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Abstract 

Cytochrome c oxidase (CcO) couples the reduction of O2 to water with proton pumping across the 

membrane, but the protonation events that link the two processes are only partly resolved. This 

Perspective summarises a series of static and time-resolved ATR-FTIR studies of the aa3-type CcO 

from Paracoccus denitrificans published between 2006 and 2020 and places them in the context of 

recent structural and spectroscopic work. The FTIR studies assigned infrared signatures to the four 

redox centres, provided strong evidence that the cross-linked Tyr-280 is the proton donor for O–O 

bond scission, followed its protonation state around the catalytic cycle, resolved deprotonation and 

reprotonation of Glu-278 during the oxygen reaction, and provided infrared evidence consistent with a 

proton-loading site made up of several groups. Three developments make it timely to return to these 

questions: damage-free and cryo-EM structures of catalytic intermediates, single-shot microsecond 

infrared spectroscopy, and quantitative electrostatic and QM/MM models. Five research directions are 

proposed, each tied to a specific unresolved observation. 
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1. Introduction 

Cytochrome c oxidase (CcO, complex IV) is the terminal enzyme of the respiratory chain in mitochondria 

and many aerobic bacteria. Electrons from cytochrome c pass through CuA and heme a to the binuclear 

centre (BNC) formed by heme a3 and CuB, where O2 is reduced to water. For every electron, one proton 

is consumed in this chemistry and a second is pumped across the membrane [1,2]. In A-type oxidases, 

protons enter from the negatively charged side of the membrane through the D- and K-channels. 

Mutagenesis of the yeast mitochondrial enzyme indicates that the D-channel carries the pumped 

protons there as it does in bacteria [3], although a role for the H-channel is still argued for the bovine 

enzyme [4]. 

The catalytic cycle runs through the intermediates R, A, P, F, O and E [1,5]. Electron transfer and 

oxygen chemistry in this cycle are comparatively well described. What is still incomplete is a time-

ordered account of which groups carry the protons at each step. Infrared difference spectroscopy is one 
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of the few methods that report directly on the protonation and hydrogen bonding of individual groups in 

a working protein [6]. 

Between 2006 and 2020, a series of attenuated total reflection (ATR) FTIR studies of the aa3-type CcO 

from Paracoccus denitrificans addressed this problem [7–14]. This Perspective summarises what those 

studies established (Section 2, Table 1 and Figure 1), sets out what they left open in the light of later 

work (Section 3) and proposes directions for further research (Section 4). Residue numbers refer to the 

P. denitrificans enzyme unless stated otherwise. 

 

2. What the FTIR Studies Established 

2.1 Equilibrium Spectra 

Electrochemical redox titrations followed by ATR-FTIR sorted most of the infrared difference bands into 

four groups, one for each redox centre [7]. Twelve bands titrated with the highest midpoint potential 

(412 mV at pH 6.5, with a slope of 52 mV per pH unit in the alkaline range) and were linked to CuB. 

Bands with a pH-independent potential of 250 mV were assigned to CuA. The two hemes had almost 

equal potentials (359 and 350 mV at pH 8.0) and a strong negative redox interaction (−115 mV). The 

band shift of protonated Glu-278 at 1737/1746 cm−1 followed the redox state of heme a. A study over 

the range pH 5.2–9.5 then showed two pH-dependent processes in the reduced-minus-oxidised 

spectrum, with apparent pKa values of 6.6 and 8.4, and a sharp O–H band of an asymmetrically 

hydrogen-bonded water molecule that appears on reduction [8]. 

2.2 Time-Resolved Spectra of the Oxygen Reaction 

A flow-flash chamber on the ATR prism allowed the reaction of the fully reduced, CO-inhibited enzyme 

with O2 to be repeated many times on one protein film and recorded in rapid-scan mode [9]. In the 

D124N variant, where the entrance of the D-channel is blocked, this showed deprotonation of Glu-278 

on formation of F (trough at 1735 cm−1) and its reprotonation in the F→O step (1743 cm−1), which the 

mutation makes rate-limiting [9]. 

