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Hybrid density functional theory using the B3LYP functional has been applied to study the energetics of
proton translocation in cytochrome oxidase. Redox potentials of the metal centers and the tyrosyl radical
have been computed, as well as,pvalues of important groups along the translocation path. Models with
more than 100 atoms have been used with geometries fully optimized in the presence of a dielectric continuum
to represent the surrounding enzyme. The models are built from the bovine X-ray structure (20CC), which
does not contain water molecules. The main result obtained is that for these mod&lg\thkips of propionate

A of heme g are actually larger than those of the oxo and hydroxyl groups of the binuclear center, even after
an electron has been transferred to heman heme a. The consequence of this rather surprising finding

is that a proton coming from the inside of the membrane will actually thermodynamically prefer to go to the
propionate for further pumping rather than go to the binuclear center for consumption in the oxygen chemistry.
Full energetic cycles are constructed for both the case without and the case with a proton gradient across the

membrane.

I. Introduction e R H* outside

Cytochrome oxidase is the terminal enzyme in the respiratory e e D . 1| 1
chain. It catalyzes the reduction of dioxygen to water and ~od f";ﬁ";v 0,
couples this reaction to the translocation of protons across the Respiratory ff"‘ g ATP
mitochondrial (or bacterial) membrane. The translocated protons chain N, 87T synthase
drive the synthesis of ATP, where the energy of food consump- X K-channel
tion and respiration is stored. The X-ray structure of cytochrome H,0 +
oxidase was solved a few years ago for both a bactaral a D-channel
mammalian specigsand recently for a second bacteti@ihere T inside
are four redox centers in the enzyme: \Gand heme a, which _ _ o H _
function as electron transport cofactors, and; @nd heme @ Figure 1. Schematic structure of cytochrome oxidase.

which form the binuclear center (bnc), the active site for
dioxygen reduction (see Figure 1).
The reaction catalyzed by cytochrome oxidase is

Oz

0, + 8H,, + 46 — 2H,0 + 4H

For each @molecule, eight protons are taken up from the inside, R | Femn
and four of these protons are pumped to the outside across the Cu(l)
membrané.The electron-transfer pathway starts ahQuhich
receives an electron from a cytochromen the outside of the
membrane. From Guthe electron goes to heme a and then on
to the binuclear center. Protons are transferred from the inside
of the membrane along two different pathways, the D and the
K channels. It is believed that, at most, one of the eight protons E
follows the K pathway, which leads to the binuclear cehter.

All four protons pumped, and at least three of the protons
consumed in the dioxygen reduction thus follow the D channel.

Dioxygen reduction in cytochrome oxidase occurs in four /
steps, one for each electron being transferred to the binuclear e
center. A large amount of spectroscopic information has been
gathered over the past decades characterizing the intermediates o
of the binuclear center appearing during this cycfeA brief
overview of the catalytic cycle of cytochrome oxidase is shown
in Figure 2. References to these intermediates will be made inenzyme, intermediat®, the oxidation states of the binuclear
the discussion below. Starting with the reduced form of the center are Fe(IhCu(l). When Q becomes bound, intermediate
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Figure 2. Catalytic cycle of cytochrome oxidase.
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A is formed. Cleaving dioxygen leads to intermeditg which reductions of heme a during the catalytic cycle is coupled to
has the oxidation states Fe(vEu(ll), and presumably a tyrosyl  the uptake of one proton. These protons (not more than two at
radical. With an additional electron the intermediate is termed a time) are temporarily stored in the regions of the heme a and
Pr. Intermediate- is formed with one additional proton at the heme gpropionates and are driven to the outside by electrostatic
binuclear center and the same oxidation statd2za¥Vith one repulsion from protons entering the binuclear center. A detailed
additional electron transferred and also one more protorQthe  scheme showing the proton and electron transfers, involving
state is formed. These steps constitute the oxidative phase. Inall intermediates observed, has been suggested. An important
the reductive phase, the two subsequent electrons are transferreghoint of this scheme in comparison to the histidine cycle is that
and the active site is reduced back to tRestate. The the reductive phase plays a bigger role in proton translocation.
intermediate in which only one electron has been transferred is Also, heme a is more important. The question of how the protons
termedE. A major controversy exists concerning the number gre gated is not clearly addressed in this mechafistar

of protons being translocated in each part of this cydter a example, if the protons on the propionates are not prevented
long time, it was generally agreed that all four protons are from moving to the binuclear center as the electron moves to
translocated during the oxidative phase, two betwegrand this site, it appears that a large amount of available energy could

F, and two betweef andO.'% More recently this conclusion  pe gissipated.
has been questioned, and it was proposed that only one proton

i 11
is translocated betwee and O.™ The fourth proton should translocation in cytochrome oxidase is addressed once again.

then be translocated during the reductive pHadehas also g ;
been suggested that, even though only three protons alreProton affinities (corresponding toKg values) and electron

) L affinities (corresponding to reduction potentials) are calculated
translocated in the oxidative phase, the energy needed for . ;

. - : - . for key elements of the binuclear center and the propionates
translocation of all four protons is made available during this with and without additional electrons and protons at the active
phase:? The question of the number of protons being translo- site. A comparison of these numbers Ieags to suggestions for
cated in each step is still not settled, but this is not a key issue, "~ P 99

of the present study. Instead, the focus is here on the genera{1OW Ithe tgctlvg S'tef tﬁhould E)e orgdadnlzed (;0. allr?vzhprotont
question of how oxygen reduction is coupled to proton trans- ransiocation. ©ne of In€ questions addressed IS whether a gate

location. It has been proposed that the propionates of hgme aat the entrance of the binuclear center is needed. Is there a reason
play an important role in the proton translocatiérand in the to prevent the protons from entering the binuclear center at any

present study it will be assumed that the translocated protonsStad€? If not, how can the protons be directed toward a costly
will pass via the hemesgropionates. translocation rather than toward the exergonic protonation of

