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ABSTRACT A key enzyme in aerobic metabolism is cytochrome c oxidase (CcO), which catalyzes the reduction of molecular
oxygen to water in the mitochondrial and bacterial membranes. Substrate electrons and protons are taken up from different sides
of the membrane and protons are pumped across the membrane, thereby generating an electrochemical gradient. The well-
studied A-type CcO uses two different entry channels for protons: the D-channel for all pumped and two consumed protons,
and the K-channel for the other two consumed protons. In contrast, the B-type CcO uses only a single proton input channel
for all consumed and pumped protons. It has the same location as the A-type K-channel (and thus is named the K-channel
analog) without sharing any significant sequence homology. In this study, we performed molecular-dynamics simulations and
electrostatic calculations to characterize the K-channel analog in terms of its energetic requirements and functionalities. The
function of Glu-15B as a proton sink at the channel entrance is demonstrated by its rotational movement out of the channel
when it is deprotonated and by its high pKA value when it points inside the channel. Tyr-244 in the middle of the channel is iden-
tified as the valve that ensures unidirectional proton transfer, as it moves inside the hydrogen-bond gap of the K-channel analog
only while being deprotonated. The electrostatic energy landscape was calculated for all proton-transfer steps in the K-channel
analog, which functions via proton-hole transfer. Overall, the K-channel analog has a very stable geometry without large energy
barriers.
INTRODUCTION
A key element of aerobic metabolism is the enzyme cyto-
chrome c oxidase (CcO), which catalyzes the reduction of
molecular oxygen to water. Four electrons and four protons
are transferred onto a single oxygen molecule in a stepwise
reaction. The integral membrane protein CcO utilizes the
resultant energy to pump protons across the membrane,
thereby establishing an electrochemical gradient.

The CcO family may be divided into A, B, and C types.
The well-studied A-type CcO is most abundant and consti-
tutively expressed in mitochondria and several bacteria
(1,2), whereas B- and C-type CcO are expressed in some
specialized bacteria under low-oxygen conditions (3).
Whereas the C-type CcO is more distant to the others (4),
the A and B types share higher sequence similarity and
have almost identical compositions of cofactors used for
electron transport and enzymatic reaction (5,6). At the posi-
tively charged P side of the membrane, CcO takes up elec-
trons from soluble cytochrome c. They are transported via
the bimetallic copper A center (CuA) to heme a (A type)
or heme b (B type), and finally to the binuclear center
(BNC), where the chemical reaction takes place. The
BNC is composed of heme a3 and the copper B center
(CuB), and has a nearly identical three-dimensional structure
in both A- and B-type CcO (5,6). The proton-pumping effi-
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ciency differs between the A- and B-type CcO (1 Hþ
pump/e

�

and 0.5 Hþ
pump/e

�, respectively) (7), although it was
speculated that the B-type pump efficiency may be underes-
timated due to experimental limitations (8). The intermedi-
ate states of the catalytic cycle in A-type CcO, which have
been investigated intensively (2,9), may differ from those in
the B type (10). Also, the proton input pathways of A- and
B-type CcO differ from each other. All protons are taken
up from the negatively charged N side of the membrane
and can be differentiated into chemical protons that are
consumed in the reaction and pumped protons, which are
pumped across the membrane. In the A-type CcO, the pro-
tons are conducted via two different pathways (1,2): 1), the
D-channel leading from aspartate (Asp-132, R. sphaeroides
numbering) at the entrance to glutamate (Glu-286) situated
between the hemes; and 2), the K-channel containing lysine
(Lys-362) and terminating at tyrosine (Tyr-288), which is
covalently bound to His-284 ligating CuB. For the A-type
CcO, it is well established that all pumped protons are taken
up via the D-channel, and that two chemical protons enter
via the D-channel and two enter via the K-channel. In
contrast, the B-type CcO was shown to transport all chemi-
cal and pumped protons via the same input channel (11),
which is located at a similar position as the K-channel of
the A-type CcO (6) without sharing significant sequence ho-
mology. This K-channel analog in B-type CcO (Fig. 1) in-
volves a hydrogen bond (H-bond) chain of threonines,
tyrosines, and serine, and a water molecule with only one
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FIGURE 1 Proton wire in the K-channel analog in CcO of

T. thermophilus. The channel runs from Glu-15B to Tyr-237, with one

gap of 4.9 Å in the H-bond chain between Thr-312 and Ser-309 (indicated

by an orange arrow). For proton transport, a proton hole is presumably

transported from Tyr-237 to Glu-15B via farnesyl, W614, Ser-309, Tyr-

244, Thr-312, Tyr-248, W630, and Thr-315. Coordinates were taken from

crystal structure PDB 3S8F (6) and hydrogen atoms were added with

CHARMM (19). In addition to the channel residues, Pro-308 is depicted

(without hydrogens) because its backbone CO group accepts an H-bond

from Thr-312, and His-233 is depicted because it is covalently bound to

Tyr-237. For clarity, the farnesyl chain of heme a3 is shown only partially.