In the E278Q variant the reaction stops at the PR intermediate. Its formation, in about 60 µs, was 

accompanied by a band at 1308 cm−1 characteristic of the deprotonated cross-linked Tyr-280 and by 

an electrometric signal equivalent to proton movement over about 4 Å. These results strongly supported 

Tyr-280 as the proton donor for O–O bond scission [10]. Following the same band through the rest of 

the cycle showed that the tyrosine stays fully deprotonated in F (pKa below about 5.5), has a pKa of 

about 6.6 in O whether that state is reached kinetically or at equilibrium, and, as inferred from equilibrium 

redox titrations, is fully reprotonated in the O→E step together with reduction of CuB [11]. 

2.3 The Proton-Loading Site 

The N131V and D124N enzymes do not pump protons, yet they show a fast electrogenic phase that is 

too large for proton transfer to the BNC alone. It was attributed to loading of the proton-loading site 

(PLS) above the hemes, with a conserved D-channel tyrosine (Tyr-35) as a possible internal donor, 

followed by return of the proton to the BNC [12]. The infrared counterpart was reported in 2020: seven 

bands are present in the unresolved fast phase of both variants, reappear with opposite sign in the slow 

phase and are absent, or within the noise, in E278Q [14]. Some of them should therefore reflect 

protonation of the PLS. The band near 1699 cm−1 was attributed to a partially protonated A-propionate 

of heme a3, and bands at 1096 and 1107 cm−1 in the double-difference spectra to a histidine, possibly 

His-403. Protonated water clusters were considered the most probable further contributor, although 

their weak absorbance could not be seen in this window. This agrees with electrostatic and multiscale 

calculations that describe the PLS as a cluster of groups, or as a protonated water cluster, rather than 

a single residue [15,16]. 
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2.4 Oxidised States 

The oxidised enzyme exists in a relaxed form (O) and in a metastable form (OH) that is produced by 

oxidation of the reduced enzyme, and only reduction of OH is coupled to proton pumping [17]. Static 

O→R spectra of the wild-type enzyme and time-resolved R→O spectra of the wild-type, N131V and 

D124N enzymes, recorded at acidic and alkaline pH (D124N at pH 9.0 only), were indistinguishable 

between 1800 and 1000 cm−1 [13]. Any structural difference between the two forms therefore lies 

outside this window or below the detection limit of those measurements. 

Table 1. ATR-FTIR studies of cytochrome c oxidase from Paracoccus denitrificans summarised in this 

Perspective. 

Reference, year Approach Enzyme form Main result 

[7], 2006 Electrochemical redox 

titration followed by ATR-

FTIR 

Wild type Infrared bands grouped by 

redox centre. Em: CuB 412 

mV (pH 6.5); CuA 250 mV; 

heme a 359 mV and heme 

a3 350 mV (pH 8.0); 

heme–heme interaction 

−115 mV 

[8], 2007 Reduced-minus-oxidised 

spectra, pH 5.2–9.5; D2O 

and H2
18O exchange 

Wild type Two protolytic processes 

(pKa 6.6 and 8.4); O–H 

band of a water molecule 

appears on reduction 

[9], 2007 Flow-flash rapid-scan 

ATR-FTIR of the O2 

reaction 

D124N Glu-278 deprotonates on 

formation of F and is 

reprotonated in F→O 

[10], 2008 Time-resolved optical, 

FTIR and electrometric 

measurements 

E278Q Strong evidence that the 

cross-linked Tyr-280 

donates the proton for O–

O bond scission (1308 

cm−1; about 60 µs; about 4 

Å) 

[11], 2008 Time-resolved and 

equilibrium FTIR 
N131V, wild type Tyr-280 deprotonated in F 

(pKa < 5.5); pKa ≈ 6.6 in O; 

reprotonation at O→E with 

CuB reduction inferred 

from equilibrium titrations 

[12], 2010 Time-resolved optical, 

FTIR and electrometric 

measurements 

D124N, D124N/Y35F, 

N131V 
Non-pumping variants still 

load the PLS; Tyr-35 

proposed as internal 

proton donor 

[13], 2020 Static O→R (wild type) 

and time-resolved R→O 

FTIR, pH 6.0–9.0 

Wild type, N131V, D124N No difference between O 

and OH at 1800–1000 cm−1 

[14], 2020 Flow-flash rapid-scan 

ATR-FTIR; double-

difference spectra 

N131V, D124N, E278Q Seven bands meet the 

criteria for PLS 

protonation; candidates 

are the heme a3 A-

propionate (about 1699 

cm−1), His-403 (1096 and 

1107 cm−1) and water 
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Figure 1. Protonation events in the catalytic cycle of cytochrome c oxidase from Paracoccus denitrificans 

assigned by ATR-FTIR spectroscopy. Boxes show the intermediates and the protonation state of the cross-

linked Tyr-280 [10,11]. Glu-278 changes were resolved in the D124N variant [9]; loading of the proton-

loading site (PLS) was inferred for the non-pumping N131V and D124N variants [12,14]. BNC, binuclear 

centre. 

