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Experiments have shown that the A-family cytochrome c oxidases pump four protons per oxygen molecule, also
at a high electrochemical gradient. This has been considered a puzzle, since two of the reduction potentials
involved, Cu(Il) and Fe(III), were estimated from experiments to be too low to afford proton pumping at a
high gradient. The present quantum mechanical study (using hybrid density functional theory) suggests a solu-
tion to this puzzle. First, the calculations show that the charge compensated Cu(Il) potential for Cug is actually
much higher than estimated from experiment, of the same order as the reduction potentials for the tyrosyl radical
and the ferryl group, which are also involved in the catalytic cycle. The reason for the discrepancy between theory
and experiment is the very large uncertainty in the experimental observations used to estimate the equilibrium
potentials, mainly caused by the lack of methods for direct determination of reduced Cug. Second, the calculations
show that a high energy metastable state, labeled Ey, is involved during catalytic turnover. The E state mixes
the low reduction potential of Fe(Ill) in heme a; with another, higher potential, here suggested to be that of
the tyrosyl radical, resulting in enough exergonicity to allow proton pumping at a high gradient. In contrast,
the corresponding metastable oxidized state, Oy, is not significantly higher in energy than the resting state, O.
Finally, to secure the involvement of the high energy Ey state it is suggested that only one proton is taken up
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via the K-channel during catalytic turnover.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Cytochrome c oxidase (CcO), the terminal enzyme in the respiratory
chain, is located in the inner mitochondrial or bacterial membrane. It
uses electrons from cytochrome c to reduce molecular oxygen to
water in an exergonic process. The electron donor, cytochrome c, is
located on the P-side of the membrane (intermembrane space or
periplasm), and the protons for water formation are taken from the
opposite side of the membrane, the N-side (matrix or cytoplasm).
Thus, the chemistry corresponds to a charge translocation across the
membrane, which is referred to as an electrogenic reaction. Further-
more, the chemistry is coupled to the translocation of protons across
the entire membrane, from the N-side to the P-side, referred to as
proton pumping. Both the electrogenic chemistry and the proton
pumping contribute to the buildup of an electrochemical gradient
across the membrane, resulting in efficient conservation of the free
energy. Experimental information shows that in the A-family CcOs,
one proton is pumped per electron, giving the overall reaction:

0, + 8Hy, + 4ep, —»2H,0 + 4H;. (1)
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Both the electrogenic chemistry and the proton pumping corre-
spond to moving charges against the electrochemical gradient, which
means that there has to be specific mechanisms for gating the protons
to move in the right direction. Many aspects of such mechanisms for
proton pumping still remain to be explained. One remaining difficulty
is to understand how the free energy released in reaction (1) is distrib-
uted over the catalytic cycle, so that all four reduction steps actually can
be coupled to proton pumping also with a substantial electrochemical
gradient present. The latter problem is a main target for the present
study.

In Fig. 1 an overview of the electron and proton flow in A-family
CcOs is given. The chemistry occurs in the binuclear active site, the
BNC, consisting of a high-spin heme a; group and a mono-nuclear
copper complex, Cug. The Cug complex has three histidine ligands, one
of which is cross-linked to a tyrosine residue, which is considered to
be redox active. The electrons are transferred from cytochrome c to
the BNC via two other metal cofactors, a dinuclear copper complex,
Cuy, and a low-spin heme a. The protons are taken up from the N-side
of the membrane via two proton channels, the D-channel and the K-
channel. All pumped protons, and at least two of the protons for the
chemistry use the D-channel, and at least one proton for the chemistry
uses the K-channel. In Fig. 2 the general view of the catalytic cycle of CcO
is depicted. Starting from the resting state, referred to as the oxidized
state and labeled O, two electrons have to be taken up before molecular


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbabio.2014.12.005&domain=pdf
http://dx.doi.org/10.1016/j.bbabio.2014.12.005
mailto:mb@organ.su.se
http://dx.doi.org/10.1016/j.bbabio.2014.12.005
http://www.sciencedirect.com/science/journal/00052728
www.elsevier.com/locate/bbabio

M.RA. Blomberg, P.E.M. Siegbahn / Biochimica et Biophysica Acta 1847 (2015) 364-376 365

cytc c H* H* H P-side

y

H+

L

<o

H* N-side H*

AV

Fig. 1. Overview of electron and proton transfer in CcO (A-family).

oxygen can enter and bind to the reduced state R. Oxygen binds revers-
ibly to the ferrous heme as, yielding the observed intermediate labeled
A. The cleavage of the O— 0 bond gives intermediate Py, with a tyrosyl
radical. After two more reduction steps the reaction is back to interme-
diate O.

With cytochrome c as the electron donor, reaction (1) becomes
exergonic by 51 kcal/mol (2.2 V) [1]. With a maximum gradient of
200 mV [1], there is in principle enough energy to pump four protons
per oxygen molecule also when the gradient is at its maximum, still
resulting in an exergonicity of 0.6 V (13.8 kcal/mol). However, the
four reduction steps, described in Fig. 2, are not equivalent, which
means that the free energy is not evenly distributed over the catalytic
cycle. In fact, experimental information on equilibrium reduction poten-
tials, indicate that the two reduction steps from O to R should be only
slightly exergonic already without the gradient, since the two reduction
potentials involved (Cu(Il) and Fe(IIl)) seem to be only slightly larger
than that of the electron donor cytochrome c [1-4]. These two reduction
steps would be endergonic with the gradient present, since both the
electrogenic chemistry and the proton pumping make the reduction
steps more endergonic when the gradient is present. This means that
the rate limiting proton transfer barriers, and/or the O- O bond cleavage
barrier would become too high for a reasonable reaction rate. Depend-
ing on which of the experimental values for the reduction potentials
are considered, the rate would be on the order of hours or even days
when the gradient is approaching its maximum value. Thus two sets
of experimental data are seemingly incompatible, the observation that
the A-family CcOs actually pump four protons with a substantial gradi-
ent present [5,6], and the observation that the reduction potentials in
two of the reduction steps seem to be too low to allow high gradient
proton pumping [3,4]. To solve this problem it has been suggested
that there exist two different states for the oxidized intermediate O
(and possibly also for the one electron reduced intermediate E), one
referred to as the activated state, which appears immediately after the
reaction with molecular oxygen, and with a limited life time, and anoth-
er one referred to as the resting state, which is lower in energy than the
activated state, and which is formed from the activated state if the flow
of electrons is stopped. The activated state, labeled Oy, has thus been
suggested to have a higher reduction potential than the resting state,

0, and it has also been suggested that, in contrast to state Oy, the O
state does not pump protons [7,8]. So far, however, it has not been
possible to establish any differences in reduction potentials or spectro-
scopic properties between the two states [3].

To understand the mechanisms for proton pumping and energy
conservation in CcO it would be useful to know more details about the
intermediates in the catalytic cycle. In this context quantum chemistry
can contribute by calculating relative energies, electronic and geometric
structures of possible intermediates. In particular, the experimental
value for the reduction potential of Cu(Il) in CcO is quite uncertain,
since there is no direct way to determine this value. Therefore, quantum
chemistry may be used to improve the information about the problem-
atic reduction potentials mentioned above. However, calculations on
this type of complicated reactions are very challenging, and it is not pos-
sible to rely only on the calculations to obtain accurate information. The
results from quantum chemical calculations need to be combined with
some of the experimental information available. The main difficulty is
that absolute reduction potentials cannot be determined accurately
from calculations, and therefore experimental reduction potentials are
used to obtain the overall exergonicity of the O, reduction in CcO,
while hybrid density functional theory (B3LYP) is used to obtain relative
energies of the reduction steps. This procedure has been used in several
previous quantum chemical studies on CcO and other systems [9-14]. In
particular, the same approach was successfully used to solve the mech-
anism for water oxidation in PSII [15]. Further details about the proce-
dures used to connect the results from the calculations with
experimental information are given in Appendix A.

In the present study, the results from quantum chemical calculations
are used to obtain a detailed picture of O, reduction in the A-family
CcOs. One of the main conclusions is that the charge compensated
reduction potential for Cu(ll) is significantly larger than concluded
from the indirect equilibrium measurements, and it is suggested that
the new result is compatible with the uncertainty of the experimental
observations. Furthermore, for the O and E intermediates, possible
structures are suggested for both the so called activated, metastable
states involved in catalytic turnover, and the resting states involved in
the equilibrium experiments. The directly calculated free energy profile
for the catalytic cycle corresponds to the situation without any gradient
present. The energetic effects on the energy profile from a gradient cor-
responding to about 85% of the maximum value (i.e. 170 mV) is added
to the calculated relative energies to estimate the energetics with a
significant gradient present. The results show that the reduction mech-
anism suggested, based on new structures for all intermediates in the
entire catalytic cycle, gives rise to a free energy profile which is compat-
ible with proton pumping in all four reduction steps also when a sub-
stantial electrochemical gradient is present. Thus the results presented
suggest a solution to the puzzle discussed above for the seemingly
incompatible experimental information.

