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Cytochrome c oxidase is a superfamily of membrane bound enzymes catalyzing the exergonic reduction of
molecular oxygen to water, producing an electrochemical gradient across the membrane. The gradient is formed
both by the electrogenic chemistry, taking electrons and protons from opposite sides of the membrane, and by
proton pumping across the entire membrane. In the most efficient subfamily, the A-family of oxidases, one pro-
ton is pumped in each reduction step, which is surprising considering the fact that two of the reduction steps
most likely are only weakly exergonic. Based on a combination of quantum chemical calculations and experimen-
tal information, it is here shown that from both a thermodynamic and a kinetic point of view, it should be possible
to pump one proton per electron also with such an uneven distribution of the free energy release over the reduc-
tion steps, at least up to half the maximum gradient. A previously suggested pumping mechanism is developed
further to suggest a reason for the use of two proton transfer channels in the A-family. Since the rate of proton
transfer to the binuclear center through the D-channel is redox dependent, it might become too slow for the
steps with low exergonicity. Therefore, a second channel, the K-channel, where the rate is redox-independent
is needed. A redox-dependent leakage possibility is also suggested, which might be important for efficient energy
conservation at a high gradient. A mechanism for the variation in proton pumping stoichiometry over the differ-
ent subfamilies of cytochrome oxidase is also suggested. This article is part of a Special Issue entitled: 18th
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1. Introduction

In aerobic respiration, molecular oxygen is reduced to water, a very
exergonic reaction where a substantial part of the energy is conserved
as an electrochemical gradient over the mitochondrial or bacterial
membrane. The membrane gradient is used by ATP synthase to trans-
form ADP to ATP, the energy currency of the cell. The terminal enzyme
in the respiratory chain is often a member of the heme-copper oxidase
family, also referred to as cytochrome c oxidase (CcO) since the electron
donor is cytochrome c. The basic process for building up an electro-
chemical gradient is to transport charges from one side of the mem-
brane to the other. In the heme-copper oxidases the charge transport
occurs in two different ways. First, the chemistry of the O, reduction
to water occurs by taking up the electrons and the protons from oppo-
site sides of the membrane, giving a so called electrogenic reaction.
The electron donor, cytochrome c is located on the P-side of the mem-
brane (intermembrane space or periplasm), and by taking up the pro-
tons from the other side, the N-side (matrix or cytoplasm), each
electron- and proton-pair used in the chemistry corresponds to the
movement of one positive charge from the N-side to the P-side, see

¥ This article is part of a Special Issue entitled: 18th European Bioenergetic Conference.

* Corresponding author. Tel.: +46 8 16 26 16.
E-mail address: mb@organ.su.se (M.R.A. Blomberg).

0005-2728/$ - see front matter © 2014 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.bbabio.2014.01.002

Fig. 1. Secondly, coupled to the exergonic chemistry, an active transport
of protons from the N-side of the membrane all the way to the P-side,
increases the efficiency of the energy conservation. The second process
is referred to as proton pumping. The heme-copper oxidases are the
only oxygen reductases known to pump protons [1,2]. The reduction
of one O, molecule can be written as follows, where n is the number
of protons pumped per electron (see further below):

0, +4(1 + n)Hy + 4ep — 2H,0 4nH} (1)

Both the electrogenic chemistry and the proton pumping require
proton motion against the gradient. This implies the existence of a set
of kinetic barriers, gating the protons to move in the right direction. In
particular, due to the presence of proton pumping, some barrier heights
must change during the reaction, to prevent proton uptake from the P-
side at certain stages of the reaction, still allowing protons to be pumped
to the P-side at other stages. A detailed description of how reaction (1),
including gating, occurs is referred to as a proton pumping mechanism.
To find those details is the goal of a large part of current research in bio-
energetics, see for example ref. [3]. Significant knowledge and insight in
these processes have already been gained [4-11], but some important
unresolved questions still remain, which motivates the present study.
The heme-copper oxidases have been divided into subfamilies [12],
differing among other things in the exact form of the redox-active
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Fig. 1. Overview of electron and proton transfer in CcO (A-family). The numbers refer to the elementary steps in the proton pumping mechanism discussed in Section 3.2. The D-channel is
known to be used for all protons pumped and for two of the protons to the BNC. The K-channel is only used for the remaining two protons to the BNC, see further in the text.

cofactors. Most knowledge has been gained for cytochrome c oxidases
belonging to the largest family, the so called A-family, which is also
the main target for the present investigation. One difference between
the A-family and the other oxidase families (B and C) is the stoichiom-
etry of the proton pumping, i.e. the value of n in Eq. (1). A-family oxi-
dases have been found to pump four protons per oxygen molecule,
i.e. n is equal to one (one proton pumped per electron), while oxidases
from the B- and C-families have a lower value of n (probably close to
0.5) [2]. Another difference is that the A-family oxidases have two chan-
nels for proton uptake, the D- and the K-channels, see Fig. 1, while the B-
and C-families only have one, often referred to as the K-channel analog
since it is located in the same place as the K-channel in the A-family [2].

One of the most important unresolved questions for the cytochrome
c oxidases concerns the uneven distribution of the free energy released
in the four reduction steps in Eq. (1) [10,13,14]. The active site where
the chemistry of the transformation of molecular oxygen to water oc-
curs is a binuclear center (BNC) consisting of a high spin heme group
(heme a3 in A-family oxidases) and a copper complex (Cug) with a tyro-
sine residue cross-linked to one of its histidine ligands. The O, molecule
binds reversibly to the reduced BNC, R (Fe(Il) and Cu(I)), forming inter-
mediate A, and in the next step the O— O bond is cleaved, forming inter-
mediate Py, In the R to Py, reaction steps, the active site redox centers
provide all four electrons to the oxygens: Fe(Il) is oxidized to Fe(IV),

Cu(l) is oxidized to Cu(Il) and the tyrosine is oxidized to a neutral rad-
ical, see the scheme in Fig. 2. To complete the catalytic cycle of Eq. (1)
and return to the reduced BNC, R, four electrons and four protons (to
complete the water formation) has to be taken up by the enzyme,
which occurs in four separate reduction steps. Based on experimental
mid-point potentials it was early noted that the free energy release
seems to be much larger in the first two reduction steps after the
0-0 bond cleavage, Py, to O (often referred to as the oxidative part of
the catalytic cycle) than in the reduction steps O to R (referred to as
the reductive part) [13]. Later, quantum chemical calculations on the
catalytic cycle have given the same picture, with large exergonicities
in the first two reduction steps after the O— O bond cleavage, and very
small exergonicities in the other two reduction steps [15-17]. It has
therefore been a point of major concern, that even if the total free ener-
gy released in the O, reduction is more than enough for pumping four
protons across the membrane, the free energies for two of the steps, O
to E, and E to R, do not seem to be large enough to afford proton
pumping, at least not with a significant gradient across the membrane
[10,14,18,19]. At an early stage this situation even led to the suggestion
that all four protons were pumped in the first two reduction steps after
0-0 bond cleavage, i.e. two protons pumped per electron in these
steps, and no proton pumping in the other two reduction steps [20]. It
was later shown experimentally that there is actually one proton

Cu(llF Tyror Cu()=Tyr0"  Cu(FTyrOH  Cu(lyTyrOH Cu(llyTyro* Cu(lly TyrO® Cu(lly Tyro~
HO +& 4H* +€ +H* +0p HO +e- H20 e HO
A (N Nl Oer- T o = Qo
—Fe(ll)=— 2+ —Fe(ll)=— 2+ —Fe(ll)— —Fe(lll)= cleavage —Fe(IV)=— —Fe(V)— —Iée(lll)—
o H'p E He R A Py Hp F H*p o

Fig. 2. Catalytic cycle of CcO starting from the oxidized state O. The notation Hj" corresponds to pumped protons.
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pumped per electron in all four reduction steps [18,21,22]. To explain
how this can occur in spite of the small energy release in two of the re-
duction steps has become one of the most important challenges in the
field. It has been suggested that part of the free energy from the Py, to
0 reduction steps somehow must be temporarily stored by the enzyme,
to be used in the next two steps, making them more exergonic
and thereby making proton pumping possible also in those steps
[14,18,21]. It has furthermore been suggested that there exist two dif-
ferent forms of the O and E states, where one of the forms is activated
by the energy saved [10,18,19]. However, so far no spectroscopic evi-
dence for two different forms of these intermediates has been found
[23] and no other evidence has been presented for how this temporary
energy storage might occur. Based on both experiments and calcula-
tions, the presently most likely situation is that there is a quite small
driving force in two of the four reduction steps, and that scenario is
therefore here taken as the starting point. Using the calculated energy
profile for the entire catalytic cycle, having a much larger exergonicity
in the first two reductions steps after O— O bond cleavage compared
to the other two reduction steps, the kinetic and thermodynamic
requirements for proton pumping are investigated.

