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Abstract

Cytochrome c oxidase (CcO), known as complex IV of the electron transport chain, plays several
important roles in aerobic cellular respiration. Electrons transferred from cytochrome c to CcO’s
catalytic site reduce molecular oxygen and produce a water molecule. These electron transfers also
drive active proton pumping from the matrix (N-side) to intermembrane region (P-side) in
mitochondria; the resultant proton gradient activates the ATP synthase to produce ATP from ADP.
Although the existence of the coupling between the electron transfer and the proton transport (PT)
is established experimentally, its mechanism is not yet fully understood at the molecular level. In
this work, it is shown why the reduction of heme a is essential for proton-pumping. This is
demonstrated via novel reactive molecular dynamics (MD) simulations which can describe the
Grotthuss shuttling associated with the PT as well as the dynamic delocalization of the excess
proton electronic charge defect. Moreover, the “valve” role of the Glu242 residue (bovine CcO
notation) and the gate role of D-propionate of heme az (PRDa3) in the explicit PT are explicitly
demonstrated for the first time. These results provide conclusive evidence for the CcO proton
transporting mechanism inferred from experiments, while deepening the molecular-level
understanding of the CcO proton-switch.
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1 Introduction

The proton pumping mechanism of cytochrome ¢ oxidase (CcO)}4 is a very important
process, because the resultant proton gradient is the driving-force behind the production of
ATP. The proton translocation is driven by the electron transfer inside CcO: One current
model~3 says that cytochrome ¢ reduced by cytochrome bcl complex (complex 1) first
carries an electron to Cup, located in subunit 11 (SU-I1) of CcO (see Fig. 1). The electron
transfers to heme a and then to the binuclear center (BNC) consisting of heme az and Cug,
all of which are included in subunit I (SU-I). The BNC is the sink of the transferred electron
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and also the catalytic site that reduces an oxygen molecule to a water molecule. Note that a
single catalytic turnover involves four proton pumping processes, each of which is
associated with a reaction where one electron and one proton are added to the catalytic site.
The non-polar cavity between heme a and the BNC is connected to the matrix side (N-side)
by two proton pathways, the so-called D- and K-channels. These channels are observed in
the X-ray crystal structures,®® and found to be the proton pathways by site-directed
mutation experiments,! although the proton exit pathway to the intermembrane region (P-
side) has not yet been established.

Based on the characteristic structures, it is natural to expect that a proton-switch, which must
be sensitive to the CcO oxidation state, should be involved around the non-polar cavity.
Mitchell and Rich” proposed the electroneutrality principle, which assumes that the proton
uptake to the non-polar cavity neutralizes the charge around the non-polar cavity due to the
electrostatic attraction present soon after the electron arrives at the heme groups. According
to this principle, as well as numerous experimental results, several catalytic cycle
mechanisms of CcO have been proposed.348 Recently, a kinetic analysis was also
performed in order to investigate possible proton pumping mechanisms of CcO
systematically.®

Experimentally, Faxen et al.10 suggested that the proton release is mechanistically coupled
with the proton transfer to the BNC, but not with the electron transfer. Shortly thereafter,
Belevich et al.11 discovered the vectorial charge movement during the A—Pg transition,
which involves the electron transfer from heme a to the BNC. The amount of the transferred
charge is estimated to be the value that one charge transfers across 30 % of the membrane
dielectric. Based on these results, Wikstrém and coworkers311.12 proposed a proton-
pumping mechanism illustrated in Fig. 2. That being said, there is relatively little molecular-
level proof for this mechanism and it is particularly unclear how the change of the oxidation
states drives the proton transport (PT).

One means of obtaining molecular level information is to perform molecular dynamics
(MD) simulations. Thus far, standard MD simulations have elucidated the significant effects
of the oxidation state change on both the hydrogen bond network of the water cluster inside
the non-polar cavity!3 and the Arg438-PRDa3 ion pair.14 However, no explicit information
on the PT was extracted from the simulations, because standard empirical force fields cannot
describe the PT process.2>~17 The purpose of this work is to therefore investigate the
oxidation state dependence of the explicit PT in the non-polar cavity and to provide
information about the underlying molecular-level mechanism of the proton pumping
function of CcO using a novel reactive MD method.16:17 For this purpose, an excess proton
in the CcO environment is explicitly simulated in this work in order to calculate the free
energy change driving the PT in the non-polar cavity. It will be explicitly shown that the
non-polar cavity region can act as a proton-switch with a large oxidation state dependence.