2. Results and discussion

A model of the BNC is built on the basis of a recent crystal struc-
ture [16], see Fig. 3 and Appendix A. As further discussed in the appen-
dix the model is chosen to represent the intrinsic reaction energies for
the O, reduction reaction in cytochrome oxidase. It should be stressed
that long-range effects do not significantly modify the relative energies
of this reaction, which are the only values that matter here. Using this
model all steps in the catalytic cycle of oxygen reduction were studied,
including an explicit description of both electron and proton transfer
states in each reduction step. Several structures and states of each inter-
mediate were characterized, and in Fig. 4 the structures suggested to be
part of the catalytic cycle during turnover are summarized. The most
interesting aspect of this reaction scheme is that it yields an energy
profile compatible with proton pumping in all four reduction steps,
also with a substantial gradient, indicating, among other things, that
the Cu(lIl) potential is significantly higher than previously estimated
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Fig. 2. General view of the catalytic cycle of CcO, starting from the oxidized state 0. The notation Hj corresponds to pumped protons.

on the basis of experiment. Other interesting observations for the reac-
tion mechanism described in Fig. 4 are that the tyrosyl radical appears in
several, rather unexpected, steps, and that the electronic structure
obtained when an electron is added, changes when the corresponding
proton enters the BNC.

The results are discussed in three subsections below. In the first
subsection the details of the reaction scheme are presented, together
with the energetics of the catalytic cycle without gradient. In the second
subsection reduction potentials for the different steps are discussed, and
possible differences between activated and resting states of the O and E
intermediates are presented. The connection between the calculated
results and the experiments performed to determine the equilibrium
reduction potentials is also discussed. In the third subsection the effects
of the gradient on the energy profile are discussed, and the possibility
for proton pumping at high gradient is evaluated.

The model of the BNC used in the calculations, the quantum chemi-
cal methods, and the procedure used to connect the calculated relative
energies to experimental data are described in Appendix A at the end.
Optimized structures for all intermediates discussed below are shown
in Supplementary data.

2.1. Reaction mechanism of O, reduction

On the basis of the calculations, a reaction mechanism for O, reduc-
tion during catalytic turnover in the A-family CcOs is suggested, as
shown in Fig. 4. Chemical aspects of this mechanism are discussed
below, while some more technical aspects concerning the different
intermediates are discussed in Section A.1 in Appendix A. A free energy
profile for one catalytic cycle is constructed using a combination of com-
putational and experimental data, see Fig. 5. A few comments need to be
made about this energy profile. First, as mentioned above, the overall
energy is adjusted to fit the experimental value of 51 kcal/mol, which
means that every second energy level, corresponding to the four reduc-
tion steps is fixed from the calculations. The details of this procedure is
described in Section A.3 in Appendix A. To simplify the picture in Fig. 5,
the intermediates involving the uptake of the protons to be pumped are
not included, and also the barriers connected with the motion of the
pumped protons are excluded. Since the energy profile corresponds to
the situation without gradient, there is no cost for the proton pumping,
and the thermodynamics is therefore not affected. However, there are
significant barriers connected with transfer of the pumped protons,
which means that the rate limiting barriers, present in each reduction
steps, are missing in this energy profile. Furthermore, the barriers for
electron and proton transfer to the BNC are assumed not to be rate lim-
iting for the reduction process, and they are therefore just indicated
(and not calculated). The subindex on the protons in the figure, D or
K, indicates which of the two proton channels is suggested to be used
in each particular step (compare Fig. 1). No proton transfer barriers
are calculated using the present model, all estimates are based on
experimental information.

The mechanism of the catalytic reaction in the BNC is most easily
described by starting with the reduced state R and the binding of molec-
ular oxygen. In R the ferrous iron is in a high-spin state, copper is
reduced, and the two water molecules just formed are weakly coordi-
nated to the metals. A small cost is involved in removing the waters to
make space for the oxygen molecule. The energy level of the high spin
Fe(II) state is shifted to make the binding of the O, molecule agree
with experiments that indicate that this process is, at most, only weakly

exergonic [17]. In the next step, the O— O bond is cleaved forming inter-
mediate Py, in which all four electrons have been transferred from the
BNC to oxygen. This step is calculated to be exergonic by 3.2 kcal/mol,
and the barrier of 12.4 kcal/mol for the O— 0 bond cleavage shown in
Fig. 5 is taken from experiment [18]. (The calculated barrier using the
present model is somewhat higher, 17.1 kcal/mol). In Py, the BNC is
thus in its most oxidized state with Fe(IV), Cu(Il) and a tyrosyl radical.
There is not much choice in geometrical or electronic structure for this
state. The ferryl iron is low-spin, ferromagnetically coupled to the oxo
ion. The rest of the catalytic cycle consists of the four reduction steps,
each composed of an electron and a proton transfer to the active site,
and the pumping of one proton across the entire membrane. The latter
part of the reaction is not included in the discussion in this section.

The first reduction step after the O-0 bond cleavage, including
uptake of both the electron and the proton, leads to formation of inter-
mediate F, and it is found to be exergonic by 18.6 kcal/mol, see Fig. 5.
When only the electron is added, it goes to the tyrosyl radical, giving
state Pg. The present computational approach makes this electron trans-
fer step only slightly exergonic, and the large exergonicity is obtained
first when the proton is added. It is found to be significantly more favor-
able to put the proton on the OH-group in the BNC than on the
tyrosinate, thus giving a water molecule in the BNC. Furthermore,
with a water molecule coordinated to copper, it is more favorable for
the electron to move from tyrosinate to copper, resulting in Cu(I) and
a tyrosyl radical (TyrO"— Cu(I)-OH, plus Fe(IV)=O0) for the F intermedi-
ate, as shown in Fig. 4.

The next reduction step is initiated by electron transfer to iron
forming a high-spin ferric hydroxyl group. To make this electron trans-
fer possible, it is necessary to start with a water molecule in the BNC,
such that a proton can be internally transferred to the iron coordinated
oxygen during the electron transfer. This internal proton transfer leaves
a hydroxyl group on copper, which in turn triggers an internal electron
transfer from copper to the tyrosyl radical, giving the structure for Fy as
shown in Fig. 4. This rather complicated step of electron transfer to the
active site is slightly endergonic with the computational approach used.
This result should be in accordance with the experimental observation
that a positive charge in the K-channel (protonated lysine) is needed
to make electron transfer to the BNC occur [19], i.e. to make it exergonic.
Since the stabilizing effect of this positively charged lysine on the elec-
tron in the active site is not included in the present model, it is reason-
able that this electron transfer step is slightly endergonic. Similar to the
previous reduction step, when the corresponding proton enters the
BNC to complete the reduction step, the hydroxyl group on copper is
transformed into a water molecule. This triggers electron transfer
from the tyrosinate to copper, giving Cu(l) and a tyrosyl radical
(TyrO"— Cu(I)-OH; plus Fe(IlI)OH) in the Oy intermediate. It is sug-
gested that this structure for the intermediate is involved in the catalytic
cycle during turnover, which means that it should correspond to the so
called activated state, and therefore the label Oy is used. A closely related
structure is obtained by moving the hydrogen bonding proton from
the copper water ligand to the iron hydroxyl ligand (see Fig. S2),
resulting in a water molecule coordinating to iron (Fe(Ill)-OH,). The
barrier for such proton motion should be low, and since the structure
with a water ligand on iron is somewhat higher in energy than the
one with a hydroxyl ligand in the present model, the Fe(Ill)-OH, type
of structure is not further discussed. A distinctly different structure for
the oxidized intermediate is obtained if the tyrosinate is protonated
instead of the OH-group in the BNC, but in the calculations this tyrosine
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Fig. 3. Model of the BNC, built on the X-ray structure of the oxidized CcO [16] (PDB:
2GSM). The atoms with pink circles are fixed to the X-ray coordinates in the geometry
optimizations.

state (TyrOH-Cu(II)OH) is a few kcal/mol higher in energy than the one
with a tyrosyl radical. Possible alternative states of intermediate O will
be further discussed in Section 2.2 below. The entire reduction step as
depicted in Fig. 4 is found to be exergonic by 13.1 kcal/mol. The two
reduction steps just described are often referred to as the oxidative
part of the catalytic cycle, while the next two steps are referred to as
the reductive part.