To see this figure in color, go online.

TABLE 1 MD simulations performed in this work

MD

simulation Redox and protonation state of BNC

Specific protonation

in channel

1 Fe(IV)¼O/CuB(II)-OH/Tyr-237-O
� all channel

residues protonated

(except Tyr-237)

2 Fe(IV)¼O/CuB(II)-OH/Tyr-237-OH all channel

residues protonated

3 Fe(IV)¼O/CuB(II)-OH/Tyr-237-O
� deprotonated Tyr-244

4 Fe(IV)¼O/CuB(II)-OH/Tyr-237-OH deprotonated Tyr-244

5 Fe(IV)¼O/CuB(II)-OH/Tyr-237-O
� deprotonated Glu-15B

6 Fe(IV)¼O/CuB(II)-OH/Tyr-237-OH deprotonated Glu-15B
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4.9 Å gap in between Thr-312 and Ser-309 (Fig. 1).
Only glutamate and tyrosine at the entrance and terminus,
respectively, are conserved among the K-channels of A-
and B-type CcO.

For the A-type CcO, the properties of the D-channel for
collecting and gating protons have been discussed exten-
sively (12–14), and recently we also found a gating element
in the K-channel (15). In the B-type CcO, these functional-
ities must be accomplished by a single proton input channel
that ensures rapid unidirectional proton flow and transloca-
tion of pumped protons.

In this study, we use molecular-dynamics (MD) simula-
tions and electrostatic energy computations to explore the
energy landscape of proton transfer via the K-channel
analog in the B-type CcO. We highlight the key functional-
ities of specific molecular geometries and offer an explana-
tion for how the channel may ensure proton transport that is
rapid as well as unidirectional.
Biophysical Journal 107(9) 2177–2184
MATERIALS AND METHODS

Preparing and performing MD simulations of CcO

The coordinates of subunits I, II, and IIa of CcO from Thermus thermophi-

lus were taken from the Protein Data Bank (16) (PDB ID: 3S8F (5)),

embedded in a lipid bilayer of phosphatidylcholines modeled with the

plug-in of VMD (17), and solvated in a TIP3P (18) water box applying pe-

riodic boundary conditions (dimensions: 100 Å � 100 Å � 107.8 Å). We

employed the CHARMM22 force field (19), CHARMM36 extension for

lipids (20), and in-house-determined parameters for the cofactors (13).

The same setup of MD simulation was used previously for the A-type

CcO (13). The MD simulations were performed with the software

NAMD (21) using a 2 fs time step with SHAKE to fix the bond lengths

involving hydrogen atoms and Langevin dynamics with friction constant

b ¼ 1 ps�1 at 300 K temperature. The MD simulations were performed

with a flexible cell size and constant ratio of 1:1 for the x and y dimensions

to stabilize the membrane, which was placed in the x-y plane. All MD sim-

ulations (listed in Table 1) exhibited stable geometries for 100 ns, with root

mean-square deviation (RMSD) values for the backbone atoms essentially

below 1.2 Å (Fig. S1 in the Supporting Material) and all-atom RMSD

values essentially below 1.5 Å (Fig. S2).
Atomic partial charges of CcO cofactors

We calculated the atomic partial charges of the cofactors as described by

Woelke et al. (13), using the quantum-chemical program Jaguar v.7.7

(Schrödinger, LLC, New York, NY) and the B3LYP DFT functional with

the LACVP** basis set. First, the cofactor geometries were optimized

quantum chemically. All hydrogen atoms were geometry optimized without

constraints, whereas the coordinates of nonhydrogen atoms were optimized

with respect to bond lengths and bond angles, keeping the corresponding

torsion angles fixed. We then computed the electrostatic potentials in the

vicinity of the cofactors based on the electronic wave functions and charges

of the nuclei, using the same procedure we employed for geometry optimi-

zation. We determined the atomic partial charges from the electrostatic

potentials of the cofactors by employing a two-stage restraint-electro-

static-potential (RESP) (22,23) procedure. The only difference between

our approach and the procedure described by Woelke et al. (13) is that to

compute the atomic partial charges of the CuB center, we included Tyr-

237 covalently bound to His-233. The coordinates and atomic partial

charges are given in Table S2.
Computation of pKA values and electrostatic
energies