The low exergonicity in two of the reduction steps makes it particu-
larly difficult to pump protons when a high gradient is present. The un-
even distribution of the free energy released in the different reduction
steps brings up another important question, which concerns possible
mechanisms for decreasing the stoichiometry of proton pumping
when the gradient increases. Experimental information has been
interpreted to indicate that at higher values for the gradient across the
membrane, the stoichiometry of the proton pumping actually goes
down, i.e. on the average less than four protons per oxygen molecule
are pumped for the A-family oxidases [24]. Recent interpretations of
the experimental data indicate that, also at a significant gradient the
pumping stoichiometry is fairly high (3.2-3.7 protons) [25,26]. Still, it
should be of interest to investigate mechanisms for decreasing proton
pumping at higher gradients, and in particular, if the decrease can
occur in an efficient way, i.e. the uncoupling of proton pumping from
the chemistry should occur only for the reduction steps with the lower
exergonicity.

There exist many different suggestions for the pumping mechanism
in CcO, and most of them agree on the general sequence of events:
Electron transfer leads to uptake of a proton from the N-side of the
membrane to a pump loading site (PLS), followed by uptake of a second
proton from the N-side to the active site (the BNC) for the chemistry, see
Fig. 1. Finally the electrostatic repulsion between the two protons leads
to release of the proton at the pump loading site to the P-side [27].
Possible mechanisms for uncoupling of proton pumping at high mem-
brane gradient have not been much discussed. It is here suggested
that it is unlikely that such an uncoupling would occur by preventing
the proton uptake to the pump loading site, since this would require a
shift to a distinctly different reaction mechanism when the uncoupling
occurs. Assuming a pump mechanism like the one suggested on the
basis of a kinetic experiment on one reduction step [11,28-31],
uncoupling of proton pumping is more likely the result of a leakage of
the proton in the pump loading site, either back to the N-side or to the
BNC. It is trivial to suggest that such a leakage occurs because some bar-
rier for a desired reaction step, due to the gradient has become higher
than a leakage barrier. However, since it would be very inefficient for
the enzyme to allow the pump-protons to leak in all reduction steps, in-
cluding those with high exergonicity where leakage is not required, an
efficient leakage mechanism should be dependent on the exergonicity
of the specific reduction step, which is not trivial to accomplish. In this
context, it is interesting to recall the experimentally observed shift
from using the D-channel for uptake of the chemical protons to using
the K-channel in the two reduction steps from O to R, i.e. in the reduc-
tion steps with low exergonicity [32-34]. In the present contribution a
role of the two proton channels is suggested, which also allows for a
redox dependent proton leakage mechanism.

Another problem related to the questions discussed above, concerns
the variation in proton pumping stoichiometry between the different
oxidase families. At least for the B-family oxidases it seems to be
established that two protons are pumped across the membrane per oxy-
gen molecule, i.e. there is a factor of two in proton pumping efficiency be-
tween the A- and the B-family oxidases [2]. The reason for this difference
between the A- and the B-families is not known, but it has been sug-
gested to be caused by the presence of only one proton channel in the
B-family, which in turn might be an adaptation to the low concentration
of O, in the environment [2,35,36]. The mechanism for the variation in
proton pumping is not understood, but it has been suggested that the
lower number of protons pumped in the B-family is achieved by uptake
and release of the pumped proton in different steps, i.e. a proton is taken
up to the PLS in one reduction step and released to the P-side in the next
reduction step [35]. This scheme would lead to one proton pumped in
the first two reduction steps after the O— O bond cleavage, from Py, to
0, and one proton pumped in the two reduction steps from O to R, i.e.
a total of two pumped protons per oxygen molecule. Again assuming
the uneven distribution of the free energy released in the different reduc-
tion steps, a different scenario is discussed here, namely that for the
B-family oxidases only the two most exergonic steps pump protons,
i.e. only in the first two reduction steps after the O— O bond cleavage.
The general properties of the proton pumping mechanism suggested in
the present study can be used to suggest a mechanism for the lower
pumping stoichiometry of the B-family oxidases.

The basic purpose of the present study is to investigate the conse-
quences of the fact that the free energy released in CcO seems to be
quite unevenly distributed between the reduction steps, as indicated
by all present experimental and computational information. For this
purpose an energy profile describing the O, reduction reaction as
depicted in the scheme in Fig. 2 is needed. Accurate relative energies
of the reduction steps cannot be obtained from experimental values,
since it is not possible to determine the actual reduction potentials of
the particular BNC intermediates involved in each individual reduction
step. Therefore, quantum chemical calculations on a model of the active
site in an A-family cytochrome c oxidase have been used to construct an
energy profile of the catalytic cycle. To calculate reaction energies in-
volving changes in the oxidation state of transition metals is a difficult
task. However, the methodology used here can be considered as the
best one available for this type of system, and it has been shown to pro-
vide reliable results for the opposite reaction, water oxidation, in photo-
system II [37]. Furthermore, the results obtained from the calculations
agree well with the general expectations from available experimental
values. The barriers needed to complete the energy profile can rather
safely be deduced from experimental rate measurements. Thus, the en-
ergy profile obtained in this way is used to analyze kinetic and thermo-
dynamic requirements for proton pumping in all reduction steps. It
should be stressed that the accuracy of the model calculations for the re-
duction potentials is still not high enough to answer the questions
above in an unequivocal way. The calculated energetics should there-
fore be considered to give a qualitative picture.

A thorough analysis of the conditions for proton pumping in all re-
duction steps, also requires that the previously suggested mechanism
for proton pumping [11,29,30] is developed further. For this purpose de-
tailed energy profiles for the individual reduction steps are needed. Also
for these energy profiles results from experimental rate measurements
play an important role. To incorporate gating in the proton pumping
mechanism, these energy profiles must include forbidden reaction
paths, which can be derived only from theory. The energy profiles ob-
tained in this way can be used to analyze the different gating situations
and also to explore the differences between the reduction steps. The
present procedure, combining experimental and theoretical energy
values, might seem somewhat arbitrary. However, when the detailed
diagrams are finally constructed, the actual span of values leading
to proton pumping is quite limited. Changing a value by only a few
kcal/mol can in most cases be shown to violate the pumping conditions.
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2. Models and methods

Quantum chemical calculations were performed on a model of the
BNC in the A-family CcO to describe the main steps in the catalytic
cycle, compare the scheme in Fig. 2. In the first subsection below the
model of the BNC used in the calculations is shortly described, and in
the second subsection the quantum chemical methods used are de-
scribed. In the final subsection the procedure used to connect the calcu-
lated relative energies to the experimentally known overall energies is
described.

2.1. Model of the BNC and structure of the intermediates

The binuclear active site (BNC) in cytochrome c oxidase consists of a
heme group in close vicinity of a histidine ligated copper complex (Cug).
The model used in the calculations is based on a recent crystal structure
from Rhodobacter sphaeroides [9], see Fig. 3. The heme a3 group is
modeled by an unsubstituted porphyrin except that the farnesyl
hydroxyl and the formyl groups are kept. The proximal histidine is
also included in the model. The Cug model includes the three histidine
ligands together with the cross-linked tyrosine. The amino acids are in
most cases truncated at the alpha-carbon, which is fixed to the X-ray co-
ordinates during geometry optimizations to maintain some of the con-
straints from the surrounding protein. The peptide bonds are replaced
by C-H bonds, with the hydrogen atoms fixed. Two atoms on the por-
phyrin are also fixed. Three water molecules from the X-ray structure of

CcO are included in the model together with simpler models of two
threonines, hydrogen bonding to these water molecules. This procedure
gives a model with about 144 atoms (depending on the state), see fur-
ther ref. [38]. A larger model with about 200 atoms, including the propi-
onate groups on heme as, two more amino acid residues, hydrogen
bonding to the propionates (one arginine and one aspartic acid), plus
three water molecules in this region, was also tried, and it was found
to give similar results, not reported here.