There are two leading suggestions for the proton pumping the oxygen ligands?
mechanism in cytochrome oxidase. The first one is the so-called ) )
histidine cycle of Wikstion and co-workers-17 A key feature |l Computational Details
of this mechanism is that a gate is present that passes the protons
for either pumping or consumption (oxygen reduction). Such a
gate is suggested to be needed to prevent the protons from goin
directly from the inside to the strongly exergonie @duction
chemistry, and instead be directed toward the endergonic
pumping. One cycle of this mechanism in the oxidative phase

In the present density functional study, the mechanism for

The calculations were performed in two steps. For each
structure considered, a geometry optimization was performed
%sing the hybrid density functional B3LYP method in its
unrestricted versiof In the geometry optimization, certain
atoms were frozen from their X-ray positions, and those atoms

can be briefly described as follows. An electron is first are marked with asterisks in the figures displaying the models

transferred from heme a to the binuclear center. This leads to aused. In_ this first step, stand_ard doubliéasis sets were l.JS.e(.j
large driving force for proton transfer to the binuclear center [Of all light elements. For iron and copper, nonrelativistic
from the inside of the membrane. However, these protons cannot€fective core potentials (ECPs) were usedhe valence basis
reach the binuclear center but are hindered on their way by theS€t used in connection with this ECP is essentially of dogble-
conserved His291 ligand of Guwhich is initially in an quahty (thelapup bq5|s sey). Normally, geometry optlmlzgtlons_
imidazolate state (Im). When two protons have reached this including a dielectric continuum are not needed, since dlele;ctrlc
histidine, leading to an imidazolium group (IrgH), this group effects are usually found to be qU|.te small. However, this is
can swing out from the Gycenter toward the propionates. This N0t so for some of the systems discussed here, where large
means that the proton gate is open, resulting in proton flow charge separations appear, and the geometry optimizations were
from the inside into the binuclear center where the charge is therefore performed for all systems with the dielectric medium
annihilated and the chemistry completed. As a consequence,'”C|Uded- The dielectric constant of the homogeneous dielectric
the imidazolium group is destabilized, and protons are relasedMedium was set equal to 4.0, in line with previous experiéhce.
to the outside. When the histidine returns as an imidazolate, The probe radius was set to 1.40 A, corresponding to the water
the cycle is closed. The net result is thus a translocation of two Molecule. To test the sensitivity of the results to the choice of
protons across the membrane and a reduction of the binucleardielectric constant, a few calculations were done with a value
center. In this mechanism, all the energy used for proton Of 80.0 corresponding to the one in water. The results showed
translocation is generated in the oxidative phase. It should bethat the computed proton affinities changed by about 5 kcal/
added that it is also possible to translocate only one proton with mol, while the relative proton affinities changed by about 1 kcal/
this mechanism. A detailed scheme assigning all intermediatesmol.
observed, as well as the motion of all translocated and consumed In the second step, the B3LYP energy was evaluated at the
protons, has been suggested using this mechanism for translooptimized geometries using a larger basis setlabe3p* basis
cation. set, which is of triple§ quality and uses a single set of
The second leading mechanism of proton translocation in polarization functions on each heavy atom. The basis set
cytochrome oxidase is that proposed by Michel and co-workers, extension effect was obtained in gas-phase calculations. All the
based on electrostatié5!® In this model, each of the four calculations were carried out using the Jaguar progfaNp
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Figure 3. Two models used to study proton and electron affinities in the binuclear center of cytochrome oxidase

Hessians were computed, since zero-point and temperatureon the bovine X-ray structure (20€Cwhich does not contain
effects are expected to be small on most of the energy any water molecules in this region. In the first model, only heme
differences of interest here and, for the large models used, a; is considered (see Figure 3a). The full porphyrin is included,
Hessian calculations are extremely time-consuming. In the few except the long farnesyl side chain, which is replaced by a
cases where entropy effects are expected to be important, thenydroxylated methyl group and referred to as the farnesyl
procedure used is discussed in the text below. hydroxyl group in the figure. For the two propionates, the most
The inherent accuracy of the B3LYP functional has been important hydrogen-bonding residues from the surrounding
estimated using the extended G3 benchmark3sednsisting protein are also included. Arg438, which is hydrogen bonding
of enthalpies of formation, ionization potentials, electron tg the propionate on the D-ring, is modeled by a protonated
affinities, and proton affinities for first- and second-row formamidine, and Asp364, which is hydrogen bonding to the
molecules. This test has 376 entries, and the B3LYP functional propionate on the A-ring, is modeled by a formic acid. The
obtains an average error of 4.3 kcal/mMdlExcluding 75  axjal His376 is modeled by an imidazole. In the second model,
enthalpies of formation for large molecules, involving the poth heme gand Cig are included (see Figure 3b). A somewhat
formation of a large number of new bonds, which should not sjmpler model of hemesas used as compared to the first model.
be relevant for the present study, an error of 3.3 kcal/mol is The axjal histidine is modeled by ammonia, and the hydrogen-
obtained for the B3LYP functional (301 entries). For transition bonding residues of the propionates are left out. Instead, the
metals, there are no benchmarks due to the lack of accurate, onionate on the D-ring is modeled as protonated, representing
experimental numbers, but indications from normal metal .o interaction with the positively charged arginine, and the
ligand bozr:d strengths are that thg errors are slightly larges, 3 propionate on the A-ring interacting with the neutral aspartic
kcaI/mo_I. For further |nfor_mat|(2)7n on the present type of acid is modeled as unprotonated. The effect of leaving out the
calculations, see recent revieds! hydrogen-bonding residues was checked for the hemwdel,
and it was found that the proton affinity of the A-ring propionate
was increased by 3.3 kcal/mol. Therefore, in all results for the
In the present study, proton affinities (PAs) and electron binuclear model reported below, the calculated proton affinity
affinities (EAS) in the active site of cytochrome oxidase have of the A-ring has been decreased by 3.3 kcal/mol to account
been calculated. Two different models were treated, both built for the omitted hydrogen bonding. For guhe three histidine

Ill. Results and Disscusion
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ligands are modeled as imidazoles, while the covalently linked
tyrosine is modeled as a phenol.

