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Two different issues, important for the pumping mechanism of cyctochrome c oxidase, have been addressed
in the present study. One of them concerns the nature of two key proton transfer transition states. A simple
electrostatic model is used to suggest that the transition state (TS) for transfer to the pump-site should be
positively charged, while the one for transfer to the binuclear center should be charge-neutral. The character
of the former TS will guarantee that the protons will be pumped to the outside and not return to the inside,
while the neutral character of the latter one will allow transfer with a sufficiently low barrier. In the simple
electrostatic analysis, leading to this qualitative picture of the pumping process, the results from the kinetic
experiments are strictly followed, but it is at least as important to follow the fundamental requirements for
pumping. In this perspective, the uncertainties in the quantitative analysis should be rather unimportant for
the emerging qualitative picture of the pumping mechanism. The second problem addressed concerns the
purpose of the K-channel. It is argued that the reason for the presence of the K-channel could be that protons
cannot pass through the binuclear center at some stage of pumping. Barriers and water binding energies were
computed using hybrid density functional theory (DFT) to investigate this question.

I. Introduction

Eukaryotic cytochrome c oxidase is situated at the end of
the respiratory chain in the mitochondrial membrane. It converts
the energy released when dioxygen is reduced to water into a
electrochemical gradient across the membrane.1 The general
present view is that for each electron transferred to the enzyme
from cytochrome c on the P-side (positive side of the mem-
brane), one proton is taken up from the N-side (negative side)
for the reduction chemistry and one proton is translocated from
the N-side to the P-side. Understanding how the enzyme is able
to use the chemical energy to move protons against the gradient,
while at the same time preventing protons from going with the
gradient the opposite way, has proved extremely difficult and
remains one of the major unsolved problems in biochemistry.
All indications are that the gating mechanism used is unique
for this enzyme.

The X-ray structures of both the mammalian and the bacterial
enzyme have been known at reasonably high resolution for about
ten years.2,3 The most essential structural elements are shown
in Figure 1. The electron sent from cytochrome c is first accepted
by CuA, a binuclear copper center close to the P-side of the
membrane. The electron is then transferred to heme a and then
further to the binuclear center (BNC) where dioxygen binds.
BNC is formed by another heme group, heme a3, and a
mononuclear copper complex, CuB, with three histidine ligands.
Dioxygen binds between iron and copper. Most of the protons
taken up from the N-side, both for the dioxygen reduction
chemistry and for pumping, are transferred in the D-channel
ending at a critical glutamic acid, Glu278. At this residue, the
protons can take two directions, toward the BNC or toward the
P-side for pumping. It is generally assumed that the latter protons
stay at a pump-site before being pumped to the P-side. A
commonly suggested pump-site is propionate A (Prop-A) of

heme a3, shown in the figure. A schematic picture of electron
and proton flow is shown in Figure 2. The positions of two
important transition states, to be discussed below, are also
indicated in the figure: one close to Glu278 and one close to
the P-side.

* Corresponding author. Email: mb@physto.se.
† Part of the “Sason S. Shaik Festschrift”.

Figure 1. X-ray structure of cytochrome c oxidase showing the most
important cofactors.
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A major step toward a better understanding of the pumping
mechanism was taken recently, both experimentally and theo-
retically. Experimentally, a kinetic study of one of the four
cycles of dioxygen reduction, the so-called O to E transition,
was performed in which each intermediate appearing from
electron and proton transfer in the enzyme was time-resolved
and analyzed.4 Two different diagrammatic analysis shed further
light on the pumping process.5,6 The general picture obtained
in these two latter studies was similar but different on essential
points. The different steps, as described in one of the papers,5

is shown in Figure 3. In this mechanism, derived from the kinetic
experiments, a positively charged transition state near Glu278
plays a fundamental role. In 1 to 2, an electron is transferred to
heme a, coupled with a proton uptake from the N-side to the
Glu278 transition state. The positively charged TS is thus
stabilized by the negative charge on heme a, indicated by a
doublesided arrow in 3. In 4, the proton has continued to the
pump-site, concluded to be Prop-A, where the proton is again
stabilized by the electron on heme a. The next step is an electron
transfer from heme a to the BNC in 4 to 5. The proton on the
pump-site is still stabilized by the electron. In 5 to 6, the negative
charge on the BNC triggers another proton uptake from the
N-side. A TS is passed before the proton reaches the BNC. At
6, one of the most critical stages of the pumping process is
reached, since there is no longer any electrostatic stabilization
of the proton at the pump-site. The energy is unstable and the
proton has two choices. Thermodynamically, the proton would
prefer to go to the N-side but is forced to the P-side. The reason
for this is that the TS, which the proton has to pass in order to
reach the N-side, is no longer electrostatically stabilized by any
negative charge, and is therefore too high. The reaction path
from 6 to 8 is thus no longer allowed (it is too slow on the
timescale of the pumping process), and the proton instead has
to follow the path from 6 to 7 after which the pumping is
completed. The positive character of the TS for proton transfer

from the N-side to the pump-site is therefore the most important
finding in that analysis. The other study analyzing the kinetic
experiments did not reach the same conclusion, but a neutral
TS was suggested, in which a charge separation of Glu278
occurs forming GluO- · · ·H3O+.6 The advantage with the latter
analysis is that a clear role is given for Glu278, missing in the
analysis in Figure 3. The drawback is that the gating of the
protons toward the P-side can not be as easily explained.