Using the model shown in Fig. 3 the different intermediates in the
catalytic cycle, as described in Fig. 2, are constructed by adding one elec-
tron and one proton for each reduction step, after the O— O bond cleav-
age. The purpose of the present paper is not to discuss possible different
forms of the intermediates, but rather to discuss the energetics obtained
from the structural forms of the intermediates as depicted in Fig. 2.
However, a few comments should be made about these structures. As
discussed in previous studies, it is found that leaving the tyrosine
residue unprotonated until the final step, results in the most reasonable
energy diagram [38,39], and this approach is therefore used here also. In
the case of intermediate O, there is actually a very small energy differ-
ence between the tyrosinate and the tyrosine form. Another aspect of
the intermediate O structure, is whether the hydroxyl group is on iron
or on copper. In fact, the tyrosinate form of intermediate O can be de-
scribed as two hydroxides, one on each metal, with a proton in between,
strongly bound to both oxygens. This proton can move to either hydrox-
ide group without large energy changes. In the present model the form
having the hydroxyl group on copper and a water molecule on iron is

Thr359

Fig. 3. Model of the BNC, built on the X-ray structure of the fully reduced CcO [9] (PDB:3FYE). The atoms with red circles are fixed to the X-ray coordinates in the geometry optimizations.
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slightly lower in energy, and therefore the one shown in the diagrams.
As mentioned elsewhere, based on experimental observations it has
been suggested that there exist two different forms of intermediate O,
labeled O and Oy, where Oy, should be an activated, energetically excited
form [10,18,19]. The fact that the structure used in the present study is
more or less the most stable one found, indicates that it should corre-
spond to the unactivated O form. Therefore this notation, O, which
could also be considered as a generic notation of this intermediate, is
used in the manuscript. The fact that the O to E transition from the
calculations seems to be more exergonic than expected [ 10], might indi-
cate that the presently used structure could correspond to the activated
0, form. Another aspect of the intermediate structures concerns the
water molecules in the BNC. The model used is built on an X-ray struc-
ture of the fully reduced enzyme with unusually many water molecules
in the BNC [9]. Although the structure of each intermediate is fully opti-
mized, it is difficult to know if the global minimum with regard to the
water molecules has actually been obtained in each case. However, it
is expected that the water molecules should have minor effects on the
calculated relative energies.

2.2. Computational methods

Quantum mechanical calculations were performed on the BNC
model employing the hybrid density functional B3LYP [40] and the
re-parameterized B3LYP" functional, which uses 15% Hartree-Fock ex-
change as compared to the 20% used in the original functional [41]. All
structures were fully optimized, except for some atoms fixed from the
crystal structure as discussed above, using the B3LYP functional and
the double zeta basis set labeled lacvp in the Jaguar program [42]. Single
point calculations were performed in the optimized structures using the
large cc-pvtz(—f) basis set plus lacv3p + for the metal ions with both
the B3LYP and the B3LYP™ functional. Single point dispersion effects
were included, using the empirical formula by Grimme [43], since it
has been shown that the lack of dispersion in DFT theory may lead to
large errors when molecules are forced closer to each other [43,44].
Solvent effects from the surrounding protein were included using the
self consistent reaction field (SCRF) approach as implemented in Jaguar
with a dielectric constant of 4.0, in accordance with previous experience
[45]. The dielectric calculations were performed for the optimized struc-
tures using the B3LYP functional and the lacvp* basis set, which has
polarization functions on all second row atoms. The program Jaguar
7.6 [42] was used in all calculations described so far.

Several benchmark tests on the accuracy of the B3LYP functional
have been performed [46], and based on those results an error of
3-5 kcal/mol is expected for the computed relative energies for transi-
tion metal containing systems [47].

In all optimized structures the Hessian matrix, i.e. second derivatives
of the energy with respect to the nuclear coordinates was calculated
using the Gaussian 09 package [48] at the same level of calculation as
the geometry optimizations (B3LYP/lacvp). The Hessians were used to
calculate zero-point corrections, but due to the fixed coordinates in
the geometry optimizations, entropy effects would not be reliable and
could not be taken from the Hessian calculations. The entropy changes
within the BNC itself can rather safely be assumed to be small and there-
fore negligible. The main entropy changes occur when molecules enter
or leave the system, and these have to be estimated in some approxi-
mate way. For the gaseous O, molecule it is assumed that the entropy
lost on binding is equal to the translational entropy for the free molecule
(10.8 kcal/mol at room temperature). For the binding of a water mole-
cule to bulk water a standard value of 14 kcal/mol is used.

The relative energies reported below are referred to as free energy
values, with entropy effects estimated as described in the previous para-
graph. The enthalpy values are obtained from the large basis set calcula-
tions using the B3LYP™ functional, including zero point effects, dispersion
and solvent effects. Using the B3LYP results instead of B3LYP* gives a
similar picture. Due to uncertainties in the calculated spin-state splittings

for heme-iron, a correction of 4.6 kcal/mol is introduced increasing the
Fe(II) ionization potential. The value is chosen to improve the agreement
with experiments for the O, binding step in CcO. This correction makes
the relative energies reported here somewhat different from those re-
ported previously [38]. Furthermore, the previously reported values
lack both dispersion and zero-point effects. The correction used here is
also slightly different from the one used for CcO in a recent study mainly
concerned with nitric oxide reductase [49].

2.3. Overall energetics, barriers and effects of the gradient

To obtain an energy diagram for a full catalytic cycle of CcO the ener-
getics of the reduction steps has to be calculated. This means that the
redox potentials of the active site have to be compared to the redox po-
tential of the electron donor, and the pK, values of the active site have to
be compared to the pK, value of the proton donor, i.e. bulk water. To use
quantum chemical methods to calculate redox potentials and pK, values
implies the calculation of electron and proton affinities, properties
which are strongly dependent on the surroundings since the charge is
changed. Therefore the SCRF approach, which works very well for calcu-
lations of relative energies with constant charge, is not accurate enough
to give absolute electron and proton affinities. However, relative redox
potentials and pKj values for the same site (such as the BNC) can be cal-
culated with much higher accuracy, since the surroundings are the same
in all steps. These difficulties in calculating accurate absolute redox po-
tentials and pK, values prompted us to develop a different procedure,
which has been used in several similar cases [15-17,37,50,51]. By
adjusting the calculated energetics of the entire catalytic cycle to the
total reaction energy obtained from experimental reduction potentials,
accurate energy diagrams can be obtained, where every second step in
the reduction procedure, i.e. transferring both an electron and a proton,
is determined. It can be noted that this procedure does not make up for
possible imbalances in the DFT-description of reduction potentials in-
volving different oxidation states and different metals.

Using experimental midpoint reduction potentials for the electron
donor and acceptor, 0.25 V for cytochrome c and 0.8 for reduction of
0, to water, and considering that four electrons are involved, the
exergonicity of one catalytic cycle of CcO becomes 51.0 kcal/mol
(2.2 V) [14]. In combination with the calculated free energy for the
chemistry occurring in Eq. (1), the cost of each reduction step (transfer
of one electron from the donor and one proton from the bulk) can be set
to yield the total experimental exergonicity. This determines the ener-
getics for each of the reduction steps in the catalytic cycle.

