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A B S T R A C T   

Cytochrome c oxidase is the terminal complex of the respiratory chains in the mitochondria of nearly all eu-
karyotes. It catalyzes the reduction of molecular O2 to water using electrons from the respiratory chain, delivered 
via cytochrome c on the external surface of the inner mitochondrial membrane. The protons required for water 
formation are taken from the matrix side of the membrane, making catalysis vectorial. This vectorial feature is 
further enhanced by the fact that the redox catalysis is coupled to the translocation of protons from the inside to 
the outside of the inner mitochondrial membrane. We are dealing with a molecular machine that converts redox 
free energy into a protonmotive force (pmf). Here, we review the current extensive knowledge of the structural 
changes in the active heme‑copper site that accompany catalysis, based on a large variety of time-resolved 
spectroscopic experiments, X-ray and cryoEM structures, and advanced computational chemistry.   

1. Cell respiration 

In eukaryotes, cell respiration occurs exclusively in the mitochon-
dria, more specifically in the inner mitochondrial membrane. With very 
few exceptions, the actual consumption of O2 is catalyzed by the ter-
minal enzyme complex of the respiratory chain, cytochrome oxidase or 
cytochrome c oxidase (CcO). CcO catalyzes the 4-electron reduction of 
O2 to water, and the considerable free energy change of this reaction is 
used to drive charges (and protons specifically) across the membrane to 
generate a protonmotive force (pmf). 

4 cyt cred + 8 H+
in +O2→4 cyt cox + 4 H+

out + 2 H2O 

How this enzyme converts chemical redox free energy into a trans-
membrane voltage and pH difference has motivated mechanistic studies 
since the 1970s. 

CcO is for all practical purposes functionally identical in all eu-
karyotes. By contrast, in prokaryotes the variability in respiratory chains 
is considerable [1]; many prokaryotes can express different combina-
tions of respiratory chain complexes depending on growth conditions, 
and this variability extends to the terminal oxidases, which can oxidize 
either cytochrome c (as in mitochondria) or a quinol. The bulk of the 
bacterial oxygen reductases are structurally and functionally related to 

the mitochondrial CcO. These enzymes belong to the large family of 
heme‑copper oxygen reductases, which all contain a binuclear center 
(BNC) that consists of a heme group where the heme iron is usually 
within 5 Å of a copper ion (Fig. 1) [2–9] and which is the active site 
where O2 binds and is reduced. A second heme, which is low spin with 
bis-histidine axial ligands, is adjacent to the heme of the BNC and is the 
immediate electron donor to the active site. 

Whereas prokaryotic oxygen reductases utilize a variety of heme 
chemical variants (e.g. heme A, heme B, heme O) at these two sites 
[1,10], in eukaryotic CcOs both sites always contain heme A. These are 
referred to as heme a and heme a3, the latter denoting the O2-binding 
heme of the BNC, and mitochondrial CcO is often called cytochrome aa3. 

The copper of the BNC (called CuB) is bonded by three histidine li-
gands, one of which forms a unique covalent bond to a tyrosine residue 
[2]. This is a fully conserved special feature in all heme‑copper oxygen 
reductases [11,12]. 

The superfamily of heme‑copper oxygen reductases can be sub-
divided minimally into A-, B- and C-families [13–15]. The mitochondrial 
CcOs are all in the A-family and closely resemble the bacterial A-family 
oxygen reductases. In this paper we focus on the catalytic intermediates 
in the oxygen reduction cycle of the mitochondrial CcO. Many experi-
ments have demonstrated the great similarities between the eukaryotic 
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CcO and its prokaryotic A-family counterparts, and this review will draw 
from results obtained with these bacterial homologues when applicable. 
The bacterial enzymes offer experimental advantages due to greater 

structural simplicity (fewer subunits) and the availability of site- 
directed mutagenesis. 

The bacterial A-family heme‑copper oxygen reductases contain only 
four subunits compared to as many as 13 subunits for the mitochondrial 
enzyme. Three of the subunits of the bacterial enzymes are homologous 
with the three largest subunits of the mitochondrial CcOs (often called 
subunits I, II and III). In mitochondria, these subunits are encoded by 
mtDNA. The three-dimensional structure of mitochondrial CcO from 
bovine heart [2,16–18] has been solved, as have the homologous 
structures of the A-type CcOs from Paracoccus denitrificans [19], Rho-
dobacter sphaeroides [5,20], and the quinol oxidases from Escherichia coli 
and Bacillus subtilis [8,9,21]. More recently, eukaryotic CcO structures 
from other organisms have been solved by cryoEM, albeit at lower res-
olution, including human [22,23], ovine [24], yeast [25,26] and higher 
plant [27] CcOs. 

The approach in this paper will be brief and focused on the current 
understanding of the catalytic intermediate structures. For more 
extensive historical reviews the reader is referred to [28–34]. 