We investigated the protonation states in equilibrium of all CcO residues

based on preliminary pKA computations (24,25) using just a single structure

with optimized hydrogen atom positions based on the crystal structure from

T. thermophilus with the highest resolution of 1.8 Å (6). The histidine
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protonations (involving 18 His) are given in Table S1. All other titratable

groups (Asp, Glu, Arg, and Lys) are charged, with the following exceptions:

the charge-neutral Glu-15B at the entrance of the K-channel analog (dis-

cussed in the next section) and the charge-neutral Glu-203, Glu-131B,

and Asp-372, which might be involved in proton pumping, but were not

analyzed in this study because they are far from the K-channel analog.

To calculate the energy landscape of the proton transfer pathway via the

K-channel analog, we used the crystal structure PDB 3S8F (6) embedded in

a membrane as described above. The BNC ligands were modeled as

described in Woelke et al. (13). We added hydrogen atoms and adjusted

the geometry of OH groups of water and side chains (tyrosine and serine)

to the different protonation states that potentially can occur during proton

transport in the K-channel analog. This modeling also involved adjusting

the Tyr-244 side chain for the Tyr-244–Thr-312 switch mechanism (ex-

plained in the Results and Discussion section), followed by constrained en-

ergy minimization of the modeled region. The pKA values were calculated

using karlsbergþ (24,25). Crystal water molecules were removed (except

for the three crystal water molecules inside the K-channel analog (W614,

W630, and W689), which were kept) and a dielectric continuum with

ε ¼ 80 was placed in the resulting cavities. Lipid molecules of the mem-

brane with atoms within a 20 Å sphere around the center of the K-channel

analog were kept. All other lipids were deleted. We tested this procedure

and found it to be appropriate (15). A dielectric continuum with ε ¼ 80

was placed outside of the volume of all atoms (from protein, lipids, and

water molecules) that were kept explicitly, whereas inside the volume of

explicit atoms, ε ¼ 4. The moderate value of the dielectric constant of

ε ¼ 4 inside the volume of explicit atoms accounts implicitly for a limited

variation of atom positions, which is not considered explicitly when only

the crystal structure is used to evaluate electrostatic energies. Since the elec-

trostatic continuum implicitly accounts for conformational variability, the

computed electrostatic energies also contain entropy contributions from

the protein and solvent.

For each of the titratable residues involved in proton translocation inside

the channel (Tyr-237, farnesylhemea3, W614, Ser-309, Tyr-244, Thr-312,

Tyr-248, W630, Thr-315, and Glu-15B), a structure was modeled for the

corresponding deprotonated state. For each of these structures, the pKA

values and thus the protonation energies of the corresponding residue

were calculated with karlsbergþ (24,25). To account for structural changes

due to the modeling, the electrostatic contribution to the conformational en-

ergy was added to the protonation energy. All of these energy terms were

calculated by numerically solving the linearized Poisson-Boltzmann equa-

tion using the program APBS (26). To obtain reliable results, the finest grid

spacing of 0.25 Å was used.
Role of electrostatic energy in characterizing
proton transfer energetics

A precise evaluation of proton transfer energetics requires a consideration

of the free energy, which is computationally difficult to assess. Usually, it

requires MD simulations beyond the microsecond time regime and is sub-

ject to the uncertainties of the employed energy function, which for such

long simulation times may drive the molecular system into unphysical

conformational regimes. The free energy combines the influence of

enthalpy and entropy. Whereas entropy is only indirectly accessible by

the conformational variability, enthalpy relies on the interplay between ki-

netic and potential energies. Based on the second viral theorem (27), the

average kinetic energy is proportional to the number of degrees of freedom

of the molecular system and therefore does not change in a proton transfer

process.

The enthalpy consists of bonded (covalent) and nonbonded (van der

Waals (vdW) and Coulomb) energies. A critical part of the bonded energy

is the contribution of the transferred proton that is covalently bound to

different molecular groups before and after the transfer step. However,

we showed that ab initio computations of pKA values using a combination

of high-precision quantum-chemical and electrostatic energy evaluations
yield an RMSD to corresponding measured values of 0.5 pH units (28).

