated Asp372 could take on the role of a gate that prevents proton back-flow to
the DNC.

It is known that the proton pumping in CcO is coupled to the redox reaction in the DNC and
to redox changes in the other cofactors. These redox changes can influence the pKj, values of
titratable residues through electrostatic interactions and can induce structural changes, for
instance conformational changes of histidine residues [42]. In this context, recent studies by
Lu and Gunner [37] have demonstrated that the PLS in aaz-type enzymes is likely
constituted by several residues and that electrostatic changes in the environment regulate its
protonation. In this case the PLS is loaded when heme a is reduced and protons are released
from the PLS when protons are transferred into the BNC. Our MD simulations and DFT
calculations of the bas-type CcO from Thermus thermophilus are restricted to a single redox
state (state 6 of the catalytic cycle, see ref. [40, 45]) and thus do not capture the driving force
for proton pumping. However, the simulations give important insight into the protein
dynamics and the dynamics of the hydrogen bond network. They support a plausible
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mechanism for proton transport that is in line with mutagenesis results that have
demonstrated the importance of His376 and in particular Asp372 for proton pumping in baz-
type CcO.[11, 39, 40]

3.2 Role of the salt bridge between Arg225 and Asp287

Experimental studies of catalytic turnover and proton pumping efficiency for bas-type CcO
with mutations of Arg225 and Asp287 indicate that these residues are important for efficient
proton pumping. [39] Based on these results, it has been speculated that the salt bridge
Arg225-Asp287 could act as a simple electrostatic gate, which could operate through
changes in the surrounding electrostatic potential, for instance due to the presence or the
absence of protons. [45] Details of the role of these residues in the proton transport
mechanism are not known, however. To shed some light on the potential role of this salt
bridge, we examine its strength in selected protonation states. We have selected protonation
states A, D and E (Table 1 and Figure 1), which represent the states at the beginning of the
mechanism outlined above (state A), after loading of one proton onto His376 (state D), and
after transfer of the proton from His376 to Glu126!! (state E). The salt bridge between
Arg225 and Asp287 is stable in all protonation states, as can be seen from the salt bridge
distance throughout our unbiased simulations, which remains in the range of 3.5 A t0 4.0 A,
which are typical values for a strong salt bridge (Supporting Information Figure S3).
Residue Glu126'" also interacts with Arg225, both through hydrogen bonds and through
electrostatic interactions, forming a somewhat weaker salt bridge. The distance between
Glu126'" and Arg225 is significantly larger and much more sensitive to the protonation state
than the distance between Arg225 and Asp287 (Figure S3).

Figure 4 shows the PMF for the dissociation of the Arg225-Asp287 salt bridge for
protonation states A, D and E. The contact ion pair minimum is at a distance of
approximately 3.8 A between the C¢ guanidinium carbon atom of Arg225 and the C., carbon
atom of the carboxylate group of Asp287. As we can see, in protonation state A the free
energy required for dissociating the salt bridge and reaching distances above 7 A is less than
10 kcal/mol. Upon protonation of the postulated PLS His376 (state D), the strength of the
salt bridge increases considerably. This clearly shows how changes in the protonation state,
and potentially also other electrostatic changes in the environment, are able to modulate the
strength of this salt bridge. In state D, a relatively strong hydrogen bonding interaction is
formed between Glu126' and doubly protonated His376 (see Table 2), which increases the
distance between Glu126'' and Arg225 (see Figure S3). This in turn seems to be the reason
for the stronger salt bridge between Arg225 and Asp287 in state D. On the other hand,
transfer of the proton from His376 to Glu126' (State E) weakens the salt bridge again,
leading to a PMF that is very similar to protonation state A. The simulation of state E shows
a non-negligible hydrogen bonding interaction between protonated Glu126'' and Arg225,
which likely facilitates the dissociation of the Arg225-Asp287 salt bridge relative to state D.

Since the Arg225-Asp287 salt bridge is stable in the different protonation states that we
have investigated, it does not seem to act as a simple electrostatic gate, although its strength
can be clearly influenced. Another important observation is that Arg225 is at the entrance of
water exit pathway P2 (see section 3.3), and it is thus reasonable to assume that the
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hydrogen bond interaction between protonated Glu126'' and Arg225 in state E could help to
facilitate transfer of the proton into this exit pathway P2.