Four electrons (and four protons) are required to reduce O2 to 2 H2O. 
Under physiological conditions in intact cells, the rate of reduction of 
CcO by cyt cred is slow so that after each of the four one-electron 
reduction steps CcO has time to form a transient, metastable interme-
diate before the next electron is delivered. Each of the four one-electron 
transfers is further coupled to the translocation of one proton across the 
membrane, i.e., the proton pump activity. Fig. 2 summarizes the present 
view of the catalytic cycle of CcO from the point of view of the inter-
mediate structures of the BNC, each of which will be discussed sepa-
rately below. 

2. The fully reduced and mixed valence states of CcO 

The mitochondrial CcO and all bacterial A-family cytochrome c ox-
idases contain 4 redox-active metal centres. In addition to the already 
mentioned heme a, heme a3, and CuB, they contain CuA which is the 
initial electron acceptor from reduced (ferrous) cytochrome c. Whilst 
CuA is a dinuclear copper centre, it is a one-electron donor/acceptor, 
shuttling between the forms Cu[I]Cu[II] (oxidized) and Cu[I]Cu[I] 
(reduced). Thus, the fully reduced (FR) state of CcO has 4 electrons 

Fig. 1. The binuclear center of bovine CcO. The coordinates are taken from the 
published structure of fully oxidized bovine CcO at 1.5 Å resolution (PDB 5B1A; 
[91]). Heme a3 is ligated by a single histidine; CuB is ligated by three histidines. 
One of the CuB histidines (H240) is covalently linked to the catalytically 
important Y244. The center-center Fe-Cu distance is 4.8 Å. See text for redox, 
ligand and protonation states of the intermediates formed during catalysis. 

Fig. 2. Catalytic cycle. The rectangles describe the 
states of the binuclear centre. The name of each state 
is indicated near the upper right corner. The proximal 
histidine ligand of heme a3 and the three histidine 
ligands of CuB are not shown for simplicity. HO-Tyr- 
His refers to the conserved tyrosine that is covalently 
bonded to one of the three histidine ligands of CuB. 
− O-Tyr-His and *O-Tyr-his refer to the respective 
tyrosinate and neutral tyrosine radical forms. We 
have also denoted the free radical superoxide of state 
A with * for consistency. Note that the structures of 
the F and OH states shown have alternatives where an 
electron from the tyrosinate is displaced to the copper 
(see text). Red arrows show the four partial reactions 
in which one electron and one proton is brought to 
the BNC, and where one additional proton is trans-
located from the matrix to the intermembrane space 
(not shown). Dashed red arrows show the formation 
and decay of the special intermediate PR outlined by 
a dashed rectangle (see text). Formation of water is 
not shown for clarity, but is assumed to occur in the 
steps forming intermediates F and R, respectively. 
The blue arrow shows the essentially irreversible re-
action step (ΔG ~ − 5 kcal/mol) in which bound O2 is 
effectively fully reduced by four electrons (to an 
oxide bound to ferryl iron and a hydroxide bound to 
CuB). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web 
version of this article.)   
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readily available from the four redox-active metals, [CuA(I), Fea(II), 
Fea3(II), CuB(I)], sufficient to react with O2 to form 2 H2O in a single 
turnover without requiring the addition of cyt cred. Studying the mech-
anism of this reaction is one important approach to unraveling the 
catalytic mechanism and the characteristics of the transient intermedi-
ate states. It should be noted that the FR state is an experimental con-
venience and that this state is not expected normally under physiological 
conditions. 

An important variation to studying the reaction of O2 with the FR 
state is to begin with a 2-electron reduced enzyme, called the mixed- 
valence (MV) enzyme: CuA(II), Fea(III), Fea3(II), CuB(I). The MV state 
also reacts with O2, in this case forming an oxygen adduct called PM (see 
below). Finally, note that we use the term R state for the fully reduced 
state of the BNC itself (Fe[II]Cu[I]; Fig. 2). 

3. Compound A and the apparent KM for oxygen 

In the mid-1970s there were already kinetic/spectrophotometric 
indications of the presence of an ‘oxygen adduct’ as the primary enzyme- 
substrate complex in the reaction of reduced CcO with O2. In 1975 
Chance, Saronio and Leigh [35] demonstrated this intermediate at low 
temperatures by an ingenious triple-trapping technique, and called it 
Compound A. Compound A, the spectrum of which closely resembles 
that of the classical ferrous heme a3-CO adduct with peaks at 590 and 
430 nm in reduced-minus-oxidized difference spectra, was later found 
also in room temperature experiments. Both at low and room tempera-
tures the binding of O2 to the reduced active site was, perhaps surpris-
ingly, found to be very weak, with a dissociation constant as high as ca. 
0.25 mM [35–37]. This is in apparent contradiction to the observed 
steady-state kinetics oxygen affinity in cell respiration, the apparent KM 
being well below 1 μM under most conditions [38]. However, as origi-
nally suggested by Chance et al. [35], this apparently high affinity is 
caused by very fast kinetic trapping of the bound O2, relative to the 
overall turnover rate, a concept that was confirmed in room temperature 
experiments [36,37]. 