To make a kinetic analysis possible, also barriers for the different
reaction steps must be included in the energy profile for the entire cata-
lytic cycle. For the O—0 bond cleavage barrier, an accurate value of
12.4 kcal/mol, is obtained from an experiment [52], deduced from the
life-time of compound A using transition state theory. Each reduction
step involves several elementary steps of electron and proton transfer,
but when the entire catalytic cycle is considered each reduction step is
described in a simplified way with a single rate limiting barrier for the
charge (electron and proton) transfer processes. The reaction rates for
the different reduction steps are in the 100 to 1000 ps range, and for
the present type of qualitative discussion it is enough to use the same
approximate value of 13.0 kcal/mol, without gradient, in all reduction
steps for the rate limiting barrier of the elementary charge transfer steps.

The presence of the electrochemical gradient across the membrane
will affect both the relative energies of the intermediates in the CcO re-
action, and the barrier heights. The intermediates are affected since the
movement of charge against the gradient is endergonic, in contrast to
the situation without gradient, where there is no cost connected specif-
ically with the movement of the charges. The maximum gradient is
known from experiments to be 200 mV (4.6 kcal/mol) [14], which
means that the full gradient adds an extra cost of 4.6 kcal/mol for each
charge moved against the gradient across the membrane. Thus the ef-
fects of the gradient on the relative energies of the intermediates can
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easily be estimated, since only charge transfer steps across the entire
membrane need to be considered. The effect of the gradient on the
rate limiting charge transfer barrier should depend on the particular
mechanisms involved in the charge movement. Here it is considered
reasonable to increase the barrier by 1.5 kcal/mol at 100 mV and by
3.0 kcal/mol at the full gradient of 200 mV.

3. Results and discussion

The results of the present investigation are reported in three differ-
ent subsections below. In the first subsection, 3.1, the energetics of the
entire catalytic cycle is discussed and the requirements for proton
pumping in all four reduction steps are evaluated. In the second subsec-
tion, 3.2, details of the proton pumping mechanism are discussed and
developed, based on energy profiles for individual reduction steps. In
the final subsection, 3.3, the variation in proton pumping stoichiometry
between different subfamilies of cytochrome oxidase is discussed.

3.1. Requirements for proton pumping in all four reduction steps in
cytochrome c oxidase

In this section the energetic requirements for proton pumping in cy-
tochrome c oxidase are discussed on the basis of the energetics of the
entire catalytic cycle, described in Eq. (1) and in the more detailed
scheme in Fig. 2. It is shown that, using the present knowledge of the
thermodynamic and kinetic properties of the oxygen reduction reaction
in CcO, pumping of one proton per electron can occur at low gradient
and up to approximately half the maximum gradient. At higher gradi-
ents, a quite efficient energy conservation can still be obtained if the
proton pumping is uncoupled only in the least exergonic reduction
steps. So far, mainly the thermodynamic aspects of the catalytic cycle
have been discussed in the literature, but to understand the require-
ments for proton pumping also kinetic aspects have to be considered.
In this section, where the energetics of the entire catalytic cycle is con-
sidered, each reduction step will be described in a simplified way,
with all elementary electron and proton transfer steps merged together
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and shown as a single rate-limiting barrier. To fully understand the
specific mechanisms for the proton pumping, each reduction step has
to be described in much more detail, including barriers for all individual
electron and proton transfer steps, which will be done in the next
section below (3.2).

As mentioned above, the overall thermodynamics for the CcO
reaction can be obtained from the reduction potentials of the donor,
cytochrome c, and the acceptor, molecular oxygen, yielding an
exergonicity of 51.0 kcal/mol for one catalytic cycle [14]. The main
part of the exergonicity is expected to arise in the reduction steps,
which are all equivalent in the sense that each step involves the uptake
of one electron and one proton, together with the pumping of one pro-
ton across the membrane, see the scheme in Fig. 2. However, energeti-
cally the four reduction steps are not equivalent since according to
experimental information the redox potentials of the specific electron
(and proton) acceptors are not the same [10,13,19]. On the contrary,
two of the reduction steps in the scheme in Fig. 2 seem to have a very
low exergonicity, and as mentioned in the introduction this result has
been interpreted to be incompatible with other experimental observa-
tions that proton pumping actually occurs in all four reduction steps
[18,21,22].

In the present study the energetic requirements for proton pumping
in all four reduction steps are scrutinized by constructing a tentative
free energy profile of the entire catalytic cycle, involving not only the
thermodynamics, but also the rate limiting barriers for the charge trans-
fer reactions in each reduction step as well as for the O— O bond cleav-
age step, see Fig. 4. As discussed in the introduction, by a combination
of electrogenic chemistry and proton pumping a significant part of the
free energy of the exergonic reaction is conserved as an electrochemical
gradient across the membrane, which means that when the gradient
has started to build up, all charge transfer steps become less exergonic.
This variation in the energetics has to be taken into account in the ener-
gy analysis. The effect of the gradient on the energetics can rather easily
be estimated, see Section 2. As will be discussed in detail below, the or-
ange energy profiles in Fig. 4 show that one effect of the gradient is to
increase the barriers, leading to a decrease in the rate of the reaction.
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Fig. 4. Calculated free energy profile for the catalytic cycle of CcO, black curve. The orange curves correspond to the situation with the gradient present, see further in the text.
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Reactions with too high barriers must be excluded. It should be stressed
here that the barrier connected with a particular transition state (TS)
always has to be calculated relative to the lowest preceding point on
the energy profile.

Using the models and quantum chemical methods described in
Section 2, the relative energies of all the intermediates in the reaction
scheme in Fig. 2 were calculated. The results are shown as the black en-
ergy profile in Fig. 4, which has the oxidized state labeled O as reference
point. As mentioned in Section 2 above, the generic notation O is used
here, since it is not possible to determine which of the different forms
of the fully oxidized intermediates the calculations correspond to. The
calculated relative energies agree quite well both with the general pic-
ture obtained from experimental results discussed above [10,13,19],
and with previously published calculated results [15-17]. Starting
from the oxidized state O the BNC is reduced to state R with Cu(I) and
Fe(II), in two steps which are only weakly exergonic, in the range 1.3
to 5.6 kcal/mol. Molecular oxygen binds to state R, and together the
binding and the cleavage of the O-0 bond are weakly exergonic. A
free energy value of — 5.3 kcal/mol is obtained for P, relative to the re-
duced state, R. These steps, the binding and cleavage of O,, do not in-
volve any charge transfer perpendicular to the membrane. The first
two reduction steps after the O— O bond cleavage, the annihilation of
the tyrosyl radical (Py, to F) and the reduction of Fe(IV) to Fe(IIl) (F to
0) are quite exergonic, with values in the range 15.8 to 23.0 kcal/mol,
see Fig. 4. In the figure, the proton (and electron) transfer barriers are
also included, as well as the O—-0 bond cleavage barrier. As described
in Section 2 these barriers are not calculated but estimated on the
basis of experimental data. Furthermore, a small entropy barrier for
the O, binding step is included, to make the energy profile complete.
The black curve in Fig. 4 thus corresponds to the situation without any
gradient across the membrane, which means that there is no cost for
proton pumping, and also no extra cost for the electrogenic uptake of
protons and electrons. Clearly, the most interesting situation is with a
gradient present, and therefore two more energy profiles are shown in
Fig. 4, where the energetic effects of the gradient (two different values)
have been added according to the procedure described in Section 2.

Several conclusions can be drawn from the energy profiles in Fig. 4.
First, consider the energy profile without gradient (the black curve),
which should correspond to the situation in many experiments, e.g. in-
vestigating the presence of proton pumping in individual steps of the
catalytic cycle. Since there is no cost of proton pumping without gradi-
ent, and since all steps are exergonic, from a thermodynamic point of
view there is nothing that prevents proton pumping to occur in all
steps, because even a very small exergonicity is enough to drive each re-
action step forward. Furthermore, also from a kinetic point of view,
there is nothing in this energy profile that prevents proton pumping
to occur in every reduction step, since the fact that all steps are exergon-
ic makes the rate limiting barrier in each step determined by the local
barrier. It can also be noted that the same conclusions should be
drawn, even if the O to E transition would have a lower exergonicity,
of the same order as the E to R transition, i.e. if the calculated state O
would correspond to the activated state Oy,. Therefore, with this energy
profile, and at this level of details in the thermodynamic and kinetic
analysis, the lack of proton pumping observed under some experimen-
tal circumstances in the reduction steps with low exergonicity [18], is
difficult to understand. Clearly, the present investigation cannot exclude
that there exists some kind of activated forms of states O and E, which
has been proposed, to explain the observed differences in proton
pumping efficiency under different experimental conditions [18,21],
but it indicates that, from a purely thermodynamic point of view, such
activated forms should not be needed for proton pumping to occur in
all steps when there is no gradient present.

