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Abstract The function of cytochrome c¢ oxidase as a
biomolecular nanomachine that transforms energy of redox
reaction into protonmotive force across a biological
membrane has been subject of intense research, debate, and
controversy. The structure of the enzyme has been solved
for several organisms; however details of its molecular
mechanism of proton pumping still remain elusive. Par-
ticularly, the identity of the proton pumping site, the key
element of the mechanism, is still open to dispute. The
pumping mechanism has been for a long time one of the
key unsolved issues of bioenergetics and biochemistry, but
with the accelerating progress in this field many important
details and principles have emerged. Current advances in
cytochrome oxidase research are reviewed here, along with
a brief discussion of the most complete proton pumping
mechanism proposed to date, and a molecular basis for
control of its efficiency.
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Abbreviations

CcO Cytochrome ¢ oxidase
ET Electron transfer

PT Proton transfer

BNC Binuclear center

PLS Proton-loading site

PRAa; Propionate A of heme a;
PRDa; Propionate D of heme aj
DFT Density functional theory

MD Molecular dynamic
Pmf Protonmotive force

Structure and function

Cytochrome ¢ oxidase (CcO), as the terminal enzyme of
the respiratory electron transport chain, is located in the
inner mitochondrial membrane of eukaryotes or plasma
membrane of many prokaryotes. Since, most of the bio-
logical oxygen consumption is catalyzed by the heme-
copper oxidases, their importance for the cellular respira-
tion and energy supply in aerobic organisms is essential.
CcO catalyses the reduction of dioxygen to water and
utilizes the free energy of the redox reaction for proton
pumping across the membrane (Antonini et al. 1970; Wi-
kstrom 1977), generating the electrochemical proton gra-
dient that subsequently drives the synthesis of ATP
(Babcock and Wikstrom 1992; Ferguson-Miller and Bab-
cock 1996; Hosler et al. 2006).

CcO contains four redox-active metal centers: Cupg,
heme a (Fe,), and the binuclear complex consisting of
heme a5 (Fe,3) and Cug, see Fig. 1. Electrons supplied to
Cuy by reduced cytochrome ¢ are sequentially transferred
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Fig. 1 Structure and function of cytochrome ¢ oxidase. a Structure of
the core subunits of bovine cytochrome oxidase embedded in the
mitochondrial membrane. The subunits I and II are displayed by
space-filled rendering in yellow and green, respectively. Metal centers
and the key amino acid residues are displayed along with the ET and
PT paths shown as red and blue arrows. Cytochrome c and

through Fe, to the active site, where the reduction of
oxygen takes place (Ferguson-Miller and Babcock 1996;
Konstantinov et al. 1997; Ostermeier et al. 1997). During
each turnover (O, reduced to water), eight protons are
taken up from the inner side of the membrane, four protons
being used for water formation in the catalytic site
(“chemical or substrate protons”) and four protons being
pumped across the membrane (“vectorial or pumped pro-
tons”). The overall reaction can be expressed as follows:

0, + 4e~ + 8H " (in) — 2H,0 + 4H " (out)

where (in) and (out) indicate two sides of the membrane:
the inner, negatively charged (N-) and the outer, positively
charged (P-) side, respectively.

The available X-ray structures of cytochrome c oxidases
indicate three possible pathways for proton conduction
within the enzyme: the D-, K- and H-channels (Diirr et al.
2008; Ostermeier et al. 1997; Qin et al. 2009; Svensson-Ek
et al. 2002; Tsukihara et al. 2003; Yoshikawa et al. 1998).
The putative H-channel is most clearly defined in the
structure of the bovine oxidase (Tsukihara et al. 2003) and
suggested to have the primary role in translocation of the
pumped protons from the N- to P-side of the membrane
(Shimokata et al. 2007). However, mutants designed to
examine the role of the H-channel in bacterial oxidases
have failed to provide convincing evidence, so far, con-
cerning the functional importance of this putative channel
(Lee et al. 2000; Salje et al. 2005). Moreover, many
computational studies were not able to find any significant
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ruthenium(II)-tris-bipyridyl complex are a native and an artificial-
photoactive single-electron donors, respectively. b The overall
reaction catalyzed by CcO. Reduction of O, to H,O is coupled to
proton pumping across the membrane against the electrochemical
proton gradient

correlation between residues in the H-channel and proton
pumping (Fadda et al. 2008; Kaila et al. 2008; Popovic and
Stuchebrukhov 2004a; Wikstrom et al. 2003). In contrast,
studies utilizing site-directed mutants provide strong evi-
dence that the D-channel and K-channel are functionally
important (Konstantinov et al. 1997; Wikstrom et al. 2000;
Zaslavsky and Gennis 2000). Mutants in the K-channel are
clearly defective in one or more steps associated with the
reductive halve of the catalytic cycle, i.e., the reduction of
the Fe,/Cug binuclear center (Adelroth et al. 1998;
Brindén et al. 2001, 2002; Hosler et al. 1996). Mutants in
the D-channel are defective in steps following the inter-
action of dioxygen with the reduced Fe,3/Cug center i.e.
during the oxidative halve (Adelroth et al. 1997; Fetter
et al. 1996; Mills et al. 2000; Svensson-Ek et al. 2002).
Based on the results of mutagenic studies, 6-7 protons are
presumably delivered along the D-channel, whereas the
D-channel provides all pumped protons. The rest, one or
two chemical protons are provided by the K-channel in the
reductive phase of the catalytic cycle (Kirchberg et al.
2013; Ruitenberg et al. 2000, 2002).