Although Compound A is formally a dioxygen adduct where O2 is 
bound to the ferrous iron of heme a3, quantum-chemical calculations 
and vibrational spectroscopy [39–42] have shown that the actual 
structure resembles those of oxyhemoglobin and oxymyoglobin [43,44] 
in which an electron is strongly displaced from the heme iron onto the 
O2 ligand, to the extent that the actual structure is best described as a 
ferric-superoxide complex. In other words, what is formally 

Fe(II) − O2 Cu(I)

His − TyrOH  

is more accurately represented as (1), below,  

1. Fe[III]-O2*− Cu[I] 
His-Tyr-OH 

Please note that in this structure of the BNC, as in those to follow, the 
proximal ligand of heme iron and the porphyrin ring, as well as the three 
histidine ligands of CuB are not shown for simplicity. In (1), the Fe and 
Cu refer, respectively, to the iron in heme a3 and to CuB, and the His-Tyr- 
OH refers to the unique crosslinked His-Tyr cofactor that is ligated to 
CuB in all heme‑copper oxygen reductases. 

4. The P intermediates: PM and PR 

It would be reasonable to assume that the next intermediate would 
result from the transfer of a second electron into the oxygen species, 
forming a peroxide (two-electron reduced O2: O2

2− or HOO− ) ligated to 
ferric heme a3, with this second electron likely coming from CuB 
[45,46]. Alternatively, the second electron (and a proton) could be 

donated by the tyrosine in the active site [46] yielding a neutral tyrosyl 
radical. The expectation of a peroxy species as the intermediate 
following compound A (1) is reflected in the name of the intermediate 
observed, the P state. However, a true peroxide intermediate has never 
been detected. Thus, if a peroxide species is formed directly from com-
pound A, it must be converted very rapidly to the observed intermediate, 
P. 

The low temperature studies by Chance et al. [33] of the reaction of 
O2 with the 2-electron reduced mixed valence state (MV) of CcO showed 
initially the formation of Compound A (1) which was subsequently 
converted to a species characterized optically by peaks at 607 nm and 
430 nm in the difference spectrum versus the oxidized enzyme. This was 
called Compound C, and subsequently re-named as the PM state of the 
BNC. 

A state of CcO with the same optical characteristics as PM can be 
generated by forcing the catalytic cycle backwards, starting from the 
ferric/cupric state O (Fig. 2). This was done in experiments with intact 
mitochondria, where oxidized CcO was exposed to a high pmf using ATP 
hydrolysis by reversal of the FoF1-ATPase, combined with a high redox 
potential at cytochrome c achieved artificially by an excess of ferricya-
nide [47,48]. Redox titrations of the PM state [47] formed this way 
showed that it is the product of a two-electron oxidation of the ferric/ 
cupric BNC plus water, which is why the name P (for peroxy) was given. 
However, work by Weng and Baker [49], Kitagawa and Ogura [42] and 
Fabian et al. [50] convincingly showed that the O–O bond is broken in 
the PM state, a reaction that requires 4 electrons transferred to O2. It was 
proposed that the heme a3 Fe is in a hypervalent ferryl state, Fe(IV) =
O2− [51]. The electronic structure of the BNC in the PM state has been 
confirmed spectroscopically [52] to contain ferryl Fe[IV] = O2− , Cu(II), 
and a neutral crosslinked tyrosyl radical shown in (2).  

2. Fe[IV] = O2− − HO-Cu[II] 
His-Tyr-O* 

The formation of the PM state from the mixed valence state of the 
enzyme plus O2 involves the transfer of 4 electrons to the O2. Two 
electrons are derived from the heme a3 Fe(II) → Fe(IV), one from CuB(I) 
→ CuB(II), and one from the crosslinked His-Tyr-OH → His-Tyr-O• [50], 
which is also the source of the proton required in the O–O bond split-
ting reaction [53]. Another way to consider this reaction is that two of 
the four electrons transferred to O2 correspond to the reducing equiva-
lents used to reduce the BNC to the heme a3 Fe(II)/CuB(I), the “third” 
electron comes from forming the hypervalent heme a3 Fe(IV) state and 
the “fourth” electron comes from the crosslinked tyrosine. 

Recently, based on cryoEM data, Michel et al. [54] proposed a ferric/ 
cupric structure for the PM state with a bound dioxygen molecule, or 
alternatively, a bound peroxide as had been suggested originally [47], 
but which was subsequently disproved [50,52], as discussed above. 
Fabian et al. [50], Jose et al. [52] and Michel et al. [54] all produced the 
PM state by treating the oxidized enzyme with CO and O2, a method 
originally introduced by Nicholls and Chanady [55]. This method is 
based on the water-gas shift reaction 

CO+H2O→CO2 + 2e− + 2H+

where CO donates two reducing equivalents to the binuclear site, 
itself being oxidized to CO2. The resulting mixed valence (MV) enzyme 
subsequently reacts with the provided O2 to produce state PM. It was 
suggested in [54] that the evidence of a split O–O bond in PM from the 
H2

18O yield after reaction of 18O2 with MV CcO [50] could have arisen 
from a reaction between CO and O2 to yield CO2 and water. However, 
the direct uncatalysed reaction between CO and O2 is negligible at room 
temperatures [56]. 