The difficulty in simulating the excess proton is caused by the excess charge defect
delocalization and the bond alternation mechanism associated with the Grotthuss proton
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shuttling.1® In this work, the multistate empirical valence bond (MS-EVB) reactive MD
method?6:17 s utilized because it can correctly describe the excess proton shuttling behavior
in aqueous and biomolecular environments and its computational cost is significantly lower
than that of ab initio MD or semiempirical methods. These advantages make it possible to
perform statistically converged free energy analysis of the excess proton behavior.

It should be noted that due to Grotthuss shuttling one cannot assign a specific hydrogen
nucleus to the “excess proton”. Thus, to describe the position of the protonic charge defect,
the center of excess charge (CEC) is adopted in this paper.16:17 (See Sec. 3 of SI.) The origin
of the space-fixed Cartesian coordinates is located at the position of the 5-carbon of Glu242
in the crystal structure. (In this work, the PBS entry 154 was employed.18) Then, this -
carbon is observed to fluctuate around z= 0 in the MD simulations when Glu242 is in the
down-conformation. The z coordinate is defined to point from the N-side to the P-side.

Reduced CcO models consisting only of SU-I and Il [denoted as CcO(I+I1)] were used in
this work to lower the computational cost. These models can be considered reasonable
because all of the important moieties are included in SU-1 and 1l. In fact, it has been
experimentally shown that the proton-pump function is maintained in the absence of SU-III,
although the pumping becomes slower.19 To investigate the oxidation state dependence of
the PT, potentials of mean force (PMFs) are calculated to provide the PT free energy
profiles for three different oxidation states: OO, RO, and OR. Both heme a and heme a3 are
oxidized (+111) in OO, while heme a is reduced (+I1) and heme a3 is oxidized in RO, and
heme a is oxidized and heme a3 is reduced in OR. The OO, RO, and OR states correspond to
stage I, 1I-111, and IV-V, respectively (see Fig. 2). Note that Cup is oxidized and Cug is
reduced in this work.

The PMFs were calculated with the umbrella sampling technique29-21 in which the z
coordinate of the excess proton CEC is biased by a harmonic umbrella potential. All of the
simulations in this work were performed using the following procedure: First, the sixth
ligand of heme a3 and five additional water molecules were added to the non-polar cavity
region of CcO. Note that either H,O or OH™ is employed as the sixth ligand of heme as here.
After the system was equilibrated sufficiently, the water molecule that has the greatest
proximity to Glu242 in the non-polar cavity was replaced by a hydronium cation. Then, the
system with the excess proton was equilibrated with an umbrella potential, limiting the CEC
around the initial point. After that, the center of the umbrella potential was slightly shifted
and the system equilibrated again. By doing this procedure iteratively, the initial conditions
for all of the umbrella sampling windows were generated. Once the equilibrated initial
conditions were obtained, an MD trajectory was run for 1 ns in each window in order to
obtain the overall PMF. Figure 3 shows several umbrella sampling MD snapshots to
visualize the vectorial proton pathway.

The proton-loading site (PLS), which is considered to be located just above Glu242, has not
yet been conclusively determined, although the crystal structures of CcO>8 imply that four
propionates of the two heme groups are candidates for the PLS. (His291 is another
candidate, but Fadda, Chakrabarti, and Pomes?2 have suggested this is unlikely based on the
quantum chemical calculations in combination with continuum electrostatics.) As shown in
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Fig. 3, PRDa3 is involved in the proton exit pathway and seems to transfer the proton to A-
propionate of heme az (PRAa3). This result is consistent with the hypothesis that PRAa3 is a
main part of the PLS, which is also supported by the results from an electrostatic analysis
based on the pKj shift of the PLS caused by the oxidation state change,® from a quantum
chemical analysis,23 and from empirical MD simulations.?* In addition, in a recent QM/MM
study it was assumed that PRAa3 is involved in the proton exit pathway.2>

It should be noted that two other computational methods were recently applied to study the
energetics of PT in the non-polar cavity of CcO; one is the semiempirical self-consistent
charge-density functional tight binding (SCC-DFTB) method utilized by Ghosh et al.2% and
the other is a simpler and thus more approximate EVB method utilized by Warshel and co-
workers.2’-29 However, the SCC-DFTB method was recently shown to yield inaccurate
descriptions of both liquid water and the hydrated excess proton in water.3%:31 Also, the
simpler EVB method, which often relies on a two-state description, is often not able to
describe the hydrated excess proton naturally in complex aqueous and biomolecular
environments.16:17:32 |n addition, although the conformations of the key residues and the
water cluster inside the non-polar cavity was constrained in these simulations,2’~2% as shown
later, the conformational changes depending on the oxidation state of the heme groups and
the water dynamics associated with the PT inside the non-polar cavity play important roles
in the proton-pumping function of CcO.