3.3 Water exit pathways

Located just above the DNC is a water pool that is delimited by the heme a3z group and the
protein residues Asn377, Asp372, His376, Glu126!", Arg225, GIn151", Arg449 and Arg450
(Figure 5). In order to identify water transport pathways that connect this water pool to the
bulk water on the P-side of the membrane, we have tracked the movement of individual
water molecules present in this water pool at the beginning and at the end of the production
phase of each of the simulations. Using this approach we have identified two water transport
pathways (Figure 6). Proton transfer within the protein requires a path of hydrogen bonds.
Although other possibilities for proton exit cannot be excluded, the water pathways
presented here are regions in which a chain of hydrogen bonds can be formed via water
molecules, making them strong candidates for proton exit pathways.

Both exit and entry of water molecules through these pathways have been observed. In most
simulations we observe a net influx of water molecules, which is consistent with claims that
the experimental crystal structures are somewhat dehydrated.[102] The numbers of water
molecules that enter and leave the water pool along the two pathways are summarized in
Table 4 for each simulation. The table shows that the rate of exchange between the water
pool and bulk water differs between the simulations and thus depends on the protonation
state of the various residues. Some of this observed difference might be attributed to the
finite simulation time (140 ns) and the fact that we have used a simple approach for
identifying the water pathways, which is not quantitative with respect to water exchange
between protein interior and bulk water. The data presented in Table 4 considers only the
first and last frame of the simulations and only water molecules in the water pool, but not
water molecules in the water channels and interstitial space that could enter the water pool
and subsequently exit through the water pathways. On the other hand, the data in Table 4
gives a clear indication that subtle changes in the protein environment (such as changes in
protonation state or redox state) are able to induce structural changes that block the
pathways and thus could act as valves that prevent proton backflow. For instance, no water
exchange was observed for state D in which the postulated PLS His376 is doubly
protonated.

Pathway P1 is depicted in detail in Figure 7 along with an isosurface plot of the water
occupancy averaged over the entire simulation trajectory and a distance analysis for a typical
trajectory of a water molecule leaving the water pool. Water occupancy plots for simulations
of all states A to D can be found in the Supporting Information. The entry to pathway P1 is
located around the guanidinium groups of Arg449 and Arg450 and the carboxamide group
of Asn377 (position 3). It extends as a pocket from the water pool along the space between
the side chains of Arg449 and Arg450 and residues GIn151'" and Asn150" (positions 4 and
5, yellow region). In the crystal structure there are two water molecules within this pocket. It
connects to a highly solvent-accessible area of the protein (position 6, pink region), which
also contains two water molecules in the crystal structure. To reach this region, water
molecules have to pass through an opening between the side chains of both residues
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His157' and Pro448 and the backbone atoms of residue Asn150!!. Residue His157"!
coordinates to Cup and it is thus possible that redox changes are able to influence this
pathway and potentially mediate the exit of protons. In our simulations, we have found
residue His157" to be very flexible. The solvent-accessible region is connected to the bulk
water via two branches, indicated as Exit P1-a and Exit P1-b. The first exit passes at residue
GIn158!" on the left side of Tyr460, downwards and towards the left from the pink region in
Figure 7. The second exit extends upwards and passes at the right side of residue Tyr460,
which is also in vicinity of the crystal structure water molecules in this solvent accessible
area.

Exit P1-b of this pathway is consistent with the alternative exit-R pathway that has been
proposed by Sugitani et al. for the bag CcO from Thermus Thermophilus based on structural
comparisons to water transport pathways that have been identified for aaz-type CcOs (see
Figure S5 in the Supporting Information for a detailed comparison). [50] Key residues that
surround the water pocket of exit pathway P1 above the water pool (His157!!, Arg449,
Arg450) are conserved in the exit-R pathway of aas-type CcO from different species (bovine
heart, PDB ID: 1V55; Paracoccus denitrificans, PDB ID: 1AR1; Rhodobacter sphaeroides,
PDB ID: 2GSM). However, exit-R in aas-type CcO follows a different path after entering the
solvent-accessible region (position 6), which would be perpendicular to the plane of Figure
7. As a consequence, pathway P1 in bas-type CcO is significantly shorter than exit-R in aas-
type CcOs.