The second energy profile in Fig. 4, the full orange curve, is obtained
from the black curve by adding the energetic effects from a gradient of
100 mV across the membrane, and assuming that one proton is pumped
in each of the four reduction steps. This value of the gradient, half the

maximum gradient, is chosen to give a qualitative picture of the effects
of the gradient, since as discussed below, the calculated energy profile is
not accurate enough to make a detailed comparison to any particular
experimental results. It is interesting to note that even with this gradi-
ent present, all reduction steps but one, E to R, are exergonic. Most im-
portantly, this means that the rate of all reduction steps is affected only
by the direct effect from the gradient on the local proton (and electron)
transfer barriers, and not by any previous endergonic step. The only bar-
rier affected by a previous endergonic step is the O— 0O bond cleavage
barrier, which in itself is not affected by the gradient, since there is no
motion of charges perpendicular to the membrane for this step. As can
be seen from Fig. 4 the total O—O bond cleavage barrier is only
14.7 kcal/mol, which is very similar to the proton transfer barriers as-
sumed to be 14.5 kcal/mol at this gradient. Furthermore, the fact that
the O-0 bond cleavage step (R to P,;) is exergonic by 5.3 kcal/mol,
and not affected by the gradient, ensures that the following steps are
not affected by any previous weakly endergonic steps. It can be conclud-
ed that with the energy profile presented in Fig. 4, it is still possible to
pump one proton in all four reduction steps when the gradient has in-
creased to 100 mV, without decreasing the rate more than that due to
the intrinsic effects on the proton transfer barriers, i.e. there is no
“extra” endergonicity increasing the barriers due to the low original
exergonicity in two of the reduction steps.

The third energy profile in Fig. 4, the dashed orange curve, is obtain-
ed from the black curve by adding the energetic effects from a gradient
of 200 mV across the membrane, i.e. the maximum gradient, and by as-
suming that only the two most exergonic reduction steps pump pro-
tons. As can be seen from Fig. 4, with half the maximum gradient the
two reduction steps from O to R together results in a slightly endergonic
reaction (+ 2.3 kcal/mol). This means that with a further increase of the
gradient these two steps will become more endergonic, and with the
full gradient and continued full proton pumping for these steps the
endergonicity would be 11.5 kcal/mol. This endergonicity in itself
would be no problem, since the following steps would continue to be
exergonic and drive the process forward. However, since the
endergonicity would also significantly increase the rate limiting bar-
riers, both for the proton transfer step from E to R, and for the 0-0
bond cleavage step (22.9 kcal/mol), the process would become too
slow. Clearly, if the reduction steps O to R could be made more exergon-
ic by using some energy from the previous more exergonic reduction
steps, this problem could be solved. At least about 7 kcal/mol needs to
be transferred in this way, which would result in a more reasonable in-
crease of the total O— O bond cleavage activation energy to 16 kcal/mol.
However, it should be noted that with the present energy values, at least
half of the energy saved would have to be saved in the E intermediate,
since an exergonic O to E step would be a waste, since it would add to
the total barrier. As discussed above, there is no experimental support
for how such energy transfer between the reduction steps could occur,
and therefore an alternative solution is suggested here. A similar de-
crease of the endergonicity of the two reduction steps from O to R at
high gradient could be obtained if the proton pumping is uncoupled in
these two steps when the gradient reaches a certain value. A value for
the gradient somewhat larger than 100 mV would still allow for a rea-
sonably fast process, pumping one proton in all reduction steps, but
the uncertainties in the calculated energy profile do not allow an accu-
rate determination of the limits for the proton pumping with respect to
the value of the gradient. Therefore, apart from the energy profile for
half the maximum gradient, in which case it seems to be quite certain
to conclude that four protons per oxygen molecule can be pumped
without significantly decreasing the rate of the reaction, as discussed
above, a second limiting case is also shown in Fig. 4. In this case it is as-
sumed that at full gradient only two protons per oxygen molecule are
pumped, to prevent that the reaction becomes too slow, as discussed
in the following paragraph.

The dashed orange curve in Fig. 4, constructed as described above,
has exactly the same characteristics as the full orange curve at a gradient
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of 100 mV discussed in the paragraph above. This means that the rate
for the proton transfer steps are only determined locally, and the only
barrier affected by a previous endergonic step is the O— O bond cleavage
barrier, which again becomes 14.7 kcal/mol, and it is thus lower than
the proton transfer barriers which are assumed to be 16.0 kcal/mol at
this gradient. An important aspect is that the proton pumping can be
specifically uncoupled only in the two least exergonic steps at higher
values of the gradient. To increase the proton leakage equally in all
reduction steps would not be as efficient. It is shown in the next
Section (3.2) how this type of redox dependent uncoupling of proton
pumping could occur. It should also be noted that when the gradient in-
creases, the barriers for the allowed reaction steps that involve both
chemistry and proton pumping increase, making the differences be-
tween these barriers and the barriers that control the gating smaller,
and thereby the gating becomes less efficient.

The analysis above is made using the simple assumption that the
computed relative energies for the reduction steps are realistic and
that each reduction step can be described by a simplified rate limiting
barrier of 13 kcal/mol (with no gradient). It should be noted though,
that there might be a limit for how small the exergonicity can be to
allow a reasonable pumping mechanism. In fact, for the pumping mech-
anism described in the next Section (3.2), an exergonicity of about
5 kcal/mol is needed for the entire reduction step. Otherwise the rate
of the reduction step would be slowed down further because of internal
endergonic steps within the reduction step, see further next section.
This might indicate that the calculated energy profile, with an
exergonicity of only 1.3 kcal/mol for the E to R step, has a somewhat
too small exergonicity for this step to allow proton pumping at the
expected rate. The missing energy, 3-4 kcal/mol, is certainly within
the error bars of the calculated reduction potentials/pK,-values. The un-
certainties connected with the description of the release of the newly
formed water molecules are also worth mentioning.

In summary, based on quantum chemical calculations, using the
most accurate methodology available for this kind of system, and
some experimental information concerning rates of observed reaction
steps, a free energy profile, including proton transfer barriers, for the en-
tire catalytic cycle of CcO has been constructed. The calculated relative
energies of the reaction intermediates agree with experimental indica-
tions that two of the reduction steps, O to E and E to R, are significantly
less exergonic than the first two reduction steps after the O— 0 bond
cleavage. It is shown that the energy profile can be compatible with pro-
ton pumping in all four reduction steps with a gradient across the mem-
brane present, at least up to half the maximum gradient. It is also shown
that for a gradient close to the maximum value, the energy profile is still
compatible with the pumping of two protons per oxygen molecule, with
the uncoupling of proton pumping occurring specifically only in the two
least exergonic steps, but it is not compatible with proton pumping in all
four reduction steps at full gradient.

3.2. The proton pumping mechanism of cytochrome c oxidase: the presence
of two proton channels enables redox dependent leakage

An important requirement for a pump mechanism is that the de-
scription of the elementary reaction steps of proton transfer is connect-
ed to an energy diagram showing how the barrier heights at different
stages of the reaction govern the protons to move in the right direction
[7,29,30]. In this section the previously constructed pumping diagram is
developed further to include the observed differences between the dif-
ferent reduction steps. An essential ingredient in the basic pumping
mechanism discussed here, is the assumption that the uptake of the
pump-proton to the PLS drives the actual reduction and protonation
of the BNC. The simplest way to obtain an uncoupling of the proton
pumping under certain circumstances is then to allow the PLS proton
to leak, either back to the N-side of the membrane or into the BNC, rath-
er than being pumped to the P-side. With two proton channels one can
have different mechanisms for proton transfer to the BNC. It is shown

here that the different amino acid compositions of the D- and the
K-channels makes it natural to assume that the barrier heights for pro-
ton transfer to the BNC in the two channels have a different dependence
both on the redox properties of the BNC, and on the presence of an elec-
trochemical gradient across the membrane. From the new diagrams
constructed here it is possible to understand why the two proton chan-
nels are needed. It is also possible to suggest a mechanism for a redox
dependent proton leakage.

