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Abstract 

Cytochrome c oxidase (CcO) reduces O2 to water with four electrons from 

cytochromes c2+ and four matrix protons. The energy released is conserved in the 

protonmotive force by translocation of four additional protons into the intermembrane 

space. Electrons are transferred via CuA, haem a, to the binuclear centre; haem a3 and 

CuB, where O2 is reduced. Four major aspects of its structure/function have been 

investigated in this study. 

Mid-infrared (IR) spectroscopy has been used to probe redox-induced structural 

changes. By using electrochemically-poised samples of cyanide- and carbon 

monoxide-ligated bovine CcO these redox-linked IR changes were shown to be linked 

primarily with CuA and haem a metal centre transitions with fewer changes associated 

with transitions in haem a3 and CuB. 

CcO contains a cross-linked Tyr-His which is believed to form a Tyr radical in the 

PM intermediate. In this work, electrochemical conditions to induce Tyr-His model 

compound radicals have been combined with IR spectroscopy to record IR reference 

spectra. This has aided tentative assignment of IR bands at 1572 cm-1 or 1555 cm-1 to 

v8a(C-C), 1519 cm-1 to v7a(C-O
.
) to the phenoxyl radical and at 1336 cm-1 to a His ring 

stretch of the cross-linked structure in the PM state of bovine CcO. 

There is strong evidence from mutagenesis studies in bacterial CcOs that the well-

conserved D channel is the proton translocation pathway. However, mutagenesis 

studies in a human/bovine hybrid CcO of an extensive hydrophilic H channel suggest 

that it fulfils this function, at least in mammalian CcOs. A structural model of 

Saccharomyces cerevisiae CcO produced by homology modelling indicates that it also 

contains an H channel (Maréchal, A., Meunier, B., Lee, D., Orengo, C. and Rich, P. R. 

(2012) Biochim. Biophys. Acta. 1817, 620-628). However, measurements of the H+/e- 

stoichiometry of a yeast H channel mutant (Q411L/Q413L/S458A/S455A) suggest it is 

not critical for proton translocation in yeast CcO. 

The nuclear-encoded subunit 5 of yeast CcO has two isoforms, 5A and 5B. COX5A 

is expressed aerobically and COX5B below 1 µM O2. They are reported to alter core 

catalytic activity; however comparisons were not strictly controlled. Here mutants were 

constructed where COX5B expression was controlled by the COX5A promoter yielding 

wild type levels of aerobically expressed 5B isozyme. Interestingly, this 5B isozyme 

exhibits the same catalytic activity and oxygen affinity as the 5A isozyme and the 

previously observed elevated activity must arise from a secondary effect. 
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1 Introduction 
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1.1 Electron transport chain 

The majority of energy-requiring cellular processes take place by utilising the 

energy released from ATP (adenosine triphosphate) hydrolysis. ATP is the molecular 

entity in which living organisms store energy from catabolic metabolism. Thus it is often 

described as the universal energy currency of the cell. In the cytoplasm, ATP is 

synthesised during glycolysis by phosphoglycerate kinase and pyruvate kinase. 

However, the bulk of its synthesis from ADP and phosphate is catalysed by the 

mitochondrial inner membrane protein, ATP synthase [1]. ATP synthase is indirectly 

driven by the proton translocating functions of the electron transport chain (ETC) 

embedded in the mitochondrial inner membrane and is depicted in Figure 1-1. In 

prokaryotes it is located on the cytoplasmic membrane. 

 

Figure 1-1. Mitochondrial respiratory chain and ATP synthase. 
Electron transfer (red arrows) and proton transfer (grey arrows) routes are shown. Structures of 
the complexes are taken from different species; complex I is from Thermus thermophilus 
(protein data bank accession number (PDB):4HEA); complex II is from porcine heart 
(PDB:1ZOY); complexes III, cyt c and complex IV are from bovine heart (PDB:1BGY), 
(PDB:2B4Z) and (PDB:2Y69) respectively, and ATP synthase is from yeast (PDB:1QO1). Figure 
is not drawn to scale. 

 

The ETC is composed of four principal membrane protein complexes termed 

nicotinamide adenine dinucleotide:ubiquinone (NADH:UQ) oxidoreductase (complex I), 

succinate dehydrogenase (complex II), cytochrome bc1 complex (complex III), and 

cytochrome c oxidase (CcO) (complex IV). Rapid intraprotein electron transfer is 

facilitated by the presence of redox active prosthetic groups that include flavin 

mononucleotide (FMN), iron-sulphur (Fe-S) clusters, flavin adenine dinucleotide (FAD), 

copper (Cu) and/or haem groups whose midpoint potentials are tightly controlled by the 

protein complex. Interprotein transfer is mediated by ubiquinone (UQ) and cyt c. 

Complex I is the largest member of the ETC; the bovine complex I is ~1 MDa and is 

composed of 45 different subunits [2]. The crystal structure of its 536 kDa bacterial 

homologue from Thermus thermophilus is comprised of 16 subunits and has recently 

been solved to 3.30 Å (Figure 1-2) [3]. 
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Figure 1-2. Expansion of complex I from T. thermophilus showing buried redox centres 
(PDB:4HEA). 
Fe-S clusters are shown as spheres, sulphur atoms are in yellow, Fe atoms are in orange. 
Flavin mononucleotide (FMN) is shown as a stick representation and the approximate 
ubiquinone (UQ) binding region is highlighted. 

 

Subunit I provides an entry site for electrons from NADH that is produced in the 

matrix by the citric acid cycle or fatty acid oxidation. Cytosolic NADH indirectly supplies 

electrons to complex I via a malate-aspartate shuttle system. Malate is translocated 

into the matrix via a malate-α-ketoglutarate transporter and is used by malate 

dehydrogenase to reduce NAD+
matrix to NADH. The subsequent oxaloacetate is 

converted to aspartate by aspartate aminotransferase before it is transported into the 

cytosol via a glutamate-aspartate transporter [1]. Complex I transfers electrons from 

NADH to a mobile electron carrier UQ via FMN and seven Fe-S centres. Although T. 

thermophilus complex I contains nine Fe-S centres (Figure 1-2) [3], only seven transfer 

electrons from FMN to UQ buried in the hydrophilic matrix domain [2]. In contrast to 
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mammalian mitochondria, the respiratory chain of Saccharomyces cerevisiae (yeast) 

lacks complex I. Instead it contains a single subunit peripheral membrane NADH 

dehydrogenase (Ndi1) facing the matrix and another that faces the IMS (Nde). They 

are not capable of proton translocation but provide the main electron entry site into the 

ETC [4-7]. 

Complex II is a member of the citric acid cycle enzymes and catalyses the 

conversion of succinate to fumarate. Mitochondrial and bacterial complex II is the 

smallest member of the ETC (e.g. porcine complex II; 124 kDa) and is composed of 4 

subunits (Figure 1-3) [8]. 

 

Figure 1-3. Expansion of complex II from porcine heart showing buried redox centres 
(PDB:1ZOY). 
Fe-S clusters are shown as spheres, sulphur atoms are in yellow, Fe atoms are in orange. 
Flavin adenine dinucleotide (FAD), haem b and bound UQ are shown as a stick representation. 
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Electrons are transferred from succinate via FAD, and 3 Fe-S clusters buried in the 

hydrophilic subunits to ubiquinone bound to the integral membrane subunits. These 

subunits also ligate a haem B on the proximal and distal sides by histidines (one is 

replaced by a cysteine in yeast). Haem B is both close to the UQ binding site and the 

third Fe-S cluster. The role of haem b is unclear since its midpoint potential (-185 mV 

vs. a standard hydrogen electrode in bovine [9] and +36 mV in Escherichia coli [10]) is 

less than the third Fe-S cluster (+60 mV bovine [11]; +65 mV E. coli [10]) and UQ (+70 

mV in ethanol [12]), and so, it is favourable for electron transfer to bypass haem b. 

Yeast mutants of haem b ligating residues show that it is not essential for assembly 

and UQ reduction. However, they exhibit decreased turnover activity [13]. Haem b has 

been proposed to stabilise the enzyme by preventing the leakage of reactive oxygen 

species [10] and/or provide an alternative electron transfer pathway during high 

electron flux [13,14]. 

The reduced form of UQ (ubiquinol, UQH2) carries 2 electrons and 2 protons. The 

electrons are transferred to complex III which is a dimer. Each monomer of bovine 

complex III is ~240 kDa and composed of 11 subunits (Figure 1-4) [15]. 
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Figure 1-4. Expansion of monomeric complex III from bovine heart showing buried redox 
centres (PDB:1BGY).  
Fe-S clusters are shown as spheres, sulphur atoms are in yellow, Fe atoms are in orange. 
Haems bL, bH and c1 are shown as a stick representation. The approximate binding regions of 
UQ are highlighted. 

 

A bacterial (Rhodobacter Rba. sphaeroides) homologue consists of 3 conserved 

subunits; Fe-S protein, cytochrome c1 and a cytochrome b that contains haem bL close 

to the IMS and another haem bH close to the matrix [16]. A Q-cycle mechanism has 

been proposed by Peter Mitchell [17]. Upon UQH2 binding to the Qo site, one of the two 

electrons is transferred to soluble cyt c in the IMS via the Fe-S centre and cyt c1. The 

other electron is transferred to another UQ at a second Qi site via haems bL and bH. 

The net result is that from the oxidation of 2 UQH2, 2 electrons are transferred to 2 cyts 

c, and 1 UQ is reduced. This process releases four protons into the IMS and collects 2 

protons from the matrix. 

Finally, a total of 4 reduced cyts c deliver four electrons from complex III to the 

terminal electron acceptor, complex IV (CcO) that catalyses the reduction of oxygen to 

water [18] (discussed below). 
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1.2 Protonmotive force 

Overall, electrons are transferred from a low redox potential electron donor (NADH 

Em -320 mV vs. SHE at pH 7.0 [1] and FAD, Em -79 mV vs. SHE at pH 7.0 [11]) through 

to finally a high potential electron acceptor, O2 (+816 mV [1]). These electron transfer 

processes are exergonic. Complexes I, III and IV have developed unique mechanisms 

to conserve the energy released from the exergonic electron transfer processes by 

coupling them to proton/charge transfer across the mitochondrial inner membrane or, in 

prokaryotes, across the cell membrane into the periplasmic space. Complex I 

translocates 4 protons from the oxidation of one NADH to NAD+ [1]. Complex III 

releases 4 protons into the IMS from the oxidation of 2 UQH2 and consumes 2 protons 

from the matrix due to reduction of 1 UQ [17]. Complex IV proton translocation 

mechanism is summarised in section 1.3 and discussed in detail in sections 1.11 to 

1.15. This results in the generation of a protonmotive force (PMF) across the 

membrane. The PMF is a combination of both a pH gradient (ΔpH) generated from the 

proton concentration gradient and an electric field component (ΔΨ) generated from the 

charge gradient [19]. It is defined by the following equation; 

 

ΔG = 2.3RTΔpH + F ΔΨ 

 
ΔG = Gibbs free energy change for the creation of an electrochemical gradient, R = gas 

constant (8.314 J/K mol), T = temperature (K), ΔpH = pH(matrix/negative side) – pH(IMS/ positive side), ΔΨ = 
transmembrane difference in electrical potential (V), F = Faradays constant (96.5 kJ/V). 

 

This form of energy conservation was first described by Peter Mitchell as the 

chemiosmotic theory, in which energy conserving processes of the ETC, are indirectly 

linked to energy requiring processes [20]. 

ATP synthase utilises the energy conserved in the PMF, by providing a route for 

the translocated protons to move down their concentration/charge gradients into the 

matrix (Figure 1-5). As they do so, they induce a 360o rotation of the stalk domain and 

the membrane domain that is composed of a ring of c subunits. Each 360O rotation 

induces a series of conformational states in the three catalytic domains that can each 

bind ADP and phosphate. This allows 3 ADP and 3 phosphates to bind optimally to 

form a high energy phosphate bond and subsequently be released as 3 ATP. The 

number of protons required to produce 3 ATP is equal to the number of c subunits 

present. Crystal structures have shown the yeast mitochondrial ATP synthase has 10 

c-subunits and so requires 10 H+ to produce 3 ATP [21]. The crystal structure of the 

bovine mammalian ATP synthase has 8 c-subunits [22]. Thus, it is proposed that the 
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bioenergetic cost to produce 1 ATP in mammalian systems is less than in bacteria or 

yeast [22], where the c-subunits range from 10 to 14 [21,23,24]. 

 

 

Figure 1-5. Illustration of ATP synthase structure highlighting the position of the c 
subunits, the stalk domain and the site for ATP synthesis. 
Image is adapted from [25]. 

 

This introduction will focus on the structure and functions of CcO, with attention on 

the role of a cross-linked Tyr-His feature in the reaction P (peroxy) intermediate of 

CcO, functional groups involved in the coupling of proton transfer with electron transfer, 

and the roles of the possible proton pathways. It will also focus on the role of a nuclear-

encoded supernumerary subunit 5 in yeast CcO, that is homologous to subunit IV in 

mammalian CcO [26], and is thought to be a key regulatory subunit of CcO [27,28]. 

1.3 Cytochrome c oxidase function 

The terminal electron acceptor of the mitochondrial and some bacterial respiratory 

chains during aerobic respiration is oxygen. CcO catalyses the reduction of oxygen to 

water with 4 electrons provided by 4 reduced cyts c and 4 protons from the 

mitochondrial matrix. This oxygen reduction reaction is a PMF–generating reaction, as 

it consumes 4 matrix protons for water formation, but the electrons are delivered by 4 
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cyts c from the IMS [19]. However, a large further part of the released energy is 

conserved in the PMF, by the translocation of 4 additional matrix protons across the 

mitochondrial inner membrane into the IMS [29]. The overall reaction is summarised 

below:- 

 

4 cyt c2+ (IMS) + O2 + 8 H+ (matrix) → 4 cyt c3+(IMS) + 2 H2O + 4 H+ (IMS) 

 

1.4 Cytochrome c oxidase structure 

X-ray crystal structures of several bacterial forms of CcO have been solved. 

Paraccocus denitrificans aa3 CcO (protein data bank accession number (PDB); 1QLE) 

[30], Rba. sphaeroides aa3 CcO (1M56) [31], T. thermophilus ba3 CcO (1XME) [32], E. 

coli bo3-quinol oxidase that oxidises quinol rather than cyt c (1FFT) [33] and 

mitochondrial bovine aa3 CcO structure has been solved to 2.8 Å resolution (1OCC) 

[34], that was later improved to 1.9 Å resolution (2EIJ) [35]. CcO belongs to a large 

superfamily of haem-copper terminal oxidases. They have been classified into 3 major 

classes of type A (mitochondrial-like oxidases), type B (ba3-like oxidases) and type C 

(cbb3-type oxidases), (italic letters represent haem types present in each structure) 

[36]. The classification was achieved by consideration of available sequence 

information, X-ray structures of primarily subunits I and II (a common feature in all 

forms of CcO), and residues implicated in the proton transfer processes [36]. The type 

A CcOs have been further divided into type A1 and A2, based primarily on the 

sequence motif at the end of a D channel (a proton transfer pathway-see below), that is 

conserved in type A CcOs. Type A1 contains a conserved glutamic residue in a 

sequence motif of –XGHPEV-, and is thought to have evolved from type A2 which 

instead contains a serine and a tyrosine residue in a sequence motif of -YSHPXV-. 

Bacteria contain all three classes of CcO where types A and B are most common. P. 

denitrificans aa3 CcO, Rba. sphaeroides aa3 CcO and E. coli bo3 belong to the type A1 

and T. thermophilus ba3 CcO belongs to the type B and is lacking a D channel, but 

maintains a K channel that is common in all classes. All mitochondrial forms of CcO 

belong to the type A1, and this form of CcO will be the focus of this introduction. 

Bovine CcO crystallises as a homodimer (Figure 1-6); each monomer is ~200 kDa 

and is composed of 13 different subunits [34], whereas for the yeast CcO, it is 

composed of 11 different subunits [37]. Subunits I, II and III are encoded by the 

mitochondrial genome and constitute the essential catalytic core, where the metal 

centres; CuA (subunit II), haem a, haem a3 and CuB (subunit I), the hydrophilic 

pathways for proton transfer (subunit I), and the possible oxygen entrance pathway 
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(subunit III) are located. These subunits are conserved across all eukaryotic and most 

prokaryotic homologues of CcOs. The remaining subunits are encoded by the nuclear 

genome and are the supernumerary subunits. 

 

Figure 1-6. Structure of bovine CcO to 1.95 Å resolution (PDB: 2Y69). 
Subunits I, II and III are coloured blue, green and yellow respectively, those in grey are 
supernumerary subunits. 

 

1.5 Overview of the electron transfer route 

The electron transfer pathway is shown in Figure 1-7. Electrons from cyt c2+ are 

delivered in a stepwise manner to dinuclear CuA. Electrons are transferred from CuA to 

haem a (16 Å to haem edge) and then to the binuclear centre (BNC) (~8 Å haem 

edge–edge) composed of haem a3 and CuB which is the catalytic site that reduces 

oxygen to water [38]. 
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Figure 1-7. Structure of subunits I II and III of bovine CcO and its redox centres 
(PDB:2Y69). 
Subunits I, II and III are coloured blue, green and yellow respectively. Electron transfer route 
(red arrows), redox centres (CuA, haem a, haem a3, and CuB) and the conserved pentameric 
ring of amino acids (blue sticks) are shown with the presence of a glutamic acid at its centre. 

 

1.6 Subunit I structure 

The largest subunit is subunit I, it is composed of twelve membrane-spanning α-

helices arranged in three bundles of four helices. Haem a is ligated on the distal and 

proximal sides by histidines, and provides electrons very rapidly to the binuclear centre 

(BNC), aided by the short (~8 Å) distance between the haem edges (Figure 1-8). The 

proximal ligand of haem a3 is also a histidine, but the sixth ligand position faces the 

distal pocket. The haem iron is separated by 5 Å from CuB and provides the oxygen 

binding site. A further three histidines are ligands of CuB, intriguingly one of them 

(H240) (all numbering refers to the bovine CcO sequence numbering) is covalently 

bound by its Nτ (nitrogen to the ortho ring carbon of tyrosine Y244 (Figure 1-8). This 

creates a pentameric ring of amino acids, H240-P-E242-V-Y244 [34,38]. 
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Figure 1-8. (A) Ligands of redox-active metal centres of bovine CcO. (B) Close up of the 
covalent linkage between ortho carbon of the phenol group of Y244 and Nτ nitrogen of 
the imidazole group of H240. H240 is also the ligand of CuB (PDB;1V54). 

 

This structural feature is conserved in type A CcOs and, in type A1 bovine CcO, the 

centre of the ring is occupied by a functionally important glutamic acid, E242 (Figure 

1-7). The E242 is positioned approximately 10 Å from haems a and a3, and is also the 

residue located at the end of the D channel. The D channel is a proton channel 

Cu
B
 

Y244 

H240 

E242 

B. 
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composed of a hydrogen bond network of hydrophilic amino acids and waters, named 

after D91 at its matrix side entrance. A second possible proton pathway, the K channel, 

named after a lysine (K319) located in the middle of the pathway, also leads from the 

matrix side to the cross-linked Y244 at the BNC. X-ray crystallographic data of bovine 

CcO has revealed a third pathway termed the H channel. In contrast to the others, this 

forms a possible continuous hydrophilic route for protons leading from the matrix to the 

IMS that runs beside haem a [38-40]. The homology model of yeast CcO, also revealed 

a continuous H channel in the equivalent location, however, some of the amino acids 

are not conserved [41]. The structures of all three pathways in the yeast CcO and 

bovine CcO are overlaid in Figure 1-9. 

 

 

Figure 1-9. The D, K and H channels of bovine CcO and of the homology model of yeast 
CcO [41] are superimposed.  
The pathways of the bovine CcO (PDB:2Y69) are shown in green and the yeast CcO are shown 
in white. This structure has been rotated horizontally 90

o
 anti-clockwise. 

 

 

 

H channel 

K channel 

D channel 
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1.7 Subunit II and III structure 

Subunit II has two membrane spanning α-helices and a globular hydrophilic domain 

facing the IMS. This subunit is conserved in all types of CcO [36]. This provides the 

binding site for soluble cyt c2+, mediated by electrostatic interactions between the 

positively charged groups on cyt c, and negatively charged groups on CcO [42,43]. 

Subunit III is formed of 7 membrane spanning α-helices, and does not contain metal 

centres or hydrophilic pathways [34]. Removal of subunit III from purified Rba. 

sphaeroides CcO, by incubation with triton X-100 detergent, resulted in ‘suicide 

inactivation’ after reaction with oxygen under steady state conditions [44]. Hence it was 

proposed to be essential in maintaining the stability of the BNC, via long range 

interactions. In the crystal structure of bovine CcO, it provides an interaction point 

between the two monomers (Figure 1-7). The transmembrane helixes are oriented 

such that they form a V-shaped cleft leading to the BNC. Hence, a hydrophobic 

channel in subunit III of P. denitrificans CcO, has been proposed for oxygen diffusion to 

the active site from the lipid bilayer [45]. To further define an oxygen pathway, X-ray 

structures have been solved of T. thermophilus CcO, here, crystals were pressurized 

with xenon gas that acted as an oxygen analogue and bound to hydrophobic cavities 

[46,47]. T. thermophilus CcO lacks subunit III; nevertheless, a Y shaped channel in 

subunit I, lined with hydrophobic residues leading from the lipid bilayer to the BNC (18–

20 Å in length) has been identified as an oxygen diffusion pathway in this enzyme. This 

channel is not entirely conserved in all CcOs whose structures have been solved 

[46,47]. Three possible pathways for oxygen entry are proposed for bovine CcO that 

also has a V-shaped cleft in subunit III [34]. One proposed pathway passes through 

subunit III shown in Figure 1-10. Definitive assignment will require solving X-ray 

structures in the presence of xenon gas as has been carried out for T. thermophilus 

CcO [46,47]. The product H2O is thought to exit the BNC via a hydrophilic route that 

leads to the IMS. The exact pathway has not been characterised. However, it is 

proposed to exit via the haem propionates and hydrophilic residues surrounding the 

Mg2+ ion, that is 10 Å from the haem a3 edge, followed by residues on subunit II [34]. 
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Figure 1-10. Possible oxygen channel in bovine CcO (PDB;2Y69). 
A. Subunit III (yellow) forms a V-shaped cleft leading to subunit I (blue). B. A view from the top 
showing a possible oxygen diffusion pathway from the lipid bilayer (black arrow). C. 
Hydrophobic residues in subunit I proposed by [34] to provide a pathway for oxygen to the BNC. 
Subunit II is shown in green and supernumerary subunits are coloured in grey. 

 

1.8 Reaction mechanism 

Figure 1-11 shows the overall reaction cycle of CcO based on [18]. Some of the 

protonation states of ligands, e.g. hydroxide versus water, remain controversial. Every 

electron transfer is associated with the uptake of a substrate proton, of which there are 

four. When the enzyme is fully reduced (FR - CuA
1+, a2+, CuB

1+, a3
2+), the distal pocket 

of haem a3 becomes available for oxygen to bind (A). The reduction of oxygen to 

produce two oxide products requires four electrons. To avoid reactive oxygen species 

being released into the mitochondria, it is proposed that these four electrons are 

supplied from the immediate vicinity of the BNC. One is proposed to come from the 

covalently linked Y244 of the pentameric ring, because it is positioned such that it is 

close to and faces the oxygen binding site. As a result, it is proposed to form a neutral 

tyrosine radical (see below) [38,48,49]. The second two electrons are from haem a3 

which forms a high oxidation state ferryl species (P - CuA
2+, a3+, CuB

2+, a3
4+=O2- plus 

protein associated radical) and the fourth is from a cuprous/cupric CuB transition. To 

return to FR, four electrons are supplied one at a time from ferrocyt c, via CuA and 

haem a to the BNC, to reduce the four BNC sites that donated an electron. The first 
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electron is thought to reduce the tyrosine radical, which is also associated with the 

uptake of a substrate proton (F - CuA
2+, a3+, CuB

2+, a3
4+=O2-). The second electron 

transfer and associated substrate proton, reduces haem a3
4+ to haem a3

3+ to form the O 

state (oxidised state - CuA
2+, a3+, CuB

2+, a3
3+). The third (E) and fourth electron and 

proton transfers into the BNC centre reduce CuB and haem a3, respectively, with the 

release of two water molecules to form the FR state, where the site becomes available 

for the next oxygen to bind. 