This agreement demonstrates that the thermodynamic averages of 1), non-

electrostatic quantum-chemical contributions to pKA values do not depend

on the environment; 2), vdW interactions are practically identical before

and after a change in protonation; and 3), covalent interactions inside other

not directly covalently connected molecular groups (of the solute) that are

spectators in the considered proton transfer step also do not change. Further

support for these conclusions comes from extensive evaluations of pKA

values of titratable groups in proteins based on the measured pKA values

in solution (24). These pKA values are transformed by electrostatic energy

computations to the corresponding protein environment with an RMSD to

measured values of 1.1 pH units. Hence, it is justifiable to consider only

electrostatic energies to characterize proton transfer processes, since they

make the main contribution to the energetics of such processes.

Another reason to consider only the electrostatic energies is the fact that

our computations are based on crystal structures. This may yield arbitrary

contributions for covalent and vdW interactions, since these interactions

are very sensitive to small variations of 0.1 Å in atomic coordinates for in-

dividual conformations, whereas electrostatic energies with their very mild

1/r distance dependence are relatively insensitive to such small changes.

Although the electrostatic energies computed in this study refer to a single

conformation, they implicitly consider many conformations by using a

dielectric continuum for the solvent and the protein. Thus, they also account

for entropy contributions as noted above.
RESULTS AND DISCUSSION

Investigation of the K-channel analog

After oxygen splitting occurs, the first proton is likely taken
up in the PR state (29), which is characterized by an access
electron inside the BNC that is composed of Fe(IV)¼O/
Cu(II)-OH/Tyr-237-O�. The K-channel analog, as depicted
in Fig. 1, starts with Glu-15B at the N side of the membrane
and terminates at Tyr-237. As has been shown by quantum-
chemical calculations (30), the proton wire in the channel is
composed of several H-bonded OH groups that are proton-
ated in the resting state and conduct protons via a proton-
hole transfer mechanism. We performed MD simulations
to investigate the conformational stability or mobility of res-
idues in the K-channel analog in different protonation states.
A 100 ns MD simulation was performed with all three sub-
units of CcO embedded in a phospholipid membrane, as
described in Materials and Methods, with the BNC modeled
in the PR state (Table 1, simulation No. 1). In the PR state
(Table 1, No. 1), the K-channel analog exhibits a very stable
geometry for the full MD simulation time, as evidenced, for
example, by the low RMSD value of 0.8 Å of the K-channel
analog residues (alignment on all backbone atoms and
RMSD measurement on all atoms of channel residues;
Fig. S3). All H-bonds from Glu-15B to the deprotonated
Tyr-237 are pointing toward the BNC fluctuating around
an oxygen-oxygen distance of 2.8 Å corresponding to ideal
H-bond geometry (Fig. S4 A). Tyr-244 donates an H-bond to
Ser-309, whereas Thr-312 donates its H-bond to the back-
bone oxygen of Pro-308 (see Fig. 1), thus leaving a gap of
~5 Å in the H-bond chain, which is not bridged by a water
molecule throughout the simulation (see further discussion
below). The crystal water molecule W614 moves from
Biophysical Journal 107(9) 2177–2184
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downward of the Tyr-237 oxygen to upward, but remains
H-bonded to the negatively charged Tyr-237 side chain.
The other two crystal waters inside the K-channel analog,
W630 and W689, remain at their positions during the whole
MD simulation time of 100 ns. This rigid channel geometry
may be essential for function in the high-temperature envi-
ronment in which T. thermophilus resides.

The MD simulation with protonated Tyr-237 (Table 1,
No. 2) exhibits a geometry similar to that observed in the
simulation with deprotonated Tyr-237, but some H-bonds
of the K-channel analog are slightly less stable (see
Fig. S4 B). Tyr-237 loses its H-bond contact to the OH group
of farnesyl from heme a3, and also the H-bond between Ser-
309 and Tyr-244 is split, but bridged by a water molecule.
FIGURE 2 Different positions of Glu-15B depending on the protonation

state. (A) The crystal structure (PDB ID: 3S8F (6)) with protonated Glu-

15B donating an H-bond to Thr-315. The MD simulation with protonated

Glu-15B remains close to this position. (B) After energy minimization, de-

protonated Glu-15B accepts an H-bond from Thr-315. (C) Snapshot of the

MD simulation after 15.0 ns. Glu-15B moves out of the K-channel analog

toward bulk water and loses connectivity to Thr-315, which then forms an

H-bond inward with the hydrogen atom pointing to the BNC and remains

there for the rest of the 100 ns MD simulation. H-bonds are indicated by

dashed lines. To see this figure in color, go online.
The proton-hole sink: Glu-15B