3 Results and Discussion

3.1 H,O-bound CcO with protonated Glu242

The first system studied was the CcO(I+11) model that binds a water molecule as the sixth
ligand of heme az. Here Glu242 was protonated, which assumes a limiting case in which a
rapid re-protonation happens shortly after Glu242 ejects a proton into the non-polar cavity.
The question of when Glu242 is re-protonated will be discussed later in the light of the
possible valve role of Glu242.33 Note that PRDa3 is modeled here in the MS-EVB reactive
MD framework to allow PRDa3 to be dynamically protonated or deprotonated in the MD
simulations [see Sec. 3 of Supporting Information (SI)].

Figure 4 shows the resultant PT PMFs for the three different oxidation states. The minima
located around zcgc = 7A correspond to the structures in which PRDa3 is protonated inside
the non-polar cavity, as shown in Fig. 3. As Zcgc increases, PRDa3 turns up toward the P-
side. At zcgc ~212A, the excess proton fully escapes from the non-polar cavity region to the
hydrophilic region above heme a3. The OO state has a 15 kcal/mol barrier at zogc ~ 9.5A,
whereas the PMF increases monotonically for the OR state due to the lack of an effective
proton acceptor.

In contrast to the OO and OR oxidation states, the PT barrier height of the RO state is less
than 5 kcal/mol and the proton in the hydrophilic region located above heme as is
significantly stabilized. Importantly, this result agrees with the proton pumping mechanism
proposed by Wikstrém and coworkers, 31112 since the corresponding stage, lla-llIc in Fig.
2, is considered to involve the PT from Glu242 to the PLS.
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The clear sensitivity of the excess proton behavior to the oxidation state change originates
from the change of the electrostatic field generated by heme a and heme a3. However, it
likely does not involve the direct interaction between the excess proton and the two heme
groups, because this interaction is almost perpendicular to the proton pumping direction (z
direction). Instead it is of greater significance that the hydrogen bond network is largely
affected by the oxidation state change in its structural and dynamical aspects. For example, a
characteristic hydrogen bond chain connecting the excess proton and the BNC can be
observed in the OO and OR states, but not in the RO state (see Sec. 1 of Sl). In the state
corresponding to OR in the oxidative phase of the CcO catalytic cycle, such a chain will
play an important role in conducting a chemical proton to the BNC. The recent FTIR
experiment also confirmed that the hydrogen bond network rearrangement occurs in
response to the oxidation state change.34 Also, Wikstrém, et al. reported that the hydrogen
bond network of the water cluster in the non-polar cavity is changed by change of oxidation
states of heme a and the BNC, although their empirical MD simulations included no excess
proton.13

It is also observed that the dependence of the PMF on the oxidation state is considerably less
in a smaller CcO model consisting of only SU-I [denoted as CcO(l)] as well as another
CcO(I+11) model with unprotonatable PRDa3 (see Sec. 2 of Sl and the earlier paper of Xu
and Voth3> for comparison). The behavior of these two simpler models is likely due to the
fact that these models cannot describe the change of the hydrogen bond network sufficiently.
While it may be evident that an inability of PRDa3 to be protonated can considerably affect
the hydrogen bond network, it is also clear that the absence of SU-II can also cause a
significant change in that network. Possible reasons for this are the electrostatic interaction
with SU-II, the flexibility of motion of several residues located at the interface between SU-I
and Il (e.g., Asp438), and an unrealistic invasion of the water molecule from the upper
hydrophilic region to the non-polar cavity in the smaller CcO(l) model (see Fig. S6 of Sl for
the latter behavior). This also points to an important additional role played by SU-I1, i.e., a
contribution to the important structure of the water molecules for PT in CcO.