In the study described by the scheme in Figure 3, one of the
main problems of describing a working pumping process was
solved by introducing a positively charged TS close to Glu278.
As already indicated in that study, a few important problems
still have to be removed before a fully satisfactory scheme is
found. One of them is a definite role of Glu278. Even though
the suggested TS should be close to Glu278, it is not clear that
a glutamic acid is needed to form such a TS. A good explanation
for the unusually high pKa of this residue is also missing.
Furthermore, in the quantitative analysis of the kinetic experi-
ments, an explanation has to be provided for the relatively low
barrier found experimentally for the second proton, the one
going to the BNC. Experimentally, the first proton, the one going
to the pump-site in 3, experiences a barrier of 12.2 kcal/mol
(from transition state theory).4 The one going to the BNC in 5
has a barrier of 13.2 kcal/mol. It should be noted that in the
analysis performed here using transition state theory, it is only
the exponential dependence of the barrier heights that matters.
An uncertainty in the pre-exponential factor would cancel in
all comparisons. An important difference between 3 and 5 is
that in 5 there is a proton on the pump-site. The estimated
repulsive effect on the barrier from this proton should be about
5 kcal/mol, not only 1 kcal/mol (13.2-12.2 kcal/mol), if a
positively charged TS is assumed. In the present paper these
problems are addressed and a solution is suggested. It should

Figure 2. Schematic picture of electron and proton flow in cytochrome
c oxidase.

Figure 3. Model for pumping discussed in the previous study,
highlighting the electrostatic mechanism for gating the protons toward
the P-side of the membrane. The doublesided arrows indicate a mutual
electrostatic stabilization.
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here be noted that with the type of positive transition state
suggested here for the proton transfer to the pump-site, the fact
that the experiments were performed at pH ) 8 has to be taken
into account, which was disregarded in the previous study. This
means that for the proton transfer to the pump-site, the barrier
at pH ) 7 should be 10.8 kcal/mol, a value that is used in the
present study. As will be seen below, for the proton transfer to
the BNC, another type of transition state will be suggested,
which is not affected by the pH. The results in the present study
are mainly based on experimental measurements and simple
electrostatic evaluations. The quantitative values for the elec-
trostatic interactions will clearly have uncertainties. However,
the important point is that this analysis gives a qualitative picture
of proton pumping, which should be rather independent of these
uncertainties. In section IV, some details of the proton motion
are also investigated using quantum chemical model calculations.

Since the proton pumping in cytochrome c oxidase is one of
the most important issues in bioenergetics, much efforts have
been put into the elucidation of the mechanism. Many sugges-
tions based on different types of experimental information have
been made.7-16 Several theoretical investigations have also been
performed using different techniques, ranging from Monte Carlo
simulations to quantum mechanical calculations.17-26

II. Model Calculations

Hybrid density functional theory calculations have been
performed on models of the binuclear center, BNC, to inves-
tigate some aspects of the proton transfer processes occurring
within the binuclear center; see section IV below. The model
used in the present study, shown in Figure 4, is based on one
of the available X-ray structures.2 Heme a3 is modeled as an
essentially unsubstituted porphyrin, only the farnesyl hydroxyl
group is kept, since it forms a hydrogen bond to a tyrosine which
is included in the model. The three histidine ligands of CuB

and the axial ligand of heme a3 are modeled as imidazoles. The
tyrosine residue cross-linked to one of the copper-histidine
ligands is proposed to be involved in the chemistry, and it is
therefore also included in the model, as a phenol group. To
mimic the constraints exerted by the surrounding protein, certain
atoms in the model are frozen from the X-ray structure. The
hydrogen atom on each imidazole, representing the connection
to the backbone, and two carbon atoms on the porphyrin are
frozen; see Figure 4. No atom on the tyrosine is frozen, but its

motion is restricted by the cross-link to the histidine. The same
model has been used in a previous study,27 while similar but
larger models of different sizes have been used in several
previous studies.17-19,28

The B3LYP hybrid functional is used in the calculations. The
geometries are optimized using the lacvp basis,29 which is of
double-� quality, and the final energies are evaluated using the
lacv3p* basis,29 which is of triple-� quality with polarization
functions on all heavy atoms. The self-consistent reaction field
(SCRF) method implemented in Jaguar was used to evaluate
electrostatic effects from the surrounding protein,30,31 using an
effective dielectric constant ε ) 4 and a probe radius ) 2.5 Å.