 

 

 

Figure 1-11. Reaction cycle for oxygen reduction. 
CcO steps through a series of catalytic intermediates, out of these, steps O (oxidised) E, E  
FR (reduced), P (peroxy)  F (oxyferryl) and F  O are associated with the uptake of an 
electron and a substrate proton, these steps are also coupled with the translocation of a proton 
into the IMS (not shown). Figure is taken from Figure 11 in ref [19]. 

 

1.9 P and F transient intermediates 

The P and F transient intermediates of the reaction cycle are characterised by a 

distinct visible absorption maximum at 607 nm of the P state, and at 580 nm of the F 

state [50,51]. Meanwhile, their Soret band positions are the same 428 nm [52].  

Although the major principles of how oxygen reduction occurs are understood, the 

precise structures (including sites involved in de/protonation) and chemical properties 

of the transient P and F intermediates are still under question [53-55]. Oxygen enters 

and binds to the distal pocket of haem a3 when the BNC is reduced [56]. The name of 
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P (peroxy) was given since it was originally proposed to have a peroxide structure [50]. 

However resonance Raman spectroscopy data now show that the O-O bond is already 

broken in the P state from a band at 803 cm-1 attributed to the Fe4+=O2- stretch of an 

oxyferryl structure of haem a3 [57-59]. This was also supported by mass spectrometry 

data of H2
18O that is released into the bulk solution when 18O2 reacts with CcO to form 

the PM state [60]. The conversion from FR to A to P is fast (10 µs and ~200 µs [55]) 

and, although it requires 4 reducing equivalents, it takes place in a single measurable 

step. Hence the electrons must be donated by the BNC as described above. One of 

these electrons is suggested to come from Y244 that would form a radical [38,48,49]. 

Visible absorbance spectra of the P and F states, rule out the possibility that the 

fourth electron comes from the haem a3 macrocycle, which would result in a porphyrin 

π-cation radical (haem
.
+ a3 (Fe4+=O2-)), as occurs in some peroxidases. This is 

concluded because the Soret band (400-430 nm) of a porphyrin radical associated 

ferryl intermediate, is expected to have the same peak position as the ferric state, and 

a smaller extinction coefficient as is observed, for example, in horseradish peroxidase 

[61,62]. However the Soret band of the P and F states are red shifted and equivalent in 

intensity to the ferric state. This behaviour is consistent with the ferryl haem only in 

both species, with any radical in the P state being located instead on an amino acid, as 

is observed, for example, in compound I (an electronic equivalent of the P state) of 

cytochrome c peroxidase [63]. 

1.9.1 Experimentally induced P and F states 

P and F are catalytic transient intermediates that can be experimentally induced in 

a manner that last for several minutes to permit analysis. These artificially generated 

forms have been given names that refer to the conditions used to induce them 

(PM/PR/F/ F
.
 (F dot)) [54,55]. Figure 1-12 summarises how the various forms of P and F 

states differ. 
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Figure 1-12. Schematic showing how the various P and F states differ in their protonation 
state and electron status, together with the position of their visible absorption band. 
See main text for how each state is experimentally generated. 

 

1.9.1.1  PM 

The PM state can be formed with two different approaches. In the first, fully oxidised 

CcO is reacted with CO/O2 at alkaline pH. CO donates two reducing equivalents and 

two protons to reduce only the BNC where it is released as CO2. This forms a mixed-

valence state that binds and reacts with O2 to form A that spontaneously decays to 

form the PM state (Figure 1-13) [64,65]. In the second approach, fully oxidised CcO is 

reacted with stoichiometric levels of H2O2 at alkaline pH [52]. H2O2 reacts with the BNC 

to form PM and H2O is released. In both reactions, CuA and haem a remain oxidised. 

Hence PM will be an oxyferryl species with an associated radical, equivalent to the P 

state with a visible absorption peak at 607 nm. 

 

Figure 1-13. Reaction mechanisms of fully oxidised CcO with CO/O2 or stoichiometric 
levels of H2O2, at alkaline pH to form PM state.  
The protonation state of tyrosine within the BNC is not definitively established. 
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1.9.1.2  PR 

The PR state is a transient state that forms when the same CO/O2 reaction occurs 

with the fully reduced enzyme at alkaline pH. Therefore it can only be observed at low 

temperatures (-90 oC) [66]. Here the BNC contains one more electron than the PM state 

that is provided haem a. However, the visible spectrum of PR is the same as PM with a 

peak at 607 nm [66]. This transient PR state forms the F state with the uptake of a 

proton. 

1.9.1.3  F 

The F state can be formed when fully oxidised CcO is reacted with an excess of 

H2O2 at alkaline pH. Initially, the PM state is formed as described above. However, this 

reacts with a second H2O2 that donates a third electron and a proton (and is released 

as a superoxide O2
- or hydrogen superoxide HO2

.
) to reduce the radical species in PM 

and so form a stable F state.  

The ratios of PM and F states generated by the H2O2 reaction in the steady state 

are dependent on the relative amount of H2O2 reacted and the pH [67,68]. At low pH 

the F state is favoured and at high pH with equal ratios of H2O2 and CcO, the PM state 

is favoured [52]. 

1.9.1.4 F
.
 (F dot) 

An F
. 

state is formed by reaction of oxidised CcO with stoichiometric levels of H2O2 

at low pH [69]. This state is also formed by lowering the pH of a sample of CcO in the 

PM state that has been prepared at alkaline pH with either CO/O2 or stoichiometric 

levels of H2O2 [69,70]. F
. 

is isoelectronic with PM, but its visible spectrum is similar to 

the F state with an absorption maximum at 580 nm instead of 607 nm. Since it is 

isoelectronic with PM, the F
.
 state must also have a radical amino acid. The shift from a 

607 nm (PM and PR) to a 580 nm (F and Fdot) species is most likely the result of 

protonation of a site within PM or PR, rather than an effect on the haem a3 spectrum of 

an amino acid radical [54]. For example, the 607 nm peak is present in the PR and PM 

states even though only PM contains a radical species.  
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1.9.2 Detection of a radical species in PM 

EPR spectroscopy has in fact detected one or sometimes two radicals in CcO when 

it reacts with H2O2 [52-54,71]. The broad and narrow EPR signals detected were 

dependent on the pH conditions used. At alkaline pH (8.0) the PM state exhibits a 

narrow signal attributed to a tyrosine (Y244 [53]) or a porphyrin cation radical [54]. At 

low pH (6-6.5) F
. 

has a broad signal that was attributed to the migration of the radical 

to a nearby tryptophan [54,70] or another Y129 [53,72]. Intriguingly the same broad 

signal was detected by Budiman, et al. [73] in P. denitrificans CcO but was 

independent of pH and, through mutagenesis (Y167F), it was assigned to Y167, a 

residue 10-13 Å away from the haem a3-Fe (equivalent to Y129 in bovine CcO). In all 

cases, there has not always been a direct correlation between the amount of the 

radical species and specific intermediates of the reaction cycle. The radicals have been 

suggested to arise from a side reaction after H2O2 has reacted with the BNC, and 

subsequent migration of the radical to other sites [54,55]. For example, the background 

narrow EPR signal of a porphyrin radical was detected in PM, F
. 

and also in the F 

intermediate that should not contain a radical [54]. Non-specific side reactions can also 

occur from the toxic by-products, superoxide O2
- or hydrogen superoxide HO2

.
,
 
of this 

reaction. 

In contrast, in the PM state generated by the less damaging reaction of oxidised 

CcO with CO/O2 at alkaline pH, no EPR signal attributable to a tyrosine, tryptophan 

radical or porphyrin cation radical was detected [52,54,70]. The absence of an EPR 

signal was proposed to be due to the spin coupling of the true cross-linked Y244(-

H240) radical (S=1/2) with paramagnetic CuB
2+ (S=1/2) because the CuB distance from 

Tyrosine-OH group is 5.7 Å and CuB is a ligand of H240 [38,54,70,74,75].  

Radioactive iodide labelling of the PM state (bovine CcO) prepared using the CO/O2 

method followed by peptide cleavage and detection of labelled residues has located 

the radical site to be on Y244 [76]. Resonance Raman spectroscopy has detected a 

band at 1489 cm-1 that was tentatively assigned to a C-O
.
 stretch of a tyrosine radical 

of the PM state of E. coli CcO [77] but its definitive assignment still requires isotope 

labelling. 

IR spectroscopy can also offer a means to detect a protein associated radical and 

this has been explored in Results Chapter 5 with the aid of model compounds that 

have provided reference spectra. 
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1.10 Route for substrate protons 

The K and D channels provide the substrate protons to the BNC (reviewed in [78-

81]. The role of the K channel in providing substrate protons has been investigated in 

purified CcO. This has been achieved by site-directed mutagenesis of conserved 

residues and following absorbance changes of a pH indicator dye (measuring proton 

uptake/release) and haem redox states (measuring electron transfer) [82-84]. K 

channel mutants of Rba. sphaeroides CcO had diminished turnover activity in which 

K362M (K319-bovine numbering) had turnover activity that was 2 % of wild type and 

T359A (T326-bovine numbering), ~35 % of wild type [83]. The FR states of these 

mutants were able to bind and react with O2 and become oxidised, and the proton 

uptake that is associated with the oxidation of CcO [85] was not affected in these K 

channel mutants. However, the proton uptake that is associated with reduction of the 

oxidised BNC [85] was impaired, suggesting the K channel is involved in proton uptake 

only during the reduction of CcO [83]. E286 (E242-bovine) of Rba. sphaeroides CcO is 

situated at the top of the D channel. A E286Q mutant of Rba. sphaeroides CcO 

exhibited the opposite behaviour. The reaction of oxygen with the FR state was 

impaired and so was the proton uptake. However, proton uptake associated with the 

reduction of the BNC was unaffected [84]. Therefore, the first 1 or 2 substrate protons 

are delivered by the K channel and are associated with the reductive phase of the 

reaction cycle (O to E to R) and the second 3/2 substrate protons are transferred by the 

D channel and are associated with the oxidative part of the cycle (R to P to F to O) 

[80,81]. The slow and only partial reduction of the oxidised BNC (electron transfer from 

haem a to a3) in the K362M mutant of Rba. sphaeroides CcO (also observed by 

Jünemann, et al. [86]) led to the proposal of an alternative role of the K channel as a 

dielectric well/channel whose role would be to increase the dielectric strength around 

the BNC to allow transiently charged intermediates to exist, before they are charge 

compensated by protonation [78,86]. Either function would be consistent with the 

observation that the reduction phase (O to E to R), takes up 2 charge compensating 

protons to the BNC [85]. 

1.11 Route for translocated protons 

There is sufficient evidence in literature that the route for translocated protons in 

bacterial CcOs is provided by the D channel (see below). However the presence of an 

extensive H channel in bovine CcO, has led to the proposal that the H channel 

provides this route at least in mammalian oxidases reviewed in [87]. Yeast CcO also 

has an extensive H channel as shown in Figure 1-9. Hence, two models have been 
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proposed for proton translocation in CcO which involve either the D channel or the H 

channel and are discussed below. 

1.12 Model for proton translocation via the D pathway 

The role of the D channel in providing the route for some substrate protons and all 

translocated protons has been proposed for both bacterial and mitochondrial CcOs 

reviewed in [19,55,78]. The mechanism involves a functionally important glutamic acid 

(E242) (Figure 1-7) that is buried in the centre of subunit I, in a region of low dielectric 

strength. Fourier-transform infrared (FTIR) spectroscopy has been used to determine 

the pKa of this residue. This has been achieved by following the IR changes of its 

protonated carboxyl group in the reduced minus oxidised IR difference spectrum of P. 

denitrificans CcO at different pHs (4.7-9.0) [88]. Surprisingly the IR band was found to 

have no pH dependence and so the group must have an unusually high pKa above 9.0. 

This is also true for the bovine CcO where pH titrations (6.5-8.5) of the FR to FR-CO 

transition showed no pH dependence of the protonated carboxyl group IR band [89,90]. 

Mutagenesis of this residue into a glutamine impairs turnover activity in Rba. 

sphaeroides CcO, by preventing electron transfer in the oxidative phase of the reaction 

cycle, hence confirming that it is an essential residue for enzyme activity [84,91,92]. A 

E286C mutant from Rba. sphaeroides CcO, that was reconstituted into liposomes, 

retained electron transfer activity however proton pumping activity was lost [92]. 

Furthermore, the mutation of an equally conserved asparagine residue located in the D 

channel of Rba. sphaeroides CcO resulted in the inhibition of proton pumping but 

accelerated the electron transfer activity by 150-300 % [93].  

The proposed model for translocation, via the D channel, is based on the principle 

of electroneutrality, which states that each electron arriving at the BNC in a stable 

manner, must be charge-compensated by a proton [85,94]. This is necessary because 

the BNC is in a region of low dielectric strength, and it would be energetically 

unfavourable for charged species to exist. Taking this concept of charge compensating 

electrostatics into consideration, a model for proton translocation was put forward 

[19,94]. Figure 1-14, Figure 1-16 and Figure 1-17 show the steps involved for a single 

proton translocation event (out of four), where each is associated with one of the four 

electron transfers from haem a to the BNC, during the reaction cycle. As an electron is 

being transferred to the BNC, the proton on glutamic acid is translocated to a so-called 

‘trap’ site where it electrostatically stabilises the negative charge being introduced in 

the active site. The K channel may facilitate formation of such charge-compensated 

intermediates, via its possible role as a dielectric channel, by reorganisation of dipoles 

and charges of its amino acids (see Figure 1-14) [19,86]. 
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Figure 1-14. Step 1 of 3 of the proton translocation model via the D channel. 
Black arrow shows the route of the translocated proton (HT+) when an electron is being donated 
to the BNC (red arrow). 

 

The ‘trap’ site places the proton in a region where it can compensate the BNC 

charge but cannot be used as a substrate proton. The exact location is unknown but 

possible candidates near the Mg2+ are shown in Figure 1-15. They include haem a3 A- 

and D-propionates, arginines/aspartates/glutamic acids or water molecules. Molecular 

dynamic simulations show changes in the hydrogen bond pattern, and conformational 

changes in the haem a3 propionates upon reduction of haem a [95]. The change was 

linked to an estimated pKa increase from ~7 to 9 of only A-propionate, and so it was 

proposed that when haem a is reduced it enables the proton from E242 to be 

transferred to A-propionate (the ‘trap’ site) via water molecules and the D-propionate 

[95]. 
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Figure 1-15. Hydrophilic residues that could be possible proton trap sites near the Mg
2+

 
ion (purple ball). 
Structure is of oxidised bovine CcO (PDB;1V54), the metal centre ligands are also shown. 
 

Since the pKa of glutamic acid is high [96], it becomes re-protonated via the D 

channel. The substrate proton is then delivered into the BNC via either the D or the K 

channel (Figure 1-16) [81]. 

 

Figure 1-16. Step 2 of 3 of the proton translocation model via the D channel.  
HT

+
 is stabilised at the trap site by the negative charge at the BNC. A substrate proton for water 

formation (HS
+
) re-protonates E242 from the D/K channel and is attracted to the negative charge 

at the BNC (black arrow).  
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Once the electron has arrived at the BNC, the proton on glutamic acid is attracted 

to the negative charge and moves to the BNC, to form the next stable oxygen 

intermediate of the reaction cycle. As a result, the negative charge has been 

neutralised and the proton located in the ‘trap’ site is expelled into the IMS. The 

glutamic acid finally becomes re-protonated again by a further proton delivered via the 

D (Figure 1-17). 

 

Figure 1-17. Step 3 of 3 of the proton translocation model via the D channel.   
HT

+
 is extruded into the IMS as the negative charge at the BNC is neutralised by Hs

+
. E242 

becomes reprotonated by the next HT
+
 from the D channel. 

1.13 Controversial points on the D pathway 

Several factors of this model are not well understood. For example, it is not clear 

how the proton reaches the ‘trap’ site or the BNC from glutamic acid, because the 

space between these sites in X-ray crystal structures of CcO lacks electron density. A 

plausible explanation is that the space is filled with dynamic water molecules, which 

would be undetectable with X-ray crystallography. Indeed, molecular dynamic 

simulations have been used to model the water molecules in this region of Rba. 

sphaeroides and bovine CcO [79,95,97]. Furthermore, FTIR spectroscopy has detected 

a chain of water molecules in bovine and P. denitrificans CcO, that have been shown to 

undergo structural changes in response to ligand (CO) binding/unbinding at the BNC, 

and to redox changes of the metal centres [98]. Moreover, the spectral signature of the 

change was similar in both oxidases, suggesting that they have water molecules that 

undergo a similar change. However, the location of the observed chain of water 

molecules in the protein structure is unresolved, but the vacant space surrounding the 
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glutamic acid remains a strong candidate, as it is large enough to accommodate a 

chain of eight simulated waters [98]. An additional aspect that remains unclear is how 

the essential gating mechanism could operate in the D channel in order to deliver 

protons alternately to the proton trap site or the BNC. A chain of water molecules could 

take on this role by breaking and forming hydrogen bonds, during their reorganisation 

[98]. Furthermore, it is also unclear how protons are prevented from leaking backwards 

from the trap site and exit pathway into the matrix side of the membrane. It is 

suggested that this can be controlled by the transiently changing pKa values of the 

amino acids lining the pathway, in response to different redox states of the enzyme 

during the reaction cycle [19]. Finally, to date a hydrophilic route for proton extrusion 

from the trap site in to the IMS has not been definitively resolved. 

1.14 Model for proton translocation via the H pathway 

The second model for the translocation of protons is via the H channel, which was 

identified as a continuous hydrophilic channel in the X-ray structure of bovine CcO [38]. 

The H channel is composed of two halves. The IMS end is composed of a hydrogen 

bonded network of predominantly amino acids, the second half is composed of 

predominantly water molecules and some amino acid side chains leading from the 

matrix [87]. 

The H channel is proposed to be functional as the proton translocation pathway in 

mammalian/mitochondrial CcOs [38-40]. X-ray structures of bovine CcO in the fully 

reduced and fully oxidised states revealed redox linked conformational changes (Figure 

1-18) [38,39]. The most noticeable change was of an aspartic acid (D51) located at the 

‘exit’ of the channel. The nature of the conformational change is such that the residue 

becomes exposed to the aqueous environment of the IMS when the enzyme is 

reduced. Hence, it has been suggested that the conformational change is linked with a 

pKa change of D51 by approximately 5 units [87], such that D51 becomes deprotonated 

upon reduction. 
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Figure 1-18. Redox-linked conformational change in D51 of bovine CcO.  
The structure of the fully oxidised (red) (PDB:1V54) has been superimposed on the fully 
reduced CcO (PDB:1V55). ‘2.’ is an expansion of ‘1.’ 

 

In order to study the effect of site-directed mutagenesis on D51 of bovine 

mitochondrial CcO, a hybrid expression system was developed by Tsukihara, et al. 

[39]. This was achieved by insertion of vectors in to HeLa cells that express bovine 

subunit I in the cytosol. This is imported into mitochondria where it competes with the 

human subunit I and assembles with the remaining human subunits to form a chimeric 

hybrid CcO. The proton pumping activity of a D51N hybrid mutant in mitoplasts 

(mitochondria without the outer membrane) was lost. However, the oxygen reduction 

activity was retained and was intriguingly 70 % faster than wild-type. 

A peptide bond formed between a tyrosine and a serine (Y440-S441) is located in 

hydrogen bonding distance of D51 [38] (Figure 1-19), and it is proposed to re-protonate 

D51 when the enzyme is oxidised [87]. Site-directed mutagenesis of S441 to a proline 

was also found to abolish proton pumping, without affecting the oxygen reduction 

activity in the same hybrid expression system described above [99]. 

H channel 

 

D51 

Reduced  
deprotonated 

Oxidised  
protonated 

 

1. 2. 
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Figure 1-19. A schematic structure of the H Channel in the fully reduced and fully 
oxidised bovine CcO. Viewed from the left of the structure, facing the haem a plane 
(black rectangle). 
Figure shows the conformational change of D51, the peptide bond between Y440-S441, R38, 
hydroxyfarnesylethyl group, and shows the water channels (grey rectangles) and water cavities 
(grey ovals). Fixed water molecules are shown as black circles. Figure is taken from Figure 2 in 
ref [87]. 

 

The hydrogen bond network of the H channel makes connections with porphyrin 

ring substituents of haem a. One of these is between the formyl and an arginine (R38) 

that leads to the proton-transferring peptide bond of the H channel (Figure 1-19). It is 

proposed that redox changes in haem a provide the driving force for proton pumping 

through the H channel. This is because, when haem a is oxidised, the net positive 

charge generated drives the proton towards the peptide bond through repulsion, to re-

protonate D51. When haem a is reduced, the R38 affinity for a proton is restored and 

extracts protons from the water molecules from the water channel leading towards the 

matrix end (Figure 1-19) [87]. 
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The hydroxyfarnesylethyl group of haem a and helix X of subunit I, protrude into the 

same water channel of the H channel, and also undergo redox-linked conformational 

changes (Figure 1-19). Furthermore, the X-ray structure of fully reduced bovine CcO 

ligated to CO, has been solved and should structurally resemble the oxygen bound 

form of the enzyme [40]. Comparison of reduced and CO-bound reduced structures, 

show that a region of helix X undergoes the same conformational change as when the 

enzyme becomes fully oxidised, whilst the conformation of D51 and 

hydroxyfarnesylethyl groups remain unchanged. This suggests that the helix X 

conformation is controlled by the redox and ligation state of haem a3, whilst the D51 

and hydroxyfarnesylethyl groups, are controlled by redox changes of haem a [40]. The 

nature of the helix X change is such that the channel becomes ‘closed’ to the matrix 

side when the enzyme is ligated or oxidised, which prevents proton back leak. 

Based on these redox-linked structural changes, a mechanism has been put 

forward. When the enzyme is reduced the pathway becomes open to allow the uptake 

of all four protons into the cavity. Once oxygen binds to the BNC, the channel closes to 

prevent back leak of the four protons. They are then translocated via R38 to the area 

surrounding the gating Y440-S441 peptide bond. Possible candidate groups that could 

accommodate protons are proposed to be serines, arginines, propionates of haem a 

and water molecules. As each electron is transferred from haem a to the BNC, a proton 

is translocated across the Y440-S441 peptide bond to D51, and eventually into the IMS 

[40,87]. 