The first step in the reductive part of the catalytic cycle, is electron
transfer to the tyrosyl radical in the Oy state. This step is slightly exer-
gonic, just as for the Py, to Pk transition. With this structure for the Og
state, see Fig. 4, there are two possibilities for the incoming proton. It
can either go to the tyrosinate and form tyrosine, which actually gives
the lowest energy in this case. However, this low energy state must be
considered as a trap, which will be further discussed below in
Section 2.2. Instead, the second alternative, with the proton going to
the hydroxyl group on iron is here considered to be the one involved
in the catalytic turnover, and therefore the one depicted in Fig. 4 with
the label Ey. Now, similar to the copper case above, when the hydroxyl
group on Fe(Ill) is transformed into a water molecule, it is found to be
more favorable for the electron to move from tyrosinate to iron, to
form high-spin Fe(II)-OH; and a tyrosyl radical, which is the way the
Ey intermediate is depicted in Fig. 4. The electronic structure of the Ey
state is further discussed in Section 2.2 below. The entire reduction
step is exergonic by 8.1 kcal/mol, which includes the lowering of the
Fe(Il) state as mentioned above in connection with formation of inter-
mediate A. An important aspect of this suggested structure for the Ey
state is that it implies that the proton uptake in this reduction step
must occur via the D-channel during catalytic turnover, since if the pro-
ton comes via the K-channel the tyrosine trap cannot be avoided. It is
therefore assumed that the barrier in the K-channel, at least at this
stage of the reaction, is higher than the barrier in the D-channel. It is
also required that any barrier for proton transfer from the BNC to the
tyrosine is too high for the proton to be transferred this way within
the time-span of this reduction step. Preliminary calculations on a larger
model indicate high enough barriers to avoid such proton transfer. The
assumption about the proton uptake via the D-channel in this reduction
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Fig. 4. Suggested reaction scheme for the catalytic cycle of CcO during turnover. The nota-
tion TyrO’ represents a tyrosyl radical.

step is in accordance with the observation that this reduction step actu-
ally does occur in mutants missing the essential lysine in the K-channel
[20].

In the final reduction step, both the electron and the proton go to the
tyrosyl radical, and the reduced state R is reformed. As indicated in
Fig. 5, it is suggested that this proton is taken up via the K-channel,
which is natural since the K-channel ends at the tyrosine residue. It is
also suggested that at this point of the reaction, the barrier for moving
a proton via the D-channel is quite high. The difference between this re-
duction step and the three previous ones is that in this case there is no
site inside the BNC itself with a high affinity for a proton. The entire re-
duction step is found to be exergonic by 7.0 kcal/mol, but the electron
transfer step is endergonic by a few kcal/mol, which might be surprising
since it could be expected to be quite similar to two of the previous re-
duction steps where the electron transfer occurs to the tyrosyl radical
slightly exergonically. The explanation for the lower calculated electron
affinity in this step is that a TyrO™-Fe(lII) electronic structure is actually
already slightly mixing with the main TyrO’-Fe(II) structure in the reac-
tant Ey state, which will be further discussed in Section 2.2 below. Thus,
itis suggested that this electron transfer is endergonic, and that the pro-
ton transfer in the K-channel must occur more or less concerted with
the electron transfer. This would be in agreement with the experimental
observation on K-channel mutants, that the final reduction cannot occur
without the lysine in the K-channel [20].
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A few comments should be made about the reaction mechanism
presented and discussed above. First, the appearance of the tyrosyl rad-
ical in several reduction steps is different from previous suggestions.
This result may not be of energetic importance, since if two positions
for the electron, e.g. the copper ion and the tyrosine ring, have similar
energies, the electron may be in one position or the other, or even
delocalized over the two parts with the same energy. However, it
seems quite reasonable that the reduction potential of copper increases
when a proton is added, forming water from the previous hydroxyl li-
gand on copper, and that the electron therefore moves from the
tyrosinate to the copper ion, e.g. in the P to F step. As will be discussed
in the next section, there are also other factors that affect the copper po-
tential in certain intermediates. Furthermore, the reaction scheme in
Fig. 4 implies that, considering the products of the full reduction step
with both electron and proton transfer, the reduction of the different
parts of the active site does not occur in the order generally assumed,
shown in Fig. 2. On the other hand, if the states labeled X, i.e. the re-
duced states before the proton has arrived (right column in Fig. 4), are
compared to each other, it is found that in this series the reductions ac-
tually occur in the expected order. Starting with state Pk, where the
electron has just annihilated the tyrosyl radical to give a tyrosinate,
the next reduction occurs at iron, going from Fe(IV) to Fe(IIl) to give
Fr. The next electron gives Cu(I) in O and finally Fe(II) is formed in
Er. The possibility to observe the X states depends on the barriers for
the following proton transfer steps, which might also involve the
pumped protons. A crucial component of the mechanism suggested in
Fig. 4 is that only a single proton, the second proton in the reductive
part of the cycle, is taken up via the K-channel, since as mentioned
above, proton uptake via this channel for the first step in the reductive
part, would lead to an energy trap. This conclusion is in agreement
with the experimental observations that at least one of the protons is
taken up via the K-channel in the reductive part of the catalytic cycle,
but it rules out interpretations of experimental data claiming that two
protons are transferred via the K-channel during catalytic turnover.

Perhaps the most striking result presented in this section is the ener-
getics of the catalytic cycle. As shown in the energy profile in Fig. 5 the
two reduction steps in the reductive part of the cycle, O to E and E to
R, are exergonic by as much as 7-8 kcal/mol. This is substantially
more than the very small value (less than one kcal/mol) obtained
from the experimental equilibrium reduction potentials [3], but still
less than the 13-19 kcal/mol obtained for the two reduction steps in
the oxidative part. This result indicates that the reduction potentials

for the intermediates involved in the reaction mechanism described
above are substantially larger than those suggested by the equilibrium
measurements. This in turn raises two questions. First, if the states in-
volved in the reaction mechanism described above correspond to the
suggested Oy and Ey states, what are the structures of the correspond-
ing resting states, O and E, and what are the reduction potentials of
the different states? Second, is the energy profile presented in Fig. 5
compatible with the high level of proton pumping at a high gradient
as obtained in certain experiments? These two questions are discussed
in the two following subsections.

2.2. Reduction potentials and different structures of the O and the E
intermediates

As mentioned in the introduction, experimental information on the
equilibrium reduction potentials in the reductive part of the catalytic
cycle (O to E and E to R) indicates that these potentials are too low to
afford proton pumping. Still, proton pumping is observed for these re-
duction steps, and therefore it has been speculated that the intermedi-
ates for these reduction steps also exist as metastable, so called
activated states, with higher reduction potentials. As will be further
discussed in the next section, the calculated energy profile in Fig. 5
gives a different picture with regard to proton pumping than that ex-
pected from the experimental reduction potentials. Therefore, the re-
sults from the previous section are discussed below in terms of
corresponding reduction potentials for the intermediates involved.
Comparisons to experimental data show that the calculated reduction
potentials agree quite well with experimentally determined reduction
potentials, except for the case of Cu(ll), which is the most uncertain of
the experimental results. It is suggested below that the calculated
value for Cu(II), which is significantly higher than the values deduced
from experimental observations, may be compatible with the uncer-
tainties in the experimental measurements. Possible alternative states
for the intermediates are also presented and discussed.

The reaction scheme in Fig. 4 shows that each reduction step, includ-
ing both the electron uptake and the proton uptake, corresponds to the
formation of a new O— H bond. Thus the strength of the O- H bond gives
a measure of the relative reduction potential involved in each reduction
step. These reduction potentials involve the chemistry taking place in
the active site of CcO, in contrast to reduction potentials determined
for single ions in solution and for many other protein cofactors. As fur-
ther described in Appendix A, the procedure used here to adjust the
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calculated energetics to the experimental overall exergonicity for one
catalytic cycle, corresponds to setting a value for the combined cost of
an electron from cytochrome c and a proton from bulk, which at the
computational level used in the present study gives a value of 67.8
kcal/mol. The difference between the calculated O-H bond strength
and the cost of the electron and the proton (67.8 kcal/mol) gives the
exergonicity of the reduction step, as shown in Fig. 5. From this energy
difference, and the reference value of 0.25 V for the electron donor cyto-
chrome c, the calculated O—H bonds can be transformed into reduction
potentials (or midpoint potentials), listed in Table 1 in the order they
appear in the scheme in Fig. 4. All reduction potentials mentioned
here include both electron transfer and proton uptake, denoted charge
compensated reduction potentials. For comparison, the BNC model is
separated into two complexes, a heme complex and a copper complex
(including the cross-linked tyrosine), see Fig. S1, and the corresponding
O-H bond strengths are calculated using these two models. The
resulting O-H bond strengths can be transformed to reduction poten-
tials using the same reference values as for the BNC model, and the
values obtained are listed in the last column in Table 1. The values calcu-
lated in this way for the separated complexes should reflect the inher-
ent reduction potentials for the different cofactors in the chemical
form relevant for the CcO active site. The corresponding values for the
combined BNC model shows how these inherent reduction potentials
are modulated by the immediate surrounding in the active site, i.e. by
the interaction between the two parts of the BNC model, such as hydro-
gen bonding and charge transfer. Clearly, the reduction potentials can
be further modulated by the surrounding protein not included in the
present BNC model, but these effects are expected to be small for
these charge compensated reduction potentials. The relative reduction
potentials reported should be considered as reference values for the
CcO active site, expected to give a qualitatively correct picture, but
they are not claimed to be of high quantitative accuracy for the working
enzyme. For comparison experimentally reported reduction potentials
for the different reduction steps are summarized in Table 2.