During last 40 years, based on many experimental mea-
surements, calculations, computer simulations, and theoret-
ical studies, it has been suggested a variety of different
models to explain the pumping mechanism of this complex
protein system, see e.g. (Bloch et al. 2004; Brzezinski and
Adelroth 2006; Das et al. 1999; Fadda et al. 2008; Faxen et al.
2005; Kaila et al. 2008; Michel 1998; Olsson and Warshel
2006; Popovic and Stuchebrukhov 2004b; Riistama et al.
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1997; Sharpe and Ferguson-Miller 2008; Siegbahn and
Blomberg 2007; Siletsky et al. 2004; Tsukihara et al. 2003;
Wikstrom 2000, 2003). Although a molecular mechanism of
proton pumping of CcO still remains a subject of intense
debate, many common features and principles appear in
majority of recently proposed models, and they will be
reviewed in the present paper. Some recent reviews of the
enzyme structure, function and kinetics, can be found in
references (e.g. Belevich et al. 2006, 2007; Brzezinski 2004;
Brzezinski and Gennis 2008; Diirr et al. 2008; Gennis 2004;
Han et al. 2000; Hosler et al. 2006; Qin et al. 2009; Sarti et al.
2012; Siletsky and Konstantinov 2012). Finally, the pump-
ing model, currently accepted by most researchers in the field
of oxidase, will be briefly presented.

The heme—copper superfamily

The mitochondrial CcO is a member of the heme—copper
superfamily. These enzymes include respiratory oxidases
(O, reductases) and NO reductases (Pereira et al. 2001,
2008). The major difference among the heme—copper
oxidases is in the variation of the heme-types that occupy
the low-spin and high-spin sites, which could be heme a,
heme b and heme o (Ferguson-Miller and Babcock 1996).
Accordingly, among the solved structures it could be dis-
tinguished the aas-type from bovine (Shinzawa-Itoh et al.
2007; Tsukihara et al. 1996; Yoshikawa et al. 1998), from
Paracoccus denitrificans (Iwata et al. 1995; Ostermeier
et al. 1997), from Rhodobacter sphaeroides (Qin et al.
2006; Svensson-Ek et al. 2002), the bas-type oxidase from
Thermus thermophilus (Luna et al. 2008; Soulimane et al.
2000), and the bos-type oxidase from E. coli (Abramson
et al. 2000). All heme—copper oxidases generally share a
similar tertiary structure with high sequence similarity of
subunit I and the same arrangement of the metal centers—
hemes and copper complex within subunit I (Noor and
Soulimane 2013).

Although many experimental results, including those
from the electrometric studies (discussed in the next sec-
tion), are obtained for bacterial CcO (from P. denitrificans
and R. sphaeroides), as it has been demonstrated recently,
all species of the A-family (aaz-type) show remarkable
structural similarity. Moreover, their microscopic electro-
static and thermodynamic properties of the key amino acid
residues are almost identical, which strongly suggest sim-
ilar mechanism in all these species (Popovic et al. 2010).

Kinetic experiments

The time-resolved optical and electrometric measurements
of the membrane potential generated by the enzyme have

been very successful techniques to study CcO, obtaining
many important information on kinetics of the processes
and the sequence of steps in the reaction mechanism
(Belevich et al. 2007; Bloch et al. 2004; Jasaitis et al. 1999;
Konstantinov et al. 1997; Ruitenberg et al. 2000, 2002;
Siletsky et al. 2004; Zaslavsky et al. 1993). Proton transfer
through ordered or semi-ordered water molecules is well
reflected by the kinetic isotope effect measurements,
another useful experimental technique, that is suitable to
assign and link the different kinetic phases with the
unequal rate constants in mutants and wild type enzyme
(Johansson et al. 2011; Karpefors et al. 1999; Salomonsson
et al. 2008; Schmidt et al. 2003).

Recently, (Belevich et al. 2007) have measured the
kinetics of the membrane potential generated by CcO (from
P. denitrificans) inserted in vesicules during the O — E
transition. Upon a single-electron injection into the
enzyme, four kinetic phases are observed: a pure electronic
kinetic phase, and three protonic phases, which overlapped
with further movement of an electron, parallel to the
membrane surface. Phase 1 (10 ps) is associated with
electron transfer from Cu, to Fe,, thereby moving a frac-
tion of electron to heme a. Further electron redistribution
between Cuyu, Fe,, and the Fe,3/Cug binuclear center is
coupled to three proton transfer reactions, which generate
three additional kinetic phases (150 ps, 800 ps i 2,6 ms;
Belevich et al. (2007)), see Fig. 2.

Time-resolved electron transfer and vectorial charge
translocation in the F — O transition have been studied
with the wild type and N98D mutant enzymes (Siletsky
et al. 2004). With the wild type oxidase, the F — O tran-
sition begins with rapid electron transfer from Cu, to heme
a (15 ps), followed by the intermediate (0.4 ms) and slow
protonic phases (1.5 ms). In the N98D mutant, only a
single protonic phase (0.6 ms) is observed showing the
fourfold H/D kinetic isotope effect. Such a large deuterium
isotope effect is a feature of the slow phase (1.5 ms) in the
wild type (Johansson et al. 2011; Salomonsson et al. 2005,
2008). Presumably, the 0.6 ms electrogenic phase in the
N98D mutant corresponds to proton translocation from the
inner N-side to E242, replacing the chemical proton
transferred from E242 to the BNC that is here linked to ET
from Fe, to the BNC. The transfer occurs through the
D-channel, because it is also observed in the N98D/
K319 M double mutant in which the K-channel is blocked
(Vygodina et al. 1998). It is concluded that the intermediate
electrogenic phase observed in the wild type oxidase is
missing in the N98D mutant, in which the enzyme turnover
is decoupled from the proton pumping (Diirr et al. 2008;
Han et al. 2006; Johansson et al. 2013; Pfitzner et al. 2000;
Vakkasoglu et al. 2006). Recent computational studies
explored free energy profiles for the H" conduction in the
D-pathway of the wild type and N98D mutant enzymes
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Fig. 2 Schematic interpretation of the kinetic electrometric results
for the O — E transition (Belevich et al. 2007). The four redox-active
centers (Cuu, Fe,, Fe,3, Cug) and three key protonatable groups
(Glu242, His291, OH™ ligand of the BNC) of the proposed model are
schematically shown. The green fields represent the membrane
domain. The reduced and oxidized metal centers are shown in red and
white color, while the protonated and deprotonated sites are displayed
in blue and white, respectively. The red arrows represent the electron
transfer (ET) steps, as the blue arrows represent the proton
translocation (PT). Rapid phase 1 is linked to the ET from Cuy, to
Fe,, thereby moving a fraction (70 %) of electron to heme a. Phase 2
is a PT from E242 to an unknown PLS above the BNC that is coupled