3.2 H,O-bound CcO with de-protonated Glu242

In order to consider the other limiting case that Glu242 is not rapidly re-protonated after the
proton arrives at the PLS, a second CcO model was introduced. Here, Glu242 is
deprotonated, but all other conditions are the same as in the first model. Figure 5 shows the
resultant PMFs. Due to the negative charge on the glutamate, the excess proton is stabilized
as it approaches Glu242. Thus, it is observed that the proton is more stabilized in the region
Zcec < 5A and more destabilized in the region zcgc =10A compared to the first model.
However, the clear CcO oxidation state dependence is still evident. While the OO and OR
states are found to inhibit the PT to the upper hydrophilic region, the RO state exhibits a
much lower PT barrier. This is consistent with the mechanism shown in Fig. 2 in view of the
protonation state of Glu242. Note that the hydrogen bond network is also affected by the
oxidation state change (see Sec. 1 of SI).

A “valve” role for Glu242 was originally proposed through standard empirical MD
simulations in the absence of an explicit excess proton.33 It has remained unclear, however,
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whether the deprotonated Glu242 can turn down toward the D-channel in the presence of an
explicit excess proton in the water filled region beyond the residue and thus impede the
proton flux from leaking back. Here, Figure 6 shows the probability distributions of the
Glu242 orientation as a function of the explicit excess proton CEC coordinate along the
post-Glu242 water mediated pathway. (The coordinates of Glu242 were sampled every 1000
MD steps whereas the CEC coordinates were sampled every 10 MD steps, and therefore the
resolution of Fig. 6 becomes slightly lower.) If Glu242 is protonated, it turns down toward
the D-channel due to the electrostatic repulsion from the proton. When the proton exits from
the non-polar cavity, the up-conformation of Glu242 is observed only for the OR state. If
Glu242 is de-protonated and the excess proton is present inside the non-polar cavity, the
strong electrostatic attraction with the proton forces Glu242 to turn up toward the non-polar
cavity. Note that the position of the up-conformation Glu242 is very sensitive to the CEC
position, as in Fig. 6, because in the up-conformation Glu242 forms a hydrogen bond
directly to the protonated moiety in the non-polar cavity. Importantly, however, for the RO
state it is found that Glu242 turns down (a “switch”) when the excess proton exits from the
non-polar cavity, at which point the electrostatic attraction weakens (see also Fig. S4 of Sl).

This result described above for the RO state provides the missing explicit evidence that the
deprotonated Glu242 orientation leads to a valve effect in the RO oxidation state. After the
excess proton is transported outside of the non-polar cavity, deprotonated Glu242 turns
down and is prepared to accept another proton from the D-channel. At this stage the mean
force is almost zero in the region of zcgc 210 A. If the second proton arrives and Glu242 is
re-protonated, the first proton cannot leak back easily.

Yang and Cui36 have suggested the lipid bilayer environment plays an role in the Glu242
conformational states based on their recent empirical MD simulations, and they also showed
that the protonation of PRDa3 is more dominant due to the additional proton charge. A more
realistic model including the lipid bilayer may therefore be important to obtain more
quantitative understanding of the proton-pumping mechanism in the future. However, as
shown in this work and as speculated by Yang and Cui, the gating of the proton transfer is
regulated by the change of interaction between the protonated moiety and the redox sites of
CcO. Thus, the present model can be considered as a baseline model for describing the
proton pumping mechanism of CcO.

3.3 OH™-bound CcO with protonated Glu242

A third model was introduced in order to examine the dependence of the PT on the BNC-
bound molecular species. In this model, the water molecule trapped by the BNC is replaced
by the hydroxide ion (OH™). The other conditions are the same as in the first model. This
third model exactly corresponds to the Ey intermediate state, from which state CcO starts to
pump the fourth proton, then reaches the R state.3 As shown in Fig. 7, the dependence of the
PMF on the oxidation state is very similar to that of the first model and the reduction of
heme a allows the PT from the non-polar cavity to the region above. In addition, a similar
hydrogen bond network change is observed. (See Fig. S2 of SI.) This result implies that the
BNC-bound molecular species does not affect the proton behavior in this region
significantly. This may be because a large amount of the negative OH™ charge is delocalized
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to the whole heme a3 ring and the coordination of Cug changes so as to reduce the
electrostatic change on the proton pathway. These results may also support a hypothesis of
Wikstrém and co-workers312 that the same proton pumping mechanism occurs in all four
proton-pumping processes involved in the CcO catalytic cycle.