1.15 Controversial points on the H pathway 

This model of proton translocation is based primarily on the observed 

conformational changes of D51, and the H channel. However, this residue is not 

conserved across all homologues of CcO. Bacterial CcOs also lack a continuous 

hydrophilic H channel across the entire subunit, and H channel mutants of CcO from P. 

denitrificans [100] or Rba. sphaeroides [101], had no effect on the proton translocation 

activity. The homology model of mitochondrial yeast CcO does indeed contain a 

continuous hydrophilic H channel structure. However, it also lacks an aspartic acid 

(D51-bovine) at the end of its H channel [41]. Thus it has been suggested that the H 

channel may only operate in mammalian CcOs [87] but at the same time, it is argued 

that the absence of D51 isn’t enough to rule out the function of the H channel as a 

proton pathway, since other hydrophilic residues in this region may be used [87]. The 

yeast mitochondrial CcO has other polar residues at the H channel exit that may take 

on this role. 
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The H channel proposal does not provide a consideration of the electrostatic costs 

of binding of four protons, nor a clear mechanism of how each of the four protons after 

entering the hydrogen bond network, are supplied to the peptide bond to be released 

into the IMS, via D51. More importantly, it does not provide a rationale of how the 

transiently charged species at the BNC, would be stabilised, if the translocated protons 

are spatially separated from the oxygen reduction site. 

A very recent alternative proposal is that the H channel does not function as a 

proton pathway, but instead acts as a dielectric channel in all CcOs in the same way as 

the K channel [78,86]. In such a function, the hydrophilic groups reorganise during 

electron transfer into/out of haem a, directing their dipoles to increase the dielectric 

strength around haem a, which would aid rapid electron transfer from CuA to the BNC. 

1.16 Infrared spectroscopy on functional carboxyl 

groups 

FTIR spectroscopy can allow vibrational structural changes of proteins to be 

studied. It is particularly useful for large membrane protein complexes, and can be 

used to complement X-ray and electron microscopy data that provide 3D structural 

information. IR spectroscopy has been used extensively to probe ligand- [102-105], 

and redox- [106-109] induced structural changes in CcO and related oxidases. ATR-

FTIR spectroscopy method allows the sample placed on an ATR prism surface to be 

accessible from above for manipulation [110]. In this way it has opened up the types of 

reactions/conditions that can be induced by pH, temperature, perfusion-induced 

reactions [111], dialysis [112], or electrochemistry [113]. Transmission IR spectroscopy, 

in which a sample is sandwiched between two optically transparent windows, has been 

particularly useful in monitoring photolysis induced reactions such as CO photolysis 

from the FR state of CcO [90,103,104]. In all cases, the reaction induced IR changes 

are always small relative to the large overall background absorbance of the protein and 

water. For this reason spectra are averaged from repeated cycling between two 

defined states, and are recorded as difference spectra showing only the reaction 

induced changes [114]. In this way subtle vibrational changes in individual amino acids 

and cofactors can be detected. Results Chapter 3 of this thesis has focused on 

separating those structural changes and linking them with specific metal centre redox 

transitions. Such IR changes can arise from protonation, conformation or hydrogen 

bonding environment changes. FTIR studies of bovine CcO have revealed redox-

induced IR changes of two protonated carboxyl groups at 1749 cm-1 and 1737 cm-1 

[104,115]. The photolysis induced CO binding and unbinding to FR bovine CcO 
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showed a shift in only the first band [90,104]. Similar studies with CcO from P. 

denitrificans [116,117], exhibited only one redox-sensitive IR band, equivalent to the 

first band (1749 cm-1) of bovine CcO, and no strong CO-ligation sensitive carboxyl 

change [105]. The 1749 cm-1 band has been assigned to extinction coefficient changes 

of the conserved functional glutamic acid (E242) [104,115]. This assignment is based 

on mutagenesis studies of the same residue and H/D exchange experiments in 

bacterial CcOs [88,103,106]. The second band that is only present in bovine CcO at 

1737 cm-1, has been tentatively assigned to de/protonation changes of D51 [90,104]. 

However, the actual number of components contributing in the 1760-1710 cm-1 

protonated carboxyl region of the bovine redox IR spectrum, and their linkage to 

specific redox centres are not well understood therefore the Results Chapter 4 explores 

these issues. 

1.17 Yeast CcO as a model system 

In collaboration with yeast geneticist Brigitte Meunier, we are now able to purify and 

analyse various yeast WT and mutant forms of CcO, with a 6-his tag on the C terminus 

of a nuclear-encoded supernumerary subunit [41,118]. Yeast is a model system that 

allows mutations to be introduced into the nuclear and mitochondrially-encoded 

subunits, that does not depend on a hybrid expression system [39]. Yeast CcO is 

homologous to mammalian bovine CcO (see below), and therefore has provided a 

model system to study the structure and function of a mitochondrial form of CcO. 

Mutations in the vicinity of the D channel were found to greatly affect the respiratory 

growth of yeast cells on glycerol medium, highlighting the essential role of the D 

channel for enzyme activity. Furthermore, a mutant with four mutations along the H 

channel has been expressed where polar residues have been replaced with non-polar 

residues (Q411L/Q413L/S458A/S455A). Growth of this mutant on a glycerol medium, 

was shown to be significantly impaired compared to the WT CcO [118]. Result Chapter 

6 has therefore focused on the measurement of the proton/electron stoichiometry of 

this mutant in reconstituted phospholipid vesicles, to determine whether the H channel 

provides the pathway for translocated protons in the mitochondrial yeast CcO, or 

alternatively may be a dielectric channel [78]. The crystal structure of yeast CcO has 

not yet been solved although a structure based on homology modelling has been 

produced [41]. Crystallisation trials are underway to refine this model and, eventually, 

to solve structures in the oxidised or reduced states that will reveal redox linked 

conformational changes of yeast CcO. Such information will allow identification of 

functionally significant residues in yeast CcO and compliment IR data. Recently, redox-

induced IR difference spectra of WT yeast CcO, have revealed only one IR sensitive 
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band in the protonated carboxyl region, equivalent to 1749 cm-1. Based on site-directed 

mutagenesis, this component has been tentatively assigned to E243 (E242-bovine) 

(personal communication, Amandine Maréchal). The second 1737 cm-1 component in 

bovine CcO is absent from yeast CcO as is the D51 residue (replaced by S52) which is 

consistent with the assignment of this band to D51 in bovine CcO. 

1.18 Supernumerary subunits 

The additional supernumerary subunits are unique to eukaryotic CcOs and are 

encoded by the nuclear genome. They have evolved following the endosymbiotic event 

between a pre-eukaryote (host) and an α-proteobacterium (mitochondrion) [119,120]. 

They are not directly involved in the reaction mechanism, and their individual functions 

are still unclear. 8 supernumerary subunits of yeast CcO are homologous to 8 of the 10 

supernumerary subunits of bovine CcO. Their sequence identities are given in Table 

1-1 [26,41,121]. 
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Table 1-1. Amino acid sequence identity between yeast CcO subunits and bovine CcO 
subunits. 
The amino acid length of each subunit is shown in brackets. The subunits that have isoforms 
are highlighted. Although Cox9 has been compared with VIc, VIIb and VIII subunits it is 
homologous with VIc. Table and values are adapted from [41]. 

 

Saccharomyces 
cerevisiae CcO 
subunits (amino acid 
length) 

Bovine CcO 
subunits (a.a. length) 

Amino acid 
sequence identity % 
(vs shortest sequence) 

Mitochondrially 
encoded 

Cox1 (534) I (514) 59 % (303/514) 

Cox2 (236) II (227) 43 % (98/227) 

Cox3 (269) III (261) 47 % (122/261) 

Nuclear-
encoded 
supernumerary 
subunits 

Cox4 (130) Vb (98) 35 % (34/98) 

Cox5A (133) 
IV isoform-1 20 % (26/133) 

IV isoform-2 20 % (26/133) 

Cox5B (134) 
IV isoform-1 16 % (22/134) 

IV isoform-2 20 % (27/134) 

Cox6 (108) Va (109) 37 % (40/108) 

Cox7 (59) 
VIIa isoform-1 22 % (13/59) 

VIIa isoform-2 25 % (15/59) 

Cox8 (47) VIIc (47) 38 % (18/47) 

Cox9 (55) 

VIc (73) 
VIIb (56) 

18 % (10/55) 
16 % (9/55) 

VIII isoform-1 
VIII isoform-2 

9 % (4/44) 
11 % (5/46) 

Cox12 (82) 
VIb isoform-1 43 % (35/82) 

VIb isoform-2 39 % (32/82) 

Cox13 (120) 
VIa isoform-1 33 % (28/85) 

 VIa isoform-2 35 % (30/85) 

 

Supernumerary subunits are thought to be involved in the assembly, dimerization 

or stability of CcO, while others are thought to allosterically regulate enzyme activity, 

for example via ligand-binding [122,123] or phosphorylation sites [124]. Approximately 

half of the supernumerary subunits of bovine (mammalian) CcO have tissue-specific or 

development related isoforms. In this way the presence of supernumerary subunits 

provides a means to regulate CcO, in different cell types, and in response to changing 

energy demands [27,125]. The supernumerary subunits may also be involved in the 

formation of supercomplexes/respirasomes. The in vivo arrangement of the individual 

respiratory chain complexes have been proposed to exist as one entity (solid state 

model) [126], or as a fluid state model in which the complexes are freely diffusing in the 

membrane [127]. However, blue-native PAGE gels of digitonin solubilised mitochondria 

[128] and co-immunoprecipitation [129] experiments revealed high molecular weight 

bands of respiratory chain complexes (I, II and IV) of defined stoichiometries [130]. In 

favour of the solid state model, a model was described that involved direct channelling 

of cyt c [130] rather than random collision between complexes. In bovine mitochondria 

two types of supercomplex with different stoichiometries were isolated (I1III2IV2 and 
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I1III2IV4) [130]. In yeast mitochondria that lacks complex I, two distinct supercomplexes 

were isolated, III2IV1 and IV1III2IV1. Cardiolipin has also been shown to enhance the 

stability of these associations [131]. The interactions are thought to have a role in 

stabilisation of the individual complexes and/or facilitate electron transfer from bc1 to 

CcO via cyt c as it would have a shorter distance to migrate (40 Å [132]) [133]. Cryo 

electron microscopy structures have also been solved of the supercomplexes isolated 

from bovine [134] and yeast [135]. 

1.18.1 Bovine supernumerary subunit IV and yeast subunit 5 

Subunit IV of bovine CcO is the largest supernumerary subunit (~17 kDa). The 

structure is superimposed on the homologous subunit 5 of yeast CcO shown in Figure 

1-20. The hydrophilic C terminal domain projects into the IMS close to the cyt c binding 

site on subunit II, and a hydrophilic N terminal domain projects into the matrix [34]. The 

single membrane spanning α-helix is closely associated with core subunit I. 

 

Figure 1-20. Subunit 5 of yeast CcO (red) is in the same structural location as subunit IV 
(blue) of bovine CcO. 
Although the yeast 5A isoform [41] is overlaid with the bovine IV-2 isoform (PDB:1V54), the 
pairing of specific isoforms (5A with IV-1/IV-2 and 5B with IV-2/IV-1) is not possible based on 
their modest ~20 % sequence identities [26,41]. 

 

Subunit IV of bovine CcO has gained interest since it is thought to be a key 

regulatory subunit that binds ATP (allosteric inhibitor) or ADP (allosteric activator) 

[122,123], and is part of a negative feedback loop mechanism of respiratory control 
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[136-138]. Moreover, subunit IV has phosphorylation sites and S58 phosphorylation 

(only conserved in mammalian CcOs), is reported to modulate the respiratory activity 

by controlling ATP allosteric inhibition [139]. Subunit IV-2 expression is limited to lung, 

neurons and fetal muscle whilst IV-1 expression occurs across all tissue types 

[140,141]. Moreover, IV-2 expression is induced by hypoxic conditions under the 

control of RBPJ, CXXC5 and CHCHD2 transcription factors [142], or by toxins [143]. 

Yeast CcO is a useful model system to study this subunit, since its subunit 5 is 

homologous to mammalian subunit IV [26], and is the only yeast CcO supernumerary 

subunit to have isoforms (5A and 5B) [144,145]. These are encoded by single copy 

genes; COX5A on chromosome 14 and COX5B on chromosome 9. They share 67 % 

nucleotide (66 % amino acid) identity and are thought to have arisen from gene 

duplication followed by sequence divergence [145]. One or other polypeptide is 

essential for CcO assembly. As with the mammalian subunit IV isoforms, the 

expression pattern of subunits 5A and 5B is controlled by oxygen (and haem) 

concentration [146,147]. COX5A is expressed above 1 µM O2 and COX5B under low 

(<1 µM O2) oxygen concentrations [148]. The O2 regulatory pathway of subunit 5 

isoform expression is summarised in Figure 1-21. O2 stimulates haem synthesis that 

then binds to and activates the transcription inducer Hap2/3/4/5 complex of COX5A; 

haem also activates Hap1 that induces the expression of ROX1, a repressor of COX5B 

expression. Under low oxygen levels, haem levels fall and Hap1 and Hap2/3/4/5 are no 

longer activated. This prevents COX5A transcription and loss of ROX1 transcription 

allows derepression of a set of hypoxic genes including COX5B [149,150]. 
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Figure 1-21. The oxygen sensing and regulatory pathway of subunit 5A and 5B of yeast 
CcO. 
COX5A is expressed at high oxygen concentrations (>1 µM) and COX5B is expressed under 
low oxygen concentrations <1 µM. 

 

To enable COX5B to be expressed and subunit 5B to be assembled into CcO, 

under normal growth conditions, the ROX1 gene was mutated in a ΔCOX5A-deleted 

strain [147]. However, the CcO level was lowered by a factor of 2-3 compared to the 

control COX5A-expressing strain. Intriguingly, it was observed that the 5B isozyme had 

a turnover number that was 2-3 times faster than that of the 5A isozyme [28,151]. Thus 

subunit 5 isoforms were proposed to have an activity regulating role by allosterically 

altering the protein environment around haems a and a3 [28]. This effect on core 

catalytic activity has been explored further in Results Chapter 7. 

1.19 Aims 

The aims of each of the five results chapters are listed here and are described in 

detail within each results chapter. 

Results Chapter 3.  

To associate redox-induced IR changes in the 1700-1000 cm-1 IR range in bovine 

CcO with specific metal centre transitions by exploiting the mixed valence (MV) states 

of CcO ligated with either cyanide (CN) or carbon monoxide (CO) [159,160][161].  

 

Results Chapter 4.  

To associate the redox-induced IR changes of functionally significant protonated 

carboxyl groups in the 1800-1700 cm-1 IR range in bovine CcO with specific redox 

groups by exploiting the MV states of CcO ligated with CN or CO. 

COX5A 

COX5B COX5B 

High oxygen and haem levels 
(>1µM O

2
) 

ROX1 

Low oxygen and haem levels 
(<1 µM O

2
) 

ROX1 
All subunits 

including COX5A 

Overview 

Hap2/3/4/5 Hap1 Hap1 Hap2/3/4/5 
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Results Chapter 5.  

To electrochemically induce a phenoxyl radical on Tyr-His model compounds 

designed to resemble the conserved feature in CcO and combine the optimal 

electrochemical conditions with ATR-FTIR spectroscopy to record reduced minus 

oxidised (radical) IR difference spectra. These spectra were used together with 

published spectra to tentatively assign tyrosine radical and Tyr-His associated IR 

bands in the PM (oxyferryl associated radical) minus oxidised IR difference spectrum of 

bovine CcO. 

 

Results Chapter 6.  

To develop a protocol to reconstitute yeast WT CcO into liposomes using bovine 

CcO as a control. This would allow the proton translocation activity of yeast WT CcO to 

be quantitatively assayed. To then compare the proton/electron stoichiometry to that of 

the extreme 4H mutant (Q411L/Q413L/S458A/S455A). This would provide a means to 

assess the possible role of the H channel as a route for translocated protons in yeast 

mitochondrial CcO. 

 

Results Chapter 7.  

To investigate the origin of the increased core catalytic activity of 5B isozyme 

compared to 5A isozyme [147]. In order to do so, mutant strains were constructed by 

Brigitte Meunier following a BBSRC funded 3 week visit to her laboratory. The mutant 

strains expressed wholly subunit 5B, by replacing the COX5A open reading frame with 

COX5B, so that it was under the control of the COX5A promoter. This gene 

replacement  was achieved at the COX5A nuclear locus or on a centromeric plasmid (1 

copy per cell). Such mutants expressed the 5B isozyme to wild type (5A isozyme) 

levels under aerobic growth conditions, and without the complication of secondary 

effects caused by mutation of ROX1-encoded transcription factor. This allowed 

comparison of the catalytic properties of the 5A and 5B isozymes that have been 

expressed under identical conditions. 
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2 Materials and methods 
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2.1 Sources of (bio) chemicals 

White spot nitrogen gas (99.998 %) was from BOC Ltd. Carbon monoxide gas (99 

%) and 18oxygen-isotope gas (98 %) were from CK Gas products Ltd. Lecithin (α-

phosphotidylcholine) type IV-S from soy bean and cardiolipin from bovine heart (98 % 

purity) were purchased from Sigma-Aldrich. Potassium cholate was prepared by 

titration of cholic acid (98 % purity) with potassium hydroxide to pH 7.4. N-dodecyl-β-d-

maltoside (DDM) (>99.5 %) was purchased from Melford Laboratories Ltd, UK. 0.05 

µm alumina paste (Buehler), 0.3 µm alumina powder (MetPrep). Yeast iso-1 cyt c and 

iso-2 cyt c were a kind gift from B. Guiard (CGM, CNRS, Gif-sur-Yvette, France). The 

plasmid pRS415-COX5A containing COX5A gene was a kind gift from D. Winge 

(University of Utah, USA). Tyrosine model compounds, 2,6-di-tert-butylmethoxyphenol 

(TMP) and 2,4,6-tri-tert-butylphenol (TBP) were purchased from Sigma-Aldrich. The 

cross-linked Tyr-His model compounds were chemically-synthesised by Rachel 

Lanigan (PhD student) and Dr Tom Sheppard, Chemistry, UCL. Unless stated 

otherwise, all other chemicals were purchased from Sigma-Aldrich. 

2.2 Yeast mutant generation 

All yeast strains (Table 1) were constructed by Brigitte Meunier from a modified 

Saccharomyces cerevisiae strain W303-1B (Alpha ade2 HIS3 leu2 trp1 ura3) that 

expressed wild type CcO (WTCOX5A) with a 6 his tag sequence attached to Cox13 

(supernumerary subunit) [118]. Mutations in the mitochondrially-encoded subunit I were 

introduced on a plasmid vector (pYGT21) encoding subunit I using a quickchange site-

directed mutagenesis kit (Stratagene) [152]. Mitochondrial transformation of yeast cells 

was achieved using biolistic transformation. This approach consists of coating plasmids 

onto micron-sized particles (tungsten). These particles are placed on a macrocarrier 

platform which is placed into the biolistic device (biolistic PDS-1000-He particle delivery 

system (Bio-Rad)). The platform is placed under a tube containing high pressure 

helium. The particles are ejected at high speeds onto an agar plate with recipient yeast 

cells [153]. 
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2.3 Construction of 5A or 5B isozymes of yeast CcO 

Table 2-1 summarises the strains that were constructed and their genotype. 

Table 2-1. Saccharomyces cerevisiae strains constructed and analysed.  
All strains were constructed by Brigitte Meunier. Table is adapted from Dodia, R. et al 
submitted. 

Genotype Description Strain 

COX5A Expression of COX5A under normal aerobic 
growth conditions. 

WTCOX5A 
 

cox5a::URA3 Deletion of COX5A ΔCOX5A 

cox5a::URA3, 
pCOX5A 

COX5A cloned on a centromeric plasmid 
under the control of its own promoter. 
Deletion of genomic COX5A. 

ΔCOX5ApCOX5A 

cox5a::COX5B  Replacement of COX5A by COX5B 
downstream of the COX5A promoter on the 
nuclear genome. Expression of COX5B 
under normal aerobic growth conditions. 

COX5B 

cox5a::URA3, 
pcox5a::COX5B 

COX5B cloned downstream of COX5A 
promoter on a centromeric plasmid. Deletion 
of genomic COX5A. 

pCOX5B 

rox1::kanMX4, 
cox5a::URA3 

Up-regulation of COX5B through deletion of 
its transcription repressor ROX1 in COX5A-
deleted background. 

ΔROX1ΔCOX5A 

rox1::kanMX4, 
cox5a::URA3, 
pCOX5A 

COX5A with its own promoter on a 
centromeric plasmid. Deletion of ROX1, the 
transcription repressor of COX5B. 

ΔROX1ΔCOX5A 
pCOX5A 

rox1::kanMX4, 
cox5a::URA3, 
pcox5a::COX5B 

COX5B cloned downstream of the COX5A 
promoter on a centromeric plasmid. Deletion 
of ROX1, the transcription repressor of 
COX5B, in COX5A-deleted background. 

ΔROX1ΔCOX5A 
pCOX5B 

 

The WTCOX5A strain carries functional copies of both COX5A and COX5B. 

However, under aerobic growth conditions only subunit 5A is assembled into CcO. The 

COX5B gene at its genomic locus was not deleted in these mutants since its 

expression relies on hypoxic conditions, and hence is not expressed under aerobic 

growth conditions [146,147]. The COX5B strain expressed COX5B downstream of the 

COX5A promoter on the nuclear genome. The strain was constructed from a 

COX5a::URA3 strain, where the open reading frame (ORF) of COX5A was replaced 

with URA3. COX5B replaced the URA3 ORF by homologous recombination, using a 

linear PCR construct that had complementary COX5A 5’ and 3’ flanking sequences 

and the COX5B ORF (Figure 2-1). The linear PCR construct was produced using 

primers that had COX5A 5’ or 3’ flanking sequences and COX5B 5’ or 3’ ORF 

sequence. They were used to amplify the COX5B locus from yeast DNA. 
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Figure 2-1. Homologous recombination of a linear construct with COX5A flanking 
sequences and COX5B ORF with the nuclear COX5A locus. 

 

ΔCOX5ApCOX5B strain contained a centromeric plasmid pRS406 that expressed 

COX5B downstream of the COX5A promoter. A centromeric plasmid contains a 

centromere so that its replication pattern is the same as the yeast chromosomes and 

results in one copy per cell, and it prevents the spontaneous loss of the plasmid from 

the cell. This strain was constructed by co-transformation of COX5a::URA3 with both 

the linear PCR construct, and pRS406 that was carrying a disrupted/non-functional 

cox5a gene, inserted between BamHI and XhoI restriction sites. This resulted in 

homologous recombination between the 5’ and 3’ COX5A flanking sequences between 

the linear PCR construct and the plasmid. Successful transformants were able to grow 

on respiratory plates that were uracil deficient (COX5a::URA3), and that were leucine 

deficient which selected for pRS406 carrying the LEU gene. ΔROX1ΔCOX5A allowed 

COX5B expression from its nuclear locus since its transcription repressor rox1 had 

been deleted. ΔROX1ΔCOX5ApCOX5A expressed COX5A on pRS406 and contained 

a Δrox1 deletion. ΔROX1ΔCOX5ApCOX5B expressed COX5B downstream of the 

COX5A promoter on pRS406 and contained a Δrox1 deletion. The last two strains, 

ΔROX1ΔCOX5ApCOX5A and ΔROX1ΔCOX5ApCOX5B, were derived from 

ΔROX1ΔCOX5A by transformation with pRS406 carrying a functional gene for COX5A 

or COX5B-with flanking COX5A sequences. The PCR products and gene 

replacements were confirmed by DNA sequencing (Strategene, Germany). 