emphasizing the importance of protein-bound water mol-
ecules for the proton uptake (Henry et al. 2011; Xu and
Voth 2006). Significantly, with the wild type oxidase, the
protonic phase associated with proton pumping (0.4 ms)
precedes the protonic phase associated with the oxygen
chemistry (1.5 ms). Moreover, the transfer of the pumped
proton to the PLS follows the ET from heme a to the BNC,
in contrast with the results of the O — E transition.

Key structural elements of the pumping model

One of the key features of the considered model is the
existence of the proton-loading site (PLS) located above
the heme porphyrins. The identity of PLS has been recently
examined in the theoretical kinetic study (Sugitani et al.
2008) showing that only a few sites may play the role—
propionates of heme a3, H291, W126, W236, R438 and
R4309, all at roughly the same dielectric depth. The identity
of the PLS is still not known, but the main candidates are
H291 (Popovic and Stuchebrukhov 2004a, b; Sharpe and
Ferguson-Miller 2008), PRAaj (Kaila et al. 2009; Siegbahn
and Blomberg 2007) and PRDa; (Fadda et al. 2008; Pis-
liakov et al. 2008; Wikstrom 2004; Wikstrom and Verk-
hovsky 2007). One model proposed earlier suggests that
the pumped proton might be kept distributed between the
propionates of heme a;, H291 and water molecule Watl
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to the ET between heme a and the Fe, 3/Cup center. The ET is
incomplete i.e. by the end of 150-s phase an electron is equilibrated
between the two hemes. Phase 3 corresponds to the transfer of the
remaining 40 % of an electron from heme a to the BNC and an
accompanying transfer of the chemical proton to the BNC. Finally,
the last 2.6-ms phase is associated with the reprotonation of the donor
site for chemical protons and displacement of the pumped proton
from the PLS to the P-side of the membrane. Presumably, this
happens due to repulsion between the chemical proton arrived to the
BNC and the pumped proton preloaded to the PLS (Popovic and
Stuchebrukhov 2004a; Rich 1995)

(Fig. 3), including a possible formation of the Ziindel-
cation (HsO,") or delocalization of a proton on a larger
cluster of water molecules in the hydrophilic cavity above
the Feas/Cug complex (Popovic and Stuchebrukhov
2004a).

In addition, the protonation state of the PLS group needs
to be linked to the redox state of the binuclear Fe,3/Cug
complex, although it is not an absolute requirement. The
combined DFT/electrostatic calculations (Makhov et al.
2006; Popovic et al. 2005; Quenneville et al. 2004) have
shown that H291 is deprotonated if one of metal centers,
Fe,; or Cug, is oxidized or after the entry of chemical
proton and formation of H,O molecule in the active site. In
both cases, there is an additional positive charge present in
the BNC, which significantly decreases pK, of H291 (Ali-
Torres et al. 2011; Stuchebrukhov and Popovic 2006). In
contrast, H291 is protonated if both metal centers of the
BNC are in the reduced form (Popovic et al. 2005; Popovic
and Stuchebrukhov 2004a). Similar conclusions are made
for PRAa; as the PLS in the different models (Blomberg
and Siegbahn 2010; Kaila et al. 2009).

CcO is a redox-driven proton pump, where the coupling
of electron and proton transfer reactions has a central role.
There are, however, different aspects related to the ET and
PT reactions in proteins. The ET can be explained by the
theory of electron tunneling through the protein matrix
(Stuchebrukhov 2003). In contrast, a feasible PT between
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Fig. 3 The key structural elements for the mechanism of proton
pumping. Protonation state of the proton-loading site (H291) is linked
to the redox state changes in the binuclear Fe,3/Cug center. E242 is
presumably the main proton donor of chemical and pump protons.
Depending on its conformation, E242 can be in protonic contact with
the N-side through the D-channel, or in contact with oxygen ligands in
the BNC, or via a pathway involving the salt bridge (R438*/PRDa3),
H,O (Watl) and H291 in contact with the P-side of the membrane.
Water molecules in the D-channel and the catalytic hydrophobic
cavity (not shown for clarity) may provide a proton transport pathway
and therefore play an important role in the kinetic control of the
whole process. By the rotational isomerization (conformational
gating), E242 controls the bottom side of the hydrophobic cavity,
whereas the R438/PRDaj salt bridge controls the upper side. In that
way it is largely facilitated the unidirectionality of proton and water
conduction in CcO

the proton donor and acceptor assumes a presence of the
intermediate water molecules and the corresponding
hydrogen-bond connectivity, which provides a pathway for
the proton translocation by the so-called Grotthus mecha-
nism (Agmon 1995).

