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We have studied internal electron transfer during the reaction of Saccharomyces cerevisiae mitochondrial cyto-
chrome c oxidase with dioxygen. Similar absorbance changes were observed with this yeast oxidase as with
the previously studied Rhodobacter sphaeroides and bovine mitochondrial oxidases, which suggests that the re-
action proceeds along the same trajectory. However, notable differences were observed in rates and electron-
transfer equilibrium constants of specific reaction steps, for example the ferryl (F) to oxidized (O) reaction
was faster with the yeast (0.4 ms) than with the bovine oxidase (~1 ms) and a larger fraction CuA was oxidized
with the yeast than with the bovine oxidase in the peroxy (PR) to F reaction. Furthermore, upon replacement of
Glu243, located at the end of the so-called D proton pathway, by Asp the PR → F and F → O reactions were
slowed by factors of ~3 and ~10, respectively, and electron transfer from CuA to heme a during the PR → F reac-
tionwas not observed. These data indicate that during reduction of dioxygen protons are transferred through the
D pathway, via Glu243, to the catalytic site in the yeastmitochondrial oxidase. This article is part of a Special Issue
entitled: 18th European Bioenergetic Conference.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In aerobic organisms electrons that are extracted from nutrients are
transferred via a series of membrane bound respiratory chain proteins
to dioxygen. The free energy is conserved by translocation or pumping
of protons (or in some cases sodium ions) across the membrane and
stored in the electrochemical proton gradient. This is used, for example,
for transmembrane transport or synthesis of ATP. In mammalian and
Saccharomyces (S.) cerevisiae yeast mitochondria, O2 reduction is cata-
lyzed by cytochrome c oxidases (CytcOs) with electrons delivered by
cytochrome c. The first electron acceptor from cytochrome c is CuA,
found in SU II, and electrons are then transferred within SU I via heme
a to the bimetallic catalytic oxygen-binding site, consisting of heme a3

and CuB. These heme-copper oxidases are members of a diverse range
of homologous oxidoreductases [1,2]. The mammalian and S. cerevisiae
CytcOs belong to the large A-class of oxidases, which also includes
aa3-type CytcOs from many bacteria such as Rhodobacter sphaeroides
and Paracoccus denitrificans [1,2]. Their O2 reduction reaction is energet-
ically linked to proton pumping across the membrane, from the
negative (n) side to the positive (p) side, with a typical stoichiometry
of one pumped proton per electron transferred to O2.

In the bacterial A-class oxidases, two proton pathways, denoted by
letters D (after a conservedAsp residue at the orifice) andK (after a con-
served Lys residue within the pathway), have been identified based on
functional and structural studies. The K pathway transfers 1–2 protons
upon reduction of the catalytic site, while the D pathway transfers the
remaining substrate protons to the catalytic site as well as all pumped
protons. The structure and function of CytcO have been reviewed, for
example, in [3–12].

To date most investigations of the mitochondrial CytcOs have been
performed with bovine heart CytcO (Bos taurus, BtCytcO). However, in
recent years S. cerevisiae yeast CytcO (ScCytcO) has emerged as a
model mitochondrial CytcO in which effects of mutations on function
can be studied [13,14] (Fig. 1A). Both D and K pathways are conserved
between these twoCytcOs, apart fromminor differences that are unlike-
ly to be functionally relevant [13]. In ScCytcO the D pathway starts near
Asp92 (corresponding to Asp132 in the R. sphaeroides CytcO (RsCytcO)
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Abbreviations: CytcO, cytochrome c oxidase; n side, negative side of the membrane; p
side, positive side of themembrane; R, the four-electron reduced CytcO; A, reduced CytcO
with O2 bound to heme a3; PR, the “peroxy” state formed after transfer of a third electron
to the catalytic site; F, the ferryl state formed at the catalytic site after protonation ofPR;O,
the oxidized CytcO; SU, subunit; WT, wild-type
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and Asp91 in BtCytcO) at the n side of the membrane and spans a dis-
tance of ~25 Å towards the p side to Glu243 (Glu286 and Glu242 in
the R. sphaeroides and bovine CytcOs, respectively). In BtCytcO a third,
H (His) pathway was suggested to be used for the transfer of the
pumped protons [15–17]. Although there are structural differences be-
tween the ScCytcO and BtCytcO at the entry and exit regions of the H
pathway, the membrane-spanning part appears to be similar [13,14].
This pathway is less obvious in the bacterial CytcOs and substitution of
amino acids at positions equivalent to those of the H pathway in the
BtCytcO indicated that these residues are not involved in proton transfer
[18,19].

