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The metabolism of aerobic life uses the conversion of molecular oxygen to water as an energy source. This reac-
tion is catalyzed by cytochrome c oxidase (CcO) consuming four electrons and four protons, which move along
specific routes. While all four electrons are transferred via the same cofactors to the binuclear reaction center
(BNC), the protons take two different routes in the A-type CcO, i.e., two of the four chemical protons consumed
in the reaction arrive via the D-channel in the oxidative first half starting after oxygen binding. The other two
chemical protons enter via the K-channel in the reductive second half of the reaction cycle. To date, the mecha-
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Cytochrome ¢ oxidase nism behind these separate proton transport pathways has not been understood.
K-channel In this study, we propose a model that can explain the reaction-step specific opening and closing of the K-channel

by conformational and pKa changes of its central lysine 362. Molecular dynamics simulations reveal an upward
movement of Lys362 towards the BNC, which had already been supposed by several experimental studies.
Redox state-dependent pKx calculations provide evidence that Lys362 may protonate transiently, thereby opening
the K-channel only in the reductive second half of the reaction cycle. From our results, we develop a model that
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assigns a key role to Lys362 in the proton gating between the two proton input channels of the A-type CcO.

© 2014 Published by Elsevier B.V.

1. Introduction

Cytochrome c oxidase (CcO) is the terminal enzyme in the electron
transfer sequence of the respiratory chain of eukaryotes and is also an
essential enzyme of many bacteria. In a stepwise reaction, it reduces
molecular oxygen to water. The resultant energy is spent to pump protons
across the membrane that CcO resides in. In the CcO reaction cycle, elec-
trons are taken up from soluble cytochrome c at the positively charged
P-side of the membrane. They are transported via the bimetallic copper
A center (Cua) to heme a and finally to the binuclear center (BNC),
where the chemical reaction takes place. The BNC is composed of heme
az and copper B (Cug). The protons required for CcO function are taken
up from the negatively charged N-side of the membrane. They can be dif-
ferentiated into chemical protons consumed in the reaction and pumped
protons, which are transported across the membrane. Starting from the
N-side, the protons are conducted via two different pathways in the
A-type CcO—the D-channel originating at D132 and the K-channel con-
taining K362 (residue numbering according to R. sphaeroides). It is well
established that all pumped protons are taken up via the D-channel,

Abbreviations: BNC, binuclear reaction center; Cu/Cug, copper A/B center; CcO, cyto-
chrome c oxidase; Glu, glutamate; Lys, lysine; MD, molecular dynamics; PDB, Protein Data
Bank; P-side, positive side of the membrane; N-side, negative side of the membrane
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while two chemical protons enter via the D-channel and two via the
K-channel. For reviews, see [1,2].

After binding and splitting of molecular oxygen (A — Py in Fig. 1),
the reaction proceeds with the uptake of one electron, one chemical
and one pumped proton in each of the four individual reaction steps,
which lead to the reduced BNC (state R) that may bind a new oxygen
molecule. For the chemical structure inside the BNC, we fully agree
with the current view of Wikstrém and coworkers [1,3,5], except that
we added an intermediate state in the Py; — F transition (P — F state
in Fig. 1). The chemical structure of the Py state is presumably only ob-
served in the oxygen-splitting reaction of the fully reduced CcO having
two additional electrons [4]. Under physiological conditions, the corre-
sponding intermediate state may differ. Nevertheless, both possibilities
are investigated and discussed in this study.