Several benchmark tests on the accuracy of the B3LYP
functional have been performed.32 On the basis of those results,
an average error of 3-5 kcal/mol is expected for the computed
relative energies for transition metal containing systems.33 There
are indications that the reparameterized B3LYP* functional,
which uses 15% Hartree-Fock exchange as compared to the
20% used in the original functional, gives a better description
of relative energies in transition metal containing systems.34,35

Therefore relative energies have also been evaluated using the
B3LYP* functional.

An important issue in the present study is the binding energy
of water molecules to the binuclear center, and the relevant value
is the binding energy relative to bulk water. The value for the
binding energy of one water molecule in bulk water is taken to
be 14 kcal/mol, which thus has to be subtracted from the water
binding energy directly computed. In this context, the computed
water binding energy is obtained by including dielectric effects
for the model complex (with and without the water molecule)
but not for the free water molecule.

III. Mechanism for Proton Pumping

In order to proceed from the previous study on proton
pumping,5 the different interaction energies measured and
assumed have to be clarified. Experimentally,4 a proton moves
from the N-side to the pump-site when an electron reaches heme
a from the CuA. Since the electron on CuA disappears, this
reaction step has to be exergonic by at least 3 kcal/mol. Other
experimental observations combined with the experimental
driving force require that the exergonicity is not greater than 5
kcal/mol. In the previous paper, it was assumed to be 5.0 kcal/
mol to match other requirements for the pumping process.
Assuming a point charge representation of both the heme (iron)
and the pump-site (an oxygen of Prop-A) leads to a dielectric
constant of 3.3. This is by normal standards an unusually low
dielectric constant. Still, in the present paper, this value has
been used for all interactions. A possible alternative, not
explored here, is to use the experimentally derived interaction
energies (without any use of dielectric constant) for the
interactions where the electrons on the metal centers are
discussed, but to use a much higher dielectric constant for the
other interactions involved. That procedure would only modify
one of the interaction energies, the one between Glu278 and
Prop-A, and would in fact make the previous pumping mech-
anism fully workable without further change, something which
will be discussed in a future paper.

The main results of the previous study on the proton pumping
mechanism5 was given in the Introduction. In short, the analysis
led to a solution of the gating problem, which forces the proton
to go to the P-side rather than back to the N-side at a critical
stage; see Figure 3. This was achieved by making the transition
state positively charged. However, if a similar type of transition
state is assumed for the proton going to the BNC (using ε )

Figure 4. Model used in the calculations on the binuclear center, BNC.
The atoms marked with an asterisk are frozen in the geometry
optimizations.
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3.3; see above), the barrier becomes too high for matching the
experimental rate. Also, the type of charged transition state
suggested does not give a clear role for Glu278, which is
experimentally known to be extremely important for the
pumping process.

In order to approach a unified solution to the pumping
mechanism, the transition states for proton motion from the
N-side toward the pump-site, and to the BNC, are considered
more in detail. The positively charged TS discussed previously
can then be described as in Figure 5 left, representative of proton
motion to the pump-site. A proton has moved from the N-side
and the TS can be regarded as the point where the proton passes
Glu278. A slightly different description of the same process is
to say that it starts by a very short charge separation between
the proton and Glu278 to GluO- · · ·H3O+, with an immediate
reprotonation of the glutamate from the N-side. Another extreme
of a similar type of TS is shown on the right in the figure and
is representative for proton motion to the BNC. In this case,
there is no immediate reprotonation but the proton coming from
the N-side is still far away from Glu278 at the point where the
TS is reached. The most important difference between the left
and right portions of the figure is that the electron has moved
from heme a to the BNC. In the case on the right, the electron
gives a strong driving force on the proton motion in the region
from Glu278 to its final destination, which has no cor-
respondence in the situation on the left. The reason immediate
reprotonation is unlikely to occur in the TS on the right is that
the proton which is at the pump-site at this stage has a repulsive
effect toward the proton moving in the D-channel toward
Glu278. This repulsion does not exist in the first case since there
is no proton at the pump-site at that stage; see further discussion
on this point below.

In the following, the two types of TSs shown in Figure 5,
will be investigated for the pumping mechanism. In particular,
proton motion from the N-side to the pump-site will be
compared to the one from the N-side to the BNC. As in the
previous study,5 a process is concluded to be allowed at the
timescale of milliseconds for the pumping process if the barrier
is e14 kcal/mol, while it is not allowed if the barrier is g16
kcal/mol. At certain points, also a barrier below 16 kcal/mol
can be accepted for a nonpumping step, if it competes with a
pumping step with a sufficiently lower barrier. In order to make
a quantitative analysis, the distances shown in Figure 6 will
here be used together with a dielectric constant of 3.3. The
Coulombic interaction energies given in parenthesis in the figure
are then obtained. The effects on the barrier of the second type
of TS, the one on the right in Figure 5, are also needed. For
this reason, the position of the proton in the TS is chosen as
about half the distance between Glu278 and BNC. An electron