2.4 Yeast cell growth and mitochondrial preparation 

Yeast cell growth and mitochondrial preparation was carried out using the method 

of Meunier, et al. [118]. A yeast colony was inoculated into 7 mL of autoclaved YPGal 

media (1 % yeast extract, 2 % peptone, 2 % galactose), and incubated with shaking 

(150 rpm) at 28 oC. After 24 h, 0.5 mL of culture was diluted into 50 mL of YPGal and 

incubated overnight at 28 oC. For large scale purification, 5 mL of culture was diluted 

into 10 x 500 mL of YPGal and, for small scale mitos (mitochondrial membrane 

fragments) preparations, into 2/3 x 500 mL of YPGal with shaking at 200 rpm. Cells 



Chapter 2 

60 

were harvested when they reached late log phase. This was determined by comparison 

of the optical density with a pre-recorded growth curve (logOD versus time). Typically 

this was when logOD = 0.9-1 with an incubation time of 14-16 h. The cells were 

pelleted by centrifugation at 6,500 x g for 5 min at 4 °C and washed twice in 50 mM KPi 

pH 7.0 by centrifugation and resuspension. A typical yield was 10-16 g of wet weight 

cells per litre of culture. 

Mitos were prepared by mechanical lysis of cells at 4 oC using a bead-beater 

(BioSpec Products, Inc., Bartlesville, OK, USA). For a large scale preparation, a 400 

mL capacity bead beater was used; 200 mL of 425-600 μm diameter glass beads and 

200 mL (final volume) of 650 mM (D)-mannitol, 50 mM KH2PO4/K2HPO4 (KPi) and 5 

mM ethylenediaminetetracetic acid (EDTA(K+)) at pH 7.4 containing 80 g wet weight 

cells. For small scale preparations, an 80 mL capacity bead beater was used; 40 mL of 

glass beads and 40 mL of the same buffer containing 10-11 g of wet weight cells. Cell 

disruption was assessed by comparing lysed cells with intact cells under a microscope. 

Typically 90-95 % cell lysis was achieved in a total of 9-12 mins of bead-beating. The 

cell debris was separated by centrifugation at 5,600 x g (SLA-1500 rotor) for 20 min at 

4 °C. The supernatant containing mitos was ultracentrifuged at 120,000 x g (T647.5 

rotor) for 1 h at 4 °C. The pellet of mitos was washed twice by resuspension and 

homogenisation (hand held homogeniser) in 50 mM KPi, 100 mM KCl, 5 mM EDTA(K+) 

pH 7.4, until the A260 (DNA) of supernatant reach <1. The final pellet of mitos was 

resuspended in a minimal volume (~50 mL, large scale and ~10 mL, small scale 

preparation) of the same buffer and stored at -80 oC. 

2.5 Determination of protein content in yeast mitos 

The mitos protein content was determined so that the amount of detergent to 

solubilise mitos could be calculated. The protein content was determined by 

measurement of an ATR-IR absorbance spectrum of 10 µL of non-diluted and 2 fold 

diluted mitos, in deionised water (MilliQ water at 18 Ω, dH2O). The size of the protein 

amide II band ∆AII at 1545-1481 cm-1 was compared to a calibration curve of ∆AII of 

bovine serum albumin (BSA). In order to assess the reliability of using IR spectroscopy 

to determine protein content in mitos, it was also averaged with the estimates from the 

conventional Bradford protein assay. The concentrated Bradford reagent was prepared 

by dissolving 100 mg coomassie brilliant blue G-250 (Bio-Rad) in a mixture of 50 mL 

ethanol and 100 mL phosphoric acid. This concentrated mixture was diluted in dH2O to 

1 litre, and filtered through Whatman #1 paper giving a brownish colour of the Bradford 

reagent. 10 µL of non-diluted mitos or 2 fold diluted mitos in 5 mL of Bradford reagent 

was incubated at room temperature with mixing for ~1 h, before the A595 was 
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measured. The reading was compared to a BSA calibration curve. The protein content 

estimates were within the same range using each method and are shown in Figure 2-2. 

 

Figure 2-2. BSA calibration curves. 
0 – 20 mg/mL BSA samples were prepared in dH2O for IR measurements and in 50 mM KPi pH 
8.5 for the Bradford protein assay. Arrows indicate the level of protein content of typical 
mitochondrial preparations. 

2.6 Purification of yeast CcO 

Purification was carried out using the method of Meunier, et al. [118]. Based on the 

determined protein content, the mitos were diluted to give 1.8 mg protein/mL in 2 % 

(w/v) n-dodecyl-β-D-maltoside (DDM) 50 mM KPi pH 8.0. To ensure complete 

solubilisation, mitos were stirred at 4 oC for 1 h. The insoluble debris was removed by 

ultracentrifugation at 120,000 x g at 4 °C for 35 min. 5 mM imidazole was added to the 

detergent-solubilised supernatant. From this stage the purification method of CcO was 

optimised and three methods are described here. CcO prepared from each method 

was tested for membrane reconstitution. 

2.6.1 Purification method 1 

Purification was carried out under gravity at room temperature. A 40 x 2 cm column 

containing 40 mL of nickel-iminodiacetic acid resin (His-bind® resin, Novagen) was 

equilibrated with 3 column volumes of 50 mM KPi, 0.009 % (w/v) DDM, 5mM imidazole 

pH 8.0 before the supernatant was loaded manually at 6.7 mL/min. Once loaded, the 

resin was washed until the eluate A280 was <1, typically 5 column volumes of 50 mM 
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KPi, 0.009 % DDM, 5 mM imidazole, 150 mM KCl pH 8.0. It was then washed with 50 

mM KPi, 0.009 % DDM, 10 mM imidazole pH 8.0 until the A280<0.08, typically 3-4 

column volumes. CcO was eluted with 100 mM imidazole in the same buffer. Dithionite 

reduced minus ‘as prepared’ (oxidised) visible absorption difference spectra were 

recorded of eluted fractions in 50 mM KPi, 0.009 % (w/v) DDM pH 8.0. CcO content 

was quantitated based on the intensity of ΔA605-621 using an extinction coefficient (ε) of 

26 mM-1.cm-1 [154]. The fractions containing the highest CcO:bc1 ratios were pooled 

together. 

The pooled fractions were loaded onto a 40 x 2 cm column containing 40 mL of 

(diethylaminoethanol) DEAE Sepharose CL-6B (Sigma-Aldrich) equilibrated with 20 

column volumes of 50 mM KPi, 0.015 % (w/v) DDM at pH 8.0. The column was washed 

with 2 column volumes of 50 mM KPi, 0.01 % (w/v) DDM, 50 mM NaCl at pH 8.0. CcO 

was eluted by increasing the salt concentration to 250 mM. CcO concentration in eluted 

fractions was estimated. Purest fractions based on the absence of bc1 and a ‘554’ 

species were pooled together. The 554 species is partly cyt c1 of the bc1 complex, 

however, the size of this band in the visible spectra did not change proportionally with 

the cyt b band of bc1 complex, and so, it may consist of another component or a 

dissociated bc1 complex. These were concentrated at 4 oC using a pressure cell with a 

100 kDa cut-off membrane (YM100, Millipore) to a final CcO concentration of ~20 μM. 

Overall from 80 g of wet weight cells, ~120 nmoles of CcO was present in the mitos 

preparation. After column chromatography and concentrating, the final yield of CcO 

was ~31 nmoles i.e. a ~26 % yield. The A280:A422 ratio was ~4. 

2.6.2 Purification method 2 

For the second method the final buffer used to wash the mitos contained 0.1 mM 

phenylmethylsulfonyl fluoride (PMSF), a serine protease inhibitor. The solubilisation 

buffer was changed to 2 % (w/v) DDM, 50 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 0.1 mM PMSF, 150 mM NaCl at pH 8.0. A 

typical redox visible difference spectrum of solubilised mitos is shown in Figure 2-3. 
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Figure 2-3. A typical reduced minus oxidised visible difference spectrum (400-700 nm) of 
DDM solubilised mitos. 
A baseline was recorded and then a small amount of solid sodium dithionite was added. After 
reduction was complete a reduced minus oxidised difference spectrum was recorded. Spectrum 
is of a 2 fold diluted sample in 2 % (w/v) DDM, 0.1 mM PMSF, 50 mM HEPES, 150 mM NaCl at 
pH 8.0. Visible bands of bc1 and CcO are indicated. 
 

CcO was purified by FPLC at 4 oC using an Äkta system. A series of 4 x 5 mL pre-

packed HisTrapTM HP columns (GE Healthcare) containing Ni-nitrilotriacetic acid (NTA) 

resin were connected together. They were equilibrated with 4 (80 mL) column volumes 

of 50 mM HEPES, 0.05 % (w/v) DDM, 10 mM imidazole, 500 mM NaCl pH 8.0 at 5 

mL/min. 10 mM imidazole and 350 mM NaCl were added to the solubilised mitos and 

then they were loaded onto the column. The column was washed with 5 column 

volumes of the same equilibration buffer until A280 <1. CcO was then eluted using a 

gradient with the same buffer containing 200 mM imidazole, in a total volume of 50 mL. 

Eluted fractions in the central portion of the elution profile were pooled together (Figure 

2-4) and concentrated using a centrifugal concentrator (Vivaspin100 kDa cut-off, Fisher 

Scientific) in a swinging bucket rotor at 4,000 x g for 10-15 mins at 4 oC, to a final 

concentration of ~20 µM. The redox spectrum showed the presence of primarily yeast 

CcO (Figure 2-5). 
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Figure 2-4. A typical elution profile from the Ni affinity column chromatography. 
Elution profile is shown in blue and the imidazole concentration gradient from 10 mM (0 %) to 
200 mM (100 %) in 50 mL total volume is shown in red.  
 

 

Figure 2-5. A reduced minus oxidised visible difference spectrum (400-700nm) of yeast 
CcO after Ni affinity column chromatography. 
Spectrum was recorded as described in Figure 2-3. Spectrum is of 300 fold diluted CcO in 50 
mM HEPES, 500 mM NaCl and 0.05 % (w/v) DDM at pH 7.4. 

 

The pooled sample was loaded onto a 0.8 x 30 cm TSK gel filtration column 

(TOSOH BioScience) that had been equilibrated with 50 mM HEPES, 500 mM NaCl 

and 0.05 % (w/v) DDM at pH 7.4. The sample was run in the same buffer. The elution 

profile, however, displayed an excluded front that overlapped the elution peak 

containing CcO (Figure 2-6). Therefore the fractions of CcO were pooled (~24 mL) and 

concentrated to 500 µL and re-run on the same column to separate out the large front. 

This front was most likely formed of detergent micelles, lipid and aggregated/multimers 

of CcO. The fractions in the central portion of the second elution profile (~3.5 mL) were 

concentrated (470 µL) to ~20-30 µM. 20 % (v/v) glycerol was added before storage at -

80 oC. The elution profile of the second run suggested that the concentration step may 
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have caused further aggregation. Alternatively this aggregation effect may have been 

time-dependant. This method is part of an ongoing project to produce a more 

homogeneous preparation of CcO. 

 

Figure 2-6. Elution profiles of the (A) 1
st

 run and (B) the 2
nd

 run through the gel filtration 
column. 
(A) Since the column was small, CcO was loaded 6 times in 500 µL batches indicated by the 
multiple profiles shown. Dashed lines indicate the volume of fractions pooled together. These 
were concentrated from 24 mL total to ~500 µL and passed through the column again (B). 

 

Overall, when starting with ~130 nmoles of CcO (mitos), the yield of purified CcO 

was 20 nmoles i.e. 15 % yield. The A280:A422 ratio was ~4.3. A typical redox spectrum of 

yeast CcO purified this way, is compared to a typical redox spectrum of yeast CcO 

purified using method 1, described above (Figure 2-7). It is clear that method 2 was 

better at separating CcO from bc1 and ‘554 species’ than method 1. 

 

Figure 2-7. A typical reduced minus oxidised visible difference spectrum (400-700nm) of 
yeast CcO purified using (A) method 2 compared to (B) method 1. 
(A) The redox spectrum was recorded as described in Figure 2-3. Spectrum is of 300 fold 
diluted CcO in 50 mM HEPES, 500 mM NaCl 0.05 % (w/v) DDM at pH 7.4. (B) Spectrum is of 
125 fold diluted CcO in 50 mM KPi pH 8.0, 250 mM NaCl, 0.01 % (w/v) DDM. 
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2.6.3 Purification of yeast CcO in the presence of digitonin 

Purification of yeast CcO was also repeated using digitonin-solubilised mitos at 

room temperature. Digitonin is a mild detergent that has been used to isolate 

supercomplexes of CcO:bc1 [128,135]. Mitos were diluted to 5 mg/mL in 2 % (w/v) 

digitonin, 50 mM HEPES, 0.1 M PMSF pH 8.0 (personal communication, Jelena 

Ostojić, CNRS, France). To ensure complete solubilisation, mitos were stirred at 4 oC 

for 1 h. The insoluble debris was removed by ultracentrifugation at 120,000 x g, for 35 

min at 4 °C. 500 mM NaCl and 5 mM imidazole were added to the supernatant. A 40 x 

2 cm column containing 40 mL of nickel-iminodiacetic acid resin was equilibrated with 

50 mM HEPES, 500 mM NaCl, 5 mM imidazole, 0.01 % (w/v) digitonin, pH 8.0 at 6.7 

mL/min. The supernatant was loaded onto the column which was washed with 2 

column volumes of the same buffer. The column was then washed with 1 column 

volume of the same buffer containing 10 mM imidazole. CcO was eluted by increasing 

the imidazole to 100 mM. A redox visible spectrum confirmed that CcO co-eluted with 

bc1 as a supercomplex (Figure 2-8). Pooled fractions were concentrated using the 100 

kDa cut-off centrifugal concentrator to give ~10 µM CcO and were stored at -80 oC. 

From 90 nmoles of CcO in mitos, 15 nmoles of CcO were purified giving a yield of 17 

%. 

 

Figure 2-8. A reduced minus oxidised visible difference spectrum (400-700 nm) of yeast 
CcO purified from digitonin-solubilised mitos after Ni affinity column chromatography. 
Spectrum was recorded as described in Figure 2-3. Spectrum is of 60 fold diluted CcO in 50 mM 
HEPES, 500 mM NaCl, 0.01 % (w/v) digitonin, 5 mM imidazole pH 8.0. 
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2.7 Purification of bovine CcO 

Bovine CcO from beef heart was purified by Peter Rich and Tomas Warelow using 

the method of Moody, et al. [155] that had been adapted from the methods of 

Kuboyama, et al. [156] and Keilin, and Hartree, [157]. In general, the meat was blended 

and the soluble fraction was isolated by pressing the blended meat through a muslin 

cloth. This was followed by centrifugation (1,368 x g for 30 mins at 4 oC). The 

supernatant was squeezed through some more muslin, and centrifuged (20,000 x g for 

1 h, at 4 C). The pellet containing mitochondria was resuspended and homogenised in 

100 mM sodium borate, 100 mM sodium phosphate pH 8.5. This was again centrifuged 

at 25,654 x g for 1 h followed by resuspension and homogenisation of the pellet to 

produce the final mitochondrial preparation. The preparation was solubilised by dilution 

to give 20 mg protein/mL in 20 % (w/v) sodium cholate, 100 mM sodium borate, 100 

mM sodium phosphate pH 8.5. Bovine CcO was purified by a series of ammonium 

sulphate precipitation, centrifugation and resuspension cycles. The final precipitate was 

dissolved to give ~0.5 mM bovine CcO in 50 mM potassium bicine, 0.1 mM EDTA(K+), 

0.15 % cholate, pH 8.0 and dialysed against the same buffer before storage at -80 oC. 

Thus the final preparation was in the same buffer. Concentration of bovine CcO was 

determined based on the size of ΔA605-621 using ε of 25.7 mM-1.cm-1 [154]. Figure 2-9 

shows a typical reduced minus oxidised difference spectrum of purified bovine CcO. 

 

Figure 2-9. A reduced minus oxidised visible difference spectrum (400-700 nm) of 
purified bovine CcO. 
Spectrum was recorded as described in Figure 2-3. Spectrum is of 110 fold diluted CcO in 100 
mM KPi 100 mM KCl pH 7. 
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2.8 ATR-FTIR spectroscopy overview 

Mid-IR spectra (4000-900 cm-1) were recorded in ATR mode with a Bruker IFS/66 

FTIR spectrophotometer fitted with a liquid nitrogen-cooled mercury cadmium telluride 

(MCT-A) detector at 4 cm-1 resolution, giving ±1 cm-1 accuracy of cited frequencies. 

OPUS6.5 software was used for measurement and processing of IR spectra. In ATR 

mode, the IR beam is directed through an internal reflection element (IRE) before being 

directed to the IR detector. The IRE used was a 3 mm diameter silicon prism with three 

internal reflections (SensIR, Europe). For measurements in the lower frequency region 

1800-700 cm-1
, a diamond prism was used. An evanescent wave of the internally-

reflected beam extends a few microns into the space above the reflection surface. This 

allows the IR characteristics of a sample placed on the silicon prism surface to be 

monitored (Figure 2-10). At the same time the sample is accessible for manipulation 

from above, hence allowing various types of reactions to be induced [110,112]. 

 

Figure 2-10. Si ATR prism representation. 
The IR beam is reflected three times through the silicon internal reflection element (IRE). This 
creates an evanescent wave (red zone) that penetrates a few microns into the sample. Visible 
spectra can be recorded at the same time using a fibre optic reflection probe (not shown) 
directed through the sample from above. The visible light (green arrow) penetrates through the 
entire sample and is reflected from the prism surface back into the collecting optical fibres. 
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2.9 Bovine CcO layer preparation for ATR-IR 

spectroscopy 

By depleting bovine CcO of detergents and exploiting its hydrophobicity, a layer of 

CcO can be adsorbed onto an attenuated total reflection (ATR) prism surface for IR 

spectroscopic analysis [110,112]. A minimum of 150 pmol of CcO is required to cover 

the prism surface at an optimal thickness [115]. ‘ATR-ready’ detergent-depleted bovine 

CcO samples were prepared by a series of washing/ultracentrifugation cycles. 2-3 nmol 

CcO was suspended in 2.5 mL of 20 mM KPi pH 8.5, 0.1 % (w/v) sodium cholate and 

0.1 % (w/v) octyl glucoside and ultracentrifuged at 300,000 x g, 4 oC for 1 h. The pellet 

was resuspended in 20 mM KPi pH 8.5 and ultracentifuged for 20 mins. It was then 

resuspended in 1 mM KPi pH 8.5 and ultracentifuged for 15 mins. The final pellet was 

diluted in 10 µL dH2O and placed onto the prism. Figure 2-11 (black trace) shows a 

typical IR absorbance spectrum, it consists of primarily a water spectrum. The sample 

was then dried with a stream of nitrogen gas (Figure 2-11, blue). As a result, the IR 

spectrum revealed the underlying IR bands of protein that increased in absorbance 

since the sample become more concentrated and was brought into close contact with 

the IR prism surface. The spectrum is primarily of amide I and amide II bands at 1650 

cm-1 and 1539 cm-1 and with some contribution of lipid in the 1740 cm-1 region. The 

layer was then rewetted with 10 µL of the buffer of the experiment (buffer conditions 

are provided in the figure legends within the results chapters). Thus the water bands 

reappeared (smaller in intensity) and the protein bands decreased with rehydration due 

to the expansion and equilibration of the layer (Figure 2-11, red). The layer was 

allowed to stabilise for up to 30 mins at which point the IR absorbance spectrum was 

constant (not changing) before assembling the electrochemical cell/perfusion cell 

above the protein layer. The amount of protein deposited was quantitated from the size 

of the amide II band (ΔAII 1545-1481 cm-1) as indicated in Figure 2-11, it was typically 

0.16 to 0.2. 
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Figure 2-11. IR absorbance spectrum of a detergent depleted bovine CcO sample before 
(black) and after drying (blue) and after rewetting (red). 
The sample of bovine CcO was in 10 µL of dH2O (black), it was dried with nitrogen gas until 
absorbance of water bands disappeared (blue). It was rewetted in the buffer (10 µL) of the 
experiment (red) and allowed to stabilise for 30 mins. Figure shows how the size of ΔAII band in 
the rewetted spectrum was calculated.  
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2.10 ATR-FTIR spectroscopy with controlled 

electrochemistry 

An electrochemical cell was assembled above the IR prism surface. The chamber 

created between the working electrode (platinum mesh or glassy carbon) and the 

protein layer (100-300 µm distance) was filled with (~80-200 µL) buffer containing 

appropriate redox mediators (Figure 2-12). Computer control allowed automated 

switching of potentials for cyclic generation of specific redox states [112,114]. The 

counter electrode (a platinum sheet) and an Ag/AgCl/KCl reference electrode were 

connected to the sample chamber by a Vycor frit. All redox potentials are given versus 

the standard hydrogen electrode (SHE) electrode unless stated otherwise. Visible 

spectra were recorded using a reflection optic fibre probe above the sample which 

transmitted visible light (450-700 nm) from a stepped dispersive monochromator. The 

reflected light was collected by fibres in the same probe and directed to a 

photomultiplier for quantitation. This approach allows sample accessibility for switching 

between various states whilst recording IR and visible spectra simultaneously. 
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Figure 2-12. Representation of an ATR-FTIR electrochemical cell. 
A parafilm gasket coated in vacuum grease was used to create a watertight seal between the 
ATR and electrochemical devices and sealed the sample within a chamber. This minimised the 
sample volume and created a small separation (0.1-0.3 mm) between the working electrode and 
prism surface to achieve redox equilibration times of 5-20 mins. Addition of a fibre optic 
reflection probe permits the simultaneous acquisition of ATR-FTIR and visible spectra. 
Potentials are versus SHE. Figure is adapted from figure 1B in ref [158]. 
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2.11 Redox mediators 

Redox mediators were used to equilibrate, via diffusion, the applied potential at the 

working electrode surface and the protein layer [88]. The redox mediators were chosen 

so that they spanned the redox potential range of the metal centres of CcO, and 

enabled the oxidation and reduction of specific redox centres by control of applied 

electrochemical potentials. Figure 2-13 shows the Em values of the redox mediators 

and of the metal centres of unligated CcO, CN-ligated and CO-ligated CcO. CN-ligation 

lowers the Em of only haem a3-CN such that the redox transitions of CuA, haem a and 

CuB can be separated from a3-CN and vice versa [159,160]. CO-ligation raises 

substantially the Em values of haem a3 and CuB such that the redox transitions of CuA 

and haem a can be separated from those of the BNC metals [161]. 

 

Figure 2-13. Em7 values of redox mediators and of the metal centres of unligated CcO, 
CN-ligated and CO-ligated CcO. 
Em range of unligated CcO is from [159,160]. CN-ligation lowers the Em of only haem a3-CN 
such that the redox transitions of CuA, a and CuB can be separated from a3-CN and vice versa. 
CO-ligation holds the binuclear centre in the reduced state such that the redox transitions of CuA 
and haem a can be separated from the BNC [161]. Em of the redox mediators at pH 7 are; -358 
mV benzyl viologen [162], +172 mV 1,2-naphtoquinone sulphonate [163], +80 mV phenazine 
methosulphate [162], +407 mV ferrocene methanol. 
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2.12 IR difference spectroscopy 

Reaction-induced IR changes are very small and difficult to observe relative to the 

large overall absorbance background of protein, lipid, water and buffer (Figure 2-14A 

and B). Therefore IR spectra were plotted/recorded as difference spectra between two 

defined states (reduced minus oxidised) [112,114]. IR difference spectra show only the 

redox-induced IR band changes and so are easier to interpret. To increase signal to 

noise the spectra were averaged by cycling between two defined states (for reversible 

reactions), or by preparation of new protein layers and repeating the measurements. 

 

 

Figure 2-14. Absolute IR absorbance and reduced minus oxidised difference IR spectra of 
bovine CcO (4000-900 cm

-1
).  

