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The mechanism for proton pumping in cytochrome c oxidase in the respiratory chain, has for decades been
one of the main unsolved problems in biochemistry. However, even though several different suggested
mechanisms exist, many of the steps in these mechanisms are quite similar and constitute a general consen-
sus framework for discussing proton pumping. When these steps are analyzed, at least three critical gating
situations are found, and these points are where the suggested mechanisms in general differ. The require-
ments for gating are reviewed and analyzed in detail, and a mechanism is suggested, where solutions for
all the gating situations are formulated. This mechanism is based on an electrostatic analysis of a kinetic ex-
periment fior the O to E transition. The key component of the mechanism is a positively charged transition
Gating state. An electron on heme a opens the gate for proton transfer from the N-side to a pump loading site
Quantum chemistry (PLS). When the negative charge of the electron is compensated by a chemical proton, the positive transition
DFT state prevents backflow from the PLS to the N-side at the most critical stage of the pumping process. The
mechanism has now been tested by large model DFT calculations, and these calculations give strong support
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for the suggested mechanism. This article is part of a Special Issue entitled: Respiratory Oxidases.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Cytochrome c oxidase (CcO) is the terminal enzyme in the respira-
tory chain, located in the inner mitochondrial or bacterial membrane.
In this enzyme molecular oxygen is reduced to water by electrons de-
livered from cytochrome c in the outer cytosol, the P-side of the
membrane, and protons delivered from the inside, the N-side of the
membrane. The fact that the electrons and protons are taken from dif-
ferent sides results in the generation of an electrochemical gradient
across the membrane, storing some of the energy from the exergonic
oxygen reduction. This energy, in the form of the gradient, is used by
ATP-synthase to make ATP, the energy currency of the cells. The co-
factors responsible for electron transfer and the oxygen chemistry
are shown in Fig. 1 for cytochrome c oxidase belonging to class A.
The electrons are transferred from cytochrome c via a dinuclear cop-
per complex, Cua, and a heme group, heme g, to the binuclear center
(BNC) consisting of another heme group, heme as and a mononuclear
copper complex, Cug, where the redox chemistry occurs, forming two
water molecules for each O, molecule consumed.

Already in 1977, Wikstrom discovered that the redox chemistry in
CcO is coupled to a proton pump. For each O, molecule consumed, an
additional four protons are translocated across the entire membrane
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against the electrochemical gradient [1]. This proton translocation
further contributes to the gradient buildup and thus to the efficiency
of the energy storage. The molecular mechanism for the proton
pumping against the gradient is far from obvious, and still remains
controversial [2]. Many different mechanisms have been suggested,
but the nature of the gates that separate the protons consumed in
water formation from the protons being pumped has not been under-
stood [3]. Progress in elucidating the pumping mechanism was for
several years partly hampered by the belief that only two of the
four reduction steps were coupled to proton pumping [4], implying
that for those steps, two protons should be pumped per electron
(apart from the proton taken up for the chemistry). A mechanism of
that type is clearly extremely difficult to realize, and it was never suc-
cessful. Still, it was rather early possible to formulate some general
elements of a pumping mechanism, which are included in most of
the mechanisms that have been suggested. One such element is the
assumption that the electron transfer into CcO is coupled to a proton
transfer into a pump loading site (PLS), where the protons to be
pumped are temporarily stored, and which is separated from the site
where the oxygen chemistry occurs [5,6]. The driving force for the
proton transfer is assumed to be an electrostatic interaction with the
incoming electron. After the transfer of a proton to the PLS, another
proton is taken up for the chemistry in the BNC. The second general
element of the pump mechanism is the assumption that the electro-
static repulsion from this second proton will expel the proton at the
PLS out of the enzyme to the P-side [5,6]. These two assumptions,
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Fig. 1. Overview of electron and proton transfer in cytochrome c oxidase (class A).

the initial uptake of the pump-proton into a pump loading site, and
the removal of this proton by electrostatic repulsion from the chemical
proton (i.e. the proton that takes part in the chemistry), can be consid-
ered as necessary components of a pump mechanism, but they give no
information of the nature of the gates, that govern the protons in dif-
ferent situations to go in the right direction, in particular, to move
against the electrochemical gradient. However, it can be noted that al-
ready these rather general elements of a pumping mechanism point
out the three most important gating situations [5,6]. The first gate is
needed to guide the first proton to the PLS and not to the water pro-
duction site at the BNC. Since proton pumping corresponds to a trans-
location of a proton from the N-side to the P-side, there is also a gate
needed that prevents the PLS proton to be taken up from the P-side
of the membrane. Furthermore, a gate is needed that prevents the
PLS proton to move back to the N-side of the membrane when it is
destabilized by the chemical proton.