In some steps in the catalytic cycle there is a choice of which reduc-
tion process should occur. Different reduction processes in a particular
step will lead to different energetics for the O—H bonds and thus to dif-
ferent midpoint potentials, due to differences in hydrogen bonding and
state mixing. The values given in parenthesis in Table 1 give these
ranges of possible results. These choices are essentially connected to
in which step the tyrosine is reformed, i.e. at what stage the tyrosine
proton is allowed to enter and consolidate the reduction of tyrosine. Ty-
rosine formation can occur already in the F intermediate, but this struc-
ture (TyrOH- Cu(II)OH) is much less stable than the TyrO*-Cu(I)-OH,
structure suggested in Fig. 4 for the F intermediate, and it should not
be of further interest. Also for the oxidized state (labeled O or Oy) the
calculations give a lower energy for the tyrosyl radical structure
(TyrO’-Cu(I)-OH,) than for the tyrosine structure (TyrOH-Cu(II)OH),
but in this case the calculated energy difference between the two struc-
tures is smaller. In the one electron reduced intermediate (labeled E or
Ey), on the other hand, the tyrosine structure (TyrOH-Fe(IlI)OH) turns
out to be significantly more stable than the tyrosyl radical structure
(TyrO™-Fe(Il)-OH,;), suggested to be involved in the reaction scheme
above. These results suggest that the most plausible alternative

Table 1

structures for the two intermediates O and E, apart from the ones
given in Fig. 4, are the ones with a tyrosine rather than a tyrosyl radical.
Using the calculated energetics for these different states, an energy pro-
file for only the reductive part of the catalytic cycle is constructed in
Fig. 6. From this energy profile several interesting conclusions can be
made.

For the oxidized intermediate (labeled O or Oy) the calculations give
a somewhat higher energy for the TyrOH-Cu(II)OH state than for the
TyrO™-Cu(I)-OH, state. An important difference between these two
states is that the electron affinity (electron uptake without charge com-
pensation) is very low for the TyrOH-Cu(II)OH state, while it is signifi-
cantly larger for the TyrO’-Cu(I)-OH, state. In the TyrO™-Cu(I)-OH,
state, the added electron goes to the tyrosyl radical, which has a high
electron affinity. In the TyrOH-Cu(II)OH state the electron goes to
Cu(I1)OH, which has a low electron affinity when there is no “extra” pro-
ton available in the BNC that can lead to formation of a water ligand on
copper. It is suggested that reduction of the O state will have to start
with a proton transfer from the tyrosine to the BNC itself, which is de-
noted as H § in Fig. 6, forming the Oy, state. Based on these differences
in properties it is suggested that the experimentally observed resting
state, labeled O has the TyrOH-Cu(II)OH structure, as depicted in
Fig. 6, and the activated Oy state has the TyrO-Cu(I)-OH, structure,
and is involved in enzyme turnover as suggested in the reaction scheme
above. Clearly, if a resting state different than the one involved in the
catalytic cycle at all appears, which is indicated by experiment, it should
be lower in energy than the activated state, which is in contrast to the
calculations. However, the calculated energies for the two states are
close enough to make it possible that the order is reversed in the actual
enzyme under equilibrium conditions. Most importantly, the calcula-
tions show that it is highly unlikely that the O state is much lower in en-
ergy than the activated Oy state. This result is in contrast to the previous
experimental suggestion that state O should be significantly lower in
energy than the activated state [7,8], as indicated in Fig. 6 (Oeyp in
red). It is also quite unlikely that there is any other structure of the O in-
termediate with lower energy, at least not with the same number of
protons as in the structures considered here. It should be noted that a
high energy Oy state obtained by moving the water molecule to a less
optimal position within the active site, as suggested on the basis of
quantum chemical calculations [21], is highly unlikely to be involved
during turnover. The main reason is that moving a water molecule with-
in the active site is not expected to give a high enough barrier to prevent
relaxation into the structure with the lower energy during catalytic
turnover.

The present results for the O and Oy states mean that from a thermo-
dynamic point of view it does not make a difference which one is
formed. For the catalytic turnover the barrier between the states is not
important, since no energy is lost by forming the O state, and since re-
duction of the O state has to occur via the Oy state. However, to explain
certain experimental observations [7,8] the barrier has to be high
enough to give the Oy state a long enough life-time. At the same time
the barrier must not be too high, to agree with other experimental ob-
servations [3]. In fact, the latter experimental data, indicating great sim-
ilarities between the O and the Oy states [3], suggests that this barrier is
of the same order as the rate limiting proton transfer barriers not shown

Calculated reduction potentials (in V) using the O—H bond strengths, 67.8 kcal/mol as the cost for an electron and a proton, and 0.25 V for the electron donor cytochrome c as reference.
Results are shown both for the BNC model, and for two models obtained by separating the heme and the copper complexes (see Fig. S1).

Transition in BNC Reduction process BNC model® Separate heme or Cu-TyrOH model
0,— Ey Fe(IlI)OH + H— Fe(Il)-OH," 0.60 (0.37-0.60) 0.48
E,— R TyrO" + H— TyrOH 0.55 (0.55-0.77) 0.86
Py— F Cu(II)OH + H— Cu(I)-OH, 1.06 (0.95-1.06) 0.64
F— Oy Fe(IV)=0 + H— Fe(IIl)OH 0.82 0.72

2 The main values given for the BNC model are the ones corresponding to the mechanism discussed in the previous section. The values in parenthesis give the range of values obtained
for each particular reduction occurring in any possible step of the catalytic cycle (see further in the text).
b All values involving Fe(1l) include a correction of 7.6 kcal/mol as described in Section A.1 in Appendix A.
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Table 2
Experimentally reported reduction potentials for the four reduction steps.

Transition in BNC Reduction process

0-E Cu(Il)— Cu(l) 0.28-0.35°
E—R Fe(1ll)— Fe(ll) 0.29-0.35°
Py— F Tyr'— Tyr 0.82-1.20°
F— 0 Fe(IV)— Fe(Ill) 0.76-1.05"
2 See ref. [2,3].
b See ref. [2,4].

in the energy profile in Fig. 6. Indeed, it is quite likely that the rather
complicated proton motion between the two states, implied above,
leads to a fairly high barrier, that very well might be of the same order
as the rate limiting barriers for the pump protons.

Finally, from experiment it is known that the resting oxidized state is
EPR silent, which has been suggested to be due to a strong exchange
coupling between high-spin Fe(IlI) and the Cu(II) in the BNC [3,22].
The present calculations give essentially no energy difference between
ferro- and antiferromagnetic coupling between the two metal ions,
which indicates that the resting O state rather may have a low-spin
iron. Upon reduction, iron would change to high-spin in the Ok state,
which is formed via the high-spin Oy state as described above.

Similar to the oxidized intermediate, the one electron reduced inter-
mediate with tyrosine, TyrOH-Fe(III)OH, shown in Fig. 6, is suggested to
correspond to the E state, while the metastable, activated Ey state
involved in the reaction mechanism shown in Fig. 4, is TyrO™-Fe(II)-
OH.. In contrast to the oxidized intermediate, for the one electron
reduced intermediate, the E state is significantly lower in energy than
the Ey state, indicating that the E state has a higher charge compensat-
ed reduction potential than the E state. It was argued above, that the low
lying E state must be avoided during catalytic turnover. One reason for
this is that it is too stable, leaving very little energy for the last reduction
step. Another reason is the very low electron affinity (electron uptake
without charge compensation) in the BNC, again due to the lower
number of protons in the actual BNC (as discussed above in connection
with the O state) resulting in a too high barrier for the next reduction
step. Compared to the Ej state, the rate limiting barriers will be higher
by the energy difference between the E and the Ejy states, since, to
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make it possible for the electron to enter, the proton has to be trans-
ferred from tyrosine to the actual BNC, forming the Ejy state, similar to
what was described above for the oxidized intermediate.