on heme a will then have a small stabilizing effect on the barrier
of about 2 kcal/mol, and a proton on Prop-A will instead have
a destabilizing effect of about the same size. In contrast to these
rather small effects, an electron on the BNC has a large
stabilizing effect of about 8 kcal/mol on the TS. A few
comments should be made already at this stage. The positions
of the charges involved in the electrostatic evaluations are put
at the points indicated in the figure. These exact positions can
obviously be questioned, especially for the electrons where the
charge in reality is somewhat spread out. This fact, together
with possibilities to use a somewhat different ε value, means
that there are certain flexibilities in the exact interpretations of
the processes. Still, the accuracy of the present procedure is
believed to be at least as high as is presently obtainable using
a more detailed electrostatic picture or using a quantum model
of the electronic structure (see further discussion on this point
in the Conclusions).

Before the presently suggested mechanism is discussed in
detail, the above interaction energies will be used to show that,
for proton motion to the pump-site, a neutral TS such as the
one to the right in Figure 5 is not possible if proton leakage
back to the N-side should be avoided. The experimental barrier
for proton transfer to the pump-site (3 in Figure 3) would be
12.2 kcal/mol using transition state theory for a charge-neutral
TS which is not affected by pH, in a reaction that is exergonic
by -5.0 kcal/mol (derived in the previous study from experi-
ments). This leads to a barrier in the backward direction of 17.2
kcal/mol. At this stage, there is an uncompensated negative
charge on heme a. Later on in the cycle, the negative charge is
compensated (6 in Figure 3). When the negative charge is
removed there will be a destabilization of the energy for the
proton on the pump-site by +7.1 kcal/mol, but essentially no
effect on the neutral TS. The barrier for the backward reaction
will therefore be lowered to (17.2 - 7.1) ) 10.1 kcal/mol. This
barrier is too low to prevent back-leakage, since the rate-limiting
barrier in the forward direction is 13.9 kcal/mol, and there would
be no pumping. In contrast, with a positively charged TS, the
proton at the pump-site and the TS will be destabilized by about
the same amount when the effect of the electron is removed.
As discussed in the Introduction, the experimental value for a
positively charged TS is 10.8 kcal/mol, yielding a barrier in
the backward direction of (10.8 + 5.0) ) 15.8 kcal/mol. Thus,
the back-leakage barrier in this case will be 15.8 kcal/mol, which
is enough for forcing the proton to be pumped. A more detailed
estimate of this barrier is given below.

It should also be added that a positively charged TS for both
proton transfers, to the pump-site and to the BNC, is not possible
either, as mentioned above. This follows directly from the

Figure 5. Two extreme types of proton transfer transition states.

Figure 6. Relevant distances for the discussion of pumping. Corre-
sponding interaction energies, computed with ε ) 3.3, are given in
parenthesis.
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interaction energy between the pump-site and Glu278 and the
fact that there is already a proton at the pump-site when
the proton is going to the BNC. If the barrier is 10.8 kcal/mol,
as measured for the transfer to the pump-site when there is no
initial proton at this site, it would be raised by 6.1 kcal/mol to
(10.8 + 6.1) ) 16.9 kcal/mol with a proton at the pump-site.
Such a barrier would make the chemistry too slow, and
therefore, there would be no proton pumping.

The conclusion reached from the above simple considerations
is thus that the transition state has to change character between
the two different proton transfers, the one to the pump-site and
the one to the BNC. There are two major reasons for having
such a change. The first one has already been discussed in detail
and concerns the presence or absence of a proton at the pump-
site. Even more important is the position of the electron.
Although the energy for taking a proton from the N-side to
Glu278 is strongly affected by the presence of an electron on
heme a (see above), proton transfer from Glu278 to the pump-
site is essentially independent of the presence of this electron,
since the distance from heme a to Glu278 and the pump-site is
about the same; see Figure 6. The effect of the electron in the
BNC on the motion between Glu278 and the BNC is completely
different. In this case, the proton is moving directly toward the
electron, which therefore contributes a large driving force to
the charge separation process. This is the key difference
exploited in the discussion below.