The investigation discussed in the first subsection below
concerns the proton affinities of hemg eomparing protonation ~ would be the histidine cycle mechanism, where His291 is
of the iron-bound oxygen with protonation of the propionates. suggested to block proton flow into the binuclear center until
Since the two propionates have rather different surroundings, pumping has been achieved. Another, much simpler possibility
their proton affinities are also rather different. The propionate is investigated for the present model systems, and this is to
proton affinity discussed in this study is that of propA (see assume that the oxo group is protonated before the reduction
Figure 3), which is the largest one. The proton affinities of the binuclear center occurs. It is clear that this will strongly
discussed in the first subsection below are those calculated foraffect the computed proton affinities. The result from the
the Fe(lV) state, corresponding, for example, toRHatermedi- calculations, shown on the right in Figure 4, is that the proton
ate in the catalytic cycle, and for the Fe(lll) state, corresponding affinity of the iron-bound oxygen (now a hydroxyl group) before
to the situation after an additional electron has been transferredthe electron enters the binuclear center is reduced by 31 kcal/
to heme a Both models in Figure 3 were used in this mol, to a value of 268 kcal/mol. The propionate PA is only
investigation. In the second subsection, the calculated electronreduced by 16 kcal/mol, to 284 kcal/mol. The effect of prior
and proton affinities of heme a are discussed. The model protonation is consequently that the proton affinity is substan-
calculations presented in the first subsection led to an idea fortially larger by 16 kcal/mol at the propionate than at the
proton pumping which is pursued in the third subsection, binuclear center oxygen. However, the most interesting effect
describing proton and electron flow for both the oxidative and is that the proton affinity continues to be largest at the
reductive parts of the catalytic cycle in cytochrome oxidase. propionate, even after an electron has been transferred to the

A. An Important Proton Effect at the Binuclear Center. binuclear center. When the electron is transferred, the PA of
A key problem for the mechanism of proton pumping in the Fe(lll)>OH group is increased by 25 kcal/mol, which is
cytochrome oxidase is whether a gate is needed to preventmore than the increase by 15 kcal/mol of the propionate, but
premature protonation of the binuclear center. To study this not enough to make the PA of the Fe(fHpH group larger
problem, the model of heme; ghown in Figure 3a was first  than that of the propionate. If this was a good model of the
used. The results are summarized in Figure 4. binuclear center, the first proton that comes in (either from

In the first calculations, the proton affinities of the oxo group PropA of heme a or from the inside of the membrane) after the
and the heme propionate were determined with iron in oxidation electron has been transferred to the binuclear center would
state Fe(IV). The reason to start the analysis here is that thistherefore choose to go to the propionates for further pumping
state corresponds, for example, to the quite well-deffnsthte, rather than to go to the binuclear center and be consumed. The
and it is also generally agreed that a proton is being translocatedproblem of unwanted energy dissipation at this stage would thus
in the F-to-O transition. Using the model in Figure 3a, quite be solved without the need to block the pathway to the binuclear
similar proton affinities of 299 kcal/mol for the ireroxo group center. The question is only if the simple chemical model used
and 300 kcal/mol for the propionate were found, as can be seenis representative of the actual binuclear center. This will be
on the left in Figure 4. Next, an electron is transferred to the discussed next using the more realistic model in Figure 3b.
heme. Not surprisingly, this leads to a substantially increased It is clear that a proton must be involved in the-O bond
proton affinity of the oxo group by 54 kcal/mol, to 353 kcal/ cleavage stept16:2829Thjs leads to the presence of one proton
mol. The effect on the propionate is much smaller, as expected,at the binuclear center already in tRg state, which supports
with an increase of only 9 kcal/mol, to 309 kcal/mol. In the the picture with an extra proton given above. This proton could
context of cytochrome oxidase, this can be interpreted to showcome either from the cross-linked Tyr244 or from some other
that after the electron has been transferred to the binuclear centerplace. The possibility that an additional proton is present at the
the proton affinity is much larger for the oxo group than for binuclear center prior to the ©0 bond cleavage has been
the propionate. It seems clear that if a proton is allowed to flow suggested in recent papéPs? in which model calculations
freely into the active site, this will just lead to a protonation of showed that the barrier for-©0 bond cleavage is much too
the oxo group, and a large amount of energy will be dissipated. high without an added proton in intermediate Without this
No proton will be transferred to the propionate for further additional proton, the binuclear center would be described as
pumping. At this stage, the picture is as expected. shown on the left in Figure 5, at the level of the Fe(IV) oxidation

To change the above picture to one of proton pumping, state. Before the electron has been transferred to the binuclear
something has to be done to the active site. One possibility center, the PA of the Fe(I\¥)oxo group is 291 kcal/mol, and

Figure 5. Calculated proton and electron affinities, in kcal/mol, using
the binuclear model.
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Figure 6. Model used to study electron and proton affinities of heme a.