To summarize, the calculations give plausible structures for two
alternative states for the oxidized and the one electron reduced inter-
mediates, where the resting state has a reduced and protonated
tyrosine, and the metastable, activated state has a tyrosyl radical. An
important difference to the suggestions based on experiment, though,
is that for the oxidized intermediate the O state does not have much
higher energy than the O state. Instead it is only the E state that has a
very low energy, significantly lower than the metastable Ey state. To
explore this difference, the energy profile for the reductive part of the
catalytic cycle is simplified, showing only the resting states, expected
to appear in equilibrium experiments, see Fig. 7. In this figure, each
reduction step is shown as one step with a combined barrier for the
electron and proton transfer. The heights of the barriers are only
sketched, since these profiles will mainly be related to equilibrium
measurements, which are assumed to be performed during long enough
time to surmount all barriers that might be involved. The black profile in
Fig. 7 is based on the calculated energy profiles in Fig. 6, focusing on the
resting states O and E, which both have a protonated tyrosine. As
discussed above, there is an uncertainty of a few kcal/mol for the
position of the O state, and similarly for the E state. Regardless of
these uncertainties, the calculated energy profile gives a very clear
picture, with the E state significantly lower than the O state, and with
the R state rather close in energy to the E state. The red profile in
Fig. 7 is deduced from the experimental measurements, interpreted to
give reduction potentials only slightly larger than that of the electron
donor cytochrome c [3], which suggests that both reduction steps are
exergonic by less than 1 kcal/mol. In this figure the O states are placed
at the same energy level for the theoretical and the experimental pro-
files. Comparing the O to E transition between these two profiles,
shows that the main difference is that the calculations give a large re-
duction potential for Cu(Il) (on the order of 1V, including both electron
and proton uptake), while based on experiment a very low value
(0.28 V) is suggested. On the other hand, for the reduction potential of
Fe(IIl) the calculations give a similar picture as experiment, since in
both cases the E to R transition has a low exergonicity, indicating a
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reduction potential for Fe(IIl) only slightly larger than for the donor
cytochrome c.

Thus the main difference between the theoretical and the experi-
mental results is that theory suggests a much higher reduction potential
for copper. This raises the question if the results of the equilibrium
measurements may be interpreted in a different way, in particular
since the experimentally deduced reduction potential for Cu(lIl) is
quite uncertain. In the experiment, anaerobically oxidized CcO was
reduced with two equivalents of ferrocytochrome c. After equilibrium
had been reached the optical spectrum was analyzed to determine the
amount of different states present [3]. The results showed that there
was a mixture of states, and that there was still reduced cytochrome ¢
present (as well as reduced Cuy and heme a). Clearly, if the R state
was significantly lower than both the other states, only this state with
all cofactors reduced, plus oxidized cytochrome ¢ would be observed.
Therefore, the experimental result shows that at least the second reduc-
tion step is not significantly exergonic. Based on the calculated black
profile in Fig. 7, the expected outcome of this type of equilibrium mea-
surement can be proposed. The E and R states have similar energy,
and therefore, the product after equilibrium is a mixture of these two
states. Since state E is only one electron reduced there is still reduced cy-
tochrome c present at equilibrium, in agreement with the experimental
observation. Furthermore, since Cup is reduced in both E and R, all Cup
should be reduced, and since heme as is reduced in R but not in E,
heme as is only partially reduced. Thus, the calculated black energy pro-
file in Fig. 7 would indeed give rise to a distribution of the electrons over
the different cofactors, which may be compatible with the experimental
observations, depending on the exact proportions of the experimental
distribution, and on the uncertainty in the experimental procedure to
determine these proportions. Clearly, the estimated amount of reduced
Cug in the experiment is quite uncertain, since it cannot be measured
directly, but depends on the sum of estimated amounts of three other
reduced cofactors, including Cuga, which in itself is quite uncertain.
Counting backwards, the reduction potentials given in the paper [3],
would correspond to an estimated amount of 88% reduced Cup in the
experiment, not very far from the 100% deduced from the calculated
energy profile. In fact, due to the exponential form of the Boltzmann
distribution, which determines the relation between the amount of
reduced cofactor and the corresponding reduction potential, rather
small uncertainties in the observed amounts of reduced cofactors lead
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Fig. 7. Estimated free energy profile for the resting states in the reductive part of the
catalytic cycle of CcO, comparing calculated and experimental results. The black curve is
obtained from the present calculations as described in the text. The red curve is obtained
using the experimentally deduced reduction potentials for Cug and heme a; [3]. The blue
notation 2e.y, represents two equivalents ferrocytochrome c used in the equilibrium
experiments [3].

to very large uncertainties in the corresponding reduction potentials.
It is therefore concluded that the calculated reduction potentials may
very well be compatible with the experimental observations, as well
as those suggested in Ref. [3]. In particular, in combination with the
proton pumping observations, it should be possible to conclude that
the energy profile obtained here from the calculations most likely is
closer to the truth than the red profile in Fig. 7.

Thus, the calculations show that the reduction potential of Cug
seems to be significantly larger than previously estimated on the basis
of experiment, which explains why proton pumping can occur in at
least one of the two reduction steps considered to be problematic. The
exact value of the Cug potential is determined by several factors. Already
for the separate copper complex, the calculated reduction potential of
0.64 V (see Table 1) is larger than the values suggested for CcO by
experiments, 0.28-0.35 V [2,3] (see Table 2). The presently calculated
reduction potential involves the chemistry of water formation, which
makes it different from many other copper protein cofactors. It should
also be remembered that the reduction potential for Cu(II) is known
to vary substantially in proteins, e.g. for the blue copper proteins values
between 0.3 and 0.8 V are found [23]. As shown in Table 1 the Cu(II)
potential increases even further in the combined BNC model, to 0.95-
1.06 V, depending on the stage in which the reduction occurs. The calcu-
lated potential for the actual O to E transition in Fig. 7 is 0.95 V, and the
increase compared to the isolated copper complex is partly due to an in-
crease in the binding energy of the water molecule just formed, which
has a strong hydrogen bond to the hydroxyl group on iron. It is also
due to a direct interaction between the two parts of the BNC, which re-
sults in a short distance between copper and the hydroxyl group on iron
in E, see Fig. S7.

On the other hand, the calculations indicate that the Fe(III) reduction
potential actually has a low value, as expected from experiment. There-
fore another important feature of the reaction mechanism described in
Fig. 4 may explain the observed proton pumping in the second problem-
atic reduction step, namely the presence of an alternative to the very
low lying state E, the metastable state Ej,. It turns out that the appear-
ance of the tyrosyl radical in several intermediates plays an important
role, in particular in the two metastable states Oy and Ey. The energetic
position of the Ey state, not too low, but also not too high, makes it pos-
sible to distribute the free energy more equally over the two reduction
steps in the reductive part of the catalytic cycle. The Oy to Ey transition
is mainly described as a reduction of Fe(IlI)OH to Fe(Il)-OH,. However,
the electronic structure of the Ey state, as reflected in the spin popula-
tion (see Fig. S3), reveals that it is not a pure Fe(Il) state, but there is a
slight involvement of an Fe(III) state, which is obtained by a partial elec-
tron transfer from iron to the tyrosyl radical. Thus the Ejy state can be
viewed as a mixture of two electronic structures: TyrO'-Fe(II)-OH,
(main) and TyrO~-Fe(Ill)-OH, (minor). This mixture of electronic
states is necessary for an optimal energy level of this state, and it is
made possible by the presence of the tyrosyl radical in the main config-
uration. The involvement of the Fe(IlI) state is also reflected in the stron-
ger binding of the water molecules in the Ey state as compared to both
the Eg and the R states, which have to be pure Fe(II) states since there is
no tyrosyl radical present that can accept some electron transfer from
iron. The Oy to Ey (TyrO’-Fe(Il)-OH,) transition, where the main reduc-
tion process is Fe(III)OH to Fe(II)-OH,, has a calculated exergonicity of
8.1 kcal/mol, see Fig. 6. If the same reduction occurs in the E to R
(TyrOH-Fe(Il)-OH,) transition, it has a much smaller calculated
exergonicity (less than 3 kcal/mol). This difference is, thus, due to a
slight mixing with tyrosyl reduction in the first case, which is possible
due to the presence of the tyrosyl radical. If these reduction energies
are transformed into midpoint potentials (including proton uptake),
see Table 1, the pure Fe(IlI)OH to Fe(Il)-OH, reduction in the E to R
transition gives a value of 0.37 V. This value is slightly smaller than
the value of 0.48 V for the separated heme complex, which is caused
by a stabilization of the Fe(Ill)OH reactant in the BNC, due to the inter-
action between the copper ion and the hydroxyl oxygen. The BNC value
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of 0.37 V is also close to the experimentally expected range in CcO of
0.29-0.35V [2,3] (see Table 2). On the other hand, the Oy to Ey transi-
tion corresponds to the larger midpoint potential of 0.60 V, due to
some mixing with the larger tyrosyl reduction potential. A consequence
of the mechanism suggested here is clearly that the reduction of the
tyrosyl radical actually occurs in the reductive part of the catalytic
cycle. The midpoint potential for tyrosyl reduction obtained from the
Ey to R transition is quite low, 0.55 V, which is partly due to the mixing
with the smaller Fe(III) reduction potential from the previous step as
just discussed. Table 1 shows that there is also a small decrease in the
tyrosyl midpoint potential going from the separated copper-tyrosine
complex (0.86 V) to the BNC model (0.55-0.77 V). This decrease of
the tyrosyl potential in the BNC seems to be caused by a stabilization
of the tyrosyl radical reactant by the hydrogen bonding to the farnesyl
group, which causes a slight electron transfer to the tyrosyl radical, as
indicated by the spin populations.