The first realistic energy profile for one reduction step including not
only the actually occurring steps, but also the non-allowed steps not
leading to proton pumping, was constructed in 2007 [29]. It was based
on the results from a kinetic experiment on a single reduction step in
CcO (O to E) [28]. Similar diagrams have also been published in
[11,17,53,54]. These pumping diagrams correspond to the situation
with no gradient present, and they are constructed using a combination
of experimental results and general principles for how a gating of pro-
tons can be achieved. To construct the diagrams, an important piece of
experimental information used is that the allowed reactions occur on
a ms time-scale. This means that, without gradient, the barriers for the
proton transfer steps should not be higher than approximately
13 kcal/mol. Furthermore, to obtain a gating situation for the proton
motion, the leakage pathways should be on the order of 100 times
slower (without gradient), which means that the non-allowed reaction
paths, not leading to proton pumping, should have barriers at least
2-3 kcal/mol higher than the allowed reaction path for chemistry and
proton pumping. One important conclusion that could be drawn from
the pumping diagrams was that the transition state for the initial uptake
of the pump-protons to the PLS should be positively charged, to prevent
back leakage of the protons to the N-side when the chemistry is
completed [11,30,38]. Such a positively charged transition state could
be obtained by an immediate reprotonation of the glutamic acid
(Glu286) assumed to be essential for proton transfer in the D-channel
[11,30,38]. However, even if the energy profile constructed was based
on experiments on a particular reduction step, it was used as a generic
diagram considered valid for any reduction step, since it was fitted to
an average overall exergonicity. An important limitation to the previous
diagram is that there is no part in the diagram that depends on the spe-
cific redox properties of the BNC. Furthermore, it does not take into ac-
count the experimental observation that two different proton channels
are involved in the proton uptake to the BNC.

In the present study, the previously suggested energy diagram for
one reduction step [11,17,29] is developed further to include the varia-
tion in redox properties of the BNC for different reduction steps as best
known at present from experiments and computations. The general re-
sults from the kinetic experiment [28] and the most important interpre-
tations of those results are still used. The general type of pumping
mechanism is kept from the previous suggestions [11,17,29]. Thus, like
the previously published pumping diagram, also the new diagrams con-
structed here are mainly based on experimental knowledge (the allowed
reaction paths) with only a few theoretically motivated assumptions. An
interesting observation is that the reduction steps with a low driving
force are the ones that use the K-channel for the proton uptake to the
BNC, while those with a large driving force use the D-channel. It is sug-
gested here that two types of pumping diagrams are needed, differing
in the overall exergonicity, and also in the parts that involve the actual
electron and proton transfer to the BNC. Two different cases are therefore
considered. The first one has a large driving force for the entire reduction
step, set to 15 kcal/mol, see Fig. 5, which should qualitatively correspond
to the two first reduction steps after the O— O bond cleavage, in which
the D-channel is used for proton uptake to the BNC. The second diagram
has a smaller driving force, set to 6 kcal/mol, see Fig. 6, which should cor-
respond to the reduction step O to E for which the kinetic experiment
was done [28], and for which the K-channel is used for proton uptake
to the BNC. Using these two pumping diagrams, it is possible to suggest
a mechanism that explains why the D-channel cannot be used for proton
uptake to the BNC in all reduction steps. It is also shown that the use of
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Fig. 5. Energy diagram (without gradient), assuming a 15 kcal/mol driving force, corresponding to the P to O reduction steps in CcO, showing both allowed (black) and non-allowed (red)
pathways. The step numbers 1-5 are described in Fig. 1. The states labeled I to VI are described in the text. The transition states TSg, TSp and TSy are indicated in Fig. 1.

two proton channels with different mechanisms for proton transfer to
the BNC enables a redox dependent proton leakage from the pump load-
ing site, PLS, to the BNC at a high gradient. This result was used in the pre-
vious section, where it was shown that an efficient energy conservation
can be obtained, if proton leakage occurs only in the reduction steps with
weak exergonicity.
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To introduce the new features in the proton pumping mechanism,
the main properties of the previously published mechanism and the
procedure for construction of the energy profile need to be summarized.
The first step in the reaction, electron transfer from Cu, to heme a, step 1
in Fig. 1, from [ to Il in Figs. 5 and 6, is the same in all cases and the bar-
rier, 11 kcal/mol, is taken from the kinetic experiment [28]. The electron
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Fig. 6. Energy diagram (without gradient), assuming a 6 kcal/mol driving force, corresponding to the O to E reduction step in CcO, showing both allowed (black) and non-allowed (red)
pathways. The step numbers 1-5 are described in Fig. 1. The states labeled I to VI are described in the text. The transition states TSg, TSp, TSx and TSy are indicated in Fig. 1.
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on heme a triggers the uptake of a proton from the N-side, via the tran-
sition state TS¢_, (TSg in Fig. 1) to the pump loading site (PLS), and also
this step, step 2 in Fig. 1, from Il to III, is the same in all reduction steps.
An important result from the kinetic experiment was that the barrier for
this proton uptake is quite high, here set to 12 kcal/mol, which corre-
sponds rather closely to the observed rate. The most important gating
situation at this point is labeled A in the diagrams (Fig. 5 and 6) and con-
cerns the competing uptake of the proton from the P-side, which is
prevented by the high barrier at 16 kcal/mol via the transition state
TSp_» (TSp in Fig. 1). The height of this barrier, 16 kcal/mol in both
diagrams, is obtained from the reverse of step 5 in Fig. 1, from VI to V
in Figs. 5 and 6. The proton uptake to the PLS is set to be exergonic,
since this state was observed in the experiment on the O to E reduction
step, and the value is chosen to be —2 kcal/mol. This value is also deter-
mined by a later gating situation.

The next step, electron transfer from heme a to the BNC, step 3 in
Fig. 1, from Il to 1V, is followed by the proton transfer from the N-side
to the BNC, step 4 in Fig. 1, from IV to V. Clearly, the energetics of
these two steps, electron and proton transfer to the BNC must depend
on the redox properties of the specific acceptors in the BNC, and this is
where the two diagrams in Fig. 5 and Fig. 6 become different from
each other. In the O to E and E to R transitions the electron transfer to
the BNC is assumed to be fast, with a barrier of 5 kcal/mol taken from
the kinetic experiment [28]. In these two cases the electron goes from
Fe(II) on heme a to either Fe(III) or Cu(Il) in the BNC without much re-
arrangements needed. In the Py, to F and F to O transitions, where the
electron goes to the tyrosyl radical or to the ferryl group, the electron
transfer barrier is expected to be higher, either because the involvement
of a high energy state, or because of structural rearrangements in the
BNC involving proton transfer. In the reduction steps with a high reduc-
tion potential, shown in Fig. 5, the electron and proton transfer steps
together should be exergonic by 10 kcal/mol to give an overall
exergonicity of 15 kcal/mol of the entire reduction step. To achieve
this, the electron transfer is set to be exergonic by 3 kcal/mol, and the
proton transfer to BNC by 7 kcal/mol. In the less exergonic reduction
steps, Fig. 6, the electron transfer is set to be thermoneutral, which is
in agreement with the kinetic experiment performed for the O to E
transition. The proton transfer should be only weakly exergonic, and is
set to 1 kcal/mol. This large difference in exergonicity of steps 3 and 4,
corresponding to the actual reduction of the BN, is also likely to lead
to different barrier heights for proton transfer to BNC, such that the
more exergonic step will have a lower barrier, here set to 10 kcal/mol,
than the less exergonic step, here with a barrier set to 12 kcal/mol.
The latter value is close to the result obtained in the kinetic experiment
[28]. The gating situation for these steps, labeled C, presents a new pos-
sibility to differentiate between the reduction steps. This step and its
barriers will be discussed below.