The absolute spectra of (A) fully reduced (FR) and (B) oxidised (O) CcO contain a large overall 
background of protein/water/buffer absorbance and so subtle redox-linked IR changes cannot 
be distinguished. However redox linked IR changes can be revealed in the (C) IR difference 
spectrum. 
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2.12.1 Measurement of IR difference spectra 

Each single spectrum/baseline of intensity (I) vs. frequency (cm-1) was computed 

from the Fourier transformation of 500 or 1000 averaged interferograms. Absorbance 

spectra were automatically computed from intensities with the Beer-Lambert law; 

A = log10 (I0 (baseline)/I(sample)) 

The exact details of redox potentials and buffer conditions are provided in the 

Figure legends within each chapter. The sequence of events for a typical redox cycle 

were as follows:- an oxidising potential of typically +500 mV was applied and, after an 

equilibration time ~10-30 mins, a baseline of the fully oxidised state was recorded. A 

reductive potential was then applied (typically -400 mV) and, after ~10-30 mins 

equilibration, a fully reduced (FR) spectrum versus the O baseline was recorded. The 

reaction was complete when consecutive spectra were superimposable in the visible 

(400-700 nm) and/or IR (2200-1000 cm-1, silicon or 1800-750 cm-1, diamond prism) 

regions. The sequence of events were then reversed by recording a baseline with the 

FR state, followed by switching to an oxidative potential (+500 mV) and recording the O 

minus FR difference spectrum after ~10-30 mins. These spectra were averaged as 

follows: 

[(FR minus O) – (O minus FR)] / 2 = averaged FR minus O 

This gave an averaged redox spectrum for 1 redox cycle. To produce final spectra 

presented, such cycles were repeated ~20 times and data were averaged to increase 

the signal to noise ratio (see Figure 2-14C). 

2.12.2 Preparation CN and CO bound CcO for IR measurements 

A layer of CcO was always prepared in the same way as described above. To 

prepare CN-ligated bovine CcO, the experimental buffer containing 10 mM KCN 

(details are given in Figure legends) was added to the reaction chamber. To ensure all 

cyanide was ligated to CcO an oxidative potential was applied (+500 mV) for 30 mins. 

Binding was monitored by the intensity of the CN-ligated band at 2151 cm-1. This 

frequency is characteristic of CN bound to the fully O state of CcO [164]. To prepare 

CO-ligated bovine CcO, 5 mL of the experimental buffer was bubbled with CO gas for 

2-5 mins. 200 µL was used to fill the sample chamber and a reductive potential (-400 

mV) was applied. CO binding to the FR state was monitored by the intensity of the CO 

band at 1963 cm-1. This frequency is characteristic of CO bound to the FR state of 

bovine CcO [165]. 
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2.13 Electrochemically induced IR difference spectra of 

Tyr and Tyr-His model compounds 

TMP, TBP and TyrHis(trimethyl) were tested as model structures of tyrosine that 

could form a stable phenoxyl radical in the oxidised state. 5-10 mM compound 

dissolved in 50 % (v/v) propan-2-ol, 20 mM KPi, 500 mM KCl, pH 13 was added to the 

sample chamber. In this case the reaction buffer did not require redox mediators since 

the compounds interacted electrochemically directly with the working electrode, and 

were small enough to diffuse between the working electrode and the prism surface. 

The electrochemical cell contained a glassy carbon working electrode, platinum 

counter and Ag/AgCl reference electrode (Figure 2-15). 

 

Figure 2-15. Electrochemical cell used for coupled ATR-FTIR spectroscopy of TMP, TBP 
and Tyr-His model compounds. 
Glassy carbon working, Ag/AgCl/KCl reference and a platinum coil counter electrode were 
used. This electrochemistry cell did not permit in situ acquisition of visible spectra. 

 

IR difference spectra were recorded as described above. Data were averaged from 

~5-10 redox cycles. Tyr-His(trimethyl) displayed partial reversible oxidation, and so IR 

spectra of oxidised versus a reduced baseline were averaged from 10 freshly prepared 

samples.  

2.14 Perfusion-induced IR difference spectroscopy 

A perfusion cell was assembled above the protein layer creating a chamber (~3 mm 

height) (Figure 2-16). This setup permitted the simultaneous acquisition of visible 

spectra (450-700 nm) allowing the reaction to be monitored. The buffer was delivered 

into the cell through plastic tubing. A pump controlled the flow rate at 1 mL/min. This 



Chapter 2 

77 

permitted the introduction of ligands or redox mediators into the reaction chamber that 

could react with the protein layer, and then, be removed by exchanging the buffer 

[111,112]. This method was used to record a ligated O-CN minus unligated O spectrum 

of bovine CcO. It was also used to record a FR minus O IR difference spectrum of 

bovine CcO [111]. Lastly it was used to record a PM state minus oxidised IR spectrum 

of bovine CcO [166]. The exact reaction conditions are given in the Figure legends. 

 

Figure 2-16. Perfusion cell coupled to ATR-FTIR and visible spectroscopy. 
Buffers containing different redox mediators or ligands (CN or CO) can be perfused using a 
peristaltic pump over the protein layer for transition between protein states. 
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2.15 IR data manipulation 

2.15.1 Baseline corrections 

All averaged difference spectra were corrected for baseline changes arising from 

pH, protein layer, buffer, water and water vapour variations. This was achieved by 

iterative subtraction, performed on OPUS6.5, of pre-recorded IR reference spectra 

(Figure 2-17). As an example Figure 2-18 shows the sequential correction of a FR 

minus O IR difference spectrum of unligated bovine CcO. 

 

Figure 2-17. Series of IR reference spectra that were used in the correction of 
experimentally recorded IR difference spectra. 
The spectra are not plotted to scale and are only meant for illustrative purpose. The pink and 
green traces are calculated IR difference spectra of the respective buffer recorded at two 
different pHs. 
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Figure 2-18. Correction of FR minus O IR difference spectrum (1800-1000 cm
-1

). 
Spectra shown in grey were used for subtraction. The spectrum was corrected by subtraction of 
ΔpH 0.05, water vapour variations (not shown). It was then scaled x1.228 according to the ΔAII 
size of the absolute spectrum that was used to record the FR-CN minus O-CN IR difference 
spectrum (see next section for normalisation). 

2.16 Normalisation of redox spectra 

The IR difference spectra were normalised to total protein to allow direct 

comparison between individual spectra presented within each results chapter. Total 

protein was estimated from the size of the amide II (ΔAII) band of the rewetted protein 

layer in each experiment (see Figure 2-11). All IR difference spectra were then scaled 

so that their ΔAII bands were the same. For IR experiments with TBP, TMP and 

TyrHis(trimethyl), the concentrations were known. Hence, the spectra were scaled by a 

factor so that each spectrum displayed intensities corresponding to 10 mM 

concentration. 
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2.17 Gaussian calculated IR absorbance spectra 

Theoretical IR absorbance spectra of Tyr-His(trimethyl) in the protonated, neutral 

and deprotonated state, were calculated using Gaussian03 [167]. Gaussian03 has 

functions for calculating energy minimised structures, and from these structures, 

predicting the normal mode vibrational spectra. Geometry optimisation and frequency 

calculations were performed using the commonly used B3LYP (Becke, three-

parameter, Lee-Yang-Parr) [168,169] exchange-correlation functional in conjunction 

with the 6-31g(d) basis set. Typical input files are shown in Figure 2-19. 

 

Figure 2-19. Example of the (A) input file to Gaussian to optimise the structure of 
TyrHis(trimethyl) in the fully protonated state, and the (B) input file to compute the IR 
spectrum. 
The charge and multiplicity of the molecule was defined as +1 and 1 respectively, and the initial 
atomic coordinates were from a drawn structure. The output coordinates after optimisation, 
were then used in the (B) input file to determine the IR spectrum and normal modes of vibration. 
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The frequencies (cm-1) of the output IR spectra were scaled by the scale factor of 

0.9614 (as defined on Facio 18.6.2 for this method). The starting structures were drawn 

and evaluated on Facio 18.6.2. Facio 18.6.2 provided a user interface to visualise the 

normal modes of vibration that give rise to each IR band, so that the IR bands could be 

assigned. In general a non-linear molecule can have 3N-6 normal modes of vibration, 

where N is the number of atoms. Phenol has a well-defined set of normal modes of 

vibrations that have been given names to describe them, some of which are displayed 

in Figure 2-20. These were used as a guide to make assignments of IR bands to 

phenol. All other modes were described as a stretching vibration (v) or a bending 

vibration (δ). For example δ(CH3) refers to a bending vibration of the -CH3 group 

(changing bond angles). 

 

Figure 2-20. Illustration of characterised normal vibrational modes of phenol. 
Arrows indicate the displacement vectors of each atom. Figure is adapted from figure 8 in ref 
[170]. 
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2.18 Determination of pKa values of Tyr-His(trimethyl) 

pKa values of Tyr-His(trimethyl) were determined by pH titration of its absolute 

UV/visible spectra (230-430 nm), with an Avantes UV/visible spectrometer. Two pKa 

values were fitted using the standard Henderson–Hasselbalch equation. 

pH = pKa + log10 (deprotonated/protonated) 

( 10(x- pKa)/ 1+10(x- pKa) ) * range) + offset = y 

 

2.19 Oxygen electrode assay to determine turnover 

number 

Steady-state oxygen consumption rates were measured in a stirred reaction 

chamber of a Clark-type O2 electrode (Figure 2-21). The temperature was controlled at 

25 oC using a water bath. Whole cell assays were carried out using 12.5 mg/mL yeast 

cells, giving ~25 nM CcO, in 50 mM KPi pH 7.2, 440 mM sucrose, 10 mM lactate, 1 μM 

valinomycin and 1.8 μM CCCP (carbonyl cyanide m-chlorophenylhydrazone) [171]. 

Assays with mitos were carried out using membranes containing 2-10 nM CcO, in 

10 mM KPi pH 6.6, 50 mM KCl, 2 mM sodium ascorbate, 0.05 % (w/v) DDM and 40 µM 

N,N,N',N'-tetramethyl-p-phenylenediamine dihydrochloride (TMPD), a redox mediator. 

The reaction scheme of the oxygen electrode is shown in Figure 2-21. Once the 

baseline had stabilised, the reaction was initiated by addition of 50 µM cyt c from horse 

heart or yeast. Turnover numbers were calculated after subtraction of the baseline rate. 

The kinetic parameters Vmax and apparent Km were determined using non-linear fitting 

of the Michaelis-Menten equation for single phase kinetics, and with the sum of two 

Michaelis-Menten terms for plots that displayed biphasic kinetics. Fitting was performed 

using OriginPro 8.6. 
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Figure 2-21. Clark-type oxygen electrode. 
The working electrode was platinum surrounded by a Ag/AgCl/KCl counter and reference 
electrode. 3 M KCl was used as the electrolyte between these electrodes, which were 
separated from the main incubation chamber by an oxygen permeable membrane (image from 
http://www.rankbrothers.co.uk/prod1.htm). 

 

 

Figure 2-22. Reaction scheme of the oxygen electrode assay. 
Cyt c was maintained in the reduced state throughout the assay. This was achieved by addition 
of sodium ascorbate (Em7 +58 mV [162]) that reduced the TMPD

.+.
/TMPD (Em7 +260mV [172]) 

which reduced cyt c (Em7 ~+270mV of horse heart cyt c [173] and Em7 ~+260mV of yeast iso-1 
cyt c [174]). 
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2.20 Determination of oxygen affinity 

The apparent Km of CcO for oxygen was measured using the myoglobin method 

[175]. Oxygen consumption rates at low oxygen concentrations were monitored by 

following the conversion of oxymyoglobin (MbO2) to ferrous myoglobin. In order to 

prepare oxygenated ferrous myoglobin, a 15 mM stock of ferric myoglobin (as 

prepared) in 10 mM KPi, 50 mM KCl pH 6.6 was reduced with 200 mM sodium 

ascorbate (solid). The sample was allowed to equilibrate for 20 mins at 4 oC. The 

sample was then passed through a Sephadex G-25 column (15 x 1 cm) equilibrated 

with aerobic 10 mM KPi, 50 mM KCl pH 6.6 to remove sodium ascorbate. Myoglobin 

eluted in the ferrous oxygenated state. The total concentration of myoglobin was 

determined from a visible absorption spectrum of a dithionite reduced sample, at 555 

nm, ε 12.92 mM-1.cm-1 [176]. Samples were typically ~1 mM and consisted of 85 % 

MbO2 and 15 % ferric myoglobin. The oxygen affinity assay was carried out using a 

dual wavelength visible spectrophotometer (Model UV 3000, Shimadzu). This enables 

the absorption measurement to be taken at two specified wavelengths (a sample 

wavelength vs. a reference wavelength) simultaneously in the same cuvette. 

Absorbance measurements were made at 582-564 nm, a wavelength pair at which the 

difference between the MbO2 state and ferrous state was the largest, in a stoppered 

cuvette with stirring at 25 oC. The cuvette was filled with 10 mM KPi pH 6.6, 50 mM 

KCl, 0.05 % (w/v) DDM, 2 mM sodium ascorbate, 40 µM TMPD, 30 µM total myoglobin 

and mitos to give 1-3 nM CcO. After the baseline had stabilised the reaction was 

initiated with 50 µM horse heart cyt c. Figure 2-23 shows how the data of absorbance 

change vs. time (inset A) was converted to the velocity (µM O2/s/µM CcO) vs time 

(inset D). Initially the data were converted to fraction of MbO2 present (Fraction) vs time 

(inset B). The concentration of free oxygen was calculated using the following equation; 

[O2 free] = Kd * Fraction 
1 – Fraction 

Kd = 1.34 µM, oxygen dissociation constant of horse heart myoglobin [177]. Fraction refers to 

fraction of MbO2. 

 

The total [O2] (Figure 2-23C) was calculated using; 

Total [O2] = Fraction * [MbO2] + [O2 free] 

Finally the oxygen consumption rate (µM O2/s/µM CcO) was calculated using;  

V = (O2 total1) – (O2 total2) 
(t1 – t2)*[CcO] 

t1 – t2 refers to a time interval, 5 seconds was used here. 
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From these values a plot of oxygen consumption rate versus free oxygen 

concentration was drawn (Figure 2-23D). The Km value was determined by a non-linear 

fit of the Michaelis-Menten equation using OriginPro8.6. 

 

Figure 2-23. The deoxygenation kinetics of oxymyoglobin to ferrous myoglobin were 
used to measure oxygen consumption rates of CcO so that the oxygen affinity of CcO 
could be determined. 
A. The recorded data. B. Data converted to fraction of MbO2 vs. time. C. The total O2 

concentration was calculated as described in the main text. D. Determined by calculating the 
rate of oxygen consumption in (C) in 5 second time intervals and division by the CcO 
concentration used. 
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2.21 Membrane reconstitution of bovine CcO 

Reconstitution of the CcO into vesicles to form COVs was performed by combining 

the cholate dialysis methods of Casey, et al., Wrigglesworth, et al. and Hosler, et al. 

[178-180]. A round bottomed glass tube was rinsed with water, ethanol and then 

chloroform. The tube was used to dissolve 40 mg of lecithin (Type IV-S) in 300 µL 

chloroform. The chloroform was evaporated with nitrogen to leave a thin layer of lipid. 

The layer was washed with 2 mL of acetone, dried with nitrogen, and held under 

vacuum for 15-20 mins. It was then re-suspended using a homogeniser into 1 mL of 2 

% (w/v) potassium cholate, 75 mM HEPES, pH 7.4 to give 40 mg/mL final lipid 

concentration. The phospholipid suspension was degassed and sonicated at 1 min/mL, 

4 oC using a sonicator probe (5 µm amplitude setting, 3 mm tip diameter) for intervals 

of 15 s on and 20 s off, which gave a clear solution. The sample was centrifuged at 

12,000 x g for 15 mins, 4 oC to remove titanium particles and any lipid aggregates. 

Bovine CcO was added to the lipid to give 0.19 nmole of CcO to 1 mg of lipid ratio (7.6 

µM). This was then dialysed (10-14 kDa cut-off tubing) at 4 oC with rapid stirring to 

remove the detergent against: 2 x 1.5 h 500 mL of 75 mM HEPES pH 7.4, 14 mM KCl, 

0.1 % (w/v) potassium cholate, 2 x 1.5 h without 0.1 % potassium cholate, and finally 

for 16 h against 500 mL of 0.5 mM HEPES pH 7.4, 44.6 mM KCl, 43.4 mM sucrose 

(Figure 2-24). This procedure formed COVs with a high intravesicular buffering 

capacity surrounded by a low buffering medium of the same osmotic strength. The 

COVs had an opalescent appearance and were stored at 4 oC. 
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Figure 2-24. Dialysis protocol for the reconstitution of bovine CcO into phospholipid 
vesicles to produce CcO vesicles (COVs). 

2.21.1 Optimisation of membrane reconstitution of yeast CcO  

Purified yeast CcO was prepared using three principal methods described above. 

Since reconstitution of yeast CcO into liposomes using the method for bovine CcO 

described above proved unsuccessful, various alternative conditions for preparation of 

yeast CcO COVs were tested and are summarised in the Results. 

2.21.2 Respiratory control ratio  

The respiratory control ratio provides a facile means of estimating how well the CcO 

had incorporated into the membranes, and how intact the lipid vesicles were after 

reconstitution. The intactness could be compromised, for example, by residual 

detergent causing liposomes to become ‘leaky’ to protons, or by CcO not incorporating 

correctly in the membranes. In well-coupled COVs, CcO activity is slowed down by the 

PMF that is generated across the vesicle bilayer by enzymatic turnover. Removal of the 

PMF by uncoupling stimulates the rate and provides an indication of the COVs quality. 

The RCR is a ratio of the turnover number (e.s-1.CcO-1) in the presence of an uncoupler 

such as carbonyl cyanide m-chlorophenylhydrazone (CCCP), divided by the turnover 
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number without uncoupler. When added to COVs, CCCP equilibrates the proton 

concentration and charge gradient across the membrane, and so, increases the CcO 

turnover number which is no longer rate-limited by the PMF. 

The RCR was measured using an O2 electrode at 25 oC (see Figure 2-21). The 

reaction chamber contained 0.5 mM HEPES pH 7.4, 43.4 mM sucrose and 44.6 mM 

KCl, 50 µM horse heart cyt c, 2 mM sodium ascorbate and 40 µM TMPD. Once the 

baseline has stabilised, the assay was initiated with COVs to give 10 nM CcO. Once 

the rate had stabilised, 1 µM CCCP was added to uncouple the vesicles. Lastly, 0.05 % 

(w/v) DDM was added to solubilise the vesicles. Typically, the turnover number for 

bovine COVs was 30 e.s-1.CcO-1 without uncoupler, and 90 e.s-1.CcO-1 in the presence 

of uncoupler, which gave an RCR of 3. Following the addition of DDM it was ~160 e s-1 

which shows that approximately half of the CcO was orientated with its cyt c binding 

site facing inwards. 

2.21.3 Ferrocytochrome c preparation 

Horse heart cyt c2+ for proton to electron stoichiometry studies was prepared by 

adding solid sodium ascorbate (to give a final concentration of 100 mM) to 15 mM cyt 

c3+ in 500 mM HEPES pH 7.4. After 15 mins incubation at 4 oC, the sodium ascorbate 

was separated from cyt c2+ with a Sephadex G-25 column (15 x 1 cm), equilibrated and 

eluted with 43.4 mM sucrose, 44.6 mM KCl. A pH electrode was used to ensure the pH 

was still pH 7.4. The cyt c concentration was measured by taking a visible absorbance 

spectrum after adding a small amount of sodium dithionite to fully reduce the sample, 

using ε of 27.7 cm-1 mM-1 at 550 nm for the reduced enzyme [181]. The percentage of 

cyt c in the reduced form was determined by comparing the size of the 550 nm 

absorption band (corresponding to the reduced form) before and after it was completely 

reduced with sodium dithionite. Typical samples had diluted to approximately 2 mM 

and were 98 % reduced. They were stored at -80 oC. 

2.21.4 Proton/electron stoichiometry 

The proton pumping measurements were performed with a dual wavelength 

UV/visible spectrophotometer. Measurements were carried out at 14 oC in 1.6 mL total 

volume, in a cuvette with rapid stirring. Proton pumping was measured by following the 

absorption changes of a pH indicator dye, phenol red, in response to the addition of cyt 

c2+. In order to minimise absorption contribution from the redox change of cyt c2+ to cyt 

c3+, the absorbance measurement was taken at ΔA556.5-504.0, which are isosbestic points 

of cyt c (Figure 2-25). 
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Figure 2-25. Comparison of the visible absorption spectra (400-600 nm) of phenol red at 
pH 7.4 and pH 4.6 and cyt c at pH 7.4. 
Blue trace is of 50 µM phenol red in 44.6 mM KCl and 43.4 mM sucrose pH 4.6. Green trace is 
of 50 µM phenol red in 75 mM HEPES, 14 mM KCl pH 7.4. The spectrum of cyt c

3+
 (red) in 75 

mM HEPES, 14 mM KCl, pH 7.4 was recorded against a buffer background. A small amount of 
solid sodium dithionite was added to record the reduced spectrum of cyt c

2+
. Isosbestic points 

are indicated. 

 

For a typical assay the cuvette was filled with 50 µM phenol red, 43.4 mM sucrose, 

44.6 mM KCl, containing final concentrations of 0.5 µM COVs, 10 µg/mL carbonic 

anhydrase, 10 µM valinomycin and 1 nM CCCP. The latter two were added to relax any 

PMF which may have been present that would have a limiting effect on proton 

pumping. The pH of the solution was adjusted to pH 7.4 with 2 µL additions of 50 mM 

KOH. This was monitored by comparison of the ΔA556.5-504.0 size to a pre-recorded 50 

µM phenol red in 75 mM HEPES pH 7.4 (Figure 2-25). Once the baseline had 

stabilised, the reaction was initiated with 1.35 µM cyt c2+, after which a calibrating pulse 

of 2 µM HCl was added, and the pH was readjusted to its original value. The kinetic 

measurement was then repeated at ΔA549-566, wavelengths that enabled the initial 

oxidation rate of cyt c2+ to be measured without interference from pH induced changes 

of phenol red. The COVs were then uncoupled by the addition of 2.5 µM CCCP. After 

allowing the baseline to stabilise, and readjusting the pH to 7.4, the addition of 1.35 µM 

cyt c2+ followed by 2 µM HCl was repeated. 

The proton to electron stoichiometry was estimated using two methods. For the first 

method, the measured extent of acidification of the external medium (protons pumped) 

was expressed as a ratio relative to the concentration of cyt c2+ added (electrons 

consumed). For the second method the measured rate constants of cyt c2+ oxidation 

and of proton re-entry into vesicles were combined with different assumed proton 

pumping stoichiometries to generate iteratively a best fit to the proton extrusion data. 
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2.22 Cyclic voltammetry 

Cyclic voltammetry was used to test the electrochemistry of tyrosine, TMP, TBP 

and tyrosine-histidine model compounds at the electrode surface, with the view to 

induce a stable radical species. Cyclic voltammetry is an electrochemical technique 

used to provide information on electrode kinetics (electron transfer rate constants, ko), 

electrochemical midpoint potentials (Em) and can also be used to study effects of 

different solvents on redox processes. Figure 2-26 shows the experimental setup. 
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Figure 2-26. Electrochemical cell configuration for cyclic voltammetry. 
Glassy carbon/platinum/gold/boron-doped-diamond were used as a working electrode. A 
platinum mesh counter and a Ag/AgCl/KCl reference electrode were used [182]. The working 
electrode is where the reaction will take place. The counter electrode completes the electrical 
circuit to allow current to flow at various potentials, whilst the potential at the working electrode 
is measured versus the reference electrode. 