The water molecules exiting through pathway P1 are in hydrogen bonding distance to at
least one other water molecule throughout the entire passage from the water pool to the bulk.
This suggests that protons could be conducted from the water pool to the P-side of the
membrane via a Grotthuss mechanism along a continuous chain of water molecules that can
transiently form within this pathway. The most probable point of interruption of such a water
chain is at the transition between the water pocket above residues Arg449 and Arg450 and
the solvent-accessible area (transition from position 5 to position 6 in Figure 7). Implications
for proton transport will require a more detailed analysis.

Pathway P2 is depicted in Figure 8 together with a distance analysis for a typical trajectory
of a water molecule leaving the water pool. The starting point of this pathway is the same
water pool above the DNC (position 1), however, the exit is located on the opposite side of
the water pool along the surface between protein subunits | and 1. The entry to this pathway
is composed of the tyrosyl group of Tyr136 and the side chain of Thr134 on one side, and
the side chain indole of Trp229 and the guanidinium group of Arg225 on the other side
(position 2). This entry connects to a small water pocket surrounded by Arg225, Tyr136,
Pro137 and Pro221 (position 3 and yellow region in Figure 8 left). From this position
onwards the water exit pathway bifurcates and two different branches can be followed, as
indicated by pink arrows with corresponding labels. One of the branches is going along
residues Pro221 and Pro129'' upwards to a region (pink, labeled Gap 1) that connects to
bulk water in vicinity of residues Arg52!' and Asp220 (Exit P2-a). The other branch follows
a path along the side chain pyrrolidine of Pro137 (position 4) to another solvent-exposed
region (position 5, pink region labeled Gap 2), which is delimited by Ala224 and Glu203.
This pink region subsequently connects to the protein exterior bulk water at residues Leu553
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and Phe207 (Exit P2-b). The entrance region to pathway P2 exhibits similarities to the
entrance region of the exit-P pathway in aaz-type CcO as described by Sugitani et a/. [50]
The exit-P pathway in aasz-type CcO, however, extends into a different direction beyond the
proline residues and no spontaneous water transport along this pathway was observed in MD
simulations. This is in contrast to our results for bas-type CcO from Thermus thermophilus.

Very importantly, Tyr136 is a key residue at the entrance of pathway P2. It is able to block
the entrance by changing its conformation as shown in Figure 9. When in position 1, the
distance between Tyr136 and residues Arg225 and Trp229 is too small for water to enter the
pathway. A conformational change into position 2 is required to vacate space that allows
water to pass. Therefore, it is reasonable to assume that Tyr136 plays an important role,
potentially acting as gate that prevents water and proton backflow in water pathway P2. MD
simulations of aas-type CcO from Paracoccus denitrificans have also shown a significant
reorientation of residue Tyr167, [52] which is located at an equivalent position as Tyr136 in
the bas-type CcO studied in this work. It was speculated that Tyr167 plays an important role
in the formation of a hydrogen-bonded connection to nearby Arg474 and proton exit
pathways, although experimental evidence concerning the role of this residue is not
available.

As mentioned above, the protonation state seems to influence the rate of water exchange
between the water pool above the DNC and the bulk solvent. Protonation state D seems to be
special, since no water is found to leave or enter the water pool during the entire simulation
time (Table 4). In this protonation state, there are strong hydrogen bond interactions between
the doubly protonated His376 and both Glu126!' and PRAas, as described in the proton
transport mechanism section above. This leads to structural changes in the enzyme that are
sufficiently large to block water exit through the two water pathways. For pathway P1, the
strong hydrogen bonding between Glu126!!' and doubly protonated His376 results in an
increased distance between Glu126'' and both Asn377 and GIn151"". This in turn leads to a
stronger interaction between GIn151"" and Arg449/Arg450, which narrows the entrance to
pathway P1 as well as the “channel walls” of the water pocket, effectively blocking this
pathway. This mechanism of blocking pathway P1 may work in conjunction with other
mechanisms that could involve for instance redox changes of the Cup site as mentioned
above and as suggested by others. [50] For pathway P2, it is notable that residue Tyr136
does not undergo any conformational change. It remains in position 1 (see Figure 9) during
the entire simulation of protonation state D, thus preventing water molecules from passing
through pathway P2. This clearly demonstrates that Tyr136 does play an important role in
gating pathway P2. Analysis of the water occupancy within the exit pathways also shows
that this results in an interruption or complete absence of water density within the channels
(see Figures S6 and S7 in the Supporting Information). This indicates that blocking these
pathways disrupts the hydrogen bond network and hence impairs proton transfer. Proton
transport could, however, still be possible via ionizable residues in sufficient proximity.