An important step forward was taken in 1998 when Michel chal-
lenged the idea of only two pumping steps [7], which initiated further
investigations and finally led to a new interpretation of experimental
data suggesting that one proton is pumped in each of the four reduc-
tion steps [8]. With one proton being pumped for each electron trans-
ferred, it is natural to assume that the general mechanisms for proton
consumption and proton pumping are similar for all four reduction
steps. This should make it possible to construct a general pumping
mechanism in more detail. Several mechanisms have been suggested,
and most of them contain the two main electrostatic elements men-
tioned above. However, the mechanisms differ in several details con-
cerning both the actual order of elementary proton and electron
transfer steps, and in the nature of the different gates suggested.

Essentially all different pumping mechanisms suggested start
with the transfer of an electron from cytochrome c into the CcO en-
zyme. In the earliest suggested mechanisms, e.g. the histidine cycle
by Wikstrém and coworkers in 1994 [5], and the mechanism de-
scribed by Rich et al. in 1996 [6], it was assumed that the electron
was transferred all the way to the BNC before the pump-proton was
transferred to the PLS. However, in 1998 Michel presented an explicit
mechanism where the pump-proton was taken up already when the

electron is at heme q, i.e. before it arrives at the BNC [7]. Coupling be-
tween reduction of heme a and proton pumping had in more rudi-
mentary forms been suggested before, e.g. by Babcock et al. in 1983
[9]. The idea that it is the electron transfer to heme a that triggers
the next step, the uptake of the pump-proton, has been adopted as
an important ingredient in several more recently suggested mecha-
nisms [8,10-13], and the analysis of the recent kinetic experiments
for one reduction step (O to E) by Wikstrom and coworkers supports
this mechanism [14]. That idea actually makes it much easier to con-
struct a gating mechanism that prevents this first proton to go to the
BNC, which would waste the energy to be conserved by the proton
pumping. One suggestion is the water-gated mechanism, where it is
assumed that the position of the electron at heme a governs the hy-
drogen bonding between a chain of water molecules so that the first
proton is prevented to go to the BNC [8]. Another suggestion is that
the endergonicity of proton transfer to the oxidized BNC results in a
too high barrier for completing the chemistry at the BNC. Instead,
there first has to be an uptake of a proton to the PLS [11,12], to
allow the electron to go to the BNC. Only at that stage can the chem-
istry be completed. Surprisingly, some quite recently suggested
pumping mechanisms still pursue the idea that the first step is elec-
tron transfer to the BNC [2,15]. In fact, to our knowledge, no specific
gating mechanism has in that case been suggested that prevents the
first proton to perform the very exergonic transfer to the reduced
BNC, but it has still been assumed that there exists such a kinetic
gate [15]. In a fundamentally different mechanism, suggested by
Brzezinski and coworkers, the chemical proton is actually assumed
to go to the reduced BNC before the pump-proton is taken up [16,17].

The second step, the protonation of the PLS can occur either via
the transfer of an “extra” proton [11,12,18,19], or by a charge separa-
tion process where a conserved glutamic acid (Glu286 in Rhodobacter
sphaeroides notation), situated in the proton transfer D-channel (see
Fig. 1), delivers its acidic proton to the PLS as suggested in several
mechanisms [2,13,15,20,21]. The extra proton might be available in
the D-channel [22] or it can be taken up all the way from the N-side
of the membrane. In the charge separation mechanism, the Glu286
is suggested to be reprotonated in a following step. Clearly the two
mechanisms can be considered as two extremes of a similar process,
where the Glu286 is first deprotonated and then becomes reproto-
nated either more or less concertedly, or more slowly, by another
proton from the N-side [12]. The assumption of the character of this
proton transfer step will have implications for the possibility to pre-
vent back leakage of the pump-proton at a later stage, which will be
discussed below [11,12]. An important observation from the kinetic
experiment [14] mentioned above, is that the barrier for this proton
transfer step is quite high, about 11 kcal/mol using transition state
theory [12]. This rather high barrier actually turns out to be necessary
for making a gating mechanism possible. The specific location of the
PLS is not known, but there are different suggestions, most of them
locate the PLS in the vicinity of the propionate groups of the two
hemes. A general requirement is that this position has to be close
enough to electrostatically interact with the electron in heme a
and/or the BNC. To make the interaction large enough, the dielectric
constant must be rather small (e=3-4) [11,12].

If the electron is at heme a when the PLS becomes loaded with a
proton, the next step should be transfer of the electron to the BNC.
A commonly adopted requirement for the PLS is that it is located clos-
er to the BNC than to heme a, and therefore it is the PLS proton that
triggers this electron transfer. It is also possible that the pump-
proton moves from a location close to heme a to one close to the
BNC, in concert with the electron transfer. When the BNC is reduced,
it is favorable for a second proton to be taken up from the N-side of
the membrane and to move into the BNC to perform the chemistry.
This exergonic step is made even more exergonic when it is followed
by the removal of the pump-proton from the PLS. However, from a
thermodynamic point of view there is no advantage for the pump-
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