that of the propionate is 295 kcal/mol. After an electron has requiring the present DFT treatment rather than a simpler, purely
been transferred to this state, the calculated proton affinities molecular mechanical treatment. For example, adding a proton
are 343 kcal/mol for the ironoxo group and 303 kcal/mol for  to the heme @&-oxo group in the binuclear model (see Figure
the propionate using the binuclear model of Figure 3b. These 5) decreases the PA of the oxo group by 23 kcal/mol and that
results are thus qualitatively similar to those of the pure heme of the propionate by 10 kcal/mol. If an electron is first added
az model of Figure 3a for the case without an added proton (on to heme g the effects are instead 53 and 8 kcal/mol,
the left in Figure 4). The conclusion is that, if there is no gate respectively. With a pure electrostatic effect of the extra proton,
to prevent the protons from getting into the active site, there these changes should have been the same before and after the
will be no pumping. On the other hand, the previous model electron is added. Similarly, adding an electron to the model
calculations for the ©0 bond cleavagé?®and experiment16 without the added proton increases the PA of the hemexo
suggest that the protonation state of the binuclear center at thegroup by 52 kcal/mol and that of the propionate by only 8 kcal/
level of the Fe(IV) oxidation state is rather as shown on the mol. Adding the electron to the model with the added proton
right in Figure 5. The additional proton is placed on the hydroxyl increases the PA of the heme-@xo group by 22 kcal/mol
group on copper, forming a water molecule. The proton affinity and that of the propionate by 10 kcal/mol. Where a model with
of the oxo group now decreases by 23 kcal/mol, to 268 kcal/ just point charges would have given a similar size of the changes
mol, while that on the propionate decreases by only 10 kcal/ jn these cases, the actual values calculated by B3LYP differ
mol, to 285 kcal/mol. At this stage, the PA of the propionate is quite substantially, and the reason for this is that the added

thus substantially larger by 17 kcal/mol than that of the 0x0 glectrons and protons actually are involved in chemical pro-
group. When the electron is transferred to the binuclear center, ;gggeg.

the PA of the Fe(lll}>OH group increases by 22 kcal/mol, and
that of the propionate increases by 10 kcal/mol. Again, as for
the heme amodel, this leads to the interesting result that the
PA of the propionate, 295 kcal/mol, is larger than that of the
Fe(lll)—OH group of 290 kcal/molThis means that the proton
f;?i?gryti?;ifiresir:g c?(?n;%rtr:]:dg?tpr:gnb?%iil?;rfgérvgitﬁl:mgmg and this bond strength is hardly affected by the surrounding

type of protonation state, there is thus no need for a gate at thecharge distribution, in contrast to t_h(? _PAS and EAs.
binuclear center at this stage. B. The Electron and Proton Affinities of Heme a. The

The electron affinities (EAs) have also been computed for model used for heme a is shown in Figure 6. The model is
the models in Figure 3, and the results are shown in Figures 4Ssimilar to that used for heme & Figure 3a. The full porphyrin
and 5. The results of the two models are quite similar, just as is retained, except for the long farnesyl side chain, which is
for the PAs. For the binuclear model in Figure 3b, the EA of replaced by a hydroxylated methyl group. The most important
heme g is 62 kcal/mol without and 113 kcal/mol with the hydrogen-bonding residues from the surrounding protein, two
additional proton. For the model in Figure 3a, the corresponding arginines, are also included, together with the axial histidine
results are 53 and 107 kcal/mol. From the results described inligands. The histidines are modeled as imidazoles and the
the next section below, it will be clear that an EA of-580 arginines as formamidines. Since the negatively charged pro-
kcal/mol is far from enough to draw an electron from heme a. pionate A (PropA) has no counter charge from the protein, two
An EA of about 110 kcal/mol is much more in line with what different protonation states of heme a are considered, i.e., with
is required. These results therefore strongly suggest that theand without a proton on propionate A. The calculated EA
protonation state of the binuclear center is as shown on the rightwithout a proton on the propionate is only 91 kcal/mol. As seen
in Figures 4 and 5 rather than that on the left, thus supporting above, and further below, this value is not enough in comparison
a picture with an additional proton present at the binuclear to the EA of the different realistic models of hemg which
center. are in the range 103113 kcal/mol. The calculated EA of heme

A major part of the effects described above are clearly a with a protonated PropA of 104 kcal/mol is much more in
electrostatic in nature, but there are also chemical effects line with that for heme a It is therefore concluded that, at the

Another interesting value that can be obtained from the
calculations is the sum of the EA and PA. For the binuclear
model without the added proton, this value becomes 4063
=+ 343) kcal/mol, and with the added proton it is 463113+
290) kcal/mol. In both cases, an Fe@® bond has been formed,
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stage of electron transfer from heme a to hemePaopA of
heme a is protonated.

The proton affinity of PropA of heme a is also important for
the proton translocation mechanism discussed below. The
calculated PA for heme a in the Fe(ll) reduced state is 301 kcal/
mol, and that in the Fe(lll) oxidized state is 288 kcal/mol. One

conclusion drawn from these values is that, as heme a becomes

reduced, a proton must be present on PropA; otherwise, the
electron affinity (reduction potential) of heme a will be much
too low (see above). There are two possibilities: either this
proton is always there, or it is transferred from the inside of
the membrane to PropA as heme a becomes reddcEade

present calculations are not accurate enough to conclude which

of these possibilities is most likely. However, since there are
experimental indicatioi8 that there is no uptake of protons as

heme a becomes reduced, at least without membrane potential,

it will be assumed in the following that the proton is always
present on PropA of heme a.

C. Suggested Proton and Electron Flow in Cytochrome
Oxidase. In section Ill.A, it was shown that it is possible to
arrange the protonation of the binuclear center in a way that
leads to a situation where the protons energetically prefer to go
to the propionate rather than to the binuclear center. In this
section, all steps in the oxidative and reductive phases of the
catalytic cycle will be described for the protonation state
suggested above using the binuclear model of Figure 3b. This
description will start with thd=-to-O transition (see Figure 2),
since this step follows most naturally from the results of the
preceding sections. The other transitions will be described after
that.

To simplify comparisons to experiments, in this section the
EAs will be given as redox potentials and the PAs ldg\alues.