As established experimentally, the highly conserved
E242 plays a central role in conducting both the pumped
and chemical protons (Hellwig et al. 1998; Mills et al.
2003; Pawate et al. 2002). In order to transport a proton in
the hydrophobic cavity between Glu and PLS or BNC,
water molecules are required to provide a pathway and
facilitate a proton transfer process. In additon, thermody-
namic (Ghosh et al. 2009; Quenneville et al. 2006) and
kinetic requirements (Pisliakov et al. 2008; Siegbahn and
Blomberg 2007) need to be fulfilled, as well. Though,
water molecules are not yet seen in the cavity between the
two hemes in the crystal structures of CcO, water is formed
in the active site of the enzyme and leaves the catalytic
center through that hydrophobic cavity. The free energy
calculations suggest that at least four H,O molecules can
be part of the energetically stable structure (Ghosh et al.
2009; Kaila et al. 2008; Pisliakov et al. 2008; Sugitani and
Stuchebrukhov 2009; Tashiro and Stuchebrukhov 2005),

while the MD studies provide evidence that the two chains
of hydrogen-bonded water molecules are formed. One
leads from E242 to PRDa; and the other branch leads from
Glu to the BNC (Zheng et al. 2003). These water molecules
are mobile and vibrant, forming the semi-ordered structure,
which can get reoriented during the course of the simula-
tion (Wikstrom et al. 2003). Due to their increased
mobility, some of water molecules can interexchange or
jump between the two pathways, forming one or other
water chain, i.e. to open or close pathways separately
(Pisliakov et al. 2008; Sugitani and Stuchebrukhov 2009;
Wikstrom et al. 2005). The two water chains can be in
principle utilized to provide the pathways for the PT from
E242 to H291 (for the pump protons) and from Glu to OH™
ligand in the BNC (transfer of a chemical proton for
reduction of oxygen intermediates).

The proposed “kinetic gating mechanism” suggests that
E242 is connected to PLS and the active site (BNC) by two
separate proton-conducting water chains with different
proton-conducting rates. The faster chain delivers the
pumped protons to PLS, whereas the slower chain delivers
the chemical protons to BNC. The difference in rates
ensures that a proton is preloaded into the pump site (PLS)
before the driving redox event, i.e. the protonation of the
reduced oxygen intermediates at the active site by the
chemical protons, occurs (Popovic and Stuchebrukhov
2004b). The structure and dynamics of proton-conducting
water networks (Kaila et al. 2008; Olkhova et al. 2004), as
well as, electrometric results (Belevich et al. 2007; Bloch
et al. 2004; Konstantinov et al. 1997; Siletsky and Kon-
stantinov 2012; Siletsky et al. 2004) suggest that the water
network to the PLS has greater proton-conducting rate than
the one to the BNC, despite the fact that OH™ ligand in the
BNC possesses greater proton affinity than the PLS (H291
or PRAa;) itself (Kaila et al. 2009; Popovic and Stuche-
brukhov 2004a; Quenneville et al. 2006).l In other words,
the rate of proton transfer from E242 to H291 is much
faster than that between E242 and OH™ in the catalytic
center. Therefore, it is not here the thermodynamic but
rather kinetic criterion that decides a path in which proton
is first directed and translocated. As a result, this leads to
creation of a meta-stable intermediate state with a pre-
loaded proton at PLS, from which the pumped proton is
later ejected (after entry of a chemical proton into the
BNC) to the P-side of the membrane (Popovic and Stu-
chebrukhov 2004b, 2005).

From the mechanistic point of view, the salt bridge
R4387/PRDa; and a crystallographically found water

' This is particularly pronounce for PRAaj; as the PLS, since, the
aqueous phase pK,s of propionate and OH™ ligand of Cuj™ complex
are 4.8 and 12.5, respectively. Therefore, the reaction and protein
field need significantly to shift their pK, values in order to reverse the
order of their proton affinities within the enzyme.
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molecule Watl, located between the propionates of heme
as (Fig. 3), are most likely important for the regulation of
transfer of the pumped protons to PLS (Lee et al. 2009;
Popovic and Stuchebrukhov 2004a). The water molecules
are formed as the products of the catalytic reaction and
have to leave the active site of the enzyme through the
nonpolar cavity. The salt bridge facilitates this process and
works as a gate for water exit from the catalytic hydro-
phobic cavity (Sugitani and Stuchebrukhov 2009; Wi-
kstrom et al. 2005). Also, the strong salt bridge imposes the
thermodynamic obstacles (Popovic and Stuchebrukhov
2005) and kinetic barriers (Blomberg and Siegbahn 2010;
Kaila et al. 2009; Siegbahn and Blomberg 2007), which
prevent a reverse flow of protons back to the pump (to PLS
or to E242).

By rotational isomerization of Glu side-chain, E242 can
adopt two distinct conformations—downward and upward,
apparently the proton input and output conformations
(Brzezinski and Adelroth 2006; Popovic and Stuchebruk-
hov 2006). Due to the thermal fluctuations of the protein
and inner water molecules, E242 can flip out from the
stable downward conformation to the upward conformation
(3—6 kcal/mol less stable; Kaila et al. 2009; Popovic and
Stuchebrukhov 2012), facilitating on this way a proton
transfer to the PLS or OH™ ligand of the BNC. By flipping
back to the downward conformation, on the other hand,
Glu can get reprotonated through the D-channel.

If Glu is in its “down” (input) conformation, E242 is in
protonic contact via protonatable groups in the D-channel
with the N-side of membrane. When it is in its “up”
(output) conformation, Glu can transport a proton to the
PLS or BNC by establishing the H-bond connectivity via
internal water molecules. Thus, in “up” conformation, Glu
is in the contact with the P-side of membrane, see Fig. 3.
Rotational isomerization of the Glu side-chain may be
considered as an essential component of the mechanism
that prevents simultaneous contact to the pump site, to the
site of oxygen reduction and to the proton-conducting
D-channel (Fig. 3). Glu can form the H-bonded proton-
conducting pathway only to one site at a time, leaving the
other two pathways temporarily shutdown. The gating
through conformational changes of the Glu side-chain
(Popovic and Stuchebrukhov 2006) is similar with the
“E242 valve model” proposed by the Wikstrdm group
(Kaila et al. 2008).

By MD simulations, Kaila et al. studied the influence of
internal water molecules, the redox state of metal centers and
electrostatics of the heme propionic groups on the dynamic
behavior of E242 in two different protonation states. Glu goes
through a protonation state-dependent conformational change,
which provides a valve in the pumping mechanism. They
emphasized the importance of internal water molecules below
and above the E242 side-chain, particularly the fully hydrated
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state that allows the fast turnover, and discussed the function of
the “E242 valve” in terms of controlling and minimizing the
back-leakage of protons. This mechanism is mainly concerned
with a gating situation, where the pump proton in the PLS has
to be prevented from leaking back to Glu™ in the reduced-
protonated state of the BNC. The energetics of the two con-
formations was found to depend on the redox states of the
cofactors, as well as the protonation state of E242.