4 Concluding remarks

The free energy profiles (PMFs) for excess proton transport in the non-polar cavity of CcO
were calculated through reactive MS-EVB MD simulations utilizing the umbrella sampling
technique. These results suggest that a “proton-switch” operates to allow the excess proton
to exit from the non-polar cavity when heme a is reduced, but not heme a3 (the RO state). As
a first step, Glu242 will turn upward and eject a proton. As the proton dissociates and
travels, the deprotonated Glu242 turns down toward the D-channel and accepts a second
proton, which confirms a valve effect for Glu242. Then, the proton is transported by PRDa3
to PRAa3. The electrostatic change caused by this proton transport may also be important
for the electron transfer from heme a to heme az. Furthermore, it is found that the BNC-
bound molecular species does not affect this “proton-switch” significantly, which implies
that the same proton pump mechanism can occur in all of the proton-pumping processes of
CcO.

The novel reactive MD simulation results presented in this paper, involving an explicit
descriptions of key elements of the PT process, support a proposed mechanism for CcO
function,311.12 while providing detailed information on its proton pumping mechanism at
the molecular level.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of CcO (bovine). The main functional groups of CcO are located in SU-1 and II.

Whereas Cup is located in SU-11, the other redox centers are in SU-1. The K-channel
connects the BNC and Lys319, and the D-channel starts from Asp91 and terminates at
Glu242. Above Glu242, there is the non-polar cavity, which is surrounded by two heme
groups. Whereas all the K-channel protons are used as chemical protons, both chemical
protons and pumped protons are transported through the D-channel. The K-channel is open
only in the reductive phase. PRDa3 forms an ion contact pair with Arg438.
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Figure2.
Proposed proton pumping mechanism (Ref. 12). Reduction of heme a (I — 11a) helps

Glu242 to turn up towards the non-polar cavity (Ila — 1lb), which leads the first proton
transport from Glu242 to the PLS (llb — Il1a). Deprotonated Glu242 turns down towards
the D-channel (I1la — 111b) and accepts another proton (I11b — 1l1c). Then, the electron
transfers from heme a to heme a3 (Il1lc — V) and the proton uptake occurs through the D-
channel in the oxidative phase and through the K-channel in the reductive phase (IV — V).
This proton is pictured in red only in step V. Note that step | corresponds to the OO state
(where both heme a and heme as are oxidized), steps Ila—Illc correspond to the RO state
(where heme a is reduced but heme a3 is oxidized), and steps I\VV-V correspond to the OR
state (where heme a is oxidized but heme agz is reduced).
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Figure 3.
Vectorial proton pathway from the non-polar cavity towards the hydrophilic region above it

in the RO state for simulation snapshots taken from that region of the first model. Orange
circles highlight the most protonated species and the excess proton CECs are located at (a)
Zcec = 4.1, (b) 6.9, (c) 7.4, (d) 8.4, (e) 10.5, and (f) 13.0 A. (In this paper, zcec is the z-
coordinate of the excess proton CEC.) Torsional rotation of PRDa3 and proton pumping
occur cooperatively. PRDa3 turns down to the non-polar cavity so as to coordinate the
hydrated excess proton. After PRDa3 is protonated, the PRDa3 turns up to the hydrophilic
region and ejects the proton. Finally, the hydrated proton is solvated by both of PRDa3 and
PRAa3.
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PT free energy profiles (PMFs) as functions of the z coordinate of the excess proton CEC
for the first CcO model. (Glu242 is protonated and the BNC binds a water molecule.) The
PT free energy barrier is significantly lower in the RO state than in the other two states.
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Figure5.
PT free energy profiles (PMFs) as functions of the z coordinate of the excess proton CEC

for the second model. (Glu242 is de-protonated and the BNC binds a water molecule.) The
PT free energy barrier is significantly lower in the RO state than in the other two states.
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Probability distributions of the 3-carbon of Glu242 as function of the z-coordinate of the
excess proton CEC in the region beyond the residue. (Here, zg y is the z-coordinate of the
§-carbon of Glu242.) The up-conformation (zgy ~ 3 A) is preferable for the deprotonated

Glu242 whereas the down-conformation (zg, y ~ 0 A) is preferable for the protonated

Glu242. This is due to the difference in electrostatic interaction between Glu242 and the
excess protonic charge defect. When the excess proton transports away from deprotonated
Glu242 in the RO state (right middle panel), it is observed that the Glu242 abruptly turns
downward toward the D-channel, exhibiting a “valve” effect for Glu242.
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Figure7.
PT free energy profile (PMFs) as functions of the z coordinate of the excess proton CEC for

the third model. (Glu242 is protonated and the BNC binds a hydroxide.) The PT free energy
barrier is significantly lower in the RO state than in the other two states.
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