Before discussing the uptake of the BNC proton, the energy profile for
the full reduction step will be completed. The last reaction step in the di-
agram describes the expulsion of the proton from the PLS, via transition
state TSp_s, to the P-side, step 5 in Fig. 1, from V to VI, due to the repulsion
from the BNC proton. This step should be the same in all reduction steps,
with a barrier that should thus be 13 kcal/mol. With the exergonicity set
to 3 kcal/mol for this step, the reverse barrier for leakage from the P-side
becomes the required 16 kcal/mol, which is used in gating situation A
discussed above. In this last step, V to VI, the gating situation labeled D
corresponds to preventing the proton in the PLS to leak back to the
N-side, via transition state TS¢_s, instead of being pumped to the P-side
via transition state TSp_s. This is where the positive character of transition
state TS¢ plays its role. Transition state TS_; (Fig. 5 and 6) for the uptake
of the proton to the PLS from the N-side has to be low enough to allow
this reaction rather than the one taking the proton from the P-side.
With a positive charge, the transition state is stabilized by the electron
on heme a, compare Fig. 1, during the step 2, from II to III [11,30].
On the other hand, in gating situation D, there is no uncompensated
negative charge in or near the BNC. Therefore, the positively charged

transition state TS¢_s remains high, and prevents back leakage of the
proton to the N-side. The pK, in both PLS and TS¢_s is raised when the
negative charge in heme a is quenched. It is here assumed that the dis-
tance between transition state TS; and heme a is slightly smaller than
the distance between the PLS and heme a, which means that the transi-
tion state is slightly more affected by the negative charge than the PLS.
The back leakage barrier TS¢_s should therefore be 15 kcal/mol, slightly
higher than the reverse barrier from III to II via TSg_,. This barrier of
15 kcal/mol should be more or less enough to prevent leakage. Proton
pumping to the P-side via the 13 kcal/mol high TSp_s barrier should
therefore be the promoted reaction.

The discussion above is essentially a summary of previous sugges-
tions for the pumping mechanism in CcO, apart from the details of the
proton uptake from the N-side to the BNC, which will be developed fur-
ther here. For the first two reduction steps after the O— O bond cleavage,
it is known from experiments that the chemical proton (going to the
BNC) is taken up via the D-channel [32,33]. The transition state TSg_4
has commonly been suggested to involve a glutamic acid, Glu286,
known to be protonated at physiological pH. The protonation of the
BNC is suggested to be initiated by a deprotonation of Glu286, with
the proton moving towards the negative charge in the BNC [30,55].
Clearly, when the proton transfer to the BNC is involved in a strongly ex-
ergonic reaction step, as the one shown in Fig. 5, the TS¢_4 barrier will be
low and this reaction step will be fast. When the proton transfer to the
BNC is involved in a more or less thermoneutral reaction step, on the
other hand, this barrier will be higher. It is here suggested that it will
be too high for the protons to be transferred through the D-channel,
which is in accord with the experimental observations that in the O to
R reduction steps, the BNC proton is rather taken up via the K-
channel. It is here suggested that for the reduction steps with the low
exergonicity, the barrier for proton transfer in the K-channel (with a
transition state labeled TSy, see Fig. 1), is lower than the barrier in the
D-channel. The difference in character between the two transition states
arises from the lack of an acidic residue inside the K-channel. Thus, due
to the difference in character between the transition state TS;_4 in the
D-channel and the transition state TSk_4 in the K-channel, the barrier
for proton transfer in the K-channel is less dependent on the redox
properties of the BNC than the barrier in the D-channel. Therefore, in
the reduction step with high exergonicity, the TS¢_4 is lower than the
TSk_4, and the D-channel is used, Fig. 5, while in the reduction steps
with low exergonicity, the TSk_4 is lower than the TS;_4, and the K-
channel is used, Fig. 6, in accordance with experimental observations
[32-34]. It should be noted that TS¢_, for proton transfer to the PLS is
expected to have a different character than TS;_4 for proton transfer to
the BNC, see further refs. [11,30,38].

The gating situation labeled C in Fig. 5 and 6 corresponds to
preventing the pump-proton in the PLS to go to the BNC when the
electron has arrived there, making sure that the proton is taken from
the N-side. The fact that the desired proton uptake from the N-side oc-
curs in different channels in different reduction steps also opens up the
possibility for the gating situation to be different. One obvious pathway
for leakage of the pump-proton to the BNC would be to go via transition
state TSg_4, i.e. the same transition state as for the proton coming to the
PLS from the N-side. Since the proton in the PLS has a higher pK, value
than the protons on the N-side, the barrier from the PLS will be higher
than the barrier from the N-side, which will prevent leakage and ensure
that the BNC proton is not taken from the PLS but from the N-side and
proton pumping occurs. This gating barrier is not shown in the energy
diagrams in Figs. 5 and 6. However, the discussion in the previous
Section (3.1) shows that it would be interesting to investigate if an effi-
cient energy conservation can be obtained, if the PLS protons are
allowed to leak into the BNC at high gradient, but only for the reduction
steps with low exergonicity. Therefore, it is here suggested that there
might exist another proton leakage path from the PLS to the BNC with
a transition state labeled TSy, see Fig. 1, and which has a barrier tuned
to prevent all proton leakage at low gradient and to allow leakage in
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some cases at high gradient. In the diagrams in Figs. 5 and 6 this barrier
is set to 14 kcal/mol which should prevent leakage in all reduction steps
without gradient across the membrane. It is suggested that the transi-
tion state TSy_4 is less affected by the increasing gradient than the tran-
sition state TSk_4, Which could be due both to their different positions in
the membrane and to a difference in character. In this way, at a high gra-
dient TSx_4 could be lower than TSk_4, and the protons could start to leak
from the PLS to the BNC in the reduction steps with low exergonicity. At
the same time, the transition state for proton uptake in the D-channel,
TSc_4, used for the two reduction steps with high exergonicity, is signif-
icantly lower than the TSx_4. Therefore, this transition state will stay
lower than TSx_4 also for a high gradient, and there will be no proton
leakage from the PLS to the BNC for these reduction steps.

As mentioned above, the pump diagrams discussed here correspond
to the situation with no gradient present, and they are constructed
using a combination of experimental results and general principles for
how a gating of protons can be achieved. To prevent leakage of the pro-
tons requires high gating barriers, which in turn requires fairly high bar-
riers for the allowed reactions, which is also in agreement with
experimental rate determinations. Another consequence is that certain
elementary steps must be exergonic by a few kcal/mol to obtain a large
enough difference between the barriers for allowed and non-allowed
reactions, which in two cases here are determined by the reverse barrier
of an allowed forward reaction step (TSg_» — TSg_s and TSp_s —
TSp_,). With the present assumptions for acceptable leakage rates
(less than 1%) an exergonicity of at least 5 kcal/mol for the entire reduc-
tion step is required. With a smaller exergonicity and the same assump-
tions for the local barrier heights, endergonic elementary reaction steps
would occur, which would increase the barrier for the forward reaction,
and thereby further decrease the rate of the reduction step. Further-
more, the inclusion of a gradient in the energy diagrams probably
leads to additional constraints.

In summary, it is suggested that not only the thermodynamics, but
also the barrier for proton uptake to the BNC depends on the redox
properties for the specific acceptors in the BNC, and the barriers will
therefore be different in both height and character in the different re-
duction steps. This can explain why the proton uptake to the BNC has
to occur via the two channels, the D- and the K-channel, which have
different chemical properties due to different amino acid composition.
Furthermore, by introducing a new proton leakage path between the
PLS and the BNG, it is also possible to explain how proton leakage at
high gradient can be directed to occur only for the reduction steps
with low exergonicity.