Recent computational study (Yang and Cui 2011) has
cast some doubts on the E242 “valve model” and the
water-wire gating via water reorientation. This major
problem has been also discussed by e.g. Warshel and
coworkers (Chakrabarty et al. 2011; Chakrabarty and
Warshel 2013; Pisliakov et al. 2008). Electrostatic basis for
the unidirectionality of the primary PT from E242 to
PRDaj; was elucidated by calculating the activation barriers
of the different steps in several alternative paths, including
a leakage from the P-side. The EVB and the PDLD/S-LRA
semimacroscopic model are used to calculate more accu-
rate energy profiles for proton translocation pathways.
Models with different number of water molecules in
hydrophobic cavity are examined; moreover, large struc-
tural rearrangements and conformational changes of the
donor and acceptor group are explored in the MD runs.
This work has demonstrated that the proton transfer from
E242 to PRDaj over several intermediate water molecules
in nonpolar hydrophobic region is very expensive and that
the reduced number of bridging water molecules can
actually lower the activation barriers of the PT process.

Kinetic mechanism of proton pumping

Schematic of the proposed proton pumping mechanism is
shown in Fig. 4. During the cycle, the stable state of the
catalytic center, before an additional electron is supplied to
the system, is that in which one of the metal centers is
formally oxidized (Fe>™—H,O or Cu**—H,0), while E242
is protonated and H291 (N§1 position) is deprotonated.” An
electron is supplied to the system via cyt ¢ to Cu, and
transferred further to heme a (step 1), and then to heme a;—
Cug binuclear center (step 2). In response to the increased
negative charge of the BNC, the proton from E242 has now
a driving force to move closer to the catalytic center. There
are two proton-conducting pathways leading from E242 to
two possible sites: one is leading to OH™ group in the
BNC, the second is leading to the deprotonated H291
residue (PLS). Both groups show the high proton affinity,
what is revealed by the high values of their pK,s (Popovic

2 This state is established in a previous step of the cycle, when a
chemical proton is accepted by one of the hydroxy ligands of the
BNC.
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Fig. 4 Schematic of the discussed proton pumping model of CcO. It
is shown the sequence of steps during one pumping cycle, i.e. upon
the injection of an electron in the system. The PT and ET steps are
shown by blue and red arrows, respectively. In the beginning of the
cycle, the proton donor E242 is protonated, while two potential proton
acceptors, H291 (PLS) and HO™ ligand of BNC, are deprotonated
(empty circles). There are two separated proton-conducting water
chains—the one leads from Glu to PLS and the other leads to the
BNC, which differ in the proton-conducting rates. It is of the essential
importance that the proton transfer rate from Glu to PLS along the
pumping path 3 is much larger than between Glu and OH™ in the
BNC along the chemical path 5 (k3 > ks), i.e. step 3 occurs before
step 5. Otherwise, there is no proton pumping and all protons taken
from the N-side would be used for the protonation of oxygen
intermediates in the BNC

and Stuchebrukhov 2004a; Quenneville et al. 2006). Since
the proton translocation rate to H291 is considerably larger
than the one to the OH™ group (Belevich et al. 2007;
Siletsky and Konstantinov 2012; Siletsky et al. 2004), in
the next step the protonation of His occurs, i.e., the transfer
of a pump proton to the PLS. Thus, there is here a kinetic
(not thermodynamic) control of this PT reaction, what
results in formation of a meta-stable state of the enzyme
(Popovic and Stuchebrukhov 2004b, 2005) in step 3 (see
discussion above). Step 4 is the reprotonation of E242
residue through the D-channel by proton uptake from the
N-side of the membrane. Now the second chemical proton,
using a separate path, can be transferred to the BNC pro-
tonating OH™ to H,O (step 5). The presence of an addi-
tional positive charge in the BNC consequently decreases
the H291 pK,, value (Popovic et al. 2005; Quenneville et al.
2006). Obviously, the entrance of a substrate proton into
the active site is an essential component of the pumping
mechanism in CcO, since the free energy is generated at
the catalytic site. In step 6, E242 presumably the main
proton donor of the proton translocation process, once
again gets reprotonated through the D-channel. This addi-
tionally increases the electrostatic repulsion between a
proton at H291 and H,O ligand in the BNC, what finally, in
step 7, leads to ejection of a preloaded proton from the PLS

to the P-side of the membrane (Popovic and Stuchebruk-
hov 2006).

Therefore, reprotonation of the proton donor site may
control a proton release from the PLS to the P-side of the
membrane, additionally facilitating the proton pumping
event (Brzezinski and Gennis 2008; Popovic and Stuche-
brukhov 2006). Moreover, the reprotonation of E242 along
with a release of the pumped proton controls entry of the
next electron into the enzyme, since the reduction of heme
a is only feasible if E242 is in the stable protonated state
(Popovic and Stuchebrukhov 2012). Such control of the
flow of electrons assures that electrons are taken up and
consumed one at a time in the active site of the enzyme.
Further, it means that the scheme of steps in the pumping
mechanism, shown in Fig. 4, cyclically repeats with each
new electron entering the system. Since four electrons are
required for the complete reduction of O, to 2H,O, the
displayed sequence of steps will be repeated four times to
complete the catalytic cycle of the enzyme.