The entrance of the K-channel analog consists of the gluta-
mate residue Glu-15B, which is conserved among channels
of A- and B-type CcO (5,6,31,32). We performed MD sim-
ulations with protonated (Table 1, No. 2) and deprotonated
(Table 1, No. 6) Glu-15B, and found that the protonated
Glu-15B forms a stable H-bond toward Thr-315 with an
average distance of 2.8 Å (Fig. S4, A and B) over 100 ns
(Fig. 2 A), whereas the deprotonated Glu-15B does not
(Fig. S5, A and B). The deprotonated Glu-15B first accepts
an H-bond from Thr-315 (Fig. 2 B), but loses this contact af-
ter 10.8 ns or 1.4 ns MD simulation with protonated Tyr-237
or deprotonated Tyr-237, respectively. The deprotonated
Glu-15B swings out of the hydrophobic channel entrance to-
ward bulk water, as has also been demonstrated by quantum-
chemical calculations (30,33), and does not return in the
deprotonated state (Fig. S5, A and B). As soon as Glu-15B
loses contact to Thr-315, the H-bonds of the proton wire
of the K-channel analog (see Fig. 1) turn inward, pointing
with the hydrogen atoms toward the BNC (Fig. 2 C). After
a >40 ns simulation with deprotonated Glu-15B, the water
molecule W630 leaves the channel toward bulk water
without returning (Fig. S5, A and B). This creates a gap be-
tween Thr-315 and Tyr-248, which slightly destabilizes the
H-bond chain in the K-channel analog.

In the crystal structure PDB 3S8F (6), Glu-15B is point-
ing toward Thr-315 (see Fig. 1) and may either be proton-
ated and donate an H-bond to Thr-315 or be deprotonated
and accept an H-bond. Preliminary pKA computations based
solely on the crystal structure yield a pKAvalue for Glu-15B
of 6.8. However, in MD simulations, the deprotonated Glu-
15B moves out of the K-channel analog toward bulk water
and the protonated Glu-15B remains precisely at the crystal
structure position. Thus, we conclude that Glu-15B is pro-
tonated in the 3S8F structure (6). Interestingly, the other
crystal structures of CcO from T. thermophilus exhibit a
Glu-15B position more distant from Thr-315 (3.41 Å in
PDB 1EHK (34) and 3.64 Å in PDB 1XME (35)) and the
mean B factor of the Glu-15B side chain atoms is 41.8 Å2
Biophysical Journal 107(9) 2177–2184
larger than the mean B factor (26.1 Å2) of the side-chain
atoms of the other K-channel analog residues in the crystal
structure 3S8F (6) (similar relations hold for the other crys-
tal structures). This suggests that Glu-15B is more flexible
and may occasionally move from its main conformation,
where it is protonated and points inward to a second confor-
mation that is deprotonated and points to bulk water.

In summary, Glu-15B of the K-channel analog is likely
protonated and donates an H-bond to Thr-315 in the resting
state of the channel, whereCcO is ready to take up a newelec-
tron. However, Glu-15B may easily donate its proton,
become deprotonated, and move out toward the channel
entrance in bulk water, where it may transiently accept a
new proton. This behavior of Glu-15B renders it an excellent
sink for proton holes, promoting rapid proton uptake byCcO.
Tyr-244, the valve

In the crystal structure obtained by Tiefenbrunn et al. (6),
the only gap in the H-bond chain of the K-channel analog
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is between Thr-312 and Ser-309, which are 4.9 Å apart
(oxygen-oxygen distance; Fig. 1). This gap could be bridged
either by Tyr-244 swinging toward Thr-312 or by one addi-
tional water molecule, as suggested previously (11). How-
ever, after carefully inspecting the latest crystal structure
at 1.8 Å resolution, Tiefenbrunn et al. (6) did not observe
an electron density that could correspond to a water mole-
cule bridging this gap. Furthermore, the Tyr-244 position
is virtually identical in all available crystal structures and
has a low B factor throughout (6,34,35). Likewise, all of
our modeling attempts to move Tyr-244 or place an addi-
tional water molecule inside this gap did not lead to a stable
conformation in MD simulations (data not shown). Instead,
we observed a switching mechanism of Tyr-244.