During each CcO reaction cycle two water molecules are generated in a cavity near the
active site of the DNC, which have to leave the enzyme. Two water molecules are present in
the crystal structure in this region, which corresponds to the hydrophobic cavity that has
been described by Sugitani et a/. [50] for aaz-type enzymes. Through visualization of our
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simulation trajectories with a focus on water residing within this cavity, we have confirmed
that water molecules can exchange between this region close to the DNC and the water pool.
This confirms that water produced during the reaction cycle is able to be transported out of
the enzyme via pathways P1 and P2 that we have identified above.

In agreement with what Fee et a/. [40] proposed, our simulations also show that the
carboxylate side chain group of Glu126'! is able to rotate about its Cp-C, and C,-Cs bonds,
thereby being unconstrained to swing into different positions. Protonated Glu126!! (state E
in Figure 1) forms a hydrogen bond with Asn150"!, thus being in a position to transfer a
proton to water in position 1 of Figure 7. From there, a proton could be transported through
pathway P1. In other simulations, we have observed that Glu126'! swings into the water pool
at a location close to the entrance of pathway P2, which indicates that it could transfer a
proton to a water molecule at position 1 in Figure 8. It is thus likely that proton transfer from
Glu126'" can proceed via either of the two pathways.

4 Conclusions

We have obtained new insight into the mechanism of proton pumping in baz-type CcO from
Thermus thermophilus and identified two water exit pathways that connect the water pool
above the DNC to the outer P-side of the membrane. Our results are based on unbiased long-
time scale, all-atom MD simulations of a variety of relevant protonation states of CcO with
reduced heme b and Cup pair and DNC with a bridging hydroperoxide, Fe3*-(OOH™)-Cu?*.
We present a potential mechanism for proton transport above the DNC that involves PRAag,
Asp372, His376 and Glu126!! through analyzing changes in the protein structure and
dynamics of the hydrogen bond network upon protonation of the different residues. The
simulations support a mechanism, in which residue Asp372 and PRAa3 transfer the proton
onto His376, which acts as the PLS. Key to this proton transfer mechanism is a rotation of
residue His376 with alternate 6- and e- protonation for every second proton transfer. It
seems plausible that the proton is subsequently transferred to residue Glu126'!, which is able
to interact with the salt bridge Arg225-Asp287. Results from potential of mean force
calculations with different protonation states of His376 and Glu126!' demonstrate that the
location of a proton can have a significant effect on the strength of this salt bridge. However,
the salt bridge remains stable in all protonation states and thus is unlikely to act as a simple
electrostatic gate as had been suggested before. The two water exit pathways that connect
the water pool above the DNC to the outer P-side of the membrane can likely also act as
proton exit transport pathways. Residue Glu126'! is located nearby the salt bridge Arg225—
Asp287 and interacts with the hydrogen bond network around Arg225, which is at the
entrance of the first water exit pathway. Residue Glu126'! is also able to swing out into the
water pool close to the entrance of the second water exit pathway, and thus is likely to
facilitate transfer of the proton into either of the two pathways. Importantly, both of these
two water exit pathways can be blocked, which could prevent proton backflow. Protonation
of the PLS His376 leads to a reduced distance between residues GIn151!' and Arg449/
Arg450 thus narrowing the entrance channel to the first pathway, while residue Tyr136
remains in a conformation that blocks the entrance to the second pathway. These
observations from our simulations could be a valuable starting point for experimental
verification of the closing mechanism of these water and proton transport pathways.
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Highlights

We have performed long-time scale, all-atom molecular dynamics
simulations on bas-type cytochrome ¢ oxidase from Thermus
thermophilus.

A mechanism for proton transport in the region above the dinuclear
center (DNC) is proposed, with residue His376 as proton-loading site.

The salt bridge Arg225-Asp287 is stable in several protonation states
and unlikely to act as a simple electrostatic gate.

Two water exit pathways that connect the water pool above the DNC to
the outer P-side of the membrane are identified.