The D-channel conducts protons in the oxidative first half of the
reaction, while the K-channel operates in the reductive half [6-9]. The
reaction is strongly exergonic in the oxidative but only weakly exergonic
in the reductive second half of the catalytic cycle, which was suggested as
cause for having two separate channels [10]. However, the exact reason
for the separate operation of the two proton channels and their mecha-
nisms is a matter of debate. Sharpe and Ferguson-Miller [11] have sug-
gested that a gating mechanism at the end of the K-channel—at Tyr288
and the farnesyl of heme a;—may be responsible for opening and closing
this route. The D-channel that also conducts the pumped protons in
every reaction step is filled with an H-bond connected water chain in
the crystal structure [12,13]. To close the D-channel during the catalytic
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Fig. 1. Catalytic cycle of CcO. In the oxidative first half (Ox) of the cycle, chemical protons
are provided by the D-channel, while in the reductive second half (Red), the K-channel
transports the chemical protons. Proton (H™) uptake is indicated by arrows. Redox states
are taken from [3], except the P — F intermediate state, which is hypothesized and
discussed in the main text. The states depicted outside of the inner cycle denote interme-
diate states where a new electron has arrived at the BNC. Its location is indicated in bold.
The dashed circle denotes state Pg, which is observed under non-physiological, highly
reduced conditions [4] (see discussion in text).

Fe(lll)-OR'
FO—=EN Cu(ll) H,0 ) /F= O
Fe(lll)-OH' - /{ Feq)-0>
Cu(l)-H,0 Cu(ll)-H,0
Tyr-O° Tyr-O~

cycle, the H-bond chain would need to be disrupted. This would presum-
ably also hinder the transport of pumped protons. However, the opposite
is observed: several CcO mutants are incapable of proton-pumping but
are still conducting chemical protons [14,15]. In contrast, the K-channel
does not exhibit a fully connected water network. In all crystal structures,
the conserved lysine (Lys362) points toward the N-side without
connecting to the BNC [16,17]. Another exceptional feature of Lys362 is
its pK, value, which is likely strongly downshifted due to the hydrophobic
environment. Indeed, several continuum electrostatic calculations predict
Lys362 to be deprotonated [18,19], although Tuukkanen et al. [20]
suggested a protonated Lys362 considering an explicit water mole-
cule nearby.

Experimental studies gave an indication of the role of the K-channel
and the properties of Lys362. The K-channel provides the chemical
protons in the reductive second half of the CcO reaction [6-9], where
the R — E transition is much faster than the E — O transition [21]. In
the reductive phase of the reaction cycle, the first electron may enter
the BNC even if the K-channel is blocked by the Lys362Met mutant
[22]. Within this phase, proton delivery to the BNC becomes rate-
limiting at pH 9.75 [23]. Lys362 also seems to play a role in Py state for-
mation [24-26]. The Py state (Fig. 1, dashed cycle) forms after CO release
from the fully reduced CcO and its BNC carries one electron more than in
the Py state. It was suggested that in the Py state, Lys362 may protonate
and move towards the BNC to compensate the additional negative
charge at the BNC [24-26]. This was concluded from the fact that in
K-channel mutants, P state formation was slowed down. The
slowing down was connected with absorbance changes at 590 nm,
which did not show the fast time phase of 60 ps for the K-channel mu-
tants [24]. Monitoring the time evolution of the membrane potential at
high pH, an analogue fast phase could not be observed in the K-channel
mutants [26]. Hofacker and Schulten [27] noticed that the protonated
Lys362 moved towards the BNC in a molecular dynamics (MD) simula-
tion, but did not analyze this finding further. Olkhova et al. [28] observed
this movement of Lys362 even in a deprotonated state. On the other
hand, in a later 3 ns MD simulation of CcO, the protonated Lys362 did
not move toward the BNC [29]. These discrepancies may however be
related to differences in the force fields and in the BNC charge models.
It is known that protein structures are strongly influenced by electrostatic
interactions [30].

In this work, we analyze the redox-dependent flipping behavior of
Lys362 with MD simulations and its pK, value variation during the
catalytic cycle of CcO. Our results show a strong correlation between
conformational change, pK, increase of Lys362 and the electron location
in the reductive half of the catalytic CcO cycle, where the K-channel
delivers the chemical protons. From these results, we deduce a model
for the opening and closing mechanism of the K-channel, which can in-
terpret experimental facts that have thus far remained unexplained.
Similarly to Glu286, which is a key residue in gating between pumped
and chemical protons [12,31], our model assigns a key role to Lys362
in the proton gating between the two proton input channels of CcO.