Whereas the protonated Tyr-244 remained at the crystal
structure position during the whole 100 ns MD simulation
(Fig. 3 A; Table 1, No. 2; H-bond distances in Fig. S6, A
and B), the deprotonated Tyr-244 immediately moved be-
tween Ser-309 and Thr-312, accepting H-bonds from both
of them (Fig. 3 B; Table 1, No. 3; H-bond distances in
Fig. S6, A and B). This geometry was stable for only 0.3 ns,
and then a water molecule that was placed inside the protein
during solvation moved between Tyr-244 and Ser-309, such
that they were still H-bond connected (Fig. and H-bond
distances in Fig. S6, A and B). The other H-bond between
Thr-312 and Tyr-244 remained stable for practically the
whole 100 ns simulation, with an average distance of 2.8 Å
(Fig. 3 C and H-bond distances in Fig. S6, A and B).

In conclusion, the gap between Ser-309 and Thr-312
is only bridged by Tyr-244 after its deprotonation. This
behavior renders the Tyr-244–Thr-312 pair an optimal
switch, ensuring unidirectional proton transport. In the
resting state of the channel, where CcO is ready to take up
a new electron, Tyr-244 is only H-bonded with the upstream
Ser-309 close to the BNC, whereas Thr-312 donates an
H-bond to the Pro-308 backbone oxygen atom, which has
no hydrogen atom that could potentially leak toward the
channel entrance. Only after Tyr-244 has donated its proton
toward the BNC does the Tyr-244–Thr-312 switch make the
K-channel analog proton conducting again. The deproto-
nated Tyr-244 may quickly obtain a new proton from Glu-
15B at the channel entrance, which converts the protonation
of the K-channel analog back to the resting state of the chan-
nel. Thus, the K-channel analog does not function solely via
a simple Grotthuss proton conductor consisting of a single
wire of connected H-bonds (36), as suggested previously
(11,30); rather, it is a two-wire Grotthuss conductor inter-
rupted by Tyr-244, which if deprotonated makes a confor-
mational change to connect the two wires transiently.

We also calculated the so-called action pKA of Tyr-244,
assuming that a (nonequilibrium) proton hole is localized
at Tyr-244. Such action pKA values describe the local elec-
trostatic energies within the reaction sequence of proton-
hole transfer inside the K-channel analog. The alternative
pKA of Tyr-244 in equilibrium with solvent pH is not useful
for our question of interest because it depends on the
changes in protonation pattern of all other titratable residues
and the corresponding conformational change of the protein.
However, these changes do not reflect the physiological con-
ditions of the proton-transfer reaction. The action pKA for
Tyr-244 is 7.0 in a conformation corresponding to the crys-
tal structure involving only one H-bond with Ser-309. How-
ever, this value drops to 2.8 with the conformational change
of Tyr-244 accepting two H-bonds from Ser-309 and Thr-
312. This clearly demonstrates that the deprotonated Tyr-
244 needs to be stabilized by an additional H-bond from
Thr-312, whereas the protonated Tyr-244 is in a more stable
conformation when it donates only one H-bond to Ser-309,
as observed in the crystal structure.

The Tyr-244–Thr-312 switch is supported by experi-
mental data. The Thr312Val mutant was shown to have
more severe effects on CcO function than other channel mu-
tants, such as Tyr248Phe and Thr315Val, which strongly
reduced or even abolished enzymatic activity in experiments
(11,37,38). In a study by Smirnova et al. (39), the Thr312Val
and Tyr244Phe mutants of CcO were able to take up the first
proton after oxygen splitting, but the efficiency of the sec-
ond proton uptake was significantly reduced. The authors
concluded that these mutations interfere with structural
changes that are rate limiting for the second proton transfer
(39). In this study, we have demonstrated that the suggested
structural change is connected to the ability of Tyr-244 to
FIGURE 3 Different positions of Tyr-244 de-

pending on its protonation state. (A) The crystal

structure (PDB ID: 3S8F (6)) with protonated

Tyr-244. The 4.9 Å gap between Thr-312 and

Ser-309 is indicated by an orange arrow. During

the MD simulation with Tyr-244 protonated (Table

1, No. 2), it remains close to the position in the

crystal structure. (B) Snapshot of the MD simula-

tion with deprotonated Tyr-244 (Table 1, No. 4)

after 50 ps. The deprotonated Tyr-244 moves into

the Thr-312-Ser-309 gap immediately. H-bonds

are indicated by dashed lines. (C) Snapshot of the

MD simulation with deprotonated Tyr-244 (Table

1, No. 4) after 17.6 ns. One water molecule moves

in between Ser-309 and Tyr-244.

