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Carboxyl groups of possible functional importance in bovine and
bacterial cytochrome c oxidases (CcO) are reviewed and assessed. A critical
analysis is presented of availablemid-infrared vibrational data that pertain
to these functional carboxyl groups. These data and their interpretations
are discussed in relation to current models of the mechanism of proton
and electron coupling in the protonmotive CcO superfamily.
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The active site of heme-copper oxidases contains two cofactors,
heme a3 and CuB, which can both bind external ligands as the substrate
O2 and signallingmoleculesNO and CO, andwhich are both involved in
electron transfer processes. Over the last few years we have exploited
the fact that the heme-ligand bond can be dissociated by a short light
pulse to explore the dynamics of CO and NO in the active site and the
interaction between the two cofactors using ultrafast spectroscopic
techniques. For example, we have time-resolved the CO transfer from
heme a3 to CuB and shown that it occurs in a ballistic way in ∼500 fs,
which presumably reflects rigidity of the active site. Heme a is located
close to heme a3 (∼7Å edge-to-edge) and acts as electron donor for the
active site. Using mixed valence oxidases we have extended the
‘reverse electron flow’ technique to the ultrafast regime and demon-
strated that this electron transfer process occurs in only 1.2 ns. The
process is activationless and associated with a very low reorganization
energy (b200meV), in contrast to common assumptions but in general
agreementwith the hydrophobic environment of the reactants. Finally,
ligand dynamics in native and modified cytochrome c reflects the
rigidity required for optimal electron transfer properties.
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The superfamily of heme-copper oxidases comprises the cyto-
chrome oxidases and the NO reductases, the former catalyzing the
reduction of molecular oxygen to water, the latter the reduction of NO
to N2O. Cytochrome oxidases are the final electron acceptors in the
respiratory chains of bacteria, archaea andmitochondria. Based on the
structure of its D- and K-proton pathways cytochrome aa3 from Par-
acoccus denitrificans, has been classified as a Type A oxidase. The
reduction of oxygen generates a proton electrochemical gradient
across the cytoplasmic membrane. Four protons are used for the
formation of water (chemical protons) and four are pumped across the
membrane. The chemical protons join with electrons and O2 at the
heme a3-CuB binuclear center yielding water. The thermodynamics of
the chemical protons can be understood on basis of the chemical,
redox and acid-base properties of the metallo-binuclear center.
However, what constitutes the driving force for the pumped protons?
Our recentmicrosecond freeze-hyperquenching experiments revealed
the formation of a transient tryptophan radical derived from the
strictly conserved W272 in the transition F → FW⁎ → OH. We propose
that the redoxchemistry and acid/base properties ofW272 provide the
thermodynamic and directional force for proton pumping by the
cytochrome oxidases.
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Haem-copper oxygen reductases are transmembrane protein
complexes that reduce oxygen to water and pump protons across
the mitochondrial or periplasmatic membrane, contributing to the
transmembrane electrochemical potential. Seven years ago we
proposed a classification of these enzymes into three different families
(A, B and C), based on the constituents of their proton channels, later
supported by the so far identified characteristics of the catalytic centre
of each family members. The members of the three families have in
common the same general structural fold, the same or analogous
prosthetic groups and the existence of proton channels, in the
catalytic subunit. These observations raise the hypothesis that the
mechanisms for oxygen reduction, proton pumping and coupling may
be the same for all haem-copper oxygen reductases. Under this
hypothesis they should be performed and controlled by the same or
equivalent elements/events. The identification of retained elements in
all families will reveal their importance and may prompt the
definition of the enzyme operating mode. Thus the search for a
minimum common denominator may have a crucial importance. In
this article we highlight what is already established for the haem-
copper oxygen reductases and emphasize the main questions still
unanswered in a comprehensive basis.
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Haem copper oxidases constitute the terminal complex of the
respiratory chain and catalyses the four electron reduction of dioxygen
to water. This is an extremely exergonic redox reaction which is
coupled to protonpumping across the innermitochondrial or bacterial
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