To transform the computed EAs to redox potentials, 4.1 eV is
subtracted, and to transform the PAs td;pralues, pH 7 is
assumed to correspond to a PA of 289 kcal/mol. The value of
4.1 eV is chosen to put the redox potential for heme a at 0.40
V, which is within the experimental range of values. A strict
transformation would use either the standard hydrogen gas
electrode of 4.43 eV or the standard calomel electrode of 4.19
eV. Using 4.43 eV, the calculated redox potential for heme a
becomes 0.08 V, and using 4.19 eV it becomes 0.32 V,
indicating that the error in the calculations is quite small. The
assumption that pH 7 corresponds to 289 kcal/mol is less well
defined but is taken to make the best match of the present
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Figure 7. Proton and electron flow in thEé-to-O transition using the
binuclear model.

used, the exergonicity for electron transfer to hemevauld
be 22 kcal/mol, which is too much. The calculaté<,p of the
F intermediate are-8.7 for the hemeoxo group and 3.9 for

calculations against experiments for cytochrome oxidase (seethe propionate. Thely, of the propionate is thus substantially

further in the concluding section 1V). It should be noted that
the value chosen is a constant, which will not affect relative
pKa's.

The F-to-O TransitionThe starting point for this transition
is the F intermediate, which has an Fe(lVpxo group and a
water molecule bound to Cu(ll). It corresponds to the situation

larger by 12.6 units at this stage. It is clear that none of these
pKa's is big enough to pull a proton from the inside of the
membrane with pH 7. Thel, of PropA of heme ais not quite
enough to draw a proton from PropA of heme a either, since
the K, of this group is 6.3 in the oxidized state (see above).
After the electron transfer from heme a to hemg a

where an additional proton has been placed at the binuclearintermediateFr is reached, named to correspond to intermediate

center, following the nomenclature from above. The results for
the F-to-O transition are shown in Figure 7. The first step of
this transition is that an electron is transferred from heme a to
heme g. The calculated redox potential for hemgi®0.82 V,
which means that electron transfer from heme a should be
exergonic by 9.7 kcal/mol, since the redox potential of heme a
is 0.40 V, with a proton at PropA (see section IlI.B). It can be
noted that, without the additional proton at the binuclear center,
the redox potential is only-1.41 V (corresponding to 62 kcal/
mol; see Figure 5), which is far from enough to pull the electron
from heme a. The redox potential of heme a without the
additional proton on PropA is only-0.15 V. If this value is

Pr, which is an observable state. Thi€, s obviously increase
on going fromF to Fg, by 16.7 units, to 8.0, for the hem®xo
group and by 7.4 units, to 11.3, for the propionate. It is
interesting to note thahe pk; of the propionate is larger than
that of the hemeoxo group at this stage

In intermediateFg, the K, of the propionate of hemesds
now large enough that a proton is transferred exergonically by
5.9 kcal/mol from the inside. With the calculate s for the
Fr intermediate,the proton will automatically go to the
propionate, not to the binuclear center, and no proton gate is
needed at this stagé is assumed that this step will have time
to form at thermodynamical equilibrium. This means that if the
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proton happens to go to the binuclear center, it will have time out
to find the better position at the propionate. As for all other

mechanisms suggested so far, it is also assumed here that proton HO_ © ~ +
transfer from the outside of the membrane is substantially P H.O‘CU(“)
slower. M Fe(lvz0-~ WO -
After the proton transfer to the propionate has occurred, pK,=03 E'=054V
intermediateOr is formed. TheFg-to-Or transition is thus a F— -
) . . s H* Ht* H in
fast exergonic process in thermodynamical equilibrium. Only o l
the O+-to-O step now remains in this transition. In this step, a out
proton should be transferred from the inside to the binuclear HO. O )
center along the D channel. There may appear to be a problem N *
connected with this transfer, since the calculatiégdqf the Fe- O-Cu(l)
(1) —OH group is now quite low. As the proton was transferred Pr Fe(v)-0"" YOO
to the propionate in the precedifg-to-Or transition, the Ka ) | k=117 PKae=120
of the Fe(lll-OH group decreased from 8.0 t60.2 units as H* l H B H in
a result of a direct electrostatic repulsion. However, by moving
the proton on the propionate to the outside, thg of the Fe- A H* out
(111 —OH group should be back at 8.0 units, which thus helps |@
the proton to get into the binuclear center. This process can pKa:10.90 0 —I”
also be described by saying that the proton moving along the Fr1 H'O'C“(”)
D pathway repels the proton on the propionate to the outside. E°=-1.41V Fe(IV):0"" TyrOH
This part of the present mechanism is therefore similar to the ) | pK,=8.5
corresponding part suggested by Mickefor example. As- — n
suming no membrane potential (pH 7 on the outside), this step H* l H™ H
will be endergonic by 4.5 kcal/mol. This step, like other o+ out
endergonic steps, is instead driven by the exergonicity of a later
step, such as the electron transfer from heme a or proton transfer HO_ O ! +
to the propionate (see further below). This part concludes the F L o-culn
suggested-to-O transition. T2 Fe(v)=0"" TyrOH
The P-to-F TransitionThe transition fronP to F is suggested T I pKa=2.3
to be somewhat more complicated than that frénto O b in
described above. The results are shown in Figure 8. Directly .
after the O-O bond cleavage, intermediaf is formed with H l A HY HY out
a structure as indicated in the figure. The oxidation states of |@
the metals are Fe(IV) and Cu(ll). As suggested experimerially, o O H +2
Tyr244 is also oxidized and forms a neutral tyrosyl radical. Since F ‘,O-Cu(lgl
the K, of PropA of heme ais as high as 11.5, a proton should Fe(IV)=O"H TyrOH
already have moved from the inside to PropA of hergéna |

the preceding reductive stef (o R, see below). This means
that both propionates, on heme a and hemease already
protonated before the electron has reached hemeTlae Figure 8. Proton and electron flow in the-to-F transition using the
calculated [ of the heme goxo group is—0.3 and does not ~ Pinuclear model.

draw a proton from the inside at this stage.