Protonation of His376 blocks both water pathways by narrowing the
entrance channel or conformational changes of Tyr136.
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Proposed proton transfer pathway. Protonation state D is the lowest energy protonation state
for the investigated pre-pump state. Transferred protons and the e-nitrogen on the imidazole
ring of His376 are colored to guide the eye. (A) A strong hydrogen bond exists between
protonated Asp372 and PRAag, facilitating proton transfer. (B) Rotation of His376. (C)
Proton uptake by Asp372 results in formation of a strong hydrogen bond between protonated
PRAaz and His376. (D) Proton transfer from PRAaz to His376 results in a strong hydrogen
bond between His376 and Glu126!!. (E) Proton transfer from doubly protonated His376 to
Glu126'" and subsequent release into the water pool. (F) Structure and protonation state
equivalent to (A) with exception of the orientation of His376 and protonation site §-nitrogen.
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Figure 2.
The side chain of His376 can rotate from its position in the crystal structure (left) such that it

is in position to accept a hydrogen bond from PRAag (right). Snapshots taken from
simulation of protonation state B, see Table 1 and Figure 1.
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Figure 3.

His376

Left: DFT energies for proton transfer and proton uptake from the N-side of the membrane
(A’/B/B; = cluster model + H* at pH = 7) to His376 (D). The initial step is a proton transfer
from Asp372 to PRAa3 (B). Protonation of His376 can occur either before proton uptake
(B,) or after proton uptake (C’). The labels correspond to the nomenclature in Table 1 and
Figure 1. The prime indicates &-protonation in place of e-protonation of His376. Right:

complete DNC cluster model for State A’.
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Left: Free energy profiles for the salt bridge Arg225-Asp287 in different protonation states
of CcO. The distance is measured between the carbon atom C¢ of the guanidinium group in
Arg225 and the carbon atom C., of the carboxylate group in Asp287. (Dotted line) Right:
Snapshot from a simulation of state E with protonated Glu126'!, highlighting relevant

residues.
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Arg225

Water pool above the DNC in the crystal structure of bas-type CcO from Thermus
thermophilus (PDB ID 3S8F). Left: Location of the water pool within the enzyme with
surrounding residues highlighted. Purple spheres are metals in the protein (Cua, Cug, Fe,3).
Subunits I, 11 and 111 are shown in yellow, green and purple. Right: Details of the water pool
and surrounding residues. The orange region is the water pool consisting of eight crystal
waters.

Biochim Biophys Acta. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Yang et al.

Page 28

Figure 6.
General view of the two water exit pathways that connect the water pool above the DNC to

the P-side of the membrane. Residues in blue color line pathway P1 and residues in orange
color line pathway P2. The position of water molecules along one branch of each of the
pathways are depicted with red spheres.

Biochim Biophys Acta. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Yang et al.

Page 29

—— WAT-Asn150" —— WAT—Asn151:: WAT-GIn158"
——— WAT-Asn377 —— WAT-His157

A gty R PG g e
VR T L LT n_‘l’n. f"“m',f nilnmt‘

Simulation time (ns)

Figure 7.
Water exit pathway P1. Top left: Detailed water pathway highlighting relevant residues. The

pathway connects the water pool above the DNC to a solvent-accessible area (pink) via a
pocket along the side-chains of residues Arg449 and Arg450 (above water position 3;
yellow). Water position 1 is close to residue Glu126'! that could be involved in proton
transport. Top right: Water occupancy averaged over the entire trajectory (isosurface plot at
25% occupancy), clearly showing the path that connects the water pool to the protein
exterior. Bottom: Distances between the center of mass of the water molecule leaving the
water pool (WAT) and relevant residues along pathway P1 (Simulation E, see Table 1). The
boxed numbers refer to the position of the water molecule as depicted in the top left figure.
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Distance (A)
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—— WAT-Pro137 —— WAT-Phe207

128 130 132 134

Simulation time (ns)

Figure 8.
Water exit pathway P2. Top left: Detailed water pathway highlighting relevant residues. The

pathway connects the water pool above the DNC to the outer side of the membrane via a
water pocket (yellow) and two regions (pink, Gapl and Gap2) that open towards the bulk
solvent. Gap 1 is surrounded by residues Arg52!!, Pro129!!, Pro221, Asp220 and Leu553;
Gap 2 is surrounded by residues Leu553, Asp220, Ala224, Glu203 and Phe207. Top right:
Water occupancy averaged over the entire trajectory (isosurface plot at 25% occupancy),
showing the path that connects the water pool to the protein exterior. Bottom: Distances
between the center of mass of the water molecule leaving the water pool (WAT) and relevant
residues along pathway P2 (Simulation F, see Table 1). The numbers refer to the position of
the water molecule as depicted on the left.
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Figure 9.
Left: Residue Tyr136 is able to change its conformation from position 1 to position 2