Biophysical Journal 107(9) 2177–2184
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move and fulfill its switching function in the K-channel
analog, thereby controlling proton conductance.
Tyr-237: the branching point

The K-channel analog terminates at Tyr-237, which is cova-
lently bound to one of the CuB-ligating histidines and is
conserved in all types of CcO (4–6). It takes part in the enzy-
matic reaction of CcO by donating a proton as well as an
electron in the oxygen-splitting reaction, thus forming a ty-
rosyl radical. In the catalytic cycle, this Tyr-237 radical re-
ceives a new electron and a new proton in separate steps. In
this study, we investigated the PR state, in which Tyr-237 has
received an electron but not yet a proton. Interestingly, the F
state could not be observed spectroscopically in the B-type
CcO (29,40), perhaps because in the B-type CcO, the Tyr-
237 receives the first chemical proton (41) instead of the
CuB-ligating hydroxyl as in A-type CcO. The state after
this proton is received in the B-type CcO may be the F state
or an intermediate before F-state formation.

We also performed MD simulations with protonated
(Table 1, No. 2) and deprotonated (Table 1, No. 1) Tyr-237
(Fig. 4). In both MD simulations, the H-bond network of
the K-channel analog is very stable. For deprotonated Tyr-
237 (Table 1, No. 1), all H-bonds of the K-channel analog
point inward to the BNC, whereas the crystal water W614
moves slightly above Tyr-237 but remains H-bonded with
it (H-bond distances in Fig. S4 A). For the protonated Tyr-
237 (Table 1, No. 2), theH-bonds of the protonwire in the up-
per part of the channel point down toward the N side, but in
the lower part of the channel from Thr-312 to Glu-15B, the
H-bonds still point inward to the BNC (H-bond distances in
Fig. S4 B). This underlines the function of the Tyr-244–
Thr-312 switch, because this geometry is not prone to proton
leakage from Tyr-237 to the N side of the K-channel analog.

The oxygen atom of Tyr-237 is located at a distance of
5.0 Å from the oxygen ligand of heme a3 (6) (Fig. 4) and
Tyr-237 remains at the crystal structure position with a stable H-bond from farne

Tyr-237 and forms a stable H-bond (O-O distance 2.8 Å). H-bonds are indicated

MD simulation with protonated Tyr-237 (Table 1, No. 2) at 64.0 ns. The H-bon

W614 bridges Tyr-237 and Ser-309 (the O-O distances of Tyr-237 and Ser-309
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may donate chemical protons to this oxygen, probably via
one or two water molecules (a suggested pathway is indi-
cated in Fig. 4), which are not present in the crystal structure
and thus may occupy their positions only transiently. Tyr-
237 is the residue that terminates the proton input channel
at the BNC. Since there is only one proton input channel
in B-type CcO, it is suggestive that also the pumped protons
are transferred via Tyr-237. No alternative pathway for pro-
ton transfer from the K-channel analog to the putative pro-
ton loading site (PLS) is visible in the CcO crystal structure
(Fig. 4). Between Tyr-237 and the putative PLS, which was
proposed to be around the propionates of heme a3 (42,43),
the only titratable groups are the CuB ligands and Thr-302
(Fig. 4). The surroundings of Tyr-237 involve several hydro-
phobic residues, which are not suitable for proton transfer.
Therefore, Tyr-237 may likely be the branching point at
which the routes of chemical and pumped protons diverge
(suggested pathways are indicated in Fig. 4). A function
analog to Tyr-237 is accomplished by Glu-286 in the
D-channel of A-type CcO (2) (R. sphaeroides numbering).

The approximate location of the pathways for chemical
and pumped protons beyond Tyr-237 is indicated in Fig. 4.
However, the mechanism underlying how chemical and
pumped protons are differentiated beyond Tyr-237 needs
further investigation. Protonmovement is controlled by elec-
trons entering theBNCand,most likely, chemical protons are
dragged from Tyr-237 into the BNC by a low pKA of the ox-
ygen ligand at heme a3 and pumped protons are dragged by a
low pKA of the PLS. From the crystal structure with modeled
hydrogens, we computed a pKA of 12.8 for Tyr-237 in the PR
state based on electrostatic calculations. However, as Tyr-
237 is covalently bound to the CuB-ligating histidine, its
pKA will be strongly influenced by the redox-state of CuB
and refinement of the pKA computation using quantum-me-
chanical calculations will be needed.