. . . L . to allow the next electron transfer, it is suggested that the
The first step in this transition is that an electron comes in 99

from heme a to the tyrosyl radical, forming intermedisie propionate proton moves to the outsjde, which increqses the
. ’ o pKa of the binuclear center to 8.5 units. The proton will then
The calqulatﬁd r(:ldoxl potential of fthe tﬁ/roa/lbradlcal IS 053 v, be transferred from the inside to the binuclear center to conclude
iuglgestllng_t at the electron trans elr s r? uld be exergonic yh3'2the P-to-F transition. These proton transfers, from the propionate
cal/mol, since the redpx potential of heme a Is 0'4.0 V. The to the outside and from the inside to the binuclear center, can
calculated redox potential of hemgia much smaller, with the also occur concertedly, of course. The process can also be
value _,0'85 V. . described as one where the proton from the inside going to the
At this stagePr, a proton is suggested to be transferred o pinyclear center along the D channel repels the proton on the
the tyrosinate from the inside, leading to intermedfate The propionate so that it goes to the outside. The step is endergonic
calculated K, of the tyrosinate is 12.0 units. Just as in the case by 3.3 kcal/mol, assuming no membrane potential.
of the F-to-Q transition, the proton on the propionate is repelled " The O-to-E TransitionThe transition fromO to E is the first
to the outside as the proton going along the D channel movesayt of the reductive phase. This transition is suggested to be
from the inside toward the tyrosinate. This step is exergonic by quite similar to that fronF to O (see Figure 9). One difference
1.5 kcal/mol. is that the electron coming from heme a is not suggested to go
After the proton has been expelled to the outside, teqh to iron but rather to copper. The calculated redox potential of
the propionate is now quite high, at 10.9 units. This leads to Cu(ll) in intermediateO is 0.76 V, leading to an exergonicity
another proton transfer from the inside to the propionate, of 8.3 kcal/mol for this electron transfer. In the calculated redox
forming intermediaté=r- in a step that is exergonic by 5.4 kcal/  potential, a correction for entropy effects is included, increasing
mol. the value by 0.26 V (6 kcal/mol). This is done since, during
Intermediatd-t, has a very low g, on the Fe(IV}-oxo group the reduction, the water molecule becomes very loosely bound
of 2.3 units. Since a proton still needs to get into the active site to copper, with the CatO bond distance increasing from 1.97
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Figure 9. Proton and electron flow in th®-to-E transition using the PM Y O Cu(lh
binuclear model. (|v) gl Hyro -
Ain Oto 2.28 A inOg. A similar effect was previously found
in a study of the O bond cleavage step, going from in
compoundA with a loosely bound water molecule Ry with Figure 10. Proton and electron flow in thE-to-R transition using

a hydroxyl group on coppé?.In that case, the calculations, the binuclear model.

using much smaller models for the binuclear center, for which

Hessian calculations can more easily be performed, gave anwhich concludes th®-to-E transition. This step is endergonic

entropy effect of 6 kcal/mol on the activation energy, which is by 5.4 kcal/mol without membrane potential.

also in agreement with experimental observations for the The E-to-R TransitionThe transition fronE to R is the final

temperature dependence of the reaction ¥afEherefore, a part of the reductive phase (see Figure 10). The redox potential

similar correction of 6 kcal/mol was introduced here. of Fe(lll) in intermediateO is calculated to be 0.35 V. This
After electron transfer, intermediat®gr is formed. This means that the electron transfer from heme a will be slightly

intermediate has aky of the propionate of 11.5 units, similar  endergonic by 1.2 kcal/mol.

to those of the previous transitions. This leads to an exergonic The K, of the propionate ifEg is 11.5 units, which is quite

proton transfer from the inside to the propionate of 6.2 kcal/ similar to the situation in the previous transitions. This means

mol, leading to intermediatEr. that there will be a 6.2 kcal/mol exergonic proton transfer from
The calculated i, of the binuclear center for intermediate the inside to the propionate forming intermediRteSince there
Er is, as in the other transitions, quite low2.0 units. After is no place for another proton at the binuclear center, the only

the proton on the propionate is expelled to the outside, the valuestep remaining to close the catalytical cycle of cytochrome
is 7.6 units. In this value, an entropy correction of 6 kcal/mol oxidase is the @cleavage process, leading to intermedRge

is included, since a water molecule rather loosely coordinated where the present description started.

to iron is formed (compare the discussion on the reduction of  The only mechanism used here to move protons to the outside
copper above). In fact, the structural changes at the iron centerexpels these protons from the propionate as a proton is
occur in two steps, first when the water molecule is formed, transferred along the D channel to the binuclear center. Since
and then also when the iron is reduced. Since the changes ar@nly four protons are transferred from the inside to the binuclear
somewhat larger in the first step, it was decided to make the center, and four protons are known to be translocated in one
whole entropy correction here. A proton is now transferred from cycle, a proton has to be expelled to the outside every time this
the inside to the binuclear center, and as before, a proton ishappens. For the same reason, there will be no proton translo-
also expelled to the outside from the propionate in this process,cation in theE-to-R transition.
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tions, the diagram starts with the oxidized state. To make the
entire diagram easier to follow, the description starts at the
minimum O+, which has a proton at PropA of hemg At Or,

a proton is transferred to the binuclear center, and the PropA
proton is expelled in an endergonic step by 4.5 kcal/mol. As
the proton has reached the binuclear center, an electron can be
transferred from cyt ¢ over heme a to gCaxergonically by
10.4 kcal/mol. The electron at guhen allows a proton to go
from the inside to PropA of heme axergonically by 6.2 kcal/

mol to reach stat&r. The endergonic expulsion of the proton

to the outside is thus driven by the two following exergonic
steps. TheEr-to-R transition is less exergonic but otherwize
quite similar to theDr-to-E+ transition, and it also leads to the
expulsion of one proton to the outside. In the scheme suggested
here, the question of whether one or two protons are translocated
in the reductive phase becomes a question of where the reductive
phase starts. If it is considered to startOg, two protons are
translocated, while if it starts aO, only one proton is
translocated.