2. Methods
2.1. Preparing and performing MD simulations of CcO

The coordinates of subunits I and II of CcO from R. sphaeroides were
taken from the Protein Data Bank [32] [PDB code 2GSM [17]]. Native
CcO from R. sphaeroides is composed of four subunits, but the smaller
enzyme involving only subunits I and II (see Fig. S1 of Supporting Infor-
mation) is catalytically also active, albeit more vulnerable to high pH
values [33]. Subunit Il was proposed to function as support of rapid pro-
ton uptake via the D-channel [33]. The K-channel, which is more than
20 A away from subunits IIl and IV (see Fig. S1 of Supporting Informa-
tion), is likely not significantly affected by the removal of these subunits.
Therefore, only subunits I and Il were used for our computations.

The two-subunit CcO protein complex is embedded in a lipid bilayer
of phosphatidylcholines modeled with the plug-in of VMD [34] and
solvated in a TIP3P [35] water box with periodic boundary conditions.
The same setup of MD simulation was used previously [12] employing
the CHARMM?22 force field [36], CHARMM?36 extension for lipids [37]
and in-house determined parameters for the cofactors [12]. MD simula-
tions utilized the software NAMD [38], with 2 fs time step using shake to
fix the bond lengths involving hydrogen atoms and Langevin dynamics
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 that has been placed in the plane. MD simu-
lations were performed without adding explicit ions to the solution.

2.2. Atomic partial charges of CcO cofactors

Atomic partial charges of the cofactors were calculated asin [12] and
earlier applications [39], with the quantum chemical program Jaguar
v.7.7 [40] using the B3LYP DFT functional and LACVP** basis set. A sim-
ilar method was also used by Johansson et al. [41]. The cofactor geome-
tries were optimized quantum chemically in two steps: (i) optimizing
hydrogen atoms and BNC ligands (neutral and deprotonated waters),
which was done for heme as and Cug simultaneously; (ii) optimizing
all atoms for each cofactor separately (heme a, heme as, Cua, Cug, in-
cluding the corresponding ligands), while constraining torsion angles.
In the second optimization step (ii), the following distances were also
constrained: (a) Cug-oxygen distance to 2.14 A (obtained in the first op-
timization step (i), including heme as) in the charge states Cu(Il)-OH/
Tyr237~ and Cu(I)-OH/Tyr237", (b) the Fe-oxygen distance for heme
as to 2.27 A (obtained in the first optimization step (i), including the
Cup complex) in state Fe(Il)-H,0, and (c) copper-sulfur distance of the
dimethyl-sulfide ligand to 2.47 A in the Cus complex (corresponding
to the crystal structure). Then, the electrostatic potentials in the vicinity
of the cofactors were computed based on the electronic wave functions
and charges of the nuclei using the same procedure as for geometry
optimization. Atomic partial charges of the cofactors were determined
based on these electrostatic potentials, employing a two-stage restraint-
electrostatic-potential (RESP) [42,43] procedure. The Cug center calcula-
tion included Tyr288 being covalently bound to His284. The resulting
coordinates and atomic partial charges are given in Table S4 of Supporting
Information.
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2.3. Computation of pK, values

pKa values were evaluated by electrostatic energy computations
using Karlsberg+ [44,45], as done previously for CcO [12]. Karlsberg+
was applied for the crystal structure and alternatively for time frames
from MD simulations taken every 100 ps. Except for one test calculation,
crystal water molecules were removed. The resulting cavity volumes and
the bulk solvent were represented by a dielectric continuum of € = 80.
Membrane molecules were not considered explicitly. However, within a
20 A sphere around Lys362 the lipids were represented by a dielectric
continuum of 4. Outside of the protein and the membrane slap, the
dielectric constant was set to 80. Such conditions were tested and used
before under similar conditions [12]. An implicit ion concentration of
100 mM was included in the calculations.