 

 

3. Open Questions 

Four limitations of the work summarised above define what should be done next. 

The O and OH states. Serial femtosecond crystallography and resonance Raman spectroscopy of 

bovine CcO indicate that the relaxed O state has hydroxide on heme a3 and water on CuB, as in OH, but 

a neutral protonated cross-linked tyrosine, whereas the tyrosine is taken to be a tyrosinate in OH [18]. 

A cryo-EM study of the P. denitrificans enzyme at up to 1.9 Å resolution instead interpreted the active-

site density of the O state as a peroxide dianion and proposed a revised cycle [19]. X-ray structures of 

the bovine O and E forms add further detail [20], and the structures of the intermediates have been 

reviewed against time-resolved spectroscopic, structural and computational evidence [5]. The infrared 

data gave the same tyrosine pKa in kinetically resolved and equilibrium O [11] and no fingerprint 

difference between O and OH [13]. These results are not necessarily in conflict, because the species, 

the pH and the time after oxidation differ and OH relaxes on a time scale of seconds to tens of seconds 

[5,18], but they have not been reconciled. 

The electronic state of the tyrosine. Magnetic circular dichroism and X-ray absorption data on the F 

intermediate were recently interpreted as an electron-delocalised copper–tyrosyl radical state that 

recurs in all four proton-pumping intermediates [21]. How this description relates to the 1308 cm−1 band, 

which was assigned to a tyrosinate in PR, F and O [10,11], has not been examined. 
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Time resolution. Rapid-scan FTIR resolved events slower than about 46 ms. The phase in which the 

PLS is loaded appears only as an unresolved step, and the evidence for it comes from non-pumping 

variants measured at 0 °C [14]. In the proton-pumping enzyme, electrometry places loading of the pump 

site at about 150 µs and release of the proton at about 2.6 ms after electron injection [22]. 

Spectral window and assignment. The time-resolved data cover only 1800–1000 cm−1. The 

assignment of the PLS bands to a propionate and to His-403 rests on band positions alone, without 

isotope labelling or mutation of the candidate groups [14]. The region above 3500 cm−1, where weakly 

hydrogen-bonded internal water molecules absorb [8,23], has not been studied in time-resolved mode. 

 

4. Research Prospects 

4.1 Microsecond Infrared Spectroscopy of a Non-Repetitive Reaction 

Step-scan FTIR needs a reaction that can be repeated many hundreds to thousands of times under 

identical conditions. This is hard to achieve for the flow-flash oxygen reaction on a protein film, where 

every cycle requires re-reduction of the enzyme and rebinding of CO. Dual-comb spectrometers based 

on quantum cascade lasers (QCL) record spectra and kinetics from a single excitation with sub-

microsecond to microsecond resolution [24,25]. A femtosecond mid-infrared facility has already 

detected protonation of a carboxyl group in bovine CcO under turnover within 1 ms [26], and time-

resolved infrared work on the Cereibacter sphaeroides enzyme resolved deprotonation of the Glu-278 

equivalent in 13 µs after transient reduction of heme a [27]. Applying these methods to the P. 

denitrificans flow-flash system would resolve PLS loading and release in the wild-type enzyme at the 

marker positions already identified: about 1700 cm−1 for the propionate, about 1100 cm−1 for histidine, 

1308 cm−1 for Tyr-280 and about 1740 cm−1 for Glu-278. The spectral coverage of a single-shot 

measurement is narrow (55 cm−1 in [24]), so each marker region has to be recorded separately. 