3.3. The varying stoichiometry of proton pumping in different families of
cytochrome c oxidase

As discussed in the introduction, it has been found that it is mainly
CcO from the A-family that pumps one proton per electron in the reduc-
tion process. The other families seem to have a lower stoichiometry in
the proton pumping, even if the situation for one example of the
C-family is somewhat unclear with different experimental results for
different species [2,56-58]. At least for the B-family, it seems to be
established that the stoichiometry is two protons pumped per catalytic
cycle, i.e. 0.5 protons per electron [2]. As was also mentioned in the
introduction, it has been suggested that this stoichiometry is reached
by taking up the proton to the PLS in one reduction step and expelling
it in the next reduction step [35]. With the assumptions made in the
present study concerning the uneven distribution of the free energy re-
leased, this type of arrangement would be surprising, since it means that
only one proton is pumped in the two very exergonic steps, and the
other proton is pumped in the two steps which are only weakly exer-
gonic. Furthermore, it is quite difficult to imagine how this kind of
pumping scheme could work, and no mechanism has been suggested.
Another difference between the oxidase families is that the A-family
has two proton channels, labeled D and K, as discussed above, while

the other families have only one, which usually is described as a
K-channel analog. It has been suggested that the existence of only one
proton channel is the reason for the lower pumping stoichiometry [2],
but the question is how and why.

The redox dependent mechanism for leakage of protons from the PLS
to the BNC at higher gradients, discussed in the previous section, actually
presents an appealing possibility to explain how the reduced proton
pumping in the B-family may be achieved. First, it should be realized
that it might be better to describe the single proton channel in the
B-family as a D-channel analog. This notation would be based on its func-
tionality, rather than its location. Functionality here refers not only to the
fact that the majority of the protons in the A-family are transferred via
the D-channel, but also to mechanistic properties. The D-channel in the
A-family has an important glutamic acid that is expected to play a role
as initial proton donor, in particular for the proton transfer to the BNC.
This residue is essential and conserved, except for a subclass of the
A-family, where it is replaced by a tyrosine-serine motif (tyr-ser) that ap-
parently can play the same role. The K-channel in the A-family has none
of these residues (glu or tyr-ser), and therefore uses a different mecha-
nism for the proton transfer. The single proton channel in the B-family,
on the other hand, has the tyr-ser motif present, and it is therefore
here suggested that the single proton channel in the B-family oxidases
works in a way similar to the D-channel in the A-family. The results for
the proton pumping mechanism in the A-family discussed above can
therefore be applied to the B-family oxidases, considering that the only
channel present corresponds to the D-channel.

Basically, one of the key results for the pumping mechanism
discussed in the previous section for A-family oxidases, is that a possible
role of the K-channel is to make proton pumping in the two least exer-
gonic reduction steps possible, i.e. to increase the pumping stoichiome-
try from two to four protons pumped per oxygen molecule reduced.
Thus, it is natural that without a correspondence to the K-channel in
the B-family, there will be only two protons pumped per cycle. The
key clue is the redox dependent barrier for proton transfer to the BNC
suggested for the glu-dependent mechanism in the D-channel, which
is here also suggested to be present for the corresponding tyr-ser mech-
anism in the B-family. For the first two reduction steps after the O-0
bond cleavage, the proton transfer to the BNC is quite exergonic, and
the barrier labeled TS;_4 in Fig. 5 is thereby quite low. The situation
depicted in this figure should be valid for the first two reduction steps
after the O—0 bond cleavage in the B-family. However, for the other
two reduction steps, proton transfer to the BNC is much less exergonic
and the barrier is therefore higher. In the A-family there is the option
to instead take up the protons via the K-channel, but for the B-family
there is no such option. Instead, since the barrier for uptake of protons
from the N-side is higher, the suggested leakage path via TSy_4 might
be used, taking the protons from the PLS, and no protons would be
pumped in these two steps. Thus, the two weakly exergonic reduction
steps should be described by a modification of the diagram in Fig. 6,
where the TS_4 barrier is replaced by the TS;_4 barrier, which in this
case is higher than the leakage barrier TSx_4. In summary, the decreased
proton pumping in the B-family would thus be caused by leakage of the
protons from the PLS to the BNC in the least exergonic reduction steps.

It should be noted that the discussion in Section 3.1 above showed
that it should be possible for the A-family CcO to pump four protons,
even with the low exergonicity in two of the reduction steps. Clearly
this means that the suggestion that the B-family pumps only one proton
in the two strongly exergonic reduction steps and the second one in the
two reduction steps with very low exergonicity cannot be dismissed for
energetic reasons. But such an arrangement would probably require that
pumping of the second proton stops at higher gradients, resulting in only
one proton pumped per oxygen molecule. With the scenario suggested
here, most likely, two protons can be pumped also at maximum gradient.
It should also be noted that the changes of the metal cofactors between
different CcO families might affect the details in the energy diagrams,
which is not taken into account in the present discussion.
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4. Conclusions

Different questions connected to proton pumping in cytochrome ¢
oxidase are investigated in the present study using free energy profiles
for the processes under examination. The reduction of molecular oxy-
gen in cytochrome c oxidases, taking the electrons from cytochrome c,
is exergonic by 51 kcal/mol, as obtained from experimental reduction
potentials. Experimental reduction potentials also indicate that this
free energy is quite unevenly distributed over the reduction steps,
with a very low exergonicity in two of the four reduction steps. Still, it
has been shown experimentally that in A-family cytochrome oxidases
all four reduction steps are coupled to proton pumping. Therefore, it
has been speculated that part of the free energy must be stored from
the more exergonic reduction steps, to allow proton pumping in the
less exergonic ones. To shed light on this apparent dilemma, free energy
profiles for the entire catalytic cycle have been constructed, based on a
combination of quantum chemical calculations (density functional the-
ory) and experimental information. Since it is important to take into ac-
count both thermodynamic and kinetic aspects, estimated barriers for
proton (and electron) transfer are included. By varying the amount of
electrochemical gradient present, different profiles are obtained. From
these energy profiles it can be concluded that, at least up to half the
maximum gradient, it should be possible to pump one proton per
electron, without substantial decrease in reaction rate, even with the
low driving force in two of the reduction steps.

Several aspects of the proton pumping mechanism in cytochrome
oxidase are still under debate. It is here argued that the only way to
fully support a suggested mechanism is to provide energy profiles for
the individual proton and electron transfer steps, showing that the
allowed reaction steps involving both chemistry and proton pumping
have lower barriers than reaction steps corresponding to proton leak-
age. In the present study a previously suggested mechanism for proton
pumping in cytochrome oxidase is developed further to include redox
dependent reaction energies and barriers. Therefore, two different ener-
gy profiles for an entire reduction step are constructed, one correspond-
ing to the strongly exergonic reduction steps, experimentally known to
use the D-channel for proton uptake to the BNC, and one corresponding
to the weakly exergonic reduction steps, known to use the K-channel.
These energy profiles are based on experimental information, electro-
static interactions and general principles for how proton pumping
could occur. All important gating situations are considered. Important
aspects of these energy profiles are that they suggest an explanation
for the use of two proton channels in the A-family, and that they
make it possible to suggest how a redox dependent proton leakage
might occur at high gradient. The D- and the K-channels have different
characters, in terms of types of amino acid compositions. This makes the
properties of the rate limiting transition states for proton transfer to the
BNC different for the two channels. The barrier in the D-channel is ex-
pected to become too high when there is a low driving force, and there-
fore the K-channel, with a transition state that depends less on the
driving force, is used in those reduction steps. The already high barrier
in the K-channel, on the other hand, will be more sensitive to an in-
crease of the gradient than the low barriers in the D-channel, and there-
fore proton leakage at high gradient can occur exclusively in the
reduction steps with low driving force.

Using the results for the A-family oxidases discussed above, it is also
possible to suggest a new mechanism for the variation in proton
pumping stoichiometry between the different subfamilies. It is sug-
gested that the lower pumping stoichiometry observed for the
B-family (and possibly also for the C-family) might be accomplished
by uncoupling proton pumping in the weakly exergonic reduction
steps, which in turn occurs by leakage of protons from the pump loading
site to the BNC in these steps.

Finally it is noted that further studies are in progress, including
attempts to evaluate the accuracy of the calculated relative reduction
energies. Since the calculation of relative energies involving different

oxidation states of the metals might not be accurately described by den-
sity functional theory, bench mark calculations are now in progress on
smaller model complexes where also ab initio calculations can be per-
formed. In this context, also a more detailed investigation of different
possibilities for the form of each intermediate is undertaken.
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