In Figure 7, the barrier heights for the two types of transition
states discussed above are shown for different stages of the
pumping sequence. The energies in the diagrams are obtained
in the following way. Case A represents the situation when the
first proton from the N-side should go to the pump-site with an
electron on heme a. According to the previous study, a TS of
the type to the left in the figure should be passed and the barrier
is obtained from the kinetic experiments4 and transition state
theory as 10.8 kcal/mol at pH ) 7. The reaction was in the
previous study chosen to be exergonic by -5.0 kcal/mol to
match experimental observations. Case B describes the situation
when the second proton is taken up from the N-side and goes
to the BNC with the electron at BNC. At this stage, a proton is
at the pump-site, and its repulsion toward the proton coming
up through the D-channel leads to the choice of the second type
of TS, to the right in the figure. The barrier from experiments
is 13.2 kcal/mol, and the exergonicity -3.9 kcal/mol (from the
previous study and experiments). With these choices, the barrier
in case A using the TS structure to the right becomes 17.2 kcal/
mol. This is obtained by taking 13.2 kcal/mol from case B for
this TS, first adding 8.0 kcal/mol since the electron is removed
from the BNC, then subtracting 2.0 kcal/mol since the desta-
bilization from the proton on Prop-A is removed from B, and
subtracting another 2.0 kcal/mol since the stabilizing effect of
an electron on heme a is added. The final result for the barrier
to the right in case A is then (13.2 + 8.0 - 2.0 - 2.0) ) 17.2
kcal/mol. The reaction energy for this diagram is not needed.
Similarly, the barrier for the TS to the left in case B is obtained
as (10.8 + 6.1 + 7.4 - 8.2) ) 16.1 kcal/mol from the interaction
energies given in Figure 6. The conclusions from cases A and
B is that it is a consistent assumption that the proton transfer
will use a charged TS with barrier 10.8 kcal/mol for the first
proton moving to the pump-site in case A, and that a neutral
TS with barrier 13.2 kcal/mol will be chosen for the second
proton moving to the BNC in case B.

The rest of the energies in the diagrams will be a check that
the above two TS structures are consistent with experimental
observations. Situation C in Figure 7 represents an important

stage of proton pumping where a proton is at the pump-site,
and both a proton and an electron has reached the BNC. The
diagrams in C should therefore be read backward. The critical
question here is if both types of TS will have large enough
backward barriers to prevent back-leakage. In other words, if
any one of the TS structures would have a too low barrier, it
would be used for back-leakage. The forward barrier for the
positively charged TS, to the left in the figure, is obtained from
the one in A of 10.8 kcal/mol (experimentally determined), by
adding +7.4 kcal/mol which corresponds to the lowering effect
of the electron on heme a on the TS at Glu278. In the same
way, the reaction energy is obtained starting from -5.0 kcal/
mol in A and adding 7.1 kcal/mol, which is the stabilizing effect
of the electron on heme a on the proton on the pump-site. This
gives a barrier of (10.8 + 7.4) ) +18.2 kcal/mol and a reaction
energy of (-5.0 + 7.1) ) +2.1 kcal/mol in the forward
direction. The important back-leakage barrier is therefore (18.2
- 2.1) ) +16.1 kcal/mol, which is g16 kcal/mol and therefore
fulfills the criterion of being nonallowed. (Note that in the
preliminary discussion above a more approximate estimate was
made leading to a barrier height of +15.8 kcal/mol.) The
reaction energy for the TS to the right in C is obtained in the
same way as for the one to the left in A to be +2.1 kcal/mol.
The forward barrier is obtained from the one to the right in B
of 13.2 kcal/mol by removing the attractive effect of the electron
on the BNC in B of 8.0 kcal/mol and subtracting the destabiliz-
ing effect of 2.0 kcal/mol on the TS by a proton on the pump-

Figure 7. Presently suggested model for pumping. Each diagram shows
the reactant and the product and the character of the transition state.
The diagrams on the left have a charged TS with GluOH · · ·H3O+, while
those on the right are neutral with a charge separation of GluOH into
GluO- and H3O+. Compare with Figure 5.
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site. Note that the proton on the pump-site is not present for
the reactant in this diagram. Therefore, the barrier compared to
the reactant is (13.2 + 8.0 - 2.0) ) 19.2 kcal/mol and the
reaction energy (-5.0 + 7.1) ) +2.1 kcal/mol. The back-
leakage barrier therefore becomes (19.2 - 2.1) ) 17.1 kcal/
mol, which is g16 kcal/mol as required. It can finally be noted
that the forward reaction in C also corresponds to the situation
before an electron has reached heme a. The diagrams then show
that in this situation there will be no proton transfers, since the
forward barriers are g16 kcal/mol.

The appearance of a back-leakage barrier which is g16 kcal/
mol for the TS to the right in C may appear confusing in light
of the initial discussion above where this type of TS was shown
to be inadequate for preventing backflow. There is in fact no
conflict here, and the difference in the conclusions is only due
to different assumptions of starting points. On the right in C,
the barrier was derived on the assumption that the neutral TS
is used only for the protons going to the BNC. For protons going
to the pump-site, a charged TS, such as on the left in A, was
assumed. If it had instead been assumed that the TS used for
proton motion to the pump-site in A was neutral as to the right,
the barrier to the right in C would be 12.2 kcal/mol (experi-
mentally measured for A and pH independent), since the effect
of the electron on heme a would be minor. The leakage barrier
would then be (12.2 - 2.1) ) 10.1 kcal/mol which is far too
small to prevent leakage. In other words, pumping would not
work if the two TS, the one for motion to the pump-site and
the one to the BNC, were both neutral. This is why two different
characters of the transition states were assumed here. It is, of
course, also necessary that the different characters of the TS
make chemical sense and that each TS is optimal for that
particular situation. As discussed above, the different types of
TS follow naturally from the different conditions in A and B.