4.2 Water and the High-Frequency Region 

Extending time-resolved measurements to 4000–2000 cm−1 would test two specific proposals. The first 

is that the PLS is a protonated water cluster [16]; in bacteriorhodopsin such a cluster gives a broad 

continuum absorbance rather than sharp bands [28]. The second is that O and OH differ in water 

molecules at or near the BNC [13,18]. Equilibrium spectra of bovine CcO already resolve several weakly 

hydrogen-bonded water molecules that respond to redox and ligand changes [23], and D2O and H2
18O 

exchange, as used in [8], provides the assignment. 

4.3 Assignments That Do Not Rest on Band Position 

The PLS assignment needs variants at His-403 and Asp-399 and specific isotope labelling of histidine 

and of the heme propionates. Computation is the second route. Quantum chemical and QM/MM models 

now give electric fields and proton-transfer energetics around the PLS [29], and the stretching frequency 

of CO bound to heme a3 has been used as a vibrational Stark probe of field changes at the BNC [30]. 

Difference spectra calculated for specific protonation patterns of the propionate–histidine–water cluster 

could be compared directly with the double-difference spectra in [14]. 

4.4 Connecting Infrared Data to Structures of Intermediates 

The disagreement over O and OH (Section 3) can be tested with a simple experiment: follow the 1308 

cm−1 tyrosinate band and the water region from milliseconds to minutes after oxidation, at several pH 

values, in the bacterial enzyme and in a mitochondrial one. The yeast enzyme is suited to this because 

it can be mutated and its redox FTIR spectra have been compared with those of the bovine and P. 

denitrificans enzymes [3,31]. Time-resolved crystallography has captured an oxygen intermediate of 

bovine CcO [32], photolabile caged-oxygen compounds are being developed to start the reaction in 
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microcrystals [33], and time-resolved infrared microspectroscopy of protein microcrystals has been 

established [34]. Oxidation in the dark by controlled gas exchange removes the need for CO photolysis 

[35]. 

4.5 Membrane Potential and Native-Like Environments 

All the infrared work summarised here used detergent-depleted films without a membrane potential. 

The 2008 analysis predicted that a potential of 180 mV would lower the pKa of Tyr-280 by about two 

units [11]; this has not been tested. Lipid nanodiscs provide a defined bilayer that is compatible with 

FTIR difference spectroscopy of CcO [36] and are a first step towards measurements on energised 

membranes. 

Table 2. Open questions and proposed infrared experiments. 

Open question Proposed experiment Infrared readout 

When is the PLS loaded and 

released in the wild-type enzyme? 
Single-shot QCL dual-comb 

spectroscopy of the flow-flash 

reaction, microseconds to 

milliseconds, one marker region at a 

time 

About 1700 cm−1 (propionate); about 

1100 cm−1 (histidine); 1308 cm−1 

(Tyr-280); about 1740 cm−1 (Glu-

278) 

Does a protonated water cluster 

contribute to the PLS? 
Time-resolved spectra at 4000–2000 

cm−1 with D2O and H2
18O exchange 

Continuum absorbance; O–H stretch 

of weakly hydrogen-bonded water 

(3560–3800 cm−1) 

Which groups give the PLS bands? His-403 and Asp-399 variants; 

isotope-labelled histidine and heme 

propionates; QM/MM-calculated 

difference spectra 

Shift or loss of bands in the double-

difference spectra of [14] 

How do O and OH differ? Time (milliseconds to minutes) and 

pH series after oxidation; bacterial 

and mitochondrial enzymes 

1308 cm−1 (Tyr-280); water region 

How does membrane potential 

change the protonation of Tyr-280? 
Enzyme in nanodiscs or 

proteoliposomes under an imposed 

potential 

1308 cm−1 as a function of potential 

and pH 

 

 

5. Conclusions 

The FTIR studies of P. denitrificans CcO assigned protonation changes of Tyr-280 and Glu-278 to 

individual steps of the catalytic cycle and gave time-resolved infrared data on the PLS. Their limits were 

set by the technology of the time: millisecond resolution, a single spectral window and assignments 

based on band position. Single-shot microsecond infrared methods, damage-free structures of 

intermediates and quantitative calculations now address each of these limits. The most direct next 

experiments are microsecond infrared kinetics of the wild-type oxygen reaction, time-resolved spectra 

in the water region, and a time and pH series of the tyrosine band across the OH→O relaxation. 

 

Abbreviations 

ATR, attenuated total reflection; BNC, binuclear centre; CcO, cytochrome c oxidase; FTIR, Fourier 
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