A further serious concern regarding the cryoEM interpretation of the 
PM structure [54] arises from the fact that the optical spectrum of the 
enzyme suggested to be in that state shows only a very small absorption 
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at its characteristic peak at 607 nm and almost no signature of its 430 nm 
Soret band [54]. Hence, the state described as PCO in ref. [54] could not 
possibly contain >10 % of state PM and must be a heterogeneous mixture 
of forms. 

Whereas the reaction of O2 with the 2-electron reduced MV state of 
CcO produced the PM state, not surprisingly, the reaction of the 4-elec-
tron reduced FR state of CcO with O2 proceeds differently. Compound 
A (1) is again formed initially, followed by a state with optical charac-
teristics identical to PM [57] However, in this case the “fourth” electron 
does not come from the His-Tyr cofactor but from the low spin heme a: 
heme a Fe[II] → heme a Fe[III]. The proton is still donated by the 
crosslinked His-Tyr-OH, forming a tyrosinate His-Tyr-O− [53]. This is 
called the PR state (3) as it derives from the fully reduced (FR) enzyme. 
EPR studies [57,58] strongly suggest that the O–O bond is broken in the 
PR state of CcO, as it is in the PM state, and that CuB(II) is ligated to a 
hydroxide anion (OH− ) the oxygen atom of which derives from O2. 

The structure of the PR state is, therefore,  

3. Fe[IV] = O2− − HO-Cu[II] 
His-Tyr-O−

also supported by a recent time-resolved serial femtosecond crystallog-
raphy study [59]. The unusual EPR signal of copper in this state is 
successfully modelled as due to weak magnetic coupling between the 
ferryl heme a3 Fe[IV] = O2− (S = 1) and CuB [II] (S = 1/2), [57]. The PR 
state is unique among the identified catalytic intermediates (as indicated 
by the dashed rectangle in Fig. 2). It is the only known intermediate 
separating the electron transfer to the BNC from the ‘chemical’ proton 
uptake to form the equivalent of water. Consequently, it is also the only 
intermediate with an apparent extra negative charge, which presumably 
reflects an intermediate state of the proton pumping process in which a 
proton-loading site is occupied that compensates for the charge imbal-
ance (see [57]; dashed red arrows in Fig. 2). 

5. The F state 

The F state is observed as an intermediate following the appearance 
of the PR state in the rapid kinetics of the reaction of O2 with the fully 
reduced FR state using the flow/flash technique [60]. This F state is also 
observed in intact mitochondria by ATP-linked partial reversal of the 
catalytic cycle already described for state PM, but in this case redox ti-
trations revealed that state F is formed by a one-electron oxidation of 
state O [47]. 

The F state of the BNC has the same number of electrons as state PR 
and is distinguished from the latter by an additional proton within the 
BNC, known to be taken up on the transition from state PR to state F in 
the forward reaction. FTIR experiments showed that the anionic tyrosine 
remains unprotonated in state F [61], so protonation of the hydroxy- 
ligand of CuB seems likely and is supported by quantum chemical en-
ergy calculations. Such calculations also suggest that the water molecule 
produced dissociates away from the copper [62,63]. The basic structure 
of state F may therefore be written as  

4. Fe[IV] = O2− Cu[II] 
His-Tyr-O−

However, density functional QM calculations further suggest the 
presence of considerable spin on the tyrosine [62,64] indicating that the 
true structure is likely to differ from the above by shifting an electron 
from the tyrosinate to Cu[II] to form the tyrosyl free radical, as below.  

5. Fe[IV] = O2− Cu[I] 
His-Tyr-O* 

or an equilibrium mix of the two structures 4 and 5. 

6. The enigmatic O states 

When mammalian cytochrome c oxidase is extracted and purified, 
this ‘as isolated’ form is classically described as ‘fully oxidized’, gener-
ally called state O, with all four metal centers in their ferric/cupric 
states. However, considerable variations and heterogeneity in the state 
of the BNC can exist, depending on the methodology of the isolation 
procedure. One type of heterogeneity arises from ligands that can bind 
to the BNC during purification. These include halides and bicarbonate 
and the experimental distinction between them and the unligated O 
state can be subtle [65]. A second type of heterogeneity can arise from 
the relaxation of the unligated O state into a form termed ‘slow’ that 
reacts very slowly with added BNC ligands and in which electron 
transfer into the BNC is hindered [66]. This form is favoured when 
isolated CcO is incubated at low pH and displays a very distinctive 
blueshift of its heme a3 Soret peak from 424 to 414 nm, like that induced 
by binding of formate to the BNC. To date, the chemical nature of this 
form remains obscure, with possibilities being an internal protonic 
rearrangement or even formation of a true peroxide state. The presence 
of these altered forms of isolated CcO have not always been appreciated, 
with the term ‘resting’ being applied to different forms, or mixtures of 
forms, of isolated, oxidized CcO, making some earlier published data 
difficult to interpret. However, the ligated and ‘slow’ forms of O can be 
converted into the unligated ‘pulsed/fast’ O state by a pulsing cycle of 
reduction/reoxidation [66]. 