The O-0 bond cleavage of dioxygen occurs between the
reductive and oxidative phases and takes the system to state
Pwu. As pointed out above, tHey-to-Fr» transition is somewhat
different from the other transitions. In this case, the electron is
transferred first, followed by the proton transfer to the binuclear
center, in contrast to the other steps, where these transfers are
reversed. This transition is quite exergonic by 12.1 kcal/mol.
The final transition in the scheme in Figure 11 is Fag-to-Oy
transition, which is the most exergonic transition with 14.6 kcal/
mol. The main reason for this is a quite exergonic electron
transfer of 11.8 kcal/mol.

It should be noted that the only mechanism for translocation
used here is that a proton is expelled to the outside due to
IV. Summary and Conclusions electrostatic repulsion from a proton moving from the inside to
the binuclear center along the D channel. One consequence of
this is that a proton transfer to the outside has to occur every
time a proton moves into the binuclear center, even when it
continues to the tyrosinate; otherwise, there would not be four
protons translocated in the full cycle. The exergonic steps driving
this pumping are the proton transfers from the inside to the
propionates and the electron transfers from cyt c to the binuclear
center.

The figure shows that most of the energy gain is obtained
betweerR andO+ with 31.7 kcal/mol, while the steps between
Ot andR give only 14.0 kcal/mol. It should be noted that no
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Figure 11. Potential energy surface for an entire cycle of cytochrome
oxidase in the case without membrane potential.

In the present study,Ky values and redox potentials for the
active site of cytochrome oxidase have been calculated. A major
finding is that the |, value of PropA of hemesacan actually
be larger than that at the binuclear center (bnc), even when an
electron has been transferred to the binuclear center. This
situation is reached if an additional proton is placed at the
binuclear center. The proton could come from the cross-linked
Tyr244 or from some other place. The larg€,palue of PropA
has the effect that a proton from the inside actually prefers to
go to PropA for further pumping rather than to be consumed in
the dioxygen chemistry at the binuclear center. This should be " ) .
a major part of the gating mechanism which is needed for proton addlt_lonal barriers of proton and electr_on transfers are a_d_ded in
pumping. the figure, apart from those involved in the endergonicities of

The energetics of the proton and electron flow, as discussedS°Me ©f the steps.
in the preceding sections, can be summarized in the diagram Finally, a diagram has been sketched for the situation where
shown in Figure 11. This diagram is drawn with the assumption there is a membrane potential corresponding to 200 mV (4.6
that there is no membrane potential. To simplify comparison kcal/mol; see Figure 12). The membrane potential affects all
to experimental data, the energy gained from the electron charge-transfer reactions over the membrane, thus giving a total
transfer between cytochroneeand heme a is included in each ~ reduction of the exergonicity of a full cycle by 36.8 kcal/mol.
electron-transfer step. It is assumed that the reduction potentialsThe effect of the membrane potential is included in each step
differ between cyt c and heme a by 0.1 V, corresponding to 2.3 of the catalytic cycle, assuming that the binuclear center
kcal/mol. The Q bond cleavage step is assumed to be exergonic (including prop A) is located at one-third of the distance from
by 4 kcal/mol starting fronfPy,3® and theR-to-A step is assumed ~ the outside to the inside. Thus, with the membrane potential,
to be exergonic by 1 kcal/mol. The PA corresponding to pH 7 the full cycle is exergonic by 8.9 kcal/mol.
also has to be chosen in some way, and it was decided to choose There are several ways in which the above diagrams can be
it to reasonably match the overall exergonicity of the entire cycle modified. First, it must be remembered that the calculations can
in Figure 11, which is known from experiments to be around 2 give errors which in some cases might be 5 kcal/mol for a
eV. This value is obtained from the reduction of © H,O by relative @<, or redox potential. There are also possibilities to
cytochrome c. By choosing the PA of 289 kcal/mol to  modify the chemical model used. In the calculations discussed
correspond to pH 7, the exergonicity actually calculated here above, no water molecules were placed in the binuclear center
becomes 45.7 kcal/mol. To conform with experimental conven- at the stage when dioxygen is cleaved. From model calculations,
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AE (kcal/mol) expulsion steps. This can probably be arranged by having a
rather high barrier for proton transfer between these positions.
104+ Again, a detailed study of possible proton transfers is necessary
to reach further conclusions about this problem.
5 1 Acknowledgment. We are grateful for many interesting and
useful discussions with Marten Wikstnp Hakan Wennerstro,
and Peter Brzezinski.
0+
References and Notes
(1) Ostermeier, C.; Harrenga, A.; Ermler, U.; Michel, Proc. Natl.
54 Acad. Sci. U.S.A1997 94, 10547-10553.
(2) Yoshikawa, S.; Shinzawa-Itoh, K.; Nakashima, R.; Yaono, R.;
Yamashita, E.; Inoue, N.; Yao, M.; Fei, M. J.; Libeu, C. P.; Mizushima,
89 T.; Yamaguchi, H.; Tomizaki, T.; Tsukihara, $ciencel998 280, 1723~
-10+ 1729.