3. Results and discussion
3.1. Molecular dynamics simulation

The two-subunit CcO from R. sphaeroides [Protein Data Bank (PDB)
id 2GSM [17]] was embedded in a phosphatidylcholine membrane. All
redox states and intermediate states were investigated, except state A
where 0,-binding occurs (Fig. 1). Details of the chemistry of the inter-
mediate states inside the BNC are not known with certainty. In this
work, we propose that the electron will enter the BNC before the chem-
ical proton and drag chemical and pumped protons (located as shown in
Fig. 1). The resulting redox states of the BNC agree with the current view
of Wikstrom and coworkers [1,3,5], except for the Py; — F transition (see
Fig. 1). We believe that the Py state observed under non-physiological
conditions is replaced by the transient P — F state as discussed below.

The protonation state of all residues was determined with a pKj
calculation based on the crystal structure (PDB id 2GSM [17]) using im-
plicit water. The histidine protonations (involving 28 histidines) are
given in Table S1 of Supporting Information. All other titratable groups
(Asp, Glu, Arg and Lys) are always charged except the charge neutral
Asp407 and Glu286, while the charge of Lys362 is variable. This proton-
ation pattern was applied for all MD runs, varying only the chemistry in-
side the BNC (including Tyr288) and the protonation state of Lys362. In
this study, we observe that the protonated Lys362 moves upward closer
to BNC and Tyr288 (Fig. 2B) for most of the considered BNC redox states
displayed in Fig. 1. An example for an upward conformation of Lys362
obtained from MD is shown in Fig. 2A, together with the Lys362 confor-
mation in the crystal structure.

Lys362 does not move in a discrete flipping event between two
states since the torsion angles of its side chain change continuously during
the MD simulation. Along with the motion of Lys362, the K-channel

Ry P>F P

widens slightly and helix VII and helix VIII move apart by 2.6 A
(Table S2 of Supporting Information), as seen by the increasing distances
between the corresponding backbone atoms. This is in line with the work
of Ferguson-Miller and coworkers [46-48], who observed structural
differences between reduced and oxidized CcO crystals specifically in
helix VIII and the farnesyl tail of heme as. In a computational analysis,
they found that the protein backbone lining the K-channel is more flexible
than other parts of CcO [46]. In addition, Armstrong and coworkers de-
tected that the residues surrounding Lys362 are accessible to deuterium
exchange in the R state at the end of the reductive half, but have limited
or no access in the oxidative half (Py;, F and O state) of the reaction
cycle [49].

The water content of the K-channel has been largely debated [28,29,
47], as in the crystal structures, there are only a few disconnected water
molecules [17]. Chakrabarty and Warshel recently demonstrated the
importance of the correct number of water molecules surrounding a
titratable residue, also specifically for CcO [50]. In MD simulations
with protonated Lys362, water molecules enter CcO, move into the
K-channel and widen it. Typically within the first nanosecond of
MD simulation, the charged head group of Lys362 becomes embedded
in a water shell, which is stable until the end of the MD simulation
(see Fig. S2 of Supporting Information). At the same time Lys362
forms an H-bond network with Tyr288 via two or three water mole-
cules eventually also connecting to Thr359. Only in the redox states
Ey and R, where Tyr288 is protonated, Lys362 loses its H-bond contact
with Tyr288 and thus with the BNC ligands during MD simulations of
several nanoseconds.

In MD simulations, the side chain conformations of deprotonated
Lys362 are very similar to the crystal structure. The deprotonated
Lys362 rarely moves upwards and, when it does, it returns after 200 ps
at most. In the Py;, O and the intermediate E — R state, the deprotonated
Lys362 moves upwards four, one and three times, respectively. Only in
the O — E intermediate state the deprotonated Lys362 moves upwards
more often and stays there for about one-third of the time in a 10 ns
MD simulation. For deprotonated Lys362, no water molecules are moving
inside the K-channel, whose geometry remains essentially invariant
(Fig. 2B and Table S2 of Supporting Information). Thus, our MD
simulations indicate that only protonated Lys362 is capable of bridging
the gap to Tyr288, rendering the K-channel proton-conductive. To further
explore this possibility, we computed the pKx of Lys362 in the different
redox states.