In 2004 Bloch et al. [67] demonstrated that oxidation of the fully 
reduced enzyme initially leads to a metastable, additional O state that 
subsequently relaxes to the more stable ‘pulsed/fast’ O state within a 
few seconds. Energy transduction (including proton pumping) proceeds 
upon further reduction only from the metastable form of the O state (see 
also [68]). At about the same time, Rousseau et al. [69] showed by time- 
resolved Raman spectroscopy of the forward reaction that the decay of 
the F state transiently yielded a state best described as an unusual high 
spin ferric hydroxide species. This form decayed to the final (presumably 
‘pulsed/fast’) O state in some 5 ms. However, this is a minimum lifetime 
since the measured decay may have been caused by exchange of the 18O- 
labelled OH− ligand. It thus seems very likely that the metastable form of 
state O is identical to Rousseau’s ferric hydroxide species, which is why 
it has been named state OH, as opposed to the more stable ‘pulsed/fast’ O 
form. 

Density functional analyses by Sharma et al. [70] suggested that the 
OH state may have the following structure, obtained by adding one 
electron and one proton to the F state  

6. Fe[III]-OH− … Cu[II] 
His-Tyr-O−

i.e., a high spin ferric heme species with a distal hydroxide ligand 
bridging between the two metals. This has been supported by the 
quantum-chemical calculations of Blomberg and Siegbahn [71] and 
Noodleman et al. [63]. It is noteworthy that it is very unusual that a 
ferric heme with the strong-field hydroxide ligand would still be high 
spin. However, here this is attributed to the bridging of the OH− iron 
ligand to the copper (or possibly to a water molecule). As was the case 
with the modeling of the F state, considerable spin at the tyrosine sug-
gests the following alternative structure of the OH state  

7. Fe[III]-OH− … Cu[I] 
His-Tyr-O* 

in equilibrium with the former structure (6). 
One further complication on the structure of a highly purified ‘as 

prepared’ O state preparation was the finding that 6 electron equivalents 
were required to fully reduced it with added dithionite. This led to a 
proposal that the O state contains a peroxide ligand [72]. However, 
reduction with NADH/PMS required only 4 electron equivalents, 
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consistent with other literature reports e.g. [73]. In addition, the enzyme 
used in [72] was stated to be in a ‘resting’ form, which raises the 
question of whether this might represent the non-catalytic ‘slow’ form, 
which could be an inactive peroxide-containing O state. Several X-ray 
studies [7,74–76], and a recent cryoEM study [54], have also been 
interpreted to suggest that the (presumably pulsed/fast) O state has a 
peroxide bound in the BNC. However, such a possibility is contradicted 
by computational findings that a peroxide adduct would not be a stable 
species [63]. In fact, it is well known from spectroscopic studies that 
adding peroxide to the pulsed/fast O results in the formation of the PM 
and/or F states, depending on concentration and pH (cf. above). 

Noodleman et al. [63] have made the interesting proposal that the 
‘peroxide observed in structural studies of CcO in the O state’ is an 
experimental artefact arising from a heterogeneous mixture of forms. In 
their view it is due to an overlap of positions of a water molecule be-
tween the heme iron and the copper in the BNC. Hence, the relaxed 
(pulsed/fast) O state may have the structure  

8. Fe[III]—OH2–Cu[II] 
His-Tyr-O−

This structure, and the absence of a peroxide, is reminiscent of the 
structure reported by Andersson et al. [77] for the oxidized state of CcO 
of cytochrome ba3 from Thermus thermophilus by serial femtosecond 
crystallography at room temperature using an X-ray free electron laser. 

Note that this state (8) has an additional proton in the BNC as 
compared with (6) and (7). Blomberg and Siegbahn [71] have also 
suggested that the pulsed/fast O state is a protonated form of state OH, 
but has assigned the proton to the tyrosine, i.e.  

9. Fe[III]—OH− …Cu[II] 
His-Tyr-OH 

An extra proton in pulsed/fast state O, as in BNC structures (8) and 
(9), compared to state OH, would mean that it had a difference of three 
protons compared to the structure of the reduced BNC in the FR state 
and that two protons are required for its formation from F (structures 4 
and 5 above). However, the transition of F to the pulsed/fast O state is 
accompanied by net uptake of only one proton from the external me-
dium [78]. In addition, at least in bovine and R. sphaeroides CcO, the 
transition from the FR or MV state into pulsed/fast O is linked to a two 
proton change of the BNC in both the forward [79,80] and reverse [81] 
directions, though a larger (2.5 ± 0.6 H+) change has been reported for 
the BNC of Paracoccus CcO [82]. Overall, these data strongly support a 
difference within the BNC of two protons between pulsed/fast O and FR 
states, as is the case for the transition between the predicted structure of 
OH and the reduced R state BNC in Fig. 2. Hence, if there is indeed an 
extra proton in ‘pulsed/fast’ O, which has yet to be confirmed experi-
mentally, it would have to arise reversibly from an internal site [83,84]. 
The conserved lysine-319 (bovine CcO subunit I numbering) in the 
proton-conducting K-channel is an interesting candidate as electrostatic 
calculations showed it to be highly protonated in the R state [85]. The 
positive charge of lysine-319, which has been shown in MD simulations 
to flip upwards towards the BNC (and see ref. [53]), may be required to 
raise the redox potential of the BNC in the OH state to ascertain fast 
electron transfer and a sufficient driving force for proton translocation 
[33,83]. Such a scenario would readily explain why the analogue of the 
lysine-319-methionine variant of the P. denitrificans enzyme behaves as 
if it were in the O state rather than OH, and unable to catalyse fast 
electron transfer and proton translocation [67]. 