The actual protonation state of Tyr-237 in the crystal
structure (PDB ID: 3S8F (6)) cannot be determined with
FIGURE 4 Different positions of Tyr-237 de-

pending on its protonation state. (A) The crystal

structure (PDB ID: 3S8F (6)) with the environment

of Tyr-237. Tyr-237 at the end of the K-channel

analog (green arrow) is close to or even part of

the BNC (black stick model) and at a 5.0 Å distance

from the OH group of farnesyl from heme a3. The

putative PLS is above the BNC, with a few hydro-

philic residues (e.g., Thr-302) in between. Hydro-

phobic residues around Tyr-237 are shown in

yellow. The putative pathways of the chemical

(red) and pumped (orange) protons above Tyr-

237 are indicated by arrows, but the exact locations

of the proton pathways are not known. (B) Typical

snapshot of MD simulation with deprotonated Tyr-

237 (Table 1, No. 1) at 47.0 ns. The deprotonated

syl of heme a3 (O-O distance 2.6 Å). The crystal water W614 moves above

by dashed lines. Nonpolar hydrogens are not shown. (C) Typical snapshot of

d between Tyr-237 and farnesyl of heme a3 is lost, and the water molecule

with W614 are 2.8 Å and 2.6 Å, respectively).
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certainty. Still, two arguments point to a protonated Tyr-
237: 1), the average geometry from MD simulation with a
protonated Tyr-237 deviates the least from the crystal struc-
ture geometry, and even crystal water molecules around Tyr-
237 remain at their position; and 2), if Tiefenbrunn et al.’s
(6) conclusion about a peroxide in the BNC is correct,
Tyr-237 would be in the state right before donating a proton.
Proton transfer energy landscape

To demonstrate how the K-channel analog might operate,
we calculated the electrostatic contribution of the energy
differences of all steps of proton transport using our soft-
ware karlsbergþ (24,25). However, these energy barriers
are only approximate because we used the crystal structure
(6) for our calculations and adjusted only the BNC ligands
to the corresponding redox state with split dioxygen (see
Table 1), added hydrogen atoms, made small geometric
adjustments of the OH groups for the different protonation
states, and modeled the conformational change of Tyr-244
for the Thr-312–Tyr-244 switch. The proton-transfer
sequence starts in the PR state with a deprotonated Tyr-
237 and all other residues involved in K-channel proton
transport in their neutral-charge state. As can be seen in
Fig. 5, almost all proton-transfer steps exhibit a favorable
electrostatic energy relative to the proton hole at the starting
point at Tyr-237. The most unfavorable energy is observed
for the crystal water W630 forming a hydroxyl ion, which
is due to the high general pKA value of water in solution
(pKA ¼ 15.75). However, another reason for the large acti-
vation barrier could be the uncertainty of the oxygen atom
position of W630, which is taken from the CcO crystal
structure and may differ under physiological conditions in
the proton-transfer reaction.

Our results demonstrate the feasibility of the Tyr-244–
Thr-312 switch, since deprotonation of Tyr-244 is energeti-
FIGURE 5 Electrostatic energy landscape of the proton hole inside the

K-channel analog. Electrostatic energies for all deprotonation steps were

calculated using the software karlsbergþ (24,25) as described in Materials

and Methods. Transport of a proton hole along the K-channel analog starts

at Tyr-237, which is deprotonated and donates its proton to the BNC. The

proton hole subsequently moves along a linear chain of deprotonatable res-

idues until it reaches Glu-15B. After deprotonation of Tyr-244, this residue

moves inside the gap between Ser-309 and Thr-312. The electrostatic

energies before and after this conformational change are depicted.
cally favorable when it accepts one H-bond from Ser-309,
but becomes even more favorable when Tyr-244 changes
its conformation to form H-bonds with both Ser-309 and
Thr-312 (Fig. 5).

In the last step in proton-hole conduction in the K-chan-
nel analog, Glu-15B donates its proton with the largest
favorable energy. This may ensure that no negative charge
accumulates inside the proton channel that could lead to
proton leakage through the channel. The deprotonated
Glu-15B then swings out toward bulk water and receives a
new proton to fulfill its function to serve as proton-hole
sink at the channel entrance.
CONCLUSIONS

In this study, we analyzed the properties of the K-channel
analog in CcO of T. thermophilus. We demonstrated that
proton transport via the K-channel analog works smoothly,
with no oversized energy barriers, using a proton-hole trans-
port mechanism. We identified two important functional-
ities: 1), Glu-15B at the channel entrance is a proton-hole
sink; and 2), unidirectional proton flow is accomplished
by the Tyr-244–Thr-312 switch, where deprotonated
Tyr-244 moves inside the gap between Thr-312 and Ser-
309. These findings may explain the outcome of several
mutational studies and may inform the setup for new exper-
iments. Furthermore, enhanced knowledge about the
K-channel analog will provide an important basis for inves-
tigating the aberrant pumping properties of B-type as
compared with A-type CcO (44).
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