3.2. pK4 value of Lys362

Based on the crystal structure and modeling of the charge pattern of
the redox state chemistry inside the BNC, pK, values for Lys362 were

Lys362-Tyr288

» F F>0 O,0->E E,E>R R
-Lys362 prot. --Lys362 deprot.

Fig. 2. Protonated Lys362 moves upwards to the BNC. (A) Part of CcO crystal structure (PDB id 2GSM [17]) with Lys362 (pointing downwards). The second displayed Lys362 conformation
(pointing upwards) is taken from a representative MD snapshot of the intermediate state O — E (Fig. 1) after 9.3 ns of MD simulation. The two water molecules are also taken from the
same MD snapshot. Their H-bond distances are given in angstroms. Backbone coordinates are taken from the crystal structure; helix VII is shown in yellow and helix VIII in orange. The
positions of all residues and cofactors of the displayed crystal structure differ only marginally from the aligned structure of the considered MD snapshot. (B) Mean distance between
nitrogen of Lys362 and oxygen of Tyr288 side chain in MD simulation. Error bars indicate standard deviation. The corresponding distance in the crystal structure is 13.8 A.
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calculated by continuum electrostatics as explained in Methods. In
agreement with most previous studies [18,19], the computed pKa
value of Lys362 is below zero, when based on the geometry of the CcO
crystal structure, regardless of the BNC redox state (Table 1). Computa-
tions with explicit water yield similar results (Table S3 of Supporting
Information). However, pK, calculations with explicit water are very
sensitive to details of modeling, which may explain differences with
other approaches [20].

To take alternative protein conformations into account, the pKx
value of Lys362 was also calculated from MD simulation time frames.
While MD simulations with deprotonated Lys362 lead to lower pKa
values, those with protonated Lys362 lead to higher pKa values
(Table 1), since the respective protonation state has a tendency to be
stabilized in the corresponding MD simulation. Also, a significant differ-
ence in pKx was observed depending on the BNC redox state. According
to these calculations, Lys362 is deprotonated in the ground states
(Pwm, F, Ep, Oy and R; inner cycle of Fig. 1), but may become transiently
protonated in the intermediate states (outer cycle of Fig. 1), thereby
rendering the K-channel proton-conductive. The Py state (Fig. 1),
which is detected after dioxygen splitting under non-physiological
highly reduced conditions, is also considered. Pr formation is slowed
down for mutants blocking K-channel function, in contrast to both Py
and F formation being unchanged [24]. However, for the physiological
CcO reaction cycle, delivery of the chemical proton follows the forma-
tion of intermediate states (Fig. 1). Thus, in the following, we focus on
these intermediate states in more detail.

We calculated the pKjy variation of Lys362 as a function of time in the
four intermediate states (non-dashed outer circles in Fig. 1) using time
frames of 50 ns MD trajectories simulated with protonated Lys362
(Fig. 3). For the O — E intermediate and even more pronounced for
the E — R intermediate, the pKj rises strongly in the beginning of the
MD simulation to values above ten and higher. Subsequently, the pKx
drops back to lower values and slowly rises again. In contrast, the pKx
of the F — O intermediate remains low and rarely rises above seven.
In the P — F intermediate, the pKx of Lys362 remains low in the be-
ginning as in the F — O intermediate, but rises slowly later in the MD
simulation (Fig. 3).

We analyzed the factors that cause these variations in Lys362 pKjx
with the redox state of the BNC in more detail in the following. The
Lys362-Tyr288 distance is similar in MD simulations of all intermediate
states with protonated Lys362 (Fig. 2B), only slightly larger in the P — F
and shorter in the Py state. In all MD simulations, a water shell is formed
around the protonated Lys362. A direct electrostatic effect of the BNC
redox state on Lys362 was tested using time frames of the O — E inter-
mediate MD simulation for pK, computations with charge patterns
corresponding to the BNC redox states of all other intermediate states
(Fig. 4). Accordingly, Lys362 shows pKj values that are larger by about
2.3 pH units in the O — E and E — R than in the P - Fand F — O

Table 1

Computed Lys362 pK, values for all redox states of CcO as depicted in Fig. 1, based on crystal
structure and averages of time frames from MD simulations with protonated and
deprotonated Lys362. Standard deviation is given in parentheses. The pKj values are aver-
aged over 100 time frames from MD simulations of a total length of 10 ns. The computation
of pKa values was performed with Karlsberg+ [44,45] as described in Methods.