The situation appearing in D is also of high importance for
pumping. In this case, an electron has reached the BNC before
the proton has reached the pump-site. This situation must be
avoided since a proton from the N-side would then prefer to go
directly to the BNC, and there would be no pumping. From the
previous study, an electron transfer from heme a to the BNC
was set to +3.8 kcal/mol. The barrier for the positively charged
TS to the left for a proton going to the BNC would then be
(3.8 + 10.8 + 7.4 - 8.2) ) 13.8 kcal/mol, taking into account
that the electron has left heme a (see A) and moved to the BNC.
This pathway, which would not lead to pumping is thus 3 kcal/
mol higher than the competing step to the left in A which is
the desired step, leading to pumping. This energy difference
corresponds to a leakage of 1%, which should be acceptable.
For the pathway using a neutral TS, as to the right, the barrier
from the intermediate at +3.8 kcal/mol is obtained by taking
the barrier from the right in B and subtract the repulsive effect
of the (absent) proton on the pump-site. The barrier becomes
(3.8 + 13.2 - 2.0) ) 15.0 kcal/mol. Thus, this pathway, with
a barrier 4.2 kcal/mol higher than the pumping pathway, should
also be sufficiently prevented.

The final situation discussed here is the one to the left in A
where a proton has passed the positively charged TS but goes
to the BNC rather than to the desired pump-site. At this stage,
there is no electron at the BNC and the transfer is therefore
substantially endergonic as indicated in the diagram. Further-
more, there is a barrier for the following electron transfer from
heme a to the BNC. The solution suggested here for preventing
this pathway, which would not lead to pumping, is therefore
that the sum of the endergonicity of the proton transfer to the
BNC and the following barrier for the electron transfer is g16

kcal/mol. Precisely how this energy should be divided into its
two components requires more detailed calculations. A large
endergonicity for the proton transfer is supported by previous
quantum mechanical calculations.17

A final minor comment should be made about the character
of the neutral TS. In Figure 5, this TS is shown with a proton
being on the way from the N-side to Glu278. It is quite possible
that this proton has reached all the way to Glu278 in the actual
TS. It is important to emphasize that this could only happen if
the distance between GluO- and the proton being on the way
to the BNC is quite large. With only a small charge separation,
the TS will behave essentially as positively charged and the
barrier will be too large due to the presence of the proton on
the pump-site.

IV. Proton Motion in the Binuclear Center

The reduction of molecular oxygen in cytochrome c oxidase
occurs in four steps, each involving the uptake of one electron
and one proton for the chemistry, together with the translocation
of one proton across the membrane. The chemistry occurs at
the binuclear center. Two proton channels connecting the
binuclear center with the inside of the membrane have been
identified in the crystal structure of the protein, the D- and the
K-channels. The D-channel is used for all protons pumped, and
also for at least the first two chemical protons taken up after
O2 is bound to the BNC, i.e., during the oxidative part of the
catalytic cycle. There is experimental evidence that during the
second part of the cycle, the reductive part, one or maybe both
chemical protons are taken up via the K-channel,36,37 which ends
in the vicinity of the tyrosine residue in the binuclear center
(see Figure 4). One important question that has to be answered
to fully understand the mechanism of proton pumping is why
there are two proton channels, i.e. what is the function of the
K-channel and what forces this channel to be used instead of
the D-channel at certain points of the catalytic cycle? Another
interesting experimental observation is that the oxidized inter-
mediate O, formed after the oxidative part of the cycle, can be
found in two different forms.38 The oxidized intermediate
formed in the previous step pumps protons in the reductive part
of the catalytic cycle if it is immediately reduced, while a relaxed
form of the oxidized state, referred to as the resting form, does
not pump protons upon reduction.38 It is therefore interesting
to investigate possible variations in the structure of the oxidized
intermediate that could correspond to the active and the resting
form. For proton motion to occur in the binuclear center, water
molecules will play an important role, and therefore, the binding
energies of water molecules in the BNC need to be examined.
The catalytic effect of a water molecule in a similar heme
containing active site has previously been described for P450.39