One may tentatively suggest that the O state (i.e., the pulsed/fast O) 
may have a structure very similar to the metastable OH state, but with an 
additional proton at the bridging ligand derived internally from the 
lysine in the K-channel (structure 8). We may also speculate that in the 
classical slow form of the enzyme, known to be favoured at low pH, an 
external proton has protonated the tyrosine of the BNC (structure 9) 

leading to a blockade of reduction of the BNC. Finally, it should be 
remembered that water molecules are produced at the BNC by turnover. 
These water molecules may be required for the fast proton-coupled 
electron transfer reactions characteristic of catalysis [27]. Cessation of 
turnover may thus dry out the surroundings of the BNC, and lead to the 
decay of a catalytically active metastable state OH to a more stable dry 
state O. 

All in all, it is somewhat paradoxical that the forms of the enzyme as 
isolated (state O) may be the least understood. One contributing aspect 
may well be that this state can be heterogeneous, a fact that has not 
always been recognized as noted above. Another aspect of this that 
might be of importance in future research is that the relaxation from 
state OH to other forms of O might be of physiological importance and 
involved in regulating the energy-transducing efficiency of mammalian 
cytochrome c oxidase. 

7. Re-reduction of the binuclear centre 

Time-resolved single electron injection into cytochrome oxidase in 
the OH state [28] resulted in a blue shift of the near infrared band at 655 
nm, but no indication (<1 %) of reduction of heme a3. The absorption 
band near 655 nm is considered to be due to charge transfer between 
ferric heme a3 and CuB[II], so its shift to the blue in these experiments 
most likely reflects reduction of CuB to the cuprous form. Alternatively, 
and in agreement with [86] this event could be envisaged as a reduction 
of the neutral tyrosine radical in structure (7), which is thought to 
equilibrate with the structure (6) in the state we have called OH. In 
either case, the structure of the next intermediate, EH, would be (10), or 
(11), obtained by adding one electron and a proton to state OH, either 
(6) or (7). These proposed structures of EH are supported by recent X- 
ray-determined structures of catalytic intermediates of bovine CcO [87].  

10. Fe[III]-OH− … Cu[I] 
His-Tyr-OH  

11. Fe[III]-OH2… Cu[I] 
His-Tyr-O−

Margareta Blomberg proposed on the basis of density functional 
calculations that CuB may already be reduced in state OH and that the 
transition to state EH in part involves reduction of heme a3 and in part 
reduction of the tyrosine radical (ref. [86]; Table 2). In our view the 
experimental data [28] exclude significant reduction of heme a3 in the 
EH state (cf. above). 

8. Free energy changes 

Table 1 summarizes the individual standard free energy changes of 
all individual reaction steps of the catalytic cycle, assuming a redox 
midpoint potential (Em,7) of 0.25 V (versus NHE) for the electron donor, 
cytochrome c, and estimates of the Em,7 values of the individual redox 
couples based either on experimental titrations (see [30]) or on the most 
recent DFT calculations by Blomberg [86]. It is worth noting that the 
sum of free energies of all reaction steps must match the known overall 
standard free energy change of reducing O2 to 2 H2O by four molecules 
of ferrocytochrome c (2.2 eV). It should also be noted that two partial 
reactions in the cycle, the binding of O2 (R → A) and the A → PM step, are 
not linked to reduction of the BNC by cytochrome cred. The free energy 
change upon O2 binding to the BNC is close to zero as indicated by the 
high dissociation constant [35–37]. The free energy change for the A → 
PM step has been estimated to be between ca. -3.5 kcal/mol (− 0.15 eV) 
[30] and ca. -7 kcal/mol (− 0.30 eV) [86] based on quantum-chemical 
calculations. All other free energy changes and redox potentials are 
based on experimental data [30], or on corresponding results from most 
recent DFT calculations [86]. The experimental data concerning the OH 
→ EH step originally stem from ref. [28] where it was found that one- 
electron reduction of OH resulted exclusively in reduction of CuB. The 
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Em,7 was estimated to be at least 100 mV higher than the Em,7 of heme a 
[28], which is ca. 400 mV in cytochrome oxidase from Paracoccus 
denitrificans [88]. Since we have subsequently estimated that 1 % 
reduction of the heme groups would have been distinguished in the work 
described in [28], we have set the lower limit for the Em,7 of the OH → EH 
reaction to 400 + 120 = 520 mV in Table 1. 