. . . (3) Svensson-Ek, M.; Abrahamson, J.; Larsson, G.; T@"rnroth, S.;
Figure 12. Potential energy surface for an entire cycle of cytochrome g, o>i i P - lwata. SJ. Mol. Biol. 2002 321, 329-339.

oxidase in the case with membrane potential. (4) Wikstram, M. Nature 1977, 266, 271-273.

it has been indicated that at least one, and probably two, water, , f%&'ﬁﬁgo&gggg Sf{Efaié‘o;fofé%r%Tﬁ%fé‘ ustinen, A Verhousio
molecules are needed at the stage ef@bond cleavage for (6) Gennis, R. BProc. Natl. Acad. Sci. U.S.A998 95, 12747-12749.
protons to reach between tyrosine and dioxy&e.If these (7) Ferguson-Miller, S.; Babcock, GChem. Re. 1996 96, 2889-

907.
water molecules are present, water has to be expe_lled from the? (8) Michel, H.: Behr, J.: Harrenga, A.: Kannt, Annu. Re. Biophys.
binuclear center as the new water molecules are being producedsiomol. Struct1998 27, 329-356.
in the dioxygen chemistry. This will clearly modify the (9) Morgan, J. E.; Verkhovsky, M. I.; Palmer, G.; Wikatnp M.

calculated values in the different steps. Furthermore, water Bi(’(‘i%’?”c/i\zgﬁg%l &O’Nsa%ﬁ?;?ggé%a 176778
molecules in the propionate region, which are present in the (11) Michel, H.Proc. Natl. Acad. Sci. U.S.Agéa 95, 12819-12824.

recent bacterial X-ray structufenight modify the calculated (12) Ruitenberg, M.; Kannt, A.; Bamberg, E.; Fendler, K.; Michel, H.
pKa values of the propionates. Apart from these obvious Nature2002 417 99-102.

e ; (13) Verkhovsky, M. |.; Jasaitis, A.; Verkhovskaya, M. L.; Morgan, J.
modifications of the calculated values, there are also different E.: Wikstram, M. Nature 1999 400, 480-483.

ways to use the computed values with 0n|y minor changes t0 (14) |wata, S.; Ostermeier, C.; Ludwig, B.; Michel, Nature 1995
construct different schemes. For example, in the present scheme376, 660-669. - _
the tyrosinate is being protonated already inReto-Fr; step. (15) Morgan, J. E.; Verkhovsky, M. I.; Wikstro, M. J. Bioenerg.
Usi Imost the same computed values, it is possible to ar ueBlomemb'r-'1994 26, 599-608. :

sing a : p I p 9 (16) Wikstram, M.; Morgan, J. E.; Verkhovsky, M. 1J. Bioenerg.
that this protonation should not occur until tkeor R step. Biomembr.1998 30, 139-145.
The effect of this modification has been studied recently for ~ (17) Wikstram, M. Biochim. Biophys. Act200Q 44827 1—11.

A e 34 ; ; ; (18) Michel, H.Biochemistry1999 38, 15129-15140.
the F-to-O transition34 The conclusion at this stage is that a (19) Becke, A. DPhys. Re. 198§ A38,3098. Becke. A. DJ. Chem.

tyrosinate changes the energetics of the different steps somewhaphys.1993 98, 1372. Becke, A. DJ. Chem. Phys1993 98, 5648.
but does not affect the main picture. (20) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.

One of the main results obtained in the present study is that Ch(ezr? g{')%’{‘;’;égiz'\é- géléjsgizegbah”’ P. E. M., Babcock, G.JTAm.
itis actually possible to have a situation where the protons from ™ (2) jaguar 4.0 Schrainger, Inc.: Portland, OR, 1992000.

the inside energetically prefer to go to the propionates for  (23) Curtiss, L. A.; Raghavachari, K.; Redfern, R. C.; Pople, JJA.

pumping rather than to the binuclear center for consumption. Chezrz- F;hysﬁoﬂQ 1}312E73|:/|7‘_‘—B7|38?E)- VLR, Annu. Re. Phvs. Ch

However, it is important to note that gating is still needed at 19§g )50 ooy, BIOMDerg, AL . ANnL e Fhys. Them.

some points also in the present mechanism. First, for the pump  (25) Siegbahn, P. E. M.; Blomberg, M. R. &hem. Re. 200Q 100,

to function, it has to be faster to take a proton from the inside 421-437. .

to the propionates rather than from the outside. If this is arrangedloézg)sfs'fgggg”' P. E. M.; Blomberg, M. R. A. Phys. Chem. 2001

by having a h.igh barrigr for proton trapsfer betwgen the.outs.ide (27) Siegbahn, P. E. MQ. Rev. Biophys.2003 36, 91—145.

and the propionates, it becomes difficult to design a situation  (28) Blomberg, M. R. A.; Siegbahn, P. E. M.; Babcock, G. T.; Wikstro
i i M. J. Inorg. Biochem200Q 80, 261—269.

WTer.e ? t][ans.ferr:rom the propltl)qates to th((a)out5|de hafs tohbe (29) Blomberg, M. R. A; Siegbahn, P. E. M.; Babcock, G. T.; Wikstro

relatively fast in the proton expulsion steps. One reason for the \y 3 "am. Chem. So@00Q 122, 12848-12858.

difference in barrier heights in the two situations could be that  (30) zaslavsky, D.; Kaulen, A. D.; Smirnova, I. A; Vygodina, T.;

the proton repulsion from the inside lifts the energy level of KonStat'HOV’h'?- PI;-FEBS '—?tt-1993| 336 33%393;- . |

the protonated propionate to a point where the transfer of this Acg%l)ch)imS Syilg\ﬁl)'a%SAéOFz’rOeiS;O;% M. A.; Babcock, G.Hroc. Natl

proton to the outside is exergonic, but this can hardly be enough  (32) Karpefors, M.; Aelroth, P.: Namslauer, A.: Zhen, Y.: Brzezinski,

for the gating. A detailed study of the proton motion has to be P.Biochemistry200Q 39, 14664.

[P (33) Blomberg, M. R. A.; Siegbahn, P. E. M.; Wiké&no M. Inorg.
performed to resolve this issue. A second need for a proton Chem. 2003 42, 52315243,

gate is to prevent the proton on PropA of her@_éram going (34) Siegbahn, P. E. M.; Blomberg, M. R. Biochim. Biophys. Acta
to the binuclear center rather than to the outside in the protonin press.