One possible form of the O intermediate is shown in Figure
4 with Fe(III)-OH2, Cu(II)-OH, and tyrosinate. The tyrosine
residue, cross-linked to one of the histidine ligands of copper,
is believed to be involved in the O-O bond cleavage step,
donating a proton and an electron to molecular oxygen, resulting
in a neutral tyrosyl radical. The electron is immediately replaced
in the next step, eliminating the radical, while it is not clear
when the proton is replaced. Therefore, most of the intermediates
of the catalytic cycle can have either a neutral tyrosine or a
negative tyrosinate, and consequently, there are two possibilities
for the number of protons on the two metal-bound oxygens.
Thus, an alternative form of the O intermediate would be
Fe(III)-OH, Cu(II)-OH, and tyrosine. These two forms of
compound O, the one with a tyrosinate and the one with a
tyrosine, could correspond to the active and the resting form
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observed experimentally.38,40 However, to explain the experi-
mental observations there must be a high barrier to go from the
resting to the active form, i.e. for proton motion within the
binuclear center, preventing the reformation of the active form.
Furthermore, a high barrier for proton transfer within the
binuclear center at certain points of the catalytic cycle could
explain the role of the K-channel, since such a barrier might
inhibit the reprotonation of the tyrosinate via the D-channel.

To shed some light on the questions discussed above,
calculations were performed using the model in Figure 4 to
investigate the energetics of proton motion between the iron
bound oxygen (W2) and the tyrosinate. In this model, which
was used before to study the O-O bond cleavage step,27 an
extra water molecule has been inserted, W3, between the
tyrosinate and the iron-bound water. This extra water molecule
is a prerequisite for making it possible for a proton to alternate
between the two sites. A second extra water molecule was also
included in the model, but it was found to be unbound relative
to bulk water at this stage of the catalytic cycle, and it was
therefore omitted in the investigations reported here. In the
calculations of the binding energy relative to bulk water, a
standard value of 14 kcal/mol is used for the binding energy of
one water molecule in bulk water. The calculated energy profile
for proton motion within the binuclear center in the intermediate
state O is shown in Figure 8. From the figure, it can be seen
that the tyrosinate structure is about 6 kcal/mol lower in energy
than the tyrosine structure. This is essentially an effect of a
change in binding energy of the inserted water molecule (W3),
since without this water molecule, the two structures differ by
less than 1 kcal/mol. However, as can be seen from Table 1,
where the computed binding energies of different water
molecules in different intermediates of the reductive part of the
catalytic cycle relative to bulk water are collected, the extra
water molecule (W3) is still bound by a few kilocalories per
mole (11.5-6) in the tyrosine structure. The proton motion
described in Figure 8 is not a concerted reaction moving the
two protons involved at the same time, but rather a stepwise
process, where the relative energies have been calculated for
different frozen O-H distances. The highest point on the
potential energy surface is about 8 kcal/mol above the reactant,
indicating that the barrier for proton motion is not prohibitively

high. The structure of the highest point corresponds to having
moved a W2 proton all the way to W3 and with a W3 proton
approaching the tyrosinate. The relative energies along the
proton motion path at the B3LYP and the B3LYP* levels are
almost identical, within a couple of tenths of a kilocalorie per
mole.

As mentioned above, for proton transfer to occur between
different parts of the binuclear center, it is necessary to have
some bound water molecules. An alternative explanation for
the need of the K-channel could be that the water molecules,
the extra one or the newly formed ones, are not bound at later
stages of the reductive part of the catalytic cycle, thus inhibiting
proton transfer from the D-channel to the tyrosinate. Therefore,
the binding energy of all water molecules present in the
binuclear center were computed for the intermediates labeled
O, E, and ER, and the results are collected in Table 1. The E
state is formed from the O state by adding one electron and
one proton, and the ER state is formed from the E state by adding
one electron only. The results presented in the table are obtained
with the tyrosinate form for all states. In the O state, with Cu(II)
and Fe(III) and one hydroxyl group, the extra water W3 is bound
by 11.5 kcal/mol relative to bulk water, and the water molecule
on iron W2 is bound by as much as 20.8 kcal/mol. However, if
the W3 molecule is removed, the binding energy of W2 decreases
to 9.9 kcal/mol, showing that there is a strong cooperative effect
in the binding of the water molecules. If the hydroxyl group
instead is moved to iron, the binding energy of the water
molecule on copper in the single water case is quite similar,
11.3 kcal/mol. In the E state, with Cu(I), Fe(III), and three water
molecules, the W1 molecule is just barely bound relative to bulk,
and it has actually left its coordination to copper. Water W2

and W3 are about equally strongly bound, by 10-11 kcal/mol.
The same is true if W1 is removed leaving only two water
molecules in the BNC, increasing the binding energy slightly
to 13 kcal/mol per water. Again, the cooperative effect of the
two water molecules is very strong, such that if any of the two
water molecules are removed, the remaining single water
molecule is actually unbound by about 1 kcal/mol relative to
bulk water. Finally, when also iron is reduced (to Fe(II)), giving
rise to the ER state, the binding energies of the water molecules
are generally decreased, in particular that of W2. There is still
a cooperative effect, such that with two or three water molecules
in the BNC they are all bound with a few kcal/mol relative to
bulk water, while a single water molecule is slightly unbound

Figure 8. Calculated potential energy surface for proton motion
from the W2 water molecule to the tyrosinate in the O state. See
Figure 4.