Redox state  Crystal structure ~ MD K362 protonated ~MD K362 deprotonated

Pu -3 3.0 (2.0) —43(15)
P—F ~16 46 (2.1) —32(18)
Px —09 7.6 (2.0) —25(15)
F —22 3.9 (2.0) —45(12)
F>0 ~16 44(1.7) —35(16)
Ou —29 43 (2.1) —48(16)
0-E —03 6.5 (2.9) —14(15)
Ey —28 59 (2.5) —58(2.0)
E—R —03 7.8 (2.3) —26(1.7)
R —27 23(18) —42(13)

intermediate states. Therefore, the pK, difference observed between re-
ductive phase intermediates (O — E and E — R) and oxidative phase in-
termediates (P — F and F — O; Table 1 and Fig. 3) is mainly caused by
the direct electrostatic interaction of Lys362 with the BNC. From this ob-
servation, we may deduce a simple model of K-channel regulation in
CcO; i.e. the K-channel opens in the reductive phase and closes in the
oxidative phase via changes in the BNC charge pattern facilitating
Lys362 to protonate and change its conformation. Thus, Lys362 regu-
lates proton access to the BNC via the K-channel.

3.3. Comparison with experimental data

Our results obtained in this study agree and provide insight into
several experimental observations. The upward movement of Lys362
suggested by several experimentalists [24-26] has been shown here
explicitly by MD simulation. Also, the fact that the residues lining the
K-channel have increased flexibility [46] and changed their positions
[47,48] and accessibility [49] upon opening and closing of the K-channel
was very well reproduced in the present MD simulation studies.

In accordance with experiments [24-26,51], Lys362 is protonated in
the Py state (Table 1). The P state is detected after dioxygen splitting
under non-physiological highly reduced conditions [4], where CcO
carries one additional electron inside the BNC as compared to the Py
state. We propose that the Py, — F transition does not necessarily
occur via the Py state but by an alternative P — F intermediate state.
In many works, Pg state and P — F intermediates are considered to be
identical. We assume that the electron entering the BNC in the Py
state stays transiently at heme as (constituting the P — F intermediate
state) until a protonation step leads to state F. A transient trapping of
the electron at heme as could potentially be supported by protonation
of the PLS, although the nature of the PLS is not yet known. However,
even under physiological conditions, the Py state may follow the
P — F transiently. We assume, however, that the chemical proton will
promptly enter the BNC from the D-channel to form state F, leaving
no time for Lys362 to become protonated and open the K-channel.
This scenario is hard to prove experimentally, but several findings are
in line with it. It was shown that the Py state of the fully reduced CcO
probably does not form via the Py state [4], but that under the condi-
tions of Py state formation, one electron for oxygen splitting is delivered
by heme a and not by Tyr288, which forms an anion and not a radical as
in the Py, state (Fig. 1). Vice versa, it may be speculated that adding one
electron to the Py state only leads to Pk formation via a P — F interme-
diate having the electron on heme as. Additionally, quantum chemical
calculations revealed the Py to Py transition to be slightly endergonic,
while the Py to F transition is strongly exergonic [3], which indicates a
short life-time for the Py state if it is occupied transiently under physio-
logical conditions.

It is reasonable to assume that each step of the reaction cycle begins
with an electron entering the BNC (denoted by the intermediate states
in Fig. 1) before a chemical proton is accepted [1,3,5]. In addition, it
was shown experimentally that one electron is trapped inside the BNC
in the O — E intermediate state when the K-channel is blocked by the
Lys362Met mutant [22]. This electron was observed to be evenly distrib-
uted over Cug and heme as [22]. Thus, it is likely located on Cug for a
certain period of time or it might reach Cug in a concerted reaction
with the protonation of Lys362 in wild type CcO.