Finally, to ensure the involvement of the metastable E state during
catalytic turnover, there must be a mechanism to avoid the low energy
trap, the E state, which means that the proton must be prevented by
high enough barriers from reaching the tyrosinate. Obviously, if the pro-
ton is transferred in the K-channel, protonation of the tyrosinate cannot
be avoided. It is therefore suggested here, that the barrier in the K-
channel, at least at this point of the reaction, is higher than the barrier
in the D-channel, such that the proton uptake in the first reduction
step in the reductive part of the catalytic cycle occurs via the D-
channel, see further above. Thus, it is suggested that only a single proton
is taken up via the K-channel under catalytic turnover, which is in con-
trast to the interpretation of some experimental information suggesting
that two protons are taken up to the BNC via the K-channel. Further-
more, a proton may not be allowed to move from the water molecules
in the BNC to the tyrosinate after the E state has been formed, which
would also lead to the low energy E state. Preliminary calculations
using a larger model indicate that the barrier for such a proton motion
is indeed quite high at this point in the catalytic cycle. One reason for
a high barrier at this stage is that there is a quite large energy cost for
the rearrangement required at the iron center, going from high spin
Fe(II) with loosely coordinated water molecules, to an Fe(III)OH state.
Thus, an important conclusion from the present study is that to avoid
the low energy E state for the one electron reduced intermediate,
there has to be a high barrier in the K-channel at this point.

A few words should also be said about the reduction potentials in the
oxidative part of the catalytic cycle. As already discussed, the calcula-
tions give a quite large reduction potential for the Cu(II)OH to Cu(I)-
OH, reduction, 0.64 V for the separate copper complex, which increases
to 0.95-1.06 V in the BNC model, see Table 1. A large part of the expla-
nation for this increase is that the water molecule formed in this reduc-
tion step has a larger binding energy in the BNC as compared to the
separate copper complex. The largest midpoint potential of 1.06 V for
the copper reduction is actually obtained for the Py, to F transition,
where the water molecule forms a stronger hydrogen bond to the
ferryl-oxo group than the reactant hydroxyl group. The spin populations
indicate that the electrons in the Fe(IV)=0 double bond are shifted
towards the oxygen due to the interaction with the positive charge of
the water proton (see Figs. S5-S6). There is also a contribution to the
high copper reduction potential from direct interaction between the
positively charged Cu(I)-ion and the Fe(IV)=0 complex, resulting in a
short Cu- O distance in the reduced product. As shown in Fig. 4, in the
mechanism suggested by the calculations the copper reduction actually
occurs as the first step after the O— O bond cleavage, i.e. in the Py, to F
transition. In the next step, the F to O transition, or rather the F to Oy,
Fe(IV)==0 is reduced to Fe(IlI)OH. The calculated midpoint potential
(including both electron and proton uptake) for this reduction is slightly
larger in the BNC model, 0.82 V, as compared to 0.72 V in the separate
heme complex. The increase is caused by an interaction between the
copper ion and the hydroxyl group in the Oy product, resulting in a rath-
er short distance between copper and the hydroxyl oxygen (see Fig. S2).

Interestingly, these calculated midpoint potentials of 1.06 V and 0.82 V
for the first two reduction steps after O, cleavage agree well with the
corresponding experimental values, 0.82-1.20 V, and 0.76-1.05 V,
respectively [2,4] (see Table 2).

2.3. Proton pumping at high electrochemical gradient

In contrast to the expectations based on experimental reduction
potentials, the calculated energy profile discussed in the previous sections
shows that all four reduction steps in the catalytic cycle of A-family CcOs
are exergonic. However, the exergonicities in the reductive part of the
cycle are smaller than those in the oxidative part, 7-8 kcal/mol per reduc-
tion step, as compared to 13-19 kcal/mol in the oxidative part. When the
gradient increases the exergonicity decreases in all reduction steps, due to
charge motion against the gradient. It can therefore still be questioned if
the calculated energetics are compatible with full proton pumping also
at a high gradient. In the present section, the requirements for proton
pumping at high gradient are discussed.

The energy profile presented in the Section 2.1 above can be used as
a starting point, but to discuss the energetic requirements for proton
pumping in the different parts of the catalytic cycle the rate limiting
proton transfer barriers have to be included. This means that the energy
profile has to be simplified in some other aspects. The black curve in
Fig. 8 shows the calculated energy profile discussed above, but with
each reduction step shown as a single step, including both electron
and proton transfer. All barriers, including now also the pumped
protons, in each reduction step are condensed into a single barrier for
the entire reduction step. The height of these rate limiting barriers is
estimated from experimental data, and they are put to 13 kcal/mol, cor-
responding to rates on the millisecond time scale, see Section A.3 in
Appendix A. Furthermore, the orange curve in Fig. 8 describes the
situation when the electrochemical gradient has reached 85% of the
maximum value. Since both the electrogenic chemistry and the proton
pumping correspond to moving charges against the gradient, all these
elementary steps contribute to making the reaction less exergonic. It
is also expected that the charge transfer barriers increase somewhat
with the gradient present, which is also included in the orange energy
profile. Se Section A.3 in Appendix A for details.

In most experiments investigating proton pumping a situation with-
out any significant gradient is considered. Without gradient there is no
cost for the proton pumping, which means that even endergonic indi-
vidual reduction steps could be coupled to proton pumping, as long as
there is a driving force from subsequent exergonic reduction steps.
However, recent interpretations of the experimental data on ATP
production in mitochondria indicate that, also at a significant gradient
the pumping stoichiometry is fairly high [5,6]. The gradient value of
170 mV (85% of the maximum value 200 mV) in Fig. 8 was chosen to
possibly represent this experimental situation. Interestingly, the orange
curve in the figure shows that all reduction steps but one (the Ey to R
transition) are still exergonic with this gradient present. Furthermore,
the one exception (the Ey to R transition) is followed by exergonic
steps not affected by the gradient (O, binding and cleavage). Altogether,
this means that there is no endergonicity added to the rate determining
barriers in any reduction step, and the reaction rate is still determined
by the local barrier heights. Thus full proton pumping would not slow
down the reaction at this gradient more than from the direct effect on
the proton transfer barriers. However, it must be noted that when the
gradient increases the difference in barrier height decreases between
the reaction paths leading to proton pumping and those leading to leak-
age, which means that the proton pumping must become less efficient.

3. Comment on the reliability of the computational results and
comparison to previously published results

As noted already in the introduction, the present type of computa-
tional investigation is very challenging, and many conclusions drawn
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in this study are not based solely on the computational results, but
rather on a combination of calculated and experimental results. Clearly,
this raises the question whether one could use the computational
results to draw also different conclusions. Therefore this section is
used to try to evaluate and explain the reliability in the results used to
draw the various conclusions. As will be shown, the properties that
are most difficult to calculate are connected to the heme-iron. In partic-
ular, comparisons to high accuracy calculations (coupled cluster
(CCSD(T))) [24-26] have shown that lower spin states for iron are too
stable relative to higher spin states in B3LYP™ (and B3LYP) calculations
on small porphyrin models. As described above, the calculated reduc-
tion potentials listed in Table 1 are obtained by adjusting the overall
reaction energy for one catalytic cycle to the value obtained from exper-
imental reduction potentials of the donor and the acceptor, while the
relative reduction potentials are independent of this adjustment to
experiment. Thus, the relative values are obtained directly from the
calculations, and therefore they are used in the discussion below.

The most important conclusion in the present study, that Cup has a
fairly high charge compensated reduction potential (electron plus
proton), is a result that emerges directly from the calculations, and
which turns out to be quite stable to both models and methods. A
rough conclusion from Table 1 is that the Cu(Il) potential is of a similar
magnitude as the potentials of the tyrosyl radical and the ferryl group.
Already for the separate copper complex, the Cu(Il) potential is only
about 0.2 V smaller than that for the tyrosyl radical. Going to the BNC
model, the Cu(Il) potential increases by 0.3-0.4 V from hydrogen bond-
ing and direct interaction with the iron complex, while the tyrosyl
potential decreases slightly, with the result that the Cu(Il) potential is
even larger than the tyrosyl potential in the BNC. (Note that the very
low value of 0.55 V listed in Table 1 is not a pure tyrosyl reduction, as
discussed in Section 2.2 above.) Furthermore, a smaller model of the
copper-complex with only pure imidazole ligands, gives the same
value for the O-H bond strength as the larger model taken as a part of
the BNC-model. More importantly, this smaller model gives almost
identical results for B3LYP* (and B3LYP) and the more reliable
CCSD(T) method [27]. Therefore, it seems quite safe to conclude that
Cug has a reduction potential of similar size as, or even larger than, the
tyrosyl radical, and possibly also rather similar to the ferryl group (see
further below). It is noted that the calculated tyrosyl O-H bond strength,
used to determine the charge compensated reduction potential for the
tyrosyl radical, agrees very closely with the expected experimental

value, as can be estimated from experimental results for phenols with
substituents in the orto and para positions [28].