TABLE 1: Calculated Binding Energies for Water
Molecules in the Binuclear Center, Relative to Bulk Water
(in kilocalories per mole) for Different Intermediate Statesa

state of BNC

no. of
water

molecules W1 W2 W3

O: Cu(II)OH, 2 20.8 (23.2) 11.5 (11.0)
Fe(III)OH2 1 11.3 (13.0) 9.9 (13.5)

E: Cu(I)OH2, 3 0.6 (1.4) 11.4 (12.5) 10.0 (10.9)
Fe(III)OH2 2 13.0 (15.3) 13.2 (14.4)

1 -1.0 (0.2) -0.9 (-0.8)

ER: Cu(I)OH2, 3 2.8 (3.8) 3.1 (6.6) 8.8 (10.2)
Fe(II)OH2 2 3.1 (4.8) 3.4 (7.1) 5.4 (6.6)

1 -4.1 (-5.6) -1.7 (1.9) 0.7 (1.0)

a All states are in the tyrosinate form. B3LYP* values are given
in parenthesis. The numbering of the water molecules is given in
Figure 4. The binding energy of one water molecule to bulk water
is assumed to be 14 kcal/mol.
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whatever its position. The values of the binding energies
mentioned in the text are the B3LYP values, while in Table 1
also the B3LYP* values are given. As can be seen in the table,
the B3LYP* values are rather similar to the B3LYP values and
give the same qualitative picture. For the W1 and W2 molecules,
the B3LYP and B3LYP* binding energies differ by less than 2
kcal/mol, while for the W3 molecule the difference is somewhat
larger, typically between 2 and 4 kcal/mol. A larger difference
between the B3LYP and B3LYP* values is expected for the
W3 water because when this molecule is removed the spin state
on the iron atom changes from low spin to high spin.

In conclusion, no obstacle was found for proton transfer
within the binuclear center, neither in terms of high barriers
nor in terms of lack of bound water molecules. However, it
should be noted that these results could depend on the choice
of model. At least two missing factors in the model might affect
the barrier height for the proton transfer. One factor is that there
is one amino acid not included in the model but which is close
enough to the BNC to have an effect on the possibility for the
water molecules to bind in the way they are doing in the present
model. This amino acid is a valine which is peptide linked
directly to the tyrosine included in the model and which has
the side chain pointing toward CuB. It does not collide with the
positions of the water molecules in the present model, but it is
close enough to enforce changes in the structure. Calculations
have been started with a larger model including this valine.
Another aspect of the present model is the fact that the tyrosine
residue might be too free to move since it is only restricted by
the covalent bonding to the histidine. In the new model also,
the peptide link between tyrosine and the valine is included,
which will reduce the mobility of the tyrosine side chain and
which might prevent the strong bonding of the water molecules
in the binuclear center.

V. Conclusions

Two different problems in the proton pumping mechanism
of cytochrome c oxidase have been addressed in the present
study. The first problem concerns the direct mechanism for
proton pumping. A solution was presented in an earlier paper5

for why protons are forced to the P-side against the membrane
gradient. An electrostatic gating involving a positively charged
TS as shown in Figure 3 was shown to give the desired result.
However, a problem was noted to match the experimental rate
for proton transfer to the BNC. A solution to this problem has
been suggested here by using a more flexible type of TS as
shown in Figure 5, leading to potential curves schematically
shown in Figure 7. It was demonstrated that agreement with
the kinetic experiments4 was obtained and that pumping is
achieved in the desired way. Future modeling work is required
for obtaining more atomistic details about the proton transfer
pathways, and the presently suggested TS should be very useful
in this context.

In the quantum chemical modeling part of the present study,
proton transfer through the BNC was investigated with three
water molecules present. It was shown that proton transfer is
relatively easy and that the required water molecules are bound
with respect to the bulk. Therefore, the calculations did not give
any additional clues as to why the K-channel appears to be
necessary in the reductive part of the cycle. Calculations are in
progress using a larger model of the active site with more
constraints from the X-ray structure to see if these modifications
will change the conclusions.

The present paper is an illustration of the fact that different
problems require different methods. Even though the conclusions

and argumentations for the pumping mechanism are based on
a very simple electrostatic picture, the investigation still requires
that the experimental results are strictly followed. One might
ask if it would not be desirable to study this problem with a
more sophisticated method than has been done here. The simple
answer advocated here is that a straightforward application of
a quantum mechanical/molecular mechanical (QM/MM) ap-
proach would not be possible in a meaningful way since the
error bars would be too large. The extremely important
advantage with the present approach is that accurate experi-
mental barriers can be built directly into the analysis. On the
other hand, the present approach could be improved if the
experimental data were used as a calibration of a QM/MM study,
and this is therefore one obvious continuation of the present
study.
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