(green). Right: In position 2, the entrance to water exit pathway P2 is open and water is able
to pass through this gate. Snapshots are taken from simulation F.
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Table 1

Molecular dynamics simulations performed in this work. Protonation state D is the lowest energy protonation
state for the investigated true peroxo state of CcO (state 6 in the catalytic cycle of Ref [45]; hydroperoxo-

bridged DNC with Fe,g3*, Cug?*, Fe,2*, Cua™-Cua™). See also Figure 1.

Protonation states

Simulation No.
PRAa; protonated  Asp372 protonated  His376 protonated® ~ Glu126' protonated

A no yes e no
B yes no e no
C yes yes e no
D no yes e,6 no
E no yes 5 yes
F no yes & no

a"ezepsilon-protonated histidine; 6=delta-protonated histidine; e,6=doubly protonated histidine.
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Hydrogen bond occupancies for simulations of different protonation states. See Table 1 and Figure 1 for the

protonation states in the different simulations.

Simulation  acceptor@ Donor? OccupancyP:¢
A O2A(PRAa3) OD2(Asp372) 58.8%
O1A(PRAa3) OD2(Asp372) 36.2%
O(Asp372) N(e-His376) 4.7%

B OD2(Asp372)  O2A(PRAag) 95.4%
OD1(Asp372)  O2A(PRAag) 12.0%
O(Asp372) N(e-His376) 51.6%

C O1A(PRAa3) OD2(Asp372H) 68.6%
OD1(Asp372H)  02A(PRAag) 9.1%
ND1(e-His376) O2A(PRAay) 50.5%
O(Asp372H) N(e-His376) 79.2%
OE1(Glu126")  NE2(e-His376) 8.8%
OE2(Glu126")  NE2(e-His376) 7.5%

D O1A(PRAa3) OD2(Asp372H) 99.6%
O1A(PRAa;) ND1(His376H*) 90.6%
O2A(PRAag) NDZ(His376H*) 46.6%
O(Asp372H) N(His376H*) 58.8%
OE1(Glu126")  NE2(His376H") 51.4%
OE2(GIu126")  NE2(His376H") 44.3%

E NE2(6-His376)  OE2(Glu126H'"*) 29.8%
O1A(PRAa;) OD2(Asp372H) 46.0%
O2A(PRAa3) OD2(Asp372H) 25.2%
O1A(PRAa3) ND1(5-His376) 61.3%
O2A(PRAa3) ND1(s-His376) 46.6%
O(Asp372H) N(5-His376) 82.2%

a"Names and residue name of the heavy atoms involved in the hydrogen bond, with the residue name in parentheses. Residues PRAa3, Asp372,

His376 and Glu126!! are considered.

b: . .
Only occupancies larger than 3% are listed.

c"Occupancy is the fraction of simulation frames during which the hydrogen bond is present. Hydrogen bonds are defined through an angle cutoff
of 135° and a distance cutoff of 3.0 A between the hydrogen bonded atoms.
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Table 3

DFT relative energies (kcal/mol) for proton transfer in Fe,33*-(0-OH)™-Cug2*-Y 237~ DNC models and

proton uptake from the N-side of the membrane (at pH = 7), with Q being the total charge of the cluster model.
See Table 1 and Figure 1 for the protonation states of Asp372, PRAaz and His376 in the different

intermediates. In state B, His376 is doubly protonated and both Asp372 and PRAa3 are deprotonated. The
prime indicates &-protonation in place of e-protonation of His376. See Figure 3 for a representation of the

cluster model.

State Q
PW91-D3 OLYP-D3 B3LYP-D3//PW91-D3
A+ (H'pH=7) 0 0.0 0.0 0.0
B+ (H'pH=7) O 9.8 8.8 13.4
B, + (H*pH=7) O 105 6.8 8.3
c’ 1 14.2 9.3 4.9
D 1 5.8 -5.5 -13.3
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