 

The current due to oxidation or reduction of a solution species, is measured as the 

potential of the working electrode (versus the reference electrode) is swept from one 

value, V1, to another, V2, before being swept in the reverse direction back to V1, at a 

fixed scan rate [182]. The technique is carried out with a stationary solution and the 

resulting current depends on the rate of mass transport of substrate, via diffusion, to 

the working electrode surface and the ko [182]. Figure 2-27 illustrates a typical cyclic 

voltammogram (CV) of a reversible 1-electron transfer reaction. 
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A(aq)                 B(aq) + e-
(m) 

ipa

ipc

Ep
c Ep

a
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Figure 2-27. Cyclic voltammogram (CV) of a reversible 1-electron transfer reaction. 
Anodic peak current (ip

a
), cathodic peak current (ip

c
), anodic peak potential (Ep

a
), cathodic peak 

potential (Ep
c
) are indicated. 

 

On the forward scan (V1 to V2), the increasing potential causes a current to increase 

as A is oxidised to give B, until the anodic peak current (ip
a) is reached. At the peak, all 

of A at the electrode surface has been consumed and converted to B. Subsequently, 

the current falls, as the diffusion layer which A must travel through to reach the 

electrode surface from the bulk solution, becomes thicker. The measured current also 

becomes diffusion limited. Upon the reverse scan the product B is reduced to A, so the 

current flows in the opposite direction across the electrode, giving a cathodic peak 

current ip
c [182]. 

The initial exponential increase in current with greater overpotentials can be 

rationalised with the Butler-Volmer equation, which describes how current varies 

exponentially with overpotential [182]. The rising current is influenced by the rate of 

electron transfer (ko). 

i = A F k
o ( [Red] exp ( (1-α) F (E-Eo) / RT ) – [Ox] exp ( -α F (E-Eo) / RT ) )  

i = current (amps), A = electrode surface area (m
2
), k

o
 = standard rate constant, [Red] or [Ox] = 

reductant or oxidant concentration (M), α = transfer coefficient (normally 0.5), E= applied 
potential (V), Eo = standard potential (V), E-Eo = overpotential, η (V), F = faradays constant 
96485 C/mol, R = gas constant (8.314 J/K mol), T = temperature (K).  
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A reversible reaction is characterised as having a large ko (fast electron transfer), 

and has a small activation energy. Oxidation and reduction peaks are observed at 

potentials just positive and negative of Em. Overall the rising current is controlled by 

electrode kinetics (ko) until the current falls where it is limited by the diffusion rate of A. 

The CV for a reversible 1-electron transfer reaction is defined by the following 

characteristics [183]; 

  The peak separation is; ΔE = E
a
p – E

c
p = (59 mV /number of electrons transferred) at 

25 
o
C. 

 The peak positions are independent of scan rate (fast electrode kinetics). 

 The peak current ratio is equal to 1; Ι(i
a
p / i

c
p)Ι = 1 

 The midpoint potential is the midpoint of the oxidation and reduction peak potentials. 

 The peak current is proportional to square root of scan rate, i
a
p α √scan rate according 

to the following equation [182]. 
 

ip = (2.69x10
5
) n

3/2 
A D

1/2 
C v

1/2 

 

ip = peak current (A), n = number of electrons transferred, A = electrode area (cm
2
), D = 

diffusion coefficient (cm
2
/s), C = concentration (mol/cm

3
), v = scan rate (V/s) 

 

For an irreversible electron transfer reaction, only a single peak is observed on the 

forward scan, as the product formed is no longer electroactive (see Figure 2-28, red). 

Another form of reaction is a quasi-reversible reaction where the peak current ratio is 

not equal to one (see Figure 2-28, green). Unlike the reversible reaction, where 

oxidation is only diffusion limited because the ko is large, the irreversible and quasi-

reversible reactions are limited by both diffusion and slow electron transfer (small ko). 

Therefore, peaks are generally observed at greater overpotentials compared to 

reversible reactions. Greater overpotentials are required to overcome the large 

activation energy barrier. Furthermore, the peak separation varies with scan rate for 

quasi-reversible reactions, and it doesn’t for a reversible reaction where the kinetics is 

fast. This is because the reaction equilibrium at the electrode surface cannot rapidly re-

establish itself, to match the applied potentials during faster scan rates and so peaks 

begin to shift to greater overpotentials. 
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Figure 2-28. Example CVs of reversible (blue), quasi-reversible (green) and irreversible 
(red) electron transfer reactions. 

2.22.1 Cyclic voltammetry measurements 

A conventional three-electrode setup is illustrated in Figure 2-26. For a typical 

experiment, the working electrode was polished with 0.05 µm alumina paste and then 

in 0.3 µm alumina and rinsed thoroughly in dH2O and dried. This removed adsorbed 

substances on the surface. Initially blank scans were recorded in a series of 3 

consecutive scans, (typical scan, 0 V to +0.6 V to -0.2 V to 0 V) in a 5 mL solution. The 

blank buffer was replaced with one containing the dissolved compound, (~0.2 to 0.5 

mM) from which 3 consecutive scans were recorded. The buffer conditions and the 

scan rates used are given in the Figure legends. A typical buffered solvent was 50 % 

(v/v) propan-2-ol 20 mM KPi, 500 mM KCl at pH 13.0 and scan rate was typically 0.1 

V/s. All experiments were carried out at room temperature. 
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3 Separation and redox linkage of IR signatures of 

bovine cytochrome c oxidase 
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3.1 Introduction 

Author contributions: all data and figures presented in this publication were 

measured and prepared by Raksha Dodia, the paper was written by Raksha Dodia with 

contributions from Amandine Maréchal and Peter R. Rich. Simona Bettini and Masayo 

Iwaki provided preliminary data upon which this project was extended. Additional 

spectra are also presented here. 

 

Ligand-induced [102-105] and redox-induced [106,107,109,116] structural changes 

in CcO and related oxidases have been investigated using FTIR spectroscopy. 

Generally, this requires the averaging of many IR difference spectra that are 

accumulated by cycling between two defined states (provided they are reversible). 

Small IR signal changes of cofactors, functional amino acids and waters from the large 

overall background IR absorption, can be resolved in such averaged IR difference 

spectra [114]. 

Assignment of IR bands to specific ligands, cofactors, amino acids and water 

molecules, has been achieved with the combined use of: model compounds that 

provide reference spectra [184,185], or mutagenesis of specific residues [88,103], or 

introduction of isotopically labelled amino acids [186], or H/deuterium (D) exchange 

[104,187]. CcO contains four redox centres, CuA, haem a, haem a3 and CuB. The 

association of observed structural changes to specific metal centre redox transitions 

has proved difficult since the metal centre redox titrations overlap and they have strong 

electrostatic interactions [115-117]. 
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3.2 Aims 

The aims of this project were to associate redox-induced IR changes observed in 

bovine CcO, with specific metal centre transitions by exploiting the mixed valence (MV) 

states of CcO ligated with either cyanide (CN) or carbon monoxide (CO). These states 

were produced by controlled electrochemistry, combined with ATR-FTIR spectroscopy, 

so that IR difference spectra associated with different redox transitions could be 

generated. In this manner, the redox-linked IR features, associated with haem a3-CN, 

could be separated from those of CuA, haem a, and CuB [159,160], and those 

associated with haem a and CuA, could be separated from reduced haem a3-CO and 

CuB [161]. The electrochemical potential scale shown in Figure 2-13 illustrates clearly 

the effect of the inhibitory ligands on the midpoint potential of the redox centres. The 

vibrational bands of the CN and CO ligands, are themselves sensitive to the redox 

states of the metal centres, and so were used to monitor the specific redox states being 

generated. In this chapter, bands appearing in the 1700-1000 cm-1 region of the IR 

spectrum are discussed. Changes in the protonated carboxylic acid (-COOH) region 

(1800-1700 cm-1) are discussed in Chapter 4. 
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3.3 Results 

3.3.1 Unligated CcO:  FR – O difference spectra 

 
CuA

+, a2+, a3
2+, CuB

+ minus CuA
2+, a3+, a3

3+, CuB
2+ 

 
All experiments in this Results Chapter were carried out using purified bovine CcO 

as described in section 2.7 (Methods). Figure 3-1 shows the electrochemically-induced 

fully reduced (FR - CuA
+, haem a2+, haem a3

2+, CuB
+) minus oxidised (O - CuA

2+, haem 

a3+, haem a3
3+, CuB

2+) IR difference spectrum of unligated bovine CcO in the 1800-1000 

cm-1 range. Positive signals arise from the FR state where all 4 redox centres are 

reduced (CuA
+, haem a2+, haem a3

2+, CuB
+), and negatives, from the fully oxidised state 

(CuA
2+, haem a3+, haem a3

3+, CuB
2+). The spectrum is dominated by amide I (primarily 

v(C=O), 1690-1610 cm-1 range) and amide II changes (primarily v(N-H) bond stretch; 

1550-1500 cm-1 range) which arise from conformational changes in the protein 

backbone. 

 

Figure 3-1. Electrochemically-induced FR minus O IR difference spectrum of unligated 
bovine CcO. 
The buffer used was 0.1 M KPi, 0.1 M KCl pH 7 containing 50 µM benzyl viologen and 1 mM 
ferrocene methanol as redox mediators. The potentials applied for reduction and oxidation were 
-400 mV and +500 mV, respectively, with 30 mins equilibration in each direction. Each spectrum 
was generated from the average of 500 interferograms. The spectrum shown is an average of 
data from 20 redox cycles. This spectrum has been corrected for baseline changes caused by 
pH-induced phosphate changes, liquid water and water vapour variations. The spectrum has 
also been scaled x1.228 to the size of the ΔAII in the absolute spectrum of Figure 3-5 so that its 
intensity is directly comparable to the other spectra shown in this chapter. All potentials are 
given versus the SHE. 
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3.3.2 CN-ligated CcO:  MV-CN – O-CN difference spectra 

 
(CuA

+, a2+, a3
3+-CN, CuB

+ minus CuA
2+, a3+, a3

3+-CN, CuB
2+) 

 
The experiment was repeated in the presence of cyanide (CN) but the potentials 

applied were +500 mV and +80 mV, for oxidation and reduction, respectively. Figure 

3-2 shows the MV-CN minus O-CN IR difference spectrum of CN-ligated bovine CcO. 

This spectrum shows the changes associated with the redox transition of all centres 

apart from haem a3-CN, which remained oxidised at the reducing potential (+80 mV) of 

the experiment. CN stretching modes when bound to CcO in different redox states 

appear in the 2200-2000 cm-1 range. Their frequencies are characteristic of the redox 

state of CcO, and were used to monitor the redox transitions. CN bound to the fully O 

state has a ν(CN) at 2151 cm-1 [164]. This shifts to 2131 cm-1 in the MV state defined 

as CuA
+, a2+, a3

3+-CN, CuB
+ [165] (see Table 3-1 in the discussion for assignment of CN 

bond stretches for each redox state). The appearance of a clear positive at 2131 cm-1 

and a clear negative at 2151 cm-1 confirmed that this redox transition was taking place. 

 
 

Figure 3-2. Electrochemically-induced MV-CN minus O-CN IR difference spectrum of 
bovine CcO. 
The reaction conditions were the same as in Figure 3-1, with the addition of 10 mM KCN, 100 
µM phenazine methosulphate and 50 µM 1,2-naphtoquinone sulphonate as redox mediators to 
the experiment buffer. The potentials applied were +500 mV and +80 mV for oxidation and 
reduction. The spectrum shown is an average of data from 49 redox cycles and was corrected 
for baseline changes caused by water vapour variations, and scaled x1.236 based on the ΔAII in 
the absolute spectrum of Figure 3-5. 
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3.3.3 In situ visible spectra  

Visible spectra were taken of the protein layer during the accumulation of redox 

cycles of the MV-CN minus O-CN IR difference spectra (Figure 3-2). These spectra 

were used to monitor sample quality and redox transitions, since they have been well 

characterised [188-191]. The MV-CN minus O-CN visible difference spectrum shows a 

positive at 606 nm of haem a redox transitions, this provided an additional control that 

ensured the enzyme was in the correct redox state (Figure 3-3). 

 

Figure 3-3. MV-CN minus O-CN visible difference spectrum of bovine CcO. 
Visible difference spectra (475-700 nm) were measured of the protein layer simultaneously with 
accumulation of IR difference spectra for each experiment. This was achieved by the insertion 
of an fibre optic probe into the electrochemical device that was assembled above the layer. The 
spectrum has been scaled by the same factor as the IR difference spectrum (x1.236) so that it 
is comparable to the visible spectra in Figure 3-6. 
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3.3.4 CN-ligated CcO:  FR-CN – O-CN difference spectra 

 
(CuA

+, a2+, a3
2+-CN, CuB

+ minus CuA
2+, a3+, a3

3+-CN, CuB
2+) 

 

The experiment with CN ligated CcO was repeated using -400 mV and +500 mV 

potentials for full reduction and full oxidation in order to generate a FR-CN minus O-CN 

IR difference spectrum, which should include redox transitions of all redox centres with 

CN bound to haem a3. In this case the ν(CN) characteristic of the FR state is expected 

to give two bands at 2058 cm-1 and 2040 cm-1 [90] (Table 3-1). However, when 

measuring this FR-CN minus O-CN IR difference spectrum, there was a CN band at 

2131 cm-1 after reduction (-400 mV), indicative of a small amount of the MV-CN state 

remaining (Figure 3-4-top blue trace). Even with longer equilibration times of 1 h it was 

not possible to fully reduce this MV-CN state to give FR-CN. Figure 3-4 shows how this 

contribution was instead iteratively subtracted by using the MV-CN minus O-CN IR 

difference spectrum shown in Figure 3-2. 

 

Figure 3-4. Correction of the electrochemically-induced FR-CN minus O-CN IR difference 
spectrum of bovine CcO. 
Spectra shown in grey were used for subtraction or scaling. After correction of pH-induced 
phosphate changes, the MV contribution at 2131 cm

-1 
was subtracted using a fraction (x0.5) of 

MV-CN minus O-CN difference spectrum, then scaled x2.7 according to the size of the fully 
oxidised 2151 cm

-1 
band of the actual scaled MV-CN minus O-CN difference spectrum shown in 

Figure 3-2. Left: expansion of the cyanide and carboxylic acid region, 2200-1700 cm
-1

. 
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Figure 3-5 shows the final corrected FR-CN minus O-CN IR difference spectrum 

after iterative subtraction of IR contributions from the MV-CN state. Two clear positives 

at 2058 cm-1 and 2040 cm-1 can be observed of the FR-CN state, and a clear negative 

at 2151 cm-1 of the O-CN, confirming the spectrum was of the full redox reaction. Note, 

a band at 2090 cm-1 also appeared upon reduction, but its identity is not fully 

understood (see discussion and Table 3-1) [90,164,192]. 

 

 

Figure 3-5. Electrochemically-induced FR-CN minus O-CN IR difference spectrum of 
bovine CcO. 
The reaction conditions were the same as in Figure 3-1, with the addition of 10 mM KCN, 100 
µM phenazine methosulphate and 50 µM 1,2-naphtoquinone sulphonate as redox mediators to 
the experiment buffer but the potentials applied were -400 mV and +500 mV. The spectrum 
shown is an average of data from 23 redox cycles. It has been corrected for baseline changes 
caused by pH-induced phosphate changes and water vapour variations. See Figure 3-4 for 
details on how this spectrum was corrected and then scaled. All spectra in this chapter have 
been scaled based on the ΔAII intensity measured in the absolute absorbance spectrum of this 
experiment (a measure of total protein). This allowed intensity of all spectra to be directly 
comparable. 
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3.3.5 In situ visible spectra of unligated and CN-ligated CcO 

In situ visible reduced minus oxidised difference spectra of CN-ligated (blue trace) 

and unligated CcO (black trace) are shown in Figure 3-6. The positive at 605 nm of 

unligated CcO is of reduced haems a and a3, this positive is expected to shift to 600 nm 

in CN-ligated CcO of reduced haems a and a3-CN [188-190]. However it was observed 

at 606 nm this can be explained by a smaller than expected contribution of haem a3
2+-

CN at its expected wavelength 590 nm [190] because full reduction was not achieved 

in this experiment as described above.  

 

Figure 3-6. Reduced minus oxidised (black) and FR-CN minus O-CN (blue) visible 
difference spectra of bovine CcO. 
Visible difference spectra (475-700 nm) were measured of the protein layer simultaneously with 
accumulation of IR difference spectra of Figure 3-1 and Figure 3-5. This was achieved by the 
insertion of an optic probe into the electrochemical device that was assembled above the layer. 
The black trace has been scaled by the same factor as the IR difference spectrum (x1.228) so it 
is comparable to the blue trace. 
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3.3.6 CN-ligated CcO:  FR-CN – MV-CN difference spectra 

 
(CuA

+, a2+, a3
2+-CN, CuB

+  minus CuA
+, a2+, a3

3+-CN, CuB
+) 

 

Figure 3-7 shows the FR-CN minus MV-CN difference spectrum, calculated as the 

(FR-CN minus O-CN) minus (MV-CN minus O-CN) IR double difference spectrum of 

CN-ligated bovine CcO. This shows the changes associated specifically with the redox 

transition of only haem a3-CN. This spectrum could not be generated experimentally 

because once FR-CN was formed; the transition to the MV-CN state could not be 

induced, at an intermediate potential of +80 mV, even when it was applied for 1 h. The 

negative at 2131 cm-1 and the pair of positives at 2058 cm-1 and 2040 cm-1 confirm that 

the spectrum is of the redox transition between the MV-CN and FR-CN states 

respectively. 

 

Figure 3-7. Calculated FR-CN minus MV-CN IR double difference spectrum of bovine 
CcO. 
The spectrum was calculated by the direct subtraction of the (FR-CN minus O-CN) minus (MV-
CN minus O-CN) from Figure 3-5 and Figure 3-2, respectively, which had been scaled 
according to the 2151 cm

-1
 band. 
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3.3.7 CN ligation to CcO: O-CN minus O spectra 

 
(CuA

2+, a3+, a3
3+-CN, CuB

2+ minus CuA
2+, a3+, a3

3+, CuB
2+) 

 

Figure 3-8 shows a perfusion-induced CN-ligated versus an unligated baseline 

spectrum of O state bovine CcO. The affinity of haem a3 for CN in the FR state is low 

(Kd 0.7 mM at pH 7.4) [193] compared to the O state (Kd 0.092 mM at pH 7.4) [194]. 

Therefore, in order to confirm that the IR changes in the FR-CN minus MV-CN 

difference spectrum were not arising from the re-binding of CN to the MV-CN state and 

unbinding from the lower affinity FR state, a perfusion induced CN binding spectrum to 

the O state was recorded. The overall features of this CN binding spectrum are clearly 

different to, and absent from, those in the electrochemically-induced difference spectra 

of CN-ligated CcO. Furthermore, it was not possible to dissociate CN from the FR-CN 

state with 3 mM sodium dithionite perfusion. Hence, it can be concluded that cyanide 

remains bound to all redox states in the above experiments and the IR bands observed 

in the FR-CN minus MV-CN spectrum were not induced from binding changes. 

 

Figure 3-8. Perfusion-induced ligated O-CN minus unligated O spectrum of bovine CcO.  
The buffer used was 0.1 M KPi, 0.1 M KCl pH 7. The protein layer was perfused with 3 mM 
dithionite, followed by 20 µM potassium ferricyanide to ensure all CcO was in the fast oxidised 
unligated form. An O state baseline (accumulation of 1000 interferograms) was taken before 
perfusion with 20 µM potassium ferricyanide and 2 mM KCN to record the O-CN spectrum vs. O 
baseline. The spectrum shown is an average of data (accumulation of 8000 interferograms) 
from 2 protein layers. This spectrum was normalised based on the size of 2151 cm

-1
 in Figure 

3-2. This spectrum has been corrected for baseline changes caused by protein layer changes 
induced by layer expansion/contraction, 0.6 mM KPi pH 7.0, liquid water and water vapour 
variations. 
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3.3.8 Visible spectrum of CN ligation 

 

Binding and unbinding of CN in the electrochemical experiments was ruled out with 

the IR data presented above, and this was further confirmed by visible spectroscopy. 

Firstly, a visible difference spectrum of O-CN minus O was recorded that was 

consistent with [191] (Figure 3-9). This spectrum was measured using an 

electrochemical cell with an oxidative potential of +500 mV. A baseline was recorded of 

the unligated O-state and the buffer was replaced with one containing 10 mM KCN. 

More importantly, it is clear that the CN binding spectrum to haem a3 in fully oxidised 

CcO can be clearly distinguished by the presence of two positives at 544 nm and 588 

nm and negative at 645 nm that are characteristic of CN ligation [195]. These features 

are absent from the experimental redox spectra of CN-bound CcO and hence the 

binding and unbinding of CN to the oxidised high affinity state during the accumulation 

of IR redox spectra can be ruled out. 

 

Figure 3-9. CN-ligated minus O visible difference spectrum of bovine CcO. 
Visible difference spectra (475-700 nm) induced by binding of cyanide were measured with a 
fresh protein layer. This was achieved by assembly of an electrochemical device above the 
protein layer with an applied potential of +500 mV and addition of 10 mM KCN to induce 
binding. The spectrum has not been scaled and so cannot be compared quantitatively with 
other spectra in this report. 
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3.3.9 CO-ligated CcO:  FR-CO – MV-CO spectra 

 

(CuA
+, a2+, a3

2+-CO, CuB
+ minus CuA

2+, a3+, a3
2+-CO, CuB

+) 

 

Figure 3-10 shows the FR-CO minus MV-CO IR spectrum of CO-ligated bovine 

CcO. This spectrum is associated with the redox transitions of only CuA and haem a 

while the CO-ligated BNC remained reduced. The symmetrical peak/trough at 

1961/1967 cm-1, results from the upshift of the ligated CO band by the FR-CO/MV-CO 

redox transition [102,104]. Note that in situ visible spectra could not be measured since 

the electrochemical device was one with a glassy carbon working electrode that did not 

permit insertion of a fibre optic probe. A platinum mesh working electrode was used for 

all other data presented in this chapter. The working electrode material used made no 

difference to the reaction monitored. 

 

Figure 3-10. Electrochemically-induced FR-CO minus MV-CO IR spectrum of bovine CcO. 
The experimental buffer was the same as in Figure 3-1. The equilibration time for reduction was 
30 mins, and for oxidation was 4 mins. Each spectrum was generated from the average of 1000 
interferograms and is an average of data from 16 redox cycles. The spectrum has been 
corrected for baseline changes caused by pH changes, liquid water and water vapour 
variations. The intensity of ΔAII in the absolute spectrum (not shown) was normalised to the 
absolute spectrum of Figure 3-5. 
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3.3.10 CN-ligated and CO-ligated CcO: calculated (MV-CN – O-

CN) minus (FR-CO - MV-CO) double difference spectra 

(CuB
+ minus CuB

2+) 

Figure 3-11 shows a CuB
+ minus CuB

2+ difference spectrum of bovine CcO, this is 

derived by the subtraction of (FR-CO - MV-CO) IR difference spectrum which shows IR 

changes associated with transitions of two metal centres CuA and haem a from the MV-

CN - O-CN IR difference spectrum which shows IR changes associated with transitions 

of the same metal centres as well as CuB. Hence this spectrum should show IR 

changes associated with redox transitions of only CuB. However, the spectrum is 

complicated as it is overlapped by positives associated with a3
3+-CN and a3

2+-CO from 

the MV states, and negatives associated with a3
3+-CN from the O state and a3

2+-CO 

from the FR-state. Therefore, it is possible that there will be IR bands associated with 

CN-ligated CcO in each direction and with CO-ligated CcO, and they may not give a 

perfect subtraction. 