The kinetics of electron transfer and associated proton uptake
through the D pathway have been investigated, for example, using a
“flow-flash” approach that involves pre-reduction of all metal sites in
the presence of carbonmonoxide (CO), which binds to heme a3, follow-
ed by flash photolysis of the CO ligand after addition of O2 (for review,
see [7,8,10,20–22]) (Fig. 1B). O2 binds with a time constant of ~10 μs
at 1 mMO2 to form ferrous-oxo compound A, followed in time by elec-
tron transfer from heme a to the catalytic site with a time constant of
30–70 μs (depending on the CytcO source). This results in O\O bond
cleavage and formation of a ferryl intermediate that displays an

absorption maximum at 607 nm, termed PR. In the next step, two pro-
tons are taken up from the n-side solution; one is transferred to the
catalytic site to form the ferryl state (termed F)with an absorptionmax-
imum at 580 nm while the other is transferred through a “pump site”
(presumably located “above” the hemes) and into to the p-side aqueous
phase. In the bacterial A-type oxidases, both of these protons are
thought to be transferred through the D pathway to Glu286 (RsCytcO
numbering, Glu243 in ScCytcO), which is the branching point for con-
nection to both the catalytic site and the proton exit pathways. Both
proton uptake reactions and proton release to the p-side display the
same time constant of ~100 μs at pH 7 [23,24]. Over the same timescale
there is a fractional electron transfer from CuA to heme a. Finally, the re-
maining electron in the equilibrated CuA–heme a is transferred with a
time constant of ~1 ms into the catalytic site, converting the F state
into the oxidized (O) form. As for the PR → F reaction, this F → O step
is also linked in time to the uptake of two protons from the n side and
release of one pumped proton to the p side.

With the bacterial A-type oxidases replacement of either Asp132 or
Glu286 (RsCytcO numbering; Asp92 or Glu243, in ScCytcO) by non-
protonatable analogs Asn or Gln, respectively, results in almost a
complete loss of enzymatic activity and impaired proton uptake from

H+

A

H+++++++++++++

N99

D92

E243

a3a
CuB

CuA

D pathway

B

2H+ 2H+

H+ H+ 

CuA

a CS
R A P F O

e-

e- e-

O2

23 µs5 µs
0.4 ms
6 ms

Fig. 1. (A)A structuralmodel of subunits I and II of the ScCytcO, based on theX-ray crystal structure of the equivalent subunits of thebovinemitochondrial enzyme. Shown is theD pathway
used for proton uptake duringO2 reduction. (B) A schematic illustration of the reaction of the reduced oxidasewith O2, based on earlier results with e.g. theRsCytcO and BtCytcO. Thefilled
and empty circles represent the reduced and oxidized redox centers, respectively. Flash photolysis of CO from the four-electron reduced CytcO yields the reduced enzyme, R (CS is the
catalytic site, i.e. heme a3 and CuB). Binding of O2 to heme a3 results in formation of A. Next, an electron is transferred from heme a to the catalytic site forming state PR. During the PR

→ F reaction at the catalytic site there is a fractional electron transfer from CuA to heme a, proton uptake to the catalytic site and proton pumping across the membrane. Finally, in the
last step of the reaction the electron from the CuA–heme a equilibrium is transferred to the catalytic site, linked to proton uptake and proton pumping across the membrane. The time
constants are from the present study.
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