The experimental data for the O — E transition (Bele-
vich et al. 2007) can be interpreted to suggest a mechanism
in which the translocation of the pumped proton occurs
upon reduction of heme a (Bridndén et al. 2005), i.e. before
the ET to the BNC, contrary to the proposed model. In
contrast, the study on the F — O transition, however,
supports the transfer of the pumped proton to PLS upon ET
to the binuclear center (Siletsky et al. 2004). These dif-
ferent results may suggest that the oxidative and reductive
halves of the catalytic cycle are not entirely identical in all
mechanistic details, besides the obvious difference in
oxygen chemistry, the redox potential of metal centers and
reaction kinetic rates. It should be noted that the scheme
(Fig. 4) is entirely suitable for the oxidative phase of the
catalytic cycle, and in a slightly modified form for the
reductive part, as well (see Fig. S1 in SM). Namely, in the
reductive part of the cycle, the steps 2 and 3 are coupled
and occur simultaneously. Also step 5, the transfer of a
proton to OH™ ligand in the BNC, is accompanied with the
complete transfer of an electron to the Cug center.

The proton translocation from E242 to PLS upon the
reduction of heme a is an endergonic step (Kaila et al.
2009; Quenneville et al. 2006), which could be facilitated
by an initially generated small population of the reduced
heme a; (Popovic and Stuchebrukhov 2012). The proton
transfer to the PLS (during the O — E transition) consid-
erably increases the redox potential of heme as, thereby
stabilizing the electron at the BNC at the significant level,
which in turn further increases the driving force for PT to
the PLS. In other words, the increased population of the
protonated His (PLS) gives rise to the reduced population
of heme a3, and vice versa. Therefore, one can say that the
electron and the proton drive each other at this step to the
more stable (intermediate) state of the enzyme where they
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occupy heme a; (BNC) and H291 (PLS), respectively. This
is a typical situation for a coupled electron and proton
transfer reactions (Hammes-Schiffer and Stuchebrukhov
2010). Namely, without an electron, the proton transfer is
unfavorable, likewise without the proton, electron transfer
is unfavorable; however, transition of both electron and
proton is favorable in energy. The transition in this case
occurs in the course of thermal fluctuations and reflects the
statistical and coupled nature of the reaction.

Proton and water exit

The proton and water exit pathways are the constitutive and
important parts of the pumping mechanism in CcO. Little
is experimentally known about the exit pathway and there
may be multiple routes beyond the PLS toward the P-side
(Hosler 2004; Mills and Ferguson-Miller 2002). Above the
hemes on the interface between subunits I and II (see,
Fig. la), a large number of scattered internal water mole-
cules have been found in the crystal structures (Qin et al.
2006; Shinzawa-Itoh et al. 2007), making the identification
of a single proton exit pathway even more difficult. The
electrostatic calculations suggest that protons exit the
enzyme by means of a discrete pathway and not by random
diffusion (Popovic and Stuchebrukhov 2005). We proposed
three putative proton exit paths with the following proton
release groups—D51, Kl171y/D173y, and H24y/D25q;.
Non-conserved D51 was previously proposed as a proton
release group in bovine CcO, based on the conformational
changes of its side-chain in different redox states (Yos-
hikawa et al. 1998). However, the thermodynamic energy
profiles favor the K171;;/D173y; exit channel the most. The
two other proton exit sites might be energetically com-
petitive under some circumstances, although their
involvement is much less likely than that of the strongly
coupled Kl171/D173y; pair (electrostatic coupling of
0.25 eV).

The main proton exit channel includes H291 (PLS),
Watl, PRA of heme a3, D364, H368, and leads via internal
water molecules and a redox-inactive Mg?" center to
D173/K171y; exit point. Both highly conserved residues
D364 and H368 are H-bonded to PRAajs. In some studies,
their role has shown to be crucial for proton translocation
and catalytic activity (Das et al. 1999; Pfitzner et al. 1998),
while in the other studies no significant effect has been
found (Qian et al. 1997; Thomas et al. 1993). Alternatively,
a proton might perhaps move along the oxygen atoms of
the carboxylate and backbone carbonyl groups of PRAas,
D364 and 1365 to reach K171y site, 7.75A away from the
starting point (PRA:031-K171:N{). Movement of two
adjacent water molecules closer to this area could facilitate
such proton translocation.

@ Springer

In other aas-type of oxygen reductases, K171y and
D173y residues are well-conserved and could have the
same role. However, adjacent 1365, located between D364
and K171y in bovine CcO, is replaced with R408 (R.
sphaeroides) or R400 (P. denitrificans). Our model sug-
gests that the main proton exit pathway in R. sphaeroides
leads from the PLS to R408 and D229,,/K227; sites, while
the equivalent R400 and D193/K191y; sites could be the
main proton release group in CcO from P. denitrificans
(Popovic et al. 2010). Results from recent experimental
studies indicate that protons may exit through a channel on
the interface of subunits I and II leading from the catalytic
site, via T294 and Mg-center to the P-side (Brzezinski,
personal communication), in agreement with theoretical
calculations (Popovic and Stuchebrukhov 2005). Namely,
T294 (Thr377 in R. sphaeroides notation) is a part of the
H-bonding network making multiple bonds with D173y
residue, a H,O molecule close to H368, and a weak H-bond
with a H,O ligand of Mg>" center. Other study on the bas-
type from 7. thermophilus has shown that only D372I and
H376N mutants (from all examined) retain relatively high
turnover and normal spectral features, but do not pump
protons (Chang et al. 2012). They assume that PRAaj or
Watl are good candidates for the PLS, and their putative
proton exit path is consistent with our proposal.

Water access from the outside of the enzyme and water
escape from the buried active site were studied by an
advanced time-resolved experimental technique (Schmidt
et al. 2003). The results of this study suggest that water
molecules formed in the catalytic site exit via Mg®" center
using most likely one distinct pathway. In theoretical study,
the network of connected internal cavities is examined
using structural analysis, MD simulations, and free energy
calculations (Sugitani and Stuchebrukhov 2009). Two exit
pathways, connecting the catalytic site via Mg>" center to
the P-side of the enzyme, have been identified. One path-
way is leading via R438/R439 toward the Cu, center,
approaching closely its H204y; ligand and K171y residue;
and the other is leading toward D364 and T294. These
pathways are well-conserved among different aas-type
enzymes. It seems that the water exit pathways are closely
related to the proton exit routes described above.