We expect the protonation of Lys362 to be the rate-limiting step in
proton delivery via the K-channel. At high pH, proton delivery is indeed
rate-limiting [23], which may be explained by Lys362 remaining
deprotonated under these conditions. The transition of E — R is faster
than of O — E [21]. This difference in the two reaction rates may be due
to the pKjy increase of Lys362 from O — E to E — R intermediates (Fig. 3).

With our calculations, we have demonstrated that the sum of
charges of the Cugp center, including Tyr288, must be negative or
charge-neutral for Lys362 to become protonated and move towards the
BNC. Based on our quantum chemically computed BNC charge pattern,
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Fig. 3. Time dependence of the pKx values of protonated Lys362 for the four intermediate states (see Fig. 1) in the catalytic cycle of CcO. Results of MD time frames are shown in steps of
100 ps (gray curve). Averages of five subsequent time frames are also shown (black curve). All other protonation states are as described in the main text. The pK,y computation was

performed with Karlsberg+ [44,45] as described in Methods.

this occurs in the intermediate states O — E and E — R as well as in the Pg
state, but not in the P — F and F — O intermediates (for a definition of
states, see Fig. 1). These observations allow the development of a model
explaining the access of chemical protons to the BNC. Accordingly, the
opening of the K-channel is regulated by pK, and the conformation of
Lys362, which itself depends predominantly on the charge of the Cug
center including Tyr288.

[ApKa]
1

0 10 20 30 40

S>¢P->F -#-F>0 —-E>R

50
[ns]

Fig. 4. Differences in Lys362 pKa values (ApKa) for different BNC redox states. Geometries
were taken from 100 time frames of MD simulation in steps of 100 ps generated for the
0 — E intermediate state. The pK, computations were performed with Karlsberg+
[44,45] adapting the charge pattern of the BNC to different redox states (P — F, F — O,
E — R). pK, values obtained for the redox state (O — E)—for which the MD trajectory
was generated—were subtracted from the pK, values obtained with the BNC charge
pattern belonging to the other three intermediate states. The charge pattern for the
0 — E intermediate is similar to that of the E — R intermediate both having the additional
electron localized on the Cug center (see Fig. 1). In contrast, the P — F and F — O interme-
diates carry the additional electron on heme as. Since the O — E simulation serves as a ref-
erence and resembles the E — R state, the E — R pKj, differences are close to zero and
fluctuate less than the pKj differences for the P — F and F — O transition.

4. Conclusion

In this study, we systematically investigated conformations and pKa
values of Lys362 within the K-channel of CcO for the different BNC
redox states. Most importantly, we found a strong correlation between
conformational change and pKj increase of Lys362 and the BNC charge
pattern in the reductive half of the catalytic CcO cycle. MD simulations
show that protonated Lys362 may move upwards and bridge the gap
to Tyr288 via an H-bond chain involving water. From pKj calculations,
we found that the protonation probability of Lys362 increases with
the reduction of the BNC. For the actual protonation of Lys362, three
prerequisites are needed: (i) uncompensated electron charge in the
BNC, (ii) reduced Cug and (iii) deprotonated Tyr288. Based on these re-
sults, we developed a model for the mechanism of K-channel opening
and closing, which can interpret experimental facts that have thus
far remained unexplained. Similar to the role of Glu286 in gating chem-
ical and pumped protons of the D-channel, our model assigns a key role
to Lys362 for proton gating of the K-channel of CcO.

In this context, it is interesting to note that only the A-type CcO
switches between two proton input channels, while the B- and C-type
CcO use only one K-analogue proton input channel, which also ends at
Tyr288, but has an continuous hydrogen bonding network without
lysine [52,53]. Therefore, it is reasonable to assume that the A-type
K-channel must have a closing mechanism to prevent proton conduc-
tance during the whole catalytic cycle. Our model assigns this closing
mechanism to Lys362. This model can be a valuable starting point for
testing its consequences experimentally and refining the model with
further experimental knowledge. This could be a key step toward un-
derstanding how A-type CcO regulates its two proton channels.
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