As mentioned above, the reduction potentials that are most difficult
to calculate, are the two involving heme as, the Fe(IV)=0 and the Fe(III)
potentials. Still, it is quite clear that the calculations support the low
charge compensated Fe(IIl) reduction potential obtained for heme a;
in equilibrium experiments. The very good agreement between the
calculated value for the BNC-model, 0.37 V, and the experimental
values, 0.29-0.35 V [2,3], must be considered fortuitous, though, in
particular considering that the calculated value involves a large correc-
tion of 7.6 kcal/mol, which depends on the calculated binding energy of
molecular oxygen to the reduced BNC. An indication of the uncertainty
in a calculated property is that different DFT-functionals, such as B3LYP*
and B3LYP, give different results. If the B3LYP functional was used
instead of B3LYP™, the corresponding correction would be only
1.1 kcal/mol. The corresponding reduction potential would then be
0.14 V, which is not very far either from the experimental range, 0.29-
0.35 V. Finally, the uncertainty in the calculated charge compensated
reduction potential for Fe(IV)=O0 is mainly connected to the difficulty
in calculating correct spin-splittings. As was mentioned above, this
problem is illustrated by CCSD(T) calculations on small heme-model,
and it is also indicated by differences between the results from the
two functionals B3LYP* and B3LYP. An estimate of the uncertainty in
the reported potential for Fe(IV)=O0 of 0.82 V given in Table 1, can be
obtained by considering the range of values obtained for either high
spin or low spin Fe(Ill) using either the B3LYP" or the B3LYP functional.
The range of values thus obtained, 0.82-1.17 V, is quite close to the
experimental range, 0.76-1.05 V [2,4]. It can be concluded that the
uncertainty in the calculated reduction potentials for heme a; seems
to be similar to the uncertainty in the experimental values, and also
that the calculated and the experimental potentials are quite similar. It
was chosen here to report the B3LYP* results, because this functional
is generally considered to give better results for transition metal
systems [29], but these results also give an overall picture that agrees
somewhat better with other experimental information, such as the
proton pumping at high gradient in all four reduction steps. To obtain
the present picture it is also important to use the high-spin iron states
for several intermediates, although they are in some cases not the states
with the lowest calculated energy. This is a difference to previously pub-
lished results, e.g. [10,30]. Another difference compared to previous
studies is that there are no extra water molecules in the present BNC
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model. The exclusion of water molecules turned out to generate more
well defined electronic structures of the intermediates in the catalytic
cycle.

Another important conclusion of the present study is that only one
proton is taken up via the K-channel during catalytic turnover, to
avoid the low energy of the one electron reduced E state, which has a
protonated tyrosine. This conclusion is directly connected to the low
reduction potential of the Fe(III) state, and as seen above this is a stable
result, independent of the method used. The low energy of the tyrosine
structure for the one electron reduced intermediate was observed
already in the previously published calculations [10,30]. Therefore it
was suggested already then that the tyrosine should stay unprotonated
until the BNC became fully reduced, to leave enough energy for proton
pumping in the second reduction step [ 10,30]. However, in the previous
publications, no conclusions were drawn, based on the calculations,
regarding the number of protons transferred via the K-channel. Further-
more, a previous discussion on the pumping mechanism assuming the
uptake of two protons via the K-channel [14], was based on the conclu-
sions drawn by experimental researchers.

4. Conclusions

The mechanism for reduction of molecular oxygen to water in
cytochrome c oxidase (CcO) has been studied using quantum chemical
calculations (hybrid density functional theory). The model of the BNC
used in the calculations, based on a crystal structure for an A-family
CcO [16], has about 140 atoms. By adding electrons and protons
separately all intermediates in the reduction process are studied. The
reduction mechanism appearing from these calculations suggests that
the tyrosyl radical plays a role in several reduction steps, see Fig. 4.
More importantly, the corresponding calculated free energy profile
shows that all four reduction steps have enough exergonicity to afford
proton pumping also with a significant gradient present, in agreement
with experimental observations [5,6]. The calculations show that three
of the four reduction potentials involved in the reduction process
are of similar magnitude, and large enough to yield a substantial
exergonicity for electron transfer from the donor cytochrome ¢, namely
the potentials for the tyrosyl radical, the ferryl group (Fe(IV)=0) and
Cup (Cu(Il)). The high charge compensated reduction potential for
Cu(II) obtained from the calculations is in contrast to the experimental
equilibrium estimates, indicating a very low potential for Cu(ll) [3]. It is
noted here that the uncertainty in estimated amounts of reduced
copper, due to lack of direct methods, makes it very difficult to deter-
mine the Cu(Il) potential from this type of equilibrium experiments,
making the reported experimental value very uncertain. It is therefore
argued that the calculated high value should be more reliable, in
particular since the experimentally estimated low value is in conflict
with the observations of proton pumping in all four reduction steps.
The calculated Fe(IIl) potential, on the other hand, agrees with the low
value obtained from the equilibrium experiments [3].

The calculations furthermore suggest that the so called metastable
states, Oy and Ey, involved in the catalytic reaction cycle, both have a
tyrosyl radical, while the corresponding resting states O and E are
suggested to have a protonated tyrosine. In contrast to what has been
experimentally suggested, the Oy state does not have significantly
higher energy than the O state. Instead, a large energy difference is
obtained between the E; and E states. The presence of the high energy
E, state explains how both reduction steps Oy to Ey and Ey to R can be
exergonic enough to allow proton pumping with a gradient, in spite of
the low reduction potential for the Fe(III) state. The Ey state turns out
to be a mixture of states, leading to a small amount of electron transfer
from iron to the tyrosyl radical. Thus, the role of the Oy state is not to
provide a larger exergonicity for the O to E transition, as previously
suggested, but rather to prepare for the formation of the Ey state. To
secure the involvement of the Ej state in the catalytic reaction, it has
to be assumed that only a single proton is taken up via the K-channel

during turnover, namely the one that protonates the tyrosine in the Ey
to R step. It is argued that it is a reasonable assumption that the barrier
in the D-channel, for proton uptake to the BNC, is lower than the barrier
in the K-channel for all reduction steps except the Ey to R step. In the Ey
to R step the oxygen ligands on the metal ions in the BNC are fully
protonated, which should yield a high barrier for proton uptake to the
tyrosine via the D-channel. Furthermore, it has to be assumed that the
barrier for internal proton motion from the central BNC to the tyrosine
residue is fairly high, at least in the Ej state. Preliminary calculations
using a larger model indicate that this indeed is the case. Otherwise it
should be noted that no barriers are studied with the present model,
and all explicit barriers used in the discussion of the results are estimat-
ed on the basis of experimental results.

Finally, a comment can be made about proton pumping in the B- and
C-family CcOs. These enzymes have only one channel for proton uptake
from the N-side, located at a similar position as the K-channel in the A-
family CcOs. Clearly, when all chemical protons are forced to be taken up
via the K-channel analogue (passing through the redox active tyrosine)
it is not possible to avoid the low energy E state during catalytic turn-
over, and the metastable Ey state with an unprotonated tyrosine will
never be formed. Therefore the second step in the reductive part of
the cycle will have a very low (or zero) exergonicity already without
the gradient, which means that proton pumping in this step, if it at all
occurs, should be very sensitive to the presence of the gradient for
CcOs belonging to the B- and C-families. It is also known that the total
free energy available for all four reduction steps is smaller for the B-
and C-families, since molecular oxygen binds much stronger in these
enzymes, as compared to the A-family [31,32]. These two facts, the
lack of the Ep state and the lower energy available, probably explain
the difficulties to obtain agreement regarding the maximum number
of protons pumped in the B- and C-family CcOs, and also the suggested
larger sensitivity of the proton pumping to the presence of the gradient
[32-34].
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Appendix A. Models and methods

Quantum chemical calculations have been performed on a model of
the BNC in the A-family CcO to obtain a detailed description of the
catalytic cycle. In the first subsection below the model of the BNC used
in the calculations is described, and in the second one the quantum
chemical methods are described. In the final subsection the procedure
used to connect the calculated relative energies to experimental data
is described.