Free energy diagram

Energetics of proton and electron transfer reactions during
the O — E transition is shown in Fig. 5 (Popovic, manu-
script in preparation). The results are obtained from the
combined DFT/electrostatic calculations and for the
His291 pumping model shown schematically in Fig. 2. The
obtained energy levels are fairly comparable with the
results of the similar model, where PRAaj3 is considered as
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Fig. 5 Energy diagram of proton and electron transfer reaction steps
during the O — E transition for the &p,,../ecaviry = 4/20 dielectric
model. Thermodynamic levels are calculated without (black) and with
(green) membrane potential gradient of 200 meV. Each state (II to
VIII) is defined by the protonatation and redox state of H291/E242/
BNC. PH and P~ are protonated and deprotonated form of H291
(PLS). gH, g7, GH and G~ represent Glu in protonated and
deprotonated state in down and up conformation. B, B~, and BH
are oxidized, reduced, and reduced-protonated forms of the binuclear
center (BNC). The red states describe a possible proton leak

the PLS, see Fig. 6 in Kaila et al. (2009). Figure 4, in the
same study, displays the kinetic energy barriers between
the states of the enzyme during one proton pumping step.
Transition state theory was employed for estimating acti-
vation energies (Ag*) from the rate constant (k) of transi-
tions, given as: k = ko exp(—Ag*/ksT). The state Va with
the proton in the PLS (PRAa; or H291) is especially vul-
nerable to leak back to G~ site (E242™ in upper confor-
mation), instead of being released to the P-side of the
membrane, which would result in a loss of proton pumping.
This suggests that both kinetic and thermodynamic asym-
metries in the position of the E242 side-chain play
important roles in preventing such a leak. In addition, the
transition states and kinetic barriers have been also
explored in the recent computational studies (Blomberg
and Siegbahn 2010; Olsson et al. 2007; Siegbahn and
Blomberg 2007).

Obviously, there are more different control mechanisms
and gating situations employed by the enzyme to ensure the
unidirectionality of the proton translocation and to prevent
proton leaks in the opposite direction. Several models have
been proposed lately, discussing other aspects, alternative
mechanisms, different gating situations and kinetic energy
barriers, e.g. Blomberg and Siegbahn (2010); Brindén

Va Vb Ve
vd
Villb

— 200mV
25

(Va — VIlla — VIIIb), where a proton flows back from PH to G,
before G~ can flop down to g~ conformation and gets reprotonated
through the D-channel. The leak is thermodynamically more favor-
able than the forward reaction but kinetic barrier for this back flow is
too high (Kaila et al. 2009), due to repulsive interactions with the salt
bridge and unfavorable orientation of internal water molecules in the
hydrophobic cavity. Energetics of the proton pumping before or after
the reprotonation of E242 is displayed by the steps Vb — Vd
(blue) — Vlor steps Vb — Vc — VI, respectively, energetically and
kinetically favoring the latter situation

Fig. 6 The catalytic cycle of cytochrome ¢ oxidase. The squares
represent states of the heme a;—Cug binuclear center. During regular
turnover, one proton is pumped (dark blue arrows) from inside to
outside of the membrane for each electron transferred (marked with
e~ ) to the BNC. Each electron transfer into the BNC is also linked to
uptake of a chemical proton from the N-side (light blue arrows) and
its translocation to the active site for the protonation of oxygen
intermediates

et al. (2006); Faxen et al. (2005); Kaila et al. (2008); Pis-
liakov et al. (2008); Popovic and Stuchebrukhov (2005);
Sharpe and Ferguson-Miller (2008).
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H291 is also included as the PLS of the chemically
explicit model (Sharpe and Ferguson-Miller 2008) for the
pumping mechanism in CcO. Recent ATR-FTIR spectro-
scopic measurements suggest that His ligated to Cug center
and exposed to the hydrophilic cavity, may go through a
protonation change upon binding of formate to the BNC of
bovine CcO (Iwaki and Rich 2004). These are rare exper-
imental evidences that H291 might be involved in change
of the protonation state, but the situation is not any better
with the other potential proton-loading sites.

The presented model of proton pumping in CcO corre-
lates well with most experimental data cited in this review
paper. The “His291 pump model” is discussed and com-
pared with the experimental results throughout the text.
The model was initially developed based on results of the
continuum electrostatics by calculating the electrostatic
free energies from the solution of the LPBE, see e.g.
(Couch et al. 2011; Popovic and Stuchebrukhov 2004a;
Popovic et al. 2001, 2002). In-house developed QM/MM
method, based on the combined DFT/electrostatic calcu-
lations (Makhov et al. 2006; Popovic et al. 2005;
Quenneville et al. 2006), has been used to calculate more
accurate energetics of the electron and proton transfer
reactions. The applied methods also include the solvation
energy calculations, molecular mechanics and MD simu-
lations. Therefore, the model may reproduce well the
thermodynamic properties of the enzyme, as for instance—
pK, values of titratable sites, the redox potential of the
metal centers or the free energies of the proton and electron
transfer reactions. However, from the thermodynamic
energy profiles, one cannot judge about the activation
energies of the transition states, kinetic barriers and reac-
tion rate constants. Obtaining this important information
for the “His291 pumping model” is currently underway
and will be presented elsewhere.