 

Figure 3-11. Calculated CuB
+
 minus CuB

2+
 IR double difference spectrum of bovine CcO. 

Spectrum was calculated by the following direct subtraction; (MV-CN – O-CN) minus (FR-CO - 
MV-CO) from Figure 3-2 and Figure 3-10, respectively which were scaled according to the ΔAII 
intensity of their absolute IR spectra. 
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3.3.11 Comparison of all redox difference spectra 

Figure 3-12 shows a summary of all IR difference spectra recorded or calculated. 

 

Figure 3-12. Summary of all IR difference spectra of bovine CcO presented in this 
chapter.  
Trace A is from Figure 3-1, Trace B is from Figure 3-5; Trace C is from Figure 3-2; Trace D is 
from Figure 3-7; Trace E is from Figure 3-11; Trace F is from Figure 3-10; Trace G is from 
Figure 3-8. 
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3.3.12 Assigning IR changes in the 1700-1000 cm-1 range with 

specific metal centre redox transitions  

Assignment of IR changes to specific metal centre transitions were made based on 

the IR difference spectra that were experimentally measured. These were the FR 

minus O difference spectrum of unligated CcO, the MV-CN minus O-CN difference 

spectrum and the FR-CO minus MV-CO difference spectrum, and are shown in Figure 

3-13. The derived spectrum of FR-CN minus MV-CN was used to support assignment 

of IR changes linked to haem a3 changes. The 1700-1000 cm-1 range of the IR 

difference spectra show various protein and haem spectral changes, associated with 

transitions of specific redox centres (CuA, a, a3 and CuB). 

 

Figure 3-13. Electrochemically-induced ATR-FTIR difference spectra of bovine CcO. 
A. FR minus O IR difference spectrum of unligated CcO; B. MV-CN minus O-CN IR difference 
spectrum; C. FR-CO minus MV-CO IR difference spectrum. Spectra are taken from Figure 3-1, 
Figure 3-2 and Figure 3-10 respectively. Band positions identical with those labelled in A are 
indicated with short vertical lines. Figure adapted from [158]. 
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3.4 Discussion 

3.4.1 FR minus O IR difference spectrum of unligated bovine 

CcO 

The FR minus O IR difference spectrum of unligated CcO is consistent with 

published data (Figure 3-13A) [104,196,197]. It consists of the combined redox induced 

IR changes of CcO when all four centres are reduced and oxidised. The positive 

features are associated with the FR state in which all four redox centres are reduced 

(CuA
+, a2+, CuB

+, a3
2+), and negatives with the fully oxidized O state (CuA

2+, a3+, CuB
2+, 

a3
3+). The spectrum is dominated by amide I shifts (primarily C=O bond stretches) in 

the 1690–1600 cm−1 range, which arise from conformational and environmental 

changes in the polypeptide backbone, and changes in the 1550–1500 cm−1 range that 

arise from haem and amide II changes. A wide range of additional smaller changes in 

the 1800–1000 cm−1 range arise from individual amino acids and the redox cofactors 

themselves. Full separation of the redox transitions of the metal centres cannot be 

achieved electrochemically since they have strong electrostatic interactions and their 

redox potentials overlap. The strongest interaction is between the two haem groups. 

The midpoint potentials were originally designated as +220 mV haem a and +380 mV 

for haem a3 [198]. However, the interaction is such that the reduction of haem a3 will 

lower the midpoint potential of haem a, and when haem a3 is oxidised the midpoint 

potential of haem a will be raised [199,200]. Additionally, the interaction of CuA and CuB 

with haem a was also shown to influence the haem a redox potential and vice versa in 

CN-ligated CcO [159]. Therefore the midpoint potentials of each metal centre cannot 

be defined by a single value in unligated CcO but fall into a range of +380 mV to +220 

mV [159,160,201]. In this project, this was overcome by ligation of inhibitors cyanide 

(CN) and carbon monoxide (CO) to the BNC, as they allowed the midpoint potentials to 

be separated and so stable mixed valence states of CcO could be electrochemically 

generated. 

3.4.2 Monitoring redox changes associated with CN-ligated 

bovine CcO 

Bound CN lowers the Em7 of haem a3 such that potentials as low as -400 mV to -

500 mV are required to reduce it, whilst the Em7 of the other redox centres remain 

unaffected [159,160]. Therefore, with the use of intermediate potentials (+80 mV) it was 

possible to separate the redox transition of haem a3-CN from all other redox centres 

and vice versa. 
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In situ visible difference spectra already provided an additional control of monitoring 

redox transitions as these spectra have been well characterised [188-191]. However 

spectra were only monitored in the 475-700 nm range. It was not possible to include 

the Soret region, where absorption contributions of haem a and a3 are more 

pronounced, because of the configuration and frequency limits of the visible 

spectrometer at the time. Nevertheless the α band is well characterised, and based on 

this, the unligated redox spectrum (Figure 3-6, black trace) was consistent with 

literature and exhibited a positive at 605 nm with haem a reported to contribute ~70 % 

at ~605-603 nm to the total absorption and haem a3 ~30 % at ~605-603 nm [188,189]. 

The position of the α band in the FR-CN minus O-CN visible difference spectrum was 

expected at ~600 nm, however it was observed at 607 nm, (Figure 3-6, blue trace) this 

can be explained by a smaller than expected contribution of haem a3
2+-CN at 590 nm 

[188-190]. This is consistent with the IR difference spectrum where 100 % reduction of 

O-CN was not achieved and contained a proportion of MV-CN (see Figure 3-4). It is 

well known that the reduction of O-CN to FR-CN is difficult, with full conversion only 

being achieved by prolonged incubation in sodium dithionite [164,188]. It is possible 

that with the redox potential of haem a being greater than haem a3-CN, it prevented 

haem a3-CN reduction by blocking electron transfer, an effect that cannot be overcome 

by applying more negative potentials. Furthermore, once FR-CN was formed, the 

transition to the MV-CN state could not be induced at an intermediate potential of +80 

mV (Figure 3-7). A possible explanation could be that haem a3 oxidation is similarly 

blocked, this is because CuA and haem a are reduced and they must be oxidised first 

to allow for haem a3 to be oxidised, and this would not be possible at +80 mV. The 

visible spectrum of MV-CN minus O-CN (Figure 3-3), was consistent with literature 

showing α and β band contributions associated with only haem a at 607 nm and 518 

nm, respectively [188,189]. 

The vibrational bands of ligated CN (Figure 3-2, Figure 3-4 and Figure 3-7) are 

themselves sensitive to the redox states of the metal centres and, in addition to in situ 

visible difference spectra (Figure 3-3 and Figure 3-6), these bands provide additional 

markers to monitor which redox transitions are occurring in CN ligated CcO. Their 

assignments are shown in Table 3-1. The 2090 cm-1 band of FR-CN is not well 

understood [90,192]. Free HCN (pKa 9.3 [202]) absorbs at 2093 cm-1. CN photolysis 

studies in D2O media [90] have been used to test whether a similar band arose from 

HCN; however the band remained at 2090 cm-1, whereas free DCN absorbs at 1887 

cm-1 [192]. An alternative assignment of the 2090 cm-1 band is of a population of CcO, 

where CN is bound to CuB
+, in the FR state, at high CN concentrations [90,164]. 

Hence, in the future lower concentrations could be tested. 
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Table 3-1. The assignment of the vibrational modes of CN ligated to bovine CcO. 

CN v(cm
-1

) Oxidation 
State of CN-
ligated CcO 

Assignment Reference 

2151 O Bridged a3
3+

-CN- - -CuB
2+

 [164] 
2131 MV Bridged  a3

3+
-CN- - -CuB

+
 

Broken bridge a3
3+

-CN  CuB
+
 

[165] 
[164] 

2090 FR Free HCN or CuB
+
-CN [164] 

2058,2040 FR Mixed populations of a3
2+

-CN [90] 

3.4.3 IR changes associated with CO-ligated bovine CcO 

CO holds haem a3 and CuB in their reduced states [161], enabling the separation of 

redox transitions of CuA and haem a from those of the BNC metals (Figure 3-13C). 

Once again the vibrational bands of the ligated CO are themselves sensitive to the 

redox transition of CuA and haem a, and so were used to monitor the redox transitions. 

In this case, the FR to MV transition was coupled with an upshift of the CO stretching 

mode, which gave a symmetrical peak/trough, 1961(FR state)/1967(MV) cm-1, that was 

consistent with a previously reported spectrum of this transition [104]. The band shift 

was the result of electrostatic changes sensed by CO in its environment caused by the 

redox transitions of haem a. 

3.4.4 Assigning IR changes in the 1700-1000 cm-1 range with 

specific metal centre redox transitions 

The overall redox spectra of Paraccocus denitrificans and bovine CcOs are broadly 

similar [117,196]. Gorbikova, et al. [117] reported the linkage of IR bands to distinct 

metal centre transitions of bacterial Paraccocus denitrificans CcO. This was achieved 

by following IR changes as the potential was increased in +40 mV intervals starting 

from the FR state to the O state. The IR features were separated based on their redox 

titration curves. To aid comparison a table is reproduced here that shows the metal 

centre transitions to which they were assigned (Table 3-2). These IR features have 

been compared to the bovine CcO IR difference spectra presented here, namely FR-

CN minus MV-CN, FR-CO minus MV-CO and CuB
+ minus CuB

2+. The table shows that 

approximately half of the assignments disagree with those observed here and in most 

cases their IR bands are induced by a combination of metal centre transitions. 

Assignments highlighted in light grey were in agreement with the bovine CcO. Majority 

of the linkages in the 1400-1030 cm-1 were ascribed to CuB. However, here those IR 

features are linked with CuA and haem a, whilst it is clear from the calculated CuB
+ 
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minus CuB
2+ IR difference spectrum that IR contributions linked with this transition are 

few and small in intensity (Figure 3-11). This discrepancy is most likely due to the 

method adopted by [117] where Em ranges of haem a and a3 are overlapping in 

unligated CcO and this would complicate the interpretation of the resulting IR spectra. 
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Table 3-2. Comparison of IR bands assigned to specific redox centre 
transitions of Paraccocus denitrificans CcO [117], with bovine CcO data from 
Figure 3-10 (CuA and haem a redox transitions), Figure 3-7 (haem a3) and Figure 
3-11 (CuB).  
Assignments highlighted in light grey are in agreement, those left clear do not agree, 
and those highlighted in dark grey show no band in the bovine CcO spectra 
recorded. 

Literature Values of Paraccocus denitrificans 

CcO [117] 
Bovine CcO 

Band position 
(cm

-1
) 

Redox 
state 

Redox centre Redox centre linkage 

1746 ox a (CuA or a) 
1737 red a (CuA or a) 
1689 ox CuA (CuA or a) 
1684 red CuA no band 
1674 ox a3 

complex band 
a3 (red) 

1661 red a (CuA or a) 
1655 ox a3 a3 
1651 red CuA (CuA or a) a3 
1641 ox a3 (CuA or a) (ox), a3 (ox), CuB (red) 
1630 red a3 CuB 

1618 red a3 (CuA or a) 

1603 red CuA (CuA or a) (ox), a3 (red) 
1592 ox CuA no band 
1561 ox a3 (CuA or a) 
1546 red a (CuA or a) 
1537 ox a CuB (red), (CuA or a) (red) 
1526 red a3 a3 (ox), CuB (ox) 
1510 red CuA (CuA or a), a3 
1489 red CuB a3, CuB 
1483 ox CuB (CuA or a), CuB 
1473 red a3 (CuA or a), a3 
1468 ox CuA a3 (red), CuB (ox) 
1455 ox CuB (CuA or a), CuB (red) 
1431 ox CuA (CuA or a) 

1419 red CuA (CuA or a) 
1407 red CuA (CuA or a),  a3 
1389 ox a (CuA or a) 
1354 red a3 (CuA or a), a3, CuB 
1332 ox CuB (CuA or a), CuB (red) 

1321 red CuB (CuA or a) 
1308 ox CuB (CuA or a), a3 (red), CuB 
1250 red CuB a3, CuB (ox) 
1151 red a (CuA or a) (ox) 
1128 red CuB (CuA or a), CuB (ox) 
1105 ox CuB (CuA or a) 
1032 ox CuB (CuA or a) 
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A smaller set of more definitive assignments is presented in Table 3-3, based on 

the IR frequencies that are labelled in Figure 3-13. Here, assignments were based on 

those spectra that were generated experimentally, namely the MV-CN minus O-CN IR 

difference spectrum (showing transitions in CuA, haem a, and CuB) and the FR-CO 

minus MV-CO IR difference spectrum (showing transitions in CuA and haem a). The 

derived spectra showing changes in only haem a3 (FR-CN minus MV-CN, Figure 3-7) 

was used to confirm haem a3 linkages of IR bands. Therefore the summarised redox 

centre linkages could be made with confidence without complex separation of redox 

spectra based on redox titration curves. 

Table 3-3. Redox linkages of principal bands of bovine CcO redox 
difference spectra 
Band positions are taken from Figure 3-13. Redox centre linkage of bands 
refers to the metal centres whose redox change induces the vibrational band 
change. Adapted from [158]. 

Band positions (cm-1) 
(+) reduced, (-) oxidised 

Redox centre linkage 

2151 (-) / 2131 (+) CuA, a, CuB  
1967(-) / 1961(+) CuA, a  

1749 (-) CuA, a 
1737 (-) CuA, a 

1696 (+) / 1686 (-) CuA, a 
~1670 (+ shoulder) a3 
1662 (+) / 1646 (-) CuA, a 
1626 (-) / 1610 (+) CuA, a 

1618 (+) CuA, a 
1589 (+) CuA, a 

1546 (+),1518 (+) / 1503 (-) CuA, a 
1536 (+ shoulder) CuA, a, CuB 

1533 (+) CuA, a 
1490-1120 Mostly CuA, a 

1276 (-) CuA, a 
1400 (+) Possible CuB 
1149 (-) CuA, a 
1108 (+) Possible a3 

1104 (-) CuA, a 
1072 (-) CuA, a 

1052 (-), 1032 (-) CuA, a 

It is clear that most of the redox induced IR changes are linked with redox 

transitions in CuA and haem a. In particular, the amide I protein backbone related 

changes at 1696 (+) / 1686 (-) cm-1 and 1662 (+) / 1646 (-) cm-1 are linked with CuA and 

haem a. This suggests the amide I related structural changes surrounding the CuA and 

haem a region are more sensitive and flexible to re dox changes than the structure 

surrounding the BNC of the protein. This finding may provide a functional significance 

for the residues close to CuA and haem a. The nearby H channel could be a candidate 

of such changes, whose role is either to provide a hydrophilic pathway for translocated 

protons, or act as a dielectric channel (see Chapter 6).  
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3.5 Conclusions 

In conclusion, controlled electrochemistry has been used to induce redox 

transitions in CcO. By combining controlled electrochemistry with CO- and CN-ligated 

CcO the redox transitions of metal centres were separated allowing stable MV states of 

CcO to be generated. The IR bands of CN and CO bound to CcO were characteristic of 

the redox state of CcO, and confirmed reactions were being monitored. Alongside IR 

bands of CO and CN, in situ visible spectroscopy provided an additional control of the 

reaction taking place. This enabled the definitive separation and redox-linkage of redox 

induced IR bands to specific metal centres. Although it was not possible to separate 

the redox transitions of CuA and haem a, it was clear that majority of the IR changes 

were induced by redox transitions in both of these centres. The intensities of those IR 

changes were larger than those fewer IR changes observed by transitions in haem a3 

and of CuB. The linkages reveal the environment surrounding CuA and haem a is more 

redox sensitive than the BNC. This indicates a more rigid structure of the BNC. This 

result may provide further insight into the location of residues involved in or necessary 

to the overall reaction mechanism of CcO. The protein backbone changes that have 

been linked with CuA and haem a, could be accounted for by the residues that make up 

the H channel. 

3.6 Future work 

This series of measurements were made at a fixed pH (7), and could be repeated 

for a range of pH values 6.5 to 9, as this would allow a further separation of bands 

based on their pH dependencies. This information will allow both the linkage of IR 

bands to specific metal centres and pH sensitivities. This will assist in the identification 

of functionally significant groups that are involved in the coupling of electron transfer 

with proton transfer, and to which metal centre redox transition they are linked. 

Furthermore, repeating experiments in D2O will provide evidence as to the IR bands 

that are of proton exchangeable groups. H/D exchange will appear as band shifts in the 

IR difference spectrum. Finally, site-directed mutagenesis will provide the ultimate 

control to assess the identity of contributing amino acid residues, however this is 

experimentally challenging with bovine CcO. Therefore, yeast CcO is being used as a 

model system in which mutations can be introduced [118,203]. A comparison of wild 

type yeast CcO in itself will provide an interesting comparison to the results obtained 

here with bovine CcO. 
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4 Functional carboxylic acids in bovine cytochrome c 

oxidase studied by ATR-FTIR spectroscopy 
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4.1 Introduction  

Previous FTIR spectroscopy studies have shown that full reduction of bovine CcO 

with four electrons is coupled with changes in at least two protonated carboxyl groups 

[104,196,197]. These have been assigned tentatively to a conserved glutamic acid 

(E242 in the bovine sequence) and aspartic acid (D51), both of which may play a key 

role in the reaction mechanism of mitochondrial CcO [38,115,196] (though D51 is 

absent from yeast mitochondrial and bacterial forms of CcO). However, the actual 

number of components contributing in the 1760-1710 cm-1 protonated carboxyl region 

of the bovine redox IR spectrum, and their linkage to specific redox centres are not well 

characterised and recently with the use of a newly developed time-resolved infrared 

system, this region has been shown to be more complex [204]. To investigate this 

further, inhibitory ligands of CcO, cyanide and carbon monoxide were used, as they 

allowed stable mixed valence states of CcO to be electrochemically generated (see 

Chapter 3) [160]. By consideration of literature data and with spectra reported here, a 

new model is proposed where the IR features in this region have been separated and 

linked with specific metal centre transitions (see below). 
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4.2 Aims  

The aims of this project were to associate the carboxyl group changes observed in 

bovine CcO with specific redox groups by exploiting the mixed valence (MV) states of 

CcO ligated with CN or CO. These states were produced by controlled electrochemistry 

combined with ATR-FTIR spectroscopy to give IR difference spectra linked to specific 

redox centres. In this manner, the redox-linked IR features associated with haem a3-CN 

could be separated from those of CuA, haem a, and CuB and those associated with 

haem a and CuA could be separated from reduced haem a3-CO and CuB. Data are 

taken from Chapter 3 and are discussed in relation to the protonated carboxylic acid (-

COOH) region (1800-1700 cm-1). 
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4.3 Results 

4.3.1 IR band changes in the protonated carboxylic group region 

The 1800-1700 cm-1 range of all finalised IR difference spectra of bovine CcO is 

shown in Figure 4-1. Changes in this region can be attributed primarily to the IR band 

changes of protonated carboxylic groups, protonated propionates, or of the ester bond 

of phospholipids (see discussion) [184]. Note, the full IR spectra in the 1800-1000 cm-1 

are presented and discussed in Chapter 3 and will not be discussed here. 

4.3.1.1 Unligated CcO:  FR – O difference spectra  

(CuA
+, a2+, a3

2+, CuB
+ minus CuA

2+, a3+, a3
3+, CuB

2+) 

Figure 4-1A shows the electrochemically-induced FR minus O IR difference 

spectrum of unligated bovine CcO. Positive signals are representative of the FR state 

where all 4 redox centres are reduced (CuA
+, haem a2+, haem a3

2+, CuB
+) and negatives 

are of the fully oxidised state (CuA
2+, haem a3+, haem a3

3+, CuB
2+). This difference 

spectrum shows two troughs at 1749 cm-1 and 1737 cm-1. 

4.3.1.2 CN-ligated CcO:  FR-CN – O-CN difference spectra  

(CuA
+, a2+, a3

2+-CN, CuB
+ minus CuA

2+, a3+, a3
3+-CN, CuB

2+) 

Figure 4-1B shows the FR-CN minus O-CN IR difference spectrum of CN-ligated 

bovine CcO, which includes redox transitions of all redox centres with CN bound to 

haem a3. Two troughs are present at 1749 cm-1 and 1740 cm-1. 

4.3.1.3 CN-ligated CcO: MV-CN – O-CN difference spectra 

(CuA
+, a2+, a3

3+-CN, CuB
+ minus CuA

2+, a3+, a3
3+-CN, CuB

2+) 

Figure 4-1C shows the MV-CN minus O-CN IR difference spectrum of CN-ligated 

bovine CcO. This spectrum shows the changes associated with the redox transition of 

all centres apart from haem a3-CN, which remains oxidised at the reducing potential 

(+80 mV) of the experiment. Two troughs are present at 1749 cm-1 and 1737 cm-1. 

4.3.1.4 CN-ligated CcO:  FR-CN – MV-CN difference spectra 

(CuA
+, a2+, a3

2+-CN, CuB
+ minus CuA

+, a2+, a3
3+-CN, CuB

+) 

Figure 4-1D shows the calculated (FR-CN minus O-CN) minus (MV-CN minus O-

CN) IR double difference spectrum of CN-ligated bovine CcO. This results in a FR-CN 
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minus MV-CN difference spectrum and shows the changes associated with the redox 

transition of only haem a3-CN. This spectrum could not be generated experimentally as 

the reoxidation of FR-CN to the MV-CN form could not be achieved. Here a single 

trough is present at 1740 cm-1. 

4.3.1.5 CO-ligated CcO:  FR-CO – MV-CO spectra 

(CuA
+, a2+, a3

2+-CO, CuB
+ minus CuA

2+, a3+, a3
2+-CO, CuB

+) 

Figure 4-1E shows the FR-CO minus MV-CO IR spectrum of CO-ligated bovine 

CcO. This spectrum shows the redox transition of CuA and haem a while the CO-

ligated BNC remained reduced. Two troughs are present at 1749 cm-1 and 1740 cm-1. 

4.3.1.6 CN-ligated and CO-ligated CcO: calculated (MV-CN – O-CN) minus 

(FR-CO - MV-CO) double difference spectra 

(CuB
+ minus CuB

2+) 

Figure 4-1F shows a CuB
+ minus CuB

2+ difference spectrum of bovine CcO. This 

was derived by subtraction of (FR-CO minus MV-CO) IR difference spectrum which 

shows IR changes associated with transitions of two metal centres, CuA and haem a, 

from the MV-CN minus O-CN difference spectrum which shows IR changes associated 

with transitions of the same metal centres as well as CuB. Hence, this spectrum should 

show IR changes associated with redox transitions of only CuB. This calculated 

spectrum has a single peak at 1740 cm-1. 
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Figure 4-1. Electrochemically-induced and derived IR difference spectra of bovine CcO 
(1800-1700 cm

-1
). 

Each panel is labelled with the metal centre redox transition it represents. A. FR minus O IR 
difference spectrum, B. FR-CN minus O-CN IR difference spectrum, C. MV-CN minus O-CN IR 
difference spectrum, D. derived FR-CN minus MV-CN IR double difference spectrum, E. FR-CO 
minus MV-CO IR spectrum and F. derived CuB

+
 minus CuB

2+
 IR double difference spectrum. 