A.1. Model of the BNC

The binuclear active site (BNC) in the A-family CcOs consists of a
high-spin heme a3 group in close vicinity of a histidine ligated copper
complex (Cug). The model used in the calculations is based on a high
resolution crystal structure from Rhodobacter sphaeroides [16], see
Fig. 3. The heme a3 part of the BNC is modeled by a heme a, keeping
the substituents except the 15-carbon farnesyl chain and the two propi-
onate groups, which are replaced by hydrogen atoms. The proximal
histidine is included. Larger models of the heme group, e.g. including
the propionate groups, together with their hydrogen bonding arginine
residues, have been found to give similar results [10]. The Cug model
includes the three histidine ligands together with the cross-linked tyro-
sine. The amino acids are truncated at the alpha-carbon, which is fixed
to the X-ray coordinates during geometry optimizations to maintain
some of the constraints from the surrounding protein. The peptide
bonds are replaced by C-H bonds, with the hydrogen atoms fixed.
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One carbon atom on the porphyrin is also fixed. No water molecules,
apart from the ones formed during the reduction process, are included
in the model (see further below). The model constructed in this way
has about 140 atoms (depending on the state).

Using the model shown in Fig. 3 the different intermediates in the
catalytic cycle are constructed by adding molecular oxygen, electrons
and protons in separate steps. This means that for each reduction step
illustrated in Fig. 2, two intermediates are considered, one with only
an electron added, and one with both an electron and a proton. For
each intermediate, different states are investigated, both with respect
to the location of the protons and electrons, and with respect to the
spin-coupling. For the location of the proton, there are essentially two
possibilities, either the proton is placed on one of the oxygens in the
actual BNC or it is placed on the tyrosyl oxygen which was deprotonated
in the O- 0 bond cleavage step. These different structures for the inter-
mediates are discussed in the results section. For the spin-states, the
main issue regards the spin-state of the iron ion, while the spin-
coupling between the different parts of the active site turns out be
unimportant for the energy. Normally, the spin-state for which the cal-
culations give the lowest energy is reported, but it has been shown that
density functional theory does not give correct spin-splittings for heme-
models [14,24-26]. In particular it was shown that the DFT functionals
used here stabilize lower spin states for iron too much relative to the
higher spin states. Therefore, some corrections have to be introduced
here. Based on experimental information heme as is generally consid-
ered to have a high-spin iron, and therefore the energy of the high-
spin iron states is reported for most intermediates. The main exceptions
are the Fe(IV)=0 complexes and the ferric superoxo complex, where
the states reported have low-spin iron, which have the lowest energy
in the calculations. Furthermore, for the high-spin ferrous state a correc-
tion is introduced, lowering this state by 7.6 kcal/mol, to give agreement
with the experimental binding energy of molecular oxygen in the A in-
termediate [17].

Another aspect of the model used in the calculations concerns possi-
ble water molecules in the BNC. Several X-ray structures contain a few
water molecules inside and close to the BNC. Since water is formed
during the reduction process, it is likely that some of them stay within
or in the vicinity of the BNC. However, different X-ray structures have
different numbers of and positions for the water molecules. Further-
more, it is very difficult to use calculations to determine the optimal
number of and positions for water molecules in the BNC. Therefore, it
was decided to use a model without any water molecules, except the
ones formed in the reaction, at the present stage. This means that the
calculations describe the basic chemistry occurring during the reduction
process, with “intrinsic” relative energies. Clearly, addition of water
molecules in the BNC might modulate the energetics and the charge
distribution slightly, but should not change the general picture. An
important aspect is that this model without any “extra” water molecules
is only used to calculate these intrinsic reaction energies. Neither proton
motion nor transition states are studied using this model. As will be
discussed below, all barrier heights presented in this study are obtained
from experimental rates.

A.2. Computational methods

Quantum mechanical calculations were performed on the BNC
model employing the dispersion corrected hybrid density functionals
B3LYP-D3 [35,36] and B3LYP*-D3 [29], the latter using 15% Hartree—
Fock exchange instead of 20% as used in the original functional. All
structures were fully optimized, except for some atoms fixed from the
crystal structure as mentioned above, using the B3LYP-D3 functional
and the basis set labeled lacvp* in the Jaguar program [37], which is a
double zeta basis with polarization functions on all second row atoms.
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-D3 and the B3LYP*-D3 functional. Solvent effects

from the surrounding protein were included using the self consistent
reaction field (SCRF) approach as implemented in Jaguar with a dielec-
tric constant of 4.0, in accordance with previous experience [38]. The
dielectric calculations were performed for the optimized structures
using the B3LYP-D3 functional and the lacvp* basis set. The program
Jaguar 7.6 [37] was used in all calculations described so far.

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 [39] at the same level of calculation as
the geometry optimizations (B3LYP-D3/lacvp*). The Hessians were
used to calculate zero-point corrections, but due to the fixed coordi-
nates in the geometry optimizations, entropy effects would not be
reliable and could not be taken from the Hessian calculations. The entro-
py changes within the BNC itself are assumed to be small and therefore
neglected. The main entropy changes occur when molecules enter or
leave the system, and these have to be estimated in some approximate
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 molecule to
bulk water a standard value of 12 kcal/mol is used, which includes ex-
plicit zero point effects for the water molecules.

The relative energies reported are referred to as free energy values,
with entropy effects estimated as described in the previous paragraph.
The enthalpy values are obtained from the large basis set calculations
using the B3LYP*-D3 functional, including zero point and solvent effects.
Using the B3LYP-D3 results instead of B3LYP*-D3 gives a similar picture.

A.3. Overall energetics, barriers and effects of the gradient

To obtain an energy diagram for the full catalytic cycle of CcO the
energetics of the reduction steps has to be calculated, which means
that the cost for the uptake of electrons and protons from the donors
has to be estimated. Since it is not possible to calculate accurate absolute
reduction potentials, a procedure is used where the overall energy of
one catalytic cycle is adjusted to the value obtained from experimental
reduction potentials [9-12,15,40]. Using experimental values of 0.25 V
for the electron donor cytochrome c, and 0.8 for the electron acceptor,
0, forming water, the exergonicity of one catalytic cycle of CcO becomes
51.0 kcal/mol (2.2 V) [1]. 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 cytochrome c and one proton from
the bulk) becomes 67.8 kcal/mol, to yield the total experimental
exergonicity of 51 kcal/mol. Together with the calculated energies of
the intermediates, this determines the relative energies for each of the
reduction steps in the catalytic cycle. However, this procedure does not
give the individual costs for the electron and the proton, and therefore
there is one parameter left to be determined in some other way. In the
present case, this parameter is chosen to fit certain experimental
information about the reduction process. The rate of electron transfer
to the BNC is known to be slightly dependent on the presence of a posi-
tively charged lysine in the K-channel. Since this lysine is not included in
the present model, the parameter is chosen to make the electron transfer
to the F state, which has one of the lowest calculated electron affinities,
slightly endergonic. This choice of the parameter, furthermore, makes
the second electron transfer in the reductive part of the cycle quite end-
ergonic, which also is in agreement with experimental observations that
this reduction step does not occur without the lysine in the K-channel.
Finally, with this parameter choice, the electron transfer in the remain-
ing two reduction steps becomes slightly exergonic, which is reasonable.

The main part of the present study concerns the thermodynamics of
the different reduction steps. Therefore the barriers for the transitions
between states play a minor role. Each reduction step involves several
elementary steps of electron and proton (both chemical protons (to
the BNC) and pumped protons) transfer. It is expected that the transfer
of the pumped protons is rate limiting for each reduction step. In the
calculated energy profile describing both electron and proton transfer



376 M.RA. Blomberg, P.E.M. Siegbahn / Biochimica et Biophysica Acta 1847 (2015) 364-376

states, the transfer of the pumped protons is not included. In this energy
profile the barriers for electron and proton transfer (to the BNC) are just
indicated as fairly low, since they are not rate limiting. However, in the
discussion about proton pumping at a high gradient, kinetics has to be
taken into account. Therefore, an energy profile is constructed where
each reduction step is described in a simplified way with a single rate
limiting barrier. The reaction rates for the different reduction steps are
known to be in the 100 to 1000 ps range, and the same approximate
value of 13.0 kcal/mol, without gradient, is used in all reduction steps
for the rate limiting barrier. For the O—0 bond cleavage barrier, an
accurate value of 12.4 kcal/mol [18], is obtained from experiment,
deduced from the life-time of compound A using transition state theory.

The presence of the electrochemical gradient across the membrane
will affect both the relative energies of the intermediates in the CcO
reaction, 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 thermodynamic
cost connected with the movement of the charges from one side of
the membrane to the other. In the present study the effect of a gradient
of 170 mV, i.e. 85% of its maximum value of 200 mV [1], is investigated.
This means that an extra cost of 3.9 kcal/mol is added for each charge
moved against the gradient across the membrane. Thus the effects of
the gradient on the relative energies of the intermediates can easily be
estimated, since only charge transfer steps across the entire membrane
need to be considered at the present level of detail in the analysis. The
effect of the gradient on the rate limiting charge transfer barrier
depends on the particular mechanisms involved in the charge move-
ment. Here the rate limiting barrier is increased by 2.5 kcal/mol at a
gradient of 170 mV.

Appendix B. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2014.12.005.
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