The catalytic cycle

In the catalytic cycle, CcO undergoes through several states
(R, A, P, F, H, O, E), which differ in the redox state of
metal centers and the protonation state of the substrate and
ligands in the binuclear complex. These different states can
be detected by optical and spectroscopic methods, though
in some particular cases, it is not possible to uniquely
determine the protonation state of ligands and oxygen
intermediates (Gennis 1998, 2004; Siletsky and Konstan-
tinov 2012). In Fig. 6, the purple squares represent the
states of the main cycle, whereas one can distinguish the
oxidative (R — H) and reductive (H — R) halve. In the
oxidative reaction phase, metal centers (Fe,3 and Cug) are
oxidized providing three electrons for the total reduction of
dioxygen, while the fourth electron is given by nearby
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Y244 covalently linked to H240 the ligand to Cug (Bab-
cock 1999; Barry and Babcock 1987; Fabian et al. 1999;
Hemp and Robinson 2006; Proshlyakov et al. 2000). In the
reductive reaction phase, metal ions of the BNC get
reduced by the incoming electrons supplied by cyt c. The
oxidative phase begins at state R (reduced, Fe[lI] Cu[I]),
and continues with states A (oxygen adduct, Fe[lI]-O,
Cu[I]), Py (peroxy, Fe[IV] = O Cu[ll] Tyr-O"), F (ferryl,
Fe[IV] = O Cu[ll] tyr-O7), and H (hydroxy, Fe[llI]
Cu[II]) (Proshlyakov et al. 2000). In the absence of an
electron donor, the metastable oxidized H state may relax
into state O (oxidized, Fe[IIl Cu[ll]) (Antonini et al. 1977;
Brunori et al. 1987), which may be reduced via state E
(Fe[III] Cu[lI]) back to state R (Bloch et al. 2004). How-
ever, during continuous turnover, the H state is reduced
back to R via state Ey (Fe[III] Cu[I]). In the main cycle,
both (oxidative and reductive) halves are coupled to
pumping of two protons, one for each electron transfer into
the BNC. Each electron transfer into the BNC is also linked
to uptake of a substrate proton from the N-side and its
translocation to the active site for the protonation of oxy-
gen intermediates. However, after relaxation of H to O,
there is no a proton pumping in the reductive phase
(O —» R). It is experimentally shown that the enzyme
isolated in the oxidized state in anaerobic conditions, not
recently undergone oxidation by O,, does not pump pro-
tons (Belevich et al. 2006).

Efficiency of the proton pump

It should be noted that the cytochrome oxidase proton
pump reactions are reversible (Siegbahn and Blomberg
2007; Wikstrom 1981) and therefore their activation
energies and kinetic barriers are particularly important for
the proper functioning of the enzyme. Proton pumping
across the membrane is highly endergonic process and for
that reason it needs to be coupled with the chemical
reduction in the active site of the enzyme, which may
provide enough energy. Based on the redox potential of the
half-reactions, O,/H,O (E = 800 mV) and cytochrome
¢ [Fe**/Fe®™] (E = 300 mV), one can estimate the overall
driving force of 500 meV per electron for the exergonic
redox reaction. On the other hand, a translocation of the
two electrical charges per electron, against the membrane
potential of 200-220 mV, requires a work of
400-440 meV (Brzezinski and Gennis 2008). Accordingly,
the efficiency of CcO as a proton pump is somewhere
between 80-90 %, when it works with a full capacity, i.e.
against the high values of the protonmotive force (pmf).
The maximal turnover of CcO is then around 1000 e /s, i.e.
1000 H" are pumped and 500 water molecules are pro-
duced every second. At high pmf there is an overall driving
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force of only 60—100 meV per electron for the underlined
coupled processes. Cytochrome oxidase operates relatively
close to equilibrium between the driving and the driven
reactions with high degree of efficiency and in that respect
is a quite different from most other protein systems (e.g.
bacteriorhodopsin or photosynthetic reaction center; Med-
vedev et al. 2008), where a substantial amount of energy is
wasted as heat. However, operating close to equilibrium
usually means a much higher risk of competing back
reactions (leak of protons back into a pump). Also, it is
shown that a work at high pmf is associated with the
increased production of reactive oxygen species (ROS)
such as superoxides and peroxides (-O,~, H>O,, and -OH),
which may result in oxidative stress, serious damage of the
mitochondrial membrane and cell death (Korshunov et al.
1997). Consequently, this puts high demands on the
effectivity of kinetic gating mechanism. In other words,
kinetic barriers need to be settled in such way to maintain
the unidirectionality of the proton transport through the
enzyme and to have a subtle control of the whole pumping
process. Earlier study explored the mechanism of control of
cytochrome oxidase activity by the electrochemical-
potential gradient (Brunori et al. 1985).

Concluding remarks

Transmembrane electrochemical proton gradient is used to
store free energy in biological systems, and subsequently to
drive the synthesis of biomolecules, transmembrane
transport and to provide energy for all other cell processes.
These gradients are maintained by membrane-bound pro-
ton pumps that utilize free energy provided by electron
transfer or light for proton transport through the enzyme. In
recent years, their wild type and mutant structures have
been solved indicating that both protein-bound internal
water molecules and protonatable amino acid residues play
central roles in transmembrane proton conduction. From
these structures, in combination with functional and com-
putational studies, have emerged general principles of
proton transport across membranes and control mecha-
nisms for such reactions, in particular with regard to the
electron-transfer-driven ~ proton  pump  cytochrome
¢ oxidase.

The coupling of electron and proton transfer reactions
plays a crucial role in CcO. During the course of the cat-
alytic reduction of O,, the redox changes of metal centers
and protonation changes of protonatable ligands and oxy-
gen intermediates take place in the binuclear Fe,;/Cup
center, the active site of the enzyme. They may further
induce the alternation of H-bonds, reorientation of internal
water molecules, the side-chain conformational and pro-
tonation changes of amino acid residues in the vicinity of

the BNC, as for instance, in the hydrophobic cavity
between the hemes or hydrophilic cavity above the Fe,s/
Cug center. Due to the long-range electrostatic interactions,
the influence could be extended to the entrance K- and
D-channel or proton/water exit channel(s). It is shown that
site-directed mutations in the D-channel, far away from the
active site, BNC or PLS, may for instance impair a proton
pumping while still retaining the enzyme turnover. This
suggests that in cytochrome oxidase there is a subtle kinetic
control of the coupled electron and proton transfer reac-
tions, which also involves internal protein-bound water
molecules.
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