Kruse et al. [89] recently reported on a resonance Raman band at 
750 cm− 1 specific for the pulsed/fast O state, but absent in the slow O, 
which titrated with an Em,8 of ca. 525 mV relative to the Ag/AgCl 
electrode and was suggested to correspond to the tyrosine radical. This 
redox potential is equal to ca. 755 mV versus the NHE assuming a 
standard Ag/AgCl reference electrode was used, and we suggest that the 
authors were driving the O (pulsed/fast) state back to state F (states 4 
and 5 above; see also Fig. 2). With the known 1 H+/e− dependence of 
that reaction, the corresponding Em,7 would be 815 mV (vs. NHE), in 
excellent agreement with earlier experiments with intact mitochondria 
(Table 1). The authors interpreted the absence of this Raman feature in 
the slow O state by protonation of the tyrosine, which agrees with our 
conclusions above. 

Comparison of the experimental and computational estimates in 
Table 1 shows a reasonably good fit considering the uncertainties 
involved in both methodologies. However, in the reductive phase the EH 
→ R transition in particular is predicted to have a standard free energy 
change (Table 1) hardly sufficient to drive two electrical charges across 
the membrane with a protonmotive force of some 200 mV. Yet, the low 
computational Em,7 value for the EH → R transition need not be a 
problem. All values given are based on standard states (midpoint po-
tentials, Em,7). However, the ambient redox potential of the EH/R redox 
couple during catalytic turnover may be much higher than the one 
deduced from the Em,7 value because we would expect the occupancy of 
state EH to be much higher than that of state R in the aerobic steady 
state. One should also keep in mind that the proton-pumping efficiency 
of cytochrome c oxidase [90] is ca. 80 % at a protonmotive force of 170 
mV, and likely to be much lower at 200 mV. Hence, the latter value may 

be too high as a norm in assessing the required free energy of individual 
steps of the catalytic cycle. 

Despite of the above, it is clear that the experimental Em,7 values for 
re-reduction of the BNC starting from the pulsed/fast state O (as opposed 
to the metastable OH), as obtained in anaerobic redox titrations (i.e. ca. 
400 mV at most for O → E and E → R) are far too low to be consistent 
with the requirement that the sum of all free energies in the catalytic 
cycle must equal the free energy of O2 reduction to water (see above). In 
our view this means that the energy of the pulsed/fast O state must be 
lower than that of the metastable OH state to an extent that compensates 
for the low Em,7 values. Density functional analyses of possible pulsed/ 
fast O states have not yielded lower energies than that of state OH [84], 
so this is a remaining dilemma. However, we find it possible that a 
drying up of the hydrophobic cavity next to the BNC on cessation of 
activity may contribute to lowering the energy. 

9. Epilogue 

The catalytic cycle of CcO involves the transfer of four electrons and 
four protons onto dioxygen to produce two H2O products. Since these 
are supplied in single steps, the number of catalytic intermediates is 
inevitably large, with some stable enough to study with biophysical 
methods and others too transient to trap. Even for those stable enough to 
study, complications arise from multiple forms that can exist. This is 
particularly evident for the fully oxidized O state which, besides being 
able to form a range of stable states, appears to have a relatively unstable 
form when the enzyme is cycling through its natural proton-pumping 
cycle. The structures of these enigmatic forms of the O state are still 
not fully resolved, prompting ongoing controversy on the structures of it 
and other catalytic intermediates of the natural catalytic cycle. In this 
review, we have attempted to summarize their most likely structures, 
based on currently available biophysical data. Knowing the correct 
structures of these intermediates is essential when linking them to the 
coupled proton translocations that accompany their interconversions, a 
topic beyond the scope of the present article. 
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transport of electrons and protons in a bacterial cytochrome c oxidase-DFT 
calculated properties compared to structures and spectroscopies, Phys. Chem. 
Chem. Phys. 22 (2020) 26652–26668. 

[64] M.R. Blomberg, Mechanism of oxygen reduction in cytochrome c oxidase and the 
role of the active site tyrosine, Biochemistry 55 (2016) 489–500. 

[65] A.J. Moody, ’As prepared’ forms of fully oxidised haem/Cu terminal oxidases, 
Biochim. Biophys. Acta 1276 (1996) 6–20. 

[66] E. Antonini, M. Brunori, A. Colosimo, C. Greenwood, M.T. Wilson, Oxygen "Pulsed" 
cytochrome c oxidase: functional properties and catalytic relevance, Proc. Natl. 
Acad. Sci. U. S. A. 74 (1977) 3128–3132. 

[67] D. Bloch, I. Belevich, A. Jasaitis, C. Ribacka, A. Puustinen, M.I. Verkhovsky, 
M. Wikström, The catalytic cycle of cytochrome c oxidase is not the sum of its two 
halves, PNAS 101 (2004) 529–533. 

[68] M.I. Verkhovsky, A. Jasaitis, M.L. Verkhovskaya, J.E. Morgan, M. Wikström, 
Proton translocation by cytochrome c oxidasse, Nature 400 (1999) 480–483. 

M. Wikström et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160433095503
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160433095503
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513326795
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513326795
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513326795
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513326795
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160451517268
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160451517268
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160451517268
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160451508640
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160451508640
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160451508640
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160451508640
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160451500247
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160451500247
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160451500247
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160451500247
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160451492266
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160451492266
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160451492266
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450553048
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450553048
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450546794
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450546794
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450546794
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513312952
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513312952
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450228579
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450228579
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450228579
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450228579
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450228579
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450223373
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450223373
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450223373
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450216483
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450216483
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450216483
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450211653
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450211653
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450211653
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450206617
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450206617
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450206617
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450206617
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439344214
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439344214
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513297634
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513297634
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439338022
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439338022
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439338022
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439336100
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439336100
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439336100
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439334993
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439334993
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439334993
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439331311
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439331311
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450192944
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450192944
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160450192944
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439327373
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439327373
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439148598
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439148598
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513275450
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513275450
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439146108
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439146108
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439144224
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439144224
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439142813
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439142813
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439312174
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439312174
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439312174
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513268117
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513268117
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439140458
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439140458
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439140458
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513262151
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513262151
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513262151
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439134798
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439134798
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513252249
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513252249
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513252249
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439133423
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439133423
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439133423
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513243741
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513243741
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160513243741
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439128278
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439128278
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439128278
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439277520
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439277520
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439121551
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439121551
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439121551
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160512056400
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160512056400
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160512056400
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439115564
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439115564
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439109753
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439109753
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439109753
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439085541
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439085541
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439079684
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439079684
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439079684
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439018259
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439018259
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160512040609
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160512040609
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160512040609
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160455045376
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160455045376
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160455045376
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439014231
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439014231
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439014231
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439008724
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439008724
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160511584357
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160511584357
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160511584357
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160511584357
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439002495
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439002495
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160439002495
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160438596513
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160438596513
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160438596513
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160435578180
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160435578180
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160435578180
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160435578180
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160435578180
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160435574232
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160435574232
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160435574232
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160435567515
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160435567515
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160435567515
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160435561734
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160435561734
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160435561734
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160434212829
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160434212829
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160434212829
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160434212829
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160433163743
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160433163743
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160511554847
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160511554847
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160433161815
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160433161815
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160433161815
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160433160230
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160433160230
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160433160230
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160433158979
http://refhub.elsevier.com/S0005-2728(22)00403-0/rf202211160433158979


BBA - Bioenergetics 1864 (2023) 148933

8

[69] S. Han, Y.-C. Ching, D.L. Rousseau, Ferryl and hydroxy intermediates in the 
reaction of oxygen with reduced cytochrome c oxidase, Nature 348 (1990) 89–90. 

[70] V. Sharma, K.D. Karlin, M. Wikstrom, Computational study of the activated O(H) 
state in the catalytic mechanism of cytochrome c oxidase, Proc. Natl. Acad. Sci. U. 
S. A. 110 (2013) 16844–16849. 

[71] M.R.A. Blomberg, P.E.M. Siegbahn, Protonation of the binuclear active site in 
cytochrome c oxidase decreases the reduction potential of CuB, biochimica et 
biophysica acta (BBA) -, Bioenergetics (2015, 1847) 1173–1180. 

[72] M. Mochizuki, H. Aoyama, K. Shinzawa-Itho, T. Usui, T. Tsukihara, S. Yoshikawa, 
Quantitative reevaluation of the redox active sites of crystalline bovine heart 
cytochrome c oxidase, J. Biol. Chem. 274 (1999) 33403–33411. 

[73] G.C.M. Steffens, T. Soulimane, G. Wolff, G. Buse, Stochiometry and redox 
behaviour of metals in cytochrome-c oxidase, Eur. J. Biochem. 213 (1993) 
1149–1157. 

[74] J. Koepke, E. Olkhova, H. Angerer, H. Muller, G. Peng, H. Michel, High resolution 
crystal structure of paracoccus denitrificans cytochrome c oxidase: new insights 
into the active site and the proton transfer pathways, Biochim. Biophys. Acta 1787 
(2009) 635–645. 

[75] G. Ueno, A. Shimada, E. Yamashita, K. Hasegawa, T. Kumasaka, K. Shinzawa-Itoh, 
S. Yoshikawa, T. Tsukihara, M. Yamamoto, Low-dose X-ray structure analysis of 
cytochrome c oxidase utilizing high-energy X-rays, J. Synchrotron Radiat. 26 
(2019) 912–921. 

[76] K. Hirata, K. Shinzawa-Itoh, N. Yano, S. Takemura, K. Kato, M. Hatanaka, 
K. Muramoto, T. Kawahara, T. Tsukihara, E. Yamashita, K. Tono, G. Ueno, 
T. Hikima, H. Murakami, Y. Inubushi, M. Yabashi, T. Ishikawa, M. Yamamoto, 
T. Ogura, H. Sugimoto, J.R. Shen, S. Yoshikawa, H. Ago, Determination of damage- 
free crystal structure of an X-ray-sensitive protein using an XFEL, Nat. Methods 11 
(2014) 734–736. 

[77] R. Andersson, C. Safari, R. Dods, E. Nango, R. Tanaka, A. Yamashita, T. Nakane, 
K. Tono, Y. Joti, P. Båth, E. Dunevall, R. Bosman, O. Nureki, S. Iwata, R. Neutze, 
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