Spectra are taken from Chapter 3 and their detailed reaction conditions are given in Chapter 3. 
Buffer used was 0.1 M KPi, 0.1 M KCl pH 7. Spectrum A is an average of data from 20 redox 
cycles, redox mediators were 50 µM benzyl viologen and 1 mM ferrocene methanol, redox 
potentials were -400 mV and +500 mV with 30 mins equilibration time. Spectrum B is an 
average of 23 redox cycles, the reaction conditions were the same as in spectrum A, with the 
addition of 10 mM KCN, 100 µM phenazine methosulphate and 50µM 1,2-naphtoquinone 
sulphonate. Spectrum C is an average of 49 redox cycles, the reaction conditions were the 
same as in Spectrum B, but the potentials applied were +80 mV and +500 mV for reduction and 
oxidation. Spectrum D was derived by the following direct subtraction; (B. FR-CN minus O-CN) 
minus (C. MV-CN minus O-CN). Spectrum E is an average of 16 redox cycles, the experiment 
buffer was the same as in Spectrum A, the equilibration time for reduction was 30 mins and for 
oxidation was 4 mins. Spectrum F was derived by the following direct subtraction; (MV-CN - O-
CN) minus (FR-CO - MV-CO). Where necessary each spectrum was corrected for baseline 
changes caused by pH-induced phosphate changes, liquid water and water vapour variations. 
All spectra were scaled based on the intensity of ΔAII in the absolute spectrum of experiment B 
so that their intensities are directly comparable to all spectra shown in this chapter. 
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4.3.2 CN ligation to CcO: O-CN minus O spectra 

(CuA
2+, a3+, a3

3+-CN, CuB
2+ minus CuA

2+, a3+, a3
3+, CuB

2+) 
 
Figure 4-2 shows a perfusion-induced CN-ligated spectrum versus an unligated 

baseline of O state bovine CcO. In order to confirm the IR change from the protonated 

carboxyl group in the FR-CN minus MV-CN difference spectrum was not arising from 

the re-binding of CN to the MV-CN state and unbinding from the lower affinity FR state 

a perfusion-induced CN binding spectrum to the O state was recorded. It is clear that 

the small positive observed upon CN binding is at 1744 cm-1 instead of 1740 cm-1 

observed in the FR-CN minus MV-CN difference spectrum shown in grey. It is also of a 

smaller intensity. Furthermore the binding of CN to CcO was irreversible even with 3 

mM sodium dithionite perfusion (45 mins). This confirms there was no CN re-binding to 

the O state taking place. The broad trough between 1740 cm-1 and 1700 cm-1 is caused 

by protein layer expansion/contraction that was difficult to subtract. 

 

 

Figure 4-2. Perfusion-induced O-CN minus O IR spectrum of bovine CcO, 1800-1700 cm
-1

. 
The derived FR-CN minus MV-CN IR double difference spectrum is overlaid for 
comparison. 
CN binding to the O state induced a band at 1744 cm

-1
,and is therefore different to the band 

induced in the derived spectrum. The buffer used was 0.1 M KPi, 0.1 M KCl pH 7. The protein 
layer was perfused with 3 mM dithionite, followed by 20 µM potassium ferricyanide to ensure all 
CcO was in the fast oxidised unligated form, an O state baseline (accumulation of 1000 
interferograms) was taken before perfusion with 20 µM potassium ferricyanide and 2 mM KCN 
to record the O-CN spectrum vs O baseline. The spectrum shown is an average of data 
(accumulation of 8000 interferograms) from 2 protein layers and is normalised based on the 
2151 cm

-1
 band intensity CN ligated redox spectrum in Figure 4-1B. This spectrum has been 

corrected for baseline changes caused by protein layer changes induced by layer 
expansion/contraction, pH-induced phosphate changes, liquid water and water vapour 
variations. 
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4.4 Discussion 

4.4.1 Carboxyl group changes associated with unligated bovine CcO 

The 1800-1700 cm-1 region of the IR difference spectra is where the ν(C=O) normal 

vibrational modes absorb [184]. They can arise from protonated carboxylic amino acids 

in the 1760–1710 cm-1 range [184]. However there can be overlap with ν(C=O) modes 

of ester bonds of lipids that remain bound to purified CcO, or protonated haem 

propionate groups. However the ν(C=O) modes of haem propionate are expected at 

lower frequencies and a band as low as 1676 cm-1 in P. denitrificans CcO, has been 

assigned to a protonated propionic acid group [109]. Moreover, the 1800-1700 cm-1 

region of the FR minus O IR difference spectrum is sensitive to H/D exchange 

[104,205] therefore, it is unlikely that ester bonds of lipids (that should be insensitive to 

H/D exchange), contribute to this spectrum. Carboxylic groups are of functional 

significance in CcO, since they are implicated in the coupling of electron transfer with 

proton transfer by providing de/protonation sites through changes in their pKa values. 

Any structural change in carboxylic groups that is coupled with redox transitions or 

ligation state could be of functional significance and warrants a method that can detect 

such changes. The 1800-1700 cm-1 region of the FR minus O IR difference spectrum is 

not overlapped by bands from other protein (amino acid) structural changes and so 

subtle changes in protonated carboxyl groups are easily detectable. Such band 

changes could arise from changes of a) orientation, b) environment such as extent of 

hydrogen bonding, and c) local dielectric strength. All 3 can affect the C=O bond dipole 

moment and could result in either, or a combination of, 1) an extinction coefficient 

(signal intensity) change, 2) a shift in band position, or 3) an alteration in bandwidth 

(reviewed in Rich, et al. [206]). Alternatively a decrease in band intensity could arise 

from deprotonation since a deprotonated carboxylic group has two vibrational modes 

expected at 1580 cm-1 and 1398cm−1 (aspartate) and at 1556cm−1 and 1399cm−1 

(glutamate) [184]. These are in a region masked by IR changes of additional protein 

related factors and so are not as easily accessible (see Chapter 3). 

4.4.2 Identity of the redox induced 1749 cm-1 band 

When redox transitions are induced in all metal centres in unligated bovine CcO, IR 

changes were induced in two components seen as troughs at 1749 cm-1 and 1737 cm-1 

(Figure 4-1A). This is consistent with previous reports of the reduced minus oxidised IR 

difference spectra of bovine CcO [104,196,197]. There was no clear peak that could be 

associated with a band shift of the 1749 cm-1 trough in the FR state. However, it is clear 
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that a band at roughly the same frequency must be present in the FR state, because, in 

the CN or CO photolysis–induced unligated-FR minus ligated-FR difference spectra, 

the band shifts and becomes observable as a peak/trough at 1749 (unligated)/1741 

(ligated) cm-1 with CO photolysis [104] and 1752/1740 cm-1 with CN photolysis [90]. 

Hence, the simplest explanation for the absence of a positive band in the FR minus O 

IR difference spectrum (Figure 4-1A), is that the O to FR transition simply causes an 

extinction coefficient decrease without any major frequency shift, hence the band 

appears only as a trough in the FR minus O IR difference spectrum [90]. The 1749 cm-1 

band has been tentatively assigned to a functionally important and conserved glutamic 

acid (E242 in the bovine sequence) in subunit I. This assignment is based on 

mutagenesis studies of the same residue and H/D exchange experiments in bacterial 

CcOs [88,103,207]. E242 is a highly conserved residue that is essential for enzyme 

activity. It is equidistant from haems a and a3, and is part of the pentameric ring 

structure H240-P-E-V-Y244 [34]. Its mutation in bacterial CcOs abolishes electron 

transfer [84,92]. Noteworthy, Okuno, et al. [104] have proposed that the haem a3 

propionate gives rise to this signal. However, protonated propionates generally have 

bands at lower frequencies. The alternative explanation for the absence of a peak is 

that the residue deprotonates on reduction. However, this can be ruled out as the pKa 

of E242 has been shown to be > 8.5 in FR bovine CcO [90,208] and during the PR to F 

transition of the reaction cycle it is shown to be ~8 [209]. Based on this it is likely that in 

the fully oxidised state it also has a high pKa. 

4.4.3 Identity of the redox induced 1737 cm-1 band 

The second component that appears as a trough at 1737 cm-1 is not present in 

bacterial CcO [210] and has only been observed in bovine CcO. X-ray crystallographic 

data of the O and FR states of bovine CcO showed aspartic acid (D51) in subunit I to 

undergo a redox-linked conformational change; on reduction it moved from being 

buried inside the structure to being accessible to the IMS, an event that should be 

coupled to a decrease in its pKa [38]. Moreover this residue is not conserved in 

bacterial CcOs. Based on this, the band was tentatively assigned to the deprotonation 

of D51 when CcO is reduced, hence causing a loss of its 1737 cm-1 band and resulting 

in the trough in the FR minus O IR difference spectrum [196]. 

Overall, the FR minus O difference spectrum of unligated CcO showed two overall 

troughs and in the minimal and simplest interpretation, based on the data discussed 

above, the region can be modelled with three Gaussian shaped bands where the 1749 
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cm-1 trough is the sum of a small positive and a large negative as described above 

(Figure 4-3).  

 

Figure 4-3. The simplest 3 component model of the FR minus O IR difference spectrum. 
The measured data (black) is taken from Figure 4-1A. IR bands were simulated using Gaussian 
bands at 1749 cm

-1
 and 1737 cm

-1
 shown in green with a fixed band width at half maximum of 

11.75 cm
-1

. The red trace shows the sum of the three Gaussian components (green). 
 

4.4.4 Carboxyl group IR changes associated with CN-ligated bovine 

CcO 

CN ligated bovine CcO allowed a stable mixed valence state of CuA
+, a2+, a3

3+-CN, 

CuB
+ to be electrochemically generated [160,211]. The feature in the FR-CN minus O-

CN IR difference spectrum was distorted but displayed two overall troughs at 1749 cm-1 

and 1740 cm-1 and was not completely identical to the symmetrical feature in the 

unligated CcO spectrum, indicating a possible effect of CN. As described in the results, 

two overall negatives at 1749 cm-1 and 1737 cm-1 were induced by the combined redox 

transitions of CuA, haem a and CuB whilst haem a3-CN remained oxidised (Figure 

4-1B). And a single trough at a new position of 1740 cm-1 was induced by the redox 

transition of haem a3-CN alone, whilst the other redox centres remained reduced 

(Figure 4-1D). This band may have been induced by CN binding to the O state and 

unbinding upon reduction, as the affinity of haem a3 for CN in the FR state is very low 

(Kd 0.7 mM at pH 7.4) [193] compared to the O state (Kd 0.092 mM at pH 7.4) [194]. 

However, this was disproven as the perfusion-induced O-CN minus O spectrum (Figure 

4-2) showed no 1740 cm-1 band but a new smaller intensity band at 1744 cm-1. 
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4.4.5 Carboxyl group IR changes associated with CO ligated bovine 

CcO 

The FR-CO minus MV-CO IR spectrum (Figure 4-1E) shows protein associated 

changes coupled to the redox transition of only CuA and haem a, whilst the BNC is held 

reduced [161]. This overall feature was again distorted but still displayed two troughs, 

at 1749 cm-1 and 1740 cm-1, indicating an influence of bound CO. The band changes 

must be coupled to redox transitions of CuA and haem a. However the position of the 

second trough remains speculative as the 1740 cm-1 band is coupled to the redox 

transition of haem a3 based on the FR-CN minus MV-CN difference spectrum (Figure 

4-1D). Furthermore there must be a 1737 cm-1 trough present as it is present in the O-

CN state. A plausible explanation for this comes from the peak/trough (1749/1741 cm-1, 

FR/FR-CO) from CO photolysis studies on FR bovine CcO [90,104], which indicates 

the FR-CO state also induces a 1741 cm-1 band which would produce a positive in the 

FR-CO minus MV-CO spectrum. Hence the overall feature in the FR-CO minus MV-CO 

IR spectrum must consist of three components, two negatives at 1749 cm-1 and 1737 

cm-1 and a smaller positive at 1741 cm-1, which distorts the overall feature observed. 

It is noteworthy that the 1740 cm-1 band also appeared as a positive in the derived 

CuB
+ minus CuB

2+ difference spectrum (Figure 4-1E) that indicates there must be an 

underlying positive at 1740 cm-1 that must also be larger in intensity in the MV-CN 

minus O-CN spectrum than in the FR-CO minus MV-CO spectrum. Another experiment 

that requires consideration is the MV/MV-CO photolysis [104,208]. However its 

interpretation is complicated as the unbinding of CO causes ‘reversed electron transfer’ 

from haem a3 to a. Hence the feature observed in the unligated minus MV-CO would 

have positives of oxidised haem a3 and reduced haem a, and negatives of reduced 

haem a3-CO and oxidised haem a whilst the Cu centres are reduced. This spectrum 

has been reported to contain an overall trough [104,208], and at pH 7 it is reported to 

be at 1735 cm-1. This band may be the same as the 1737 cm-1 band reported here and 

the simplest explanation would be that it is linked with CuA/haem a redox transition and 

this is a deprotonation effect as described above. Although it is not clear why a positive 

is not observed at 1740 cm-1 when haem a3 is oxidised but this may be an additional 

effect of CO unbinding that is linked with haem a3 oxidation in this transition. A possible 

explanation for the absence of the 1749 cm-1 band is given below. 
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4.4.6 A proposed model of contributing carboxyl bands and 

their metal centre linkages 

 

From the results presented and the data from previous studies on CO photolysis 

and CN photolysis on reduced CcO [90,104], up to three components can be identified 

at 1749 cm-1, 1740 cm-1 and 1737 cm-1 in various redox difference spectra (Figure 4-1). 

The two components at 1749 cm-1 and 1737 cm-1 are linked with the oxidation of CuA 

and haem a, a finding that is consistent with prior literature linkages of these bands 

[104,115,117]. The small positive at 1749 cm-1 has also been linked with the reduction 

of CuA and haem a (see below). 

The 1740 cm-1 component is present in the FR-CN minus MV-CN difference 

spectrum (Figure 4-1D) and has been linked with the oxidation of haem a3-CN, 

however this seems to be electrochemically induced upon reduction of CuA and haem a 

in the CO ligated CcO, where the BNC is held reduced, and in the reduction of CuB
2+ 

which further complicates the assignment. This band can be interpreted with two 

models; (1) the 1740 cm-1 positive that is linked with CuA and haem a reduction in the 

FR-CO minus MV-CO spectrum is in fact the small 1749 cm-1 positive in the unligated 

spectrum that has shifted position in the ligated-CO/CN CcO and the 1740 cm-1 that is 

linked with CuB reduction and haem a3 oxidation is a third new component. (2) The 

second model is the 1740 cm-1 band is still a third component, but is linked with all four 

metal centres, and is additional to the 1749 cm-1 positive in the unligated spectrum that 

always cancels out in the overall difference spectrum. Based on the data presented 

here, it is clear that the feature in the CN ligated FR-CN minus O-CN full redox 

spectrum, and in the CO ligated FR-CO minus MV-CO spectrum, is distorted compared 

to the unligated spectrum. This suggests that the first model is the most accurate so 

far, and the position of the 1749 cm-1 positive is shifted in the reduced state when CcO 

is ligated to CN or CO but not in the unligated state. Based on this, the positive at 1749 

cm-1 in unligated CcO that shifts to 1740 cm-1 in ligated CcO, has been associated with 

redox transitions in CuA and haem a since it is present as a positive in the FR-CO 

minus MV-CO difference spectrum that shows redox transitions in these centres. 

Figure 4-4 displays this model and summarises the metal centre linkages of each 

component. 
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Figure 4-4. A 5 component model and redox centre linkage of carboxyl IR bands.  
Metal centre linkage in A. unligated CcO and B. ligated CcO. Data (black trace) is taken from 
Figure 4-1A and B The data in B has been baseline corrected. IR bands were simulated using 
Gaussian bands (green) with a fixed band width at half maximum of 11.28 cm

-1
. The red trace 

shows the sum of the Gaussian components. 

 

Note this model makes the following assumptions; that bands labelled 2 and 3 are 

the same intensity, although in Figure 4-1F and Figure 4-1D they are not identical in 

size. Their intensities are dictated by the size of the trough in Figure 4-1D. The intensity 

of the positive at 1749 cm-1 has been given an arbitrary value. The relative intensity of 

the negative at 1749 cm-1 is decreased in the ligated form of CcO in this case with CN. 

CO and CN ligands induce the same set of differences in the carboxyl region of bovine 

CcO.  

This model along with its assumption would explain the missing 1749 cm-1 band in 

the MV/MV-CO photolysis spectrum described above, that must cancel out. The 

positive in this spectrum would appear at 1749 cm-1 since CcO is unligated and haem a 

is reduced. The negative in this spectrum would appear at 1749 cm-1 since haem a is 

oxidised, and according to the assumption here, its intensity would be smaller since 

CcO is ligated to CO. Its size would be such that the IR bands cancel out. 

The amino acid assignment of the third component and whether it appears from 

changes in extinction coefficients or protonation changes is not clear and will require 

further investigation. Nevertheless this model provides insight into possible directions 

of future experiments (see Future work). 
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4.4.7 Possible candidates for the third component 

Carboxyl group amino acid candidates that could give rise to the third component 

are shown in Figure 4-5, E242 and D51 are also shown. These residues were identified 

as being functionally important by Rich, P. R. and Maréchal, A. (2008) [206]. They 

include carboxylic acids (D369, D364 and E198) close to the Mg2+ site, since that is 

where the proton trap site is located, that receives translocated protons from the D 

channel via E242 (if that is operative as a translocating pathway in mitochondrial CcOs 

- see main introduction). These residues are also close to the BNC whose redox 

transitions have been assigned to give rise to this third component. D91 in subunit I is 

at the entrance of the D channel and in crystal structures a nearby histidine residue 

(H503) is shown to undergo a redox linked conformational change that is proposed to 

result in D91 deprotonation upon reduction [35]. Other amino acids include D442 and 

E40. These are proposed to be involved in binding Na+/Ca2+ cations at the interface of 

subunits I and II, they are also close to the top of the H channel [38,212]. Alternatively, 

it could be a more remote residue on another subunit, such as E90 and D246, in 

subunit III since these residues are located in the central region of CcO where the 

dielectric strength is low, and so, they are likely to be protonated [206]. They could give 

rise to this signal via long range structural changes. E62 in subunit II is at the entrance 

of the K channel. The K channel is involved in delivering 2 out of 4 substrate protons to 

the BNC [83,84], and/or providing a dielectric well to stabilise transient intermediates 

[86]. Site-directed mutagenesis of this residue in Rba. sphaeroides CcO causes loss of 

turnover activity and blocks the K channel, and so is therefore suggested to be the 

predominant entry point for protons in the K channel [213]. 
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Figure 4-5. Structure of bovine CcO showing possible carboxyl group candidates (red) 
for the third 1740 cm

-1
 IR component (PDB:1V54), haem propionates are also highlighted. 

A. An expansion of carboxyl groups in subunit I close to the metal centres and Mg site (purple 
sphere). B. Remote carboxyl groups in subunits I (blue), II (green) and III (yellow).  
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4.5 Conclusions 

In conclusion, both CN and CO ligands of CcO were efficient in separating the 

redox transitions of the redox centres by allowing stable MV states of CcO to be 

generated with controlled electrochemistry. In doing so, it was possible to couple the 

protonated carboxyl bands in the IR difference spectra with specific redox transitions in 

bovine CcO. Up to three components were identified at 1749 cm-1, 1740 cm-1 and 1737 

cm-1. The 1749 cm-1 and 1737 cm-1 components have been coupled to the redox 

transition of CuA and haem a. The 1749 cm-1 component in the unligated-FR is 

proposed to shift to 1740 cm-1 when CO or CN are ligated. The third 1740 cm-1 

component has a more complicated coupling mechanism, it has been linked with the 

redox transitions of the CuB and haem a3 in such a way that its contribution cancels out 

in the FR minus O IR difference spectrum. Its assignment to a specific residue requires 

further investigation and several candidates are shown in Figure 4-5. A change in 

extinction coefficient of E242 and the protonation change in D51 have been tentatively 

assigned to the 1749 cm-1 and 1737 cm-1 troughs, respectively. 
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4.6 Future work 

Different strategies will be needed to fully understand the role and contribution of 

protonated carboxyl groups in CcO reaction mechanism. The model proposed is based 

on a number of assumptions, and extension will require repeating these series of 

measurements with CN and CO in D2O. H/D exchange is expected to shift and possibly 

separate the IR bands, hence providing further insight into the number of contributing 

components. If the IR bands are sensitive to H/D exchange it will provide confirmation 

that they do not arise from ester bonds of lipids. Definitive assignment of the third IR 

component to a protonated carboxylic group will require site-directed mutagenesis. 

Yeast CcO is highly homologous to bovine CcO [26,41] and can be used to 

produce mutants in order to help with the assignment of the signals observed [118]. To 

date, mutants of different candidate carboxyl groups and surrounding residues have 

been produced based on a homology model of yeast CcO [41]. This will allow the 

definitive assignment of signals observed to specific carboxyl groups within the 

structure of a mitochondrial form of CcO. For example, a yeast CcO mutant, E243D, 

has confirmed the assignment of the equivalent 1749 cm-1 band to the conserved 

glutamic acid (Amandine Maréchal, personal communication). Also noteworthy is that 

the second 1737 cm-1 component in bovine CcO is absent from yeast CcO as is the 

D51 residue (replaced by S52) to which it has been assigned. 

The spectra reported have been recorded of electrochemically poised CcO. 

Therefore they do not provide kinetic information on the appearance or disappearance 

of IR bands. Time resolved infrared spectroscopy has recently been developed as a 

technique that can monitor spectral changes, at the nano to micro second timescale, 

with high signal to noise [204]. This technique has been used to follow the kinetics of 

spectral changes in the carboxyl group region during the CO photolysis of CO bound 

CcO, and has in fact detected four bands [204]. The use of time resolved methods will 

provide yet another approach to separate IR bands in the carboxyl region (as well as 

other parts of the spectrum), according to their kinetics. This will provide further insight 

into the number of contributing components in regions of the IR spectrum where bands 

are overlapping and the order of appearance/disappearance of IR bands. 
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5 Electrochemical and infrared properties of radicals 

related to the tyrosine-histidine cofactor involved in 

the catalytic PM intermediate of bovine cytochrome c 

oxidase 
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5.1 Introduction 

The reaction cycle of CcO is summarised in the main introduction. Starting from the 

fully reduced (FR) state, CcO steps through five intermediates; A, P (ferryl plus 

associated radical), F (ferryl), O (oxidised), E, and back to FR (reduced). The 

conserved covalently linked Tyr-His structure is thought to provide an electron and a 

proton during the R→P catalytic step, in which the dioxygen bond is broken 

[38,48,49,214]. As a result, it is thought to form a phenoxyl radical that becomes re-

reduced to form the F intermediate in the next step. In order to definitively confirm this 

role, a method to detect the tyrosine radical species is required, that should also be 

correlated with the specific P intermediate of the reaction cycle. EPR [215-217], 

UV/visible [218], and resonance Raman [219] have been used to characterise phenoxyl 

radicals. Extensive EPR spectroscopic studies of CcO have in fact detected one or two 

tyrosine radical species [52-54,71]. However, there has not always been a direct 

correlation of its presence with specific intermediates of the reaction cycle (see 

Introduction). IR spectroscopy can also offer a means to detect a protein associated 

radical. However, to date there is very little information on IR reference spectra of 

phenoxyl radicals. For those that are available, the radical has been induced by 

photolysis. This is an irreversible approach and can result in large baseline distortions 

of the IR spectrum and other products of the photochemistry [220-223]. 
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5.2 Aims 

Electrochemistry can provide a cleaner approach to induce radical species at an 

electrode surface. Infrared spectra of radicals induced this way [224] can provide 

reliable reference spectra that can be used to aid assignment of radicals in proteins. 

The aim of this project was to use cyclic voltammetry to characterise the 

electrochemical properties of Tyr-His model compounds that were constructed to mimic 

the conserved structure in CcO. Their structures were based on the phenol 

compounds; 2,6-di-tert-butylmethoxyphenol (TMP) and 2,4,6-tri-tert-butylphenol (TBP) 

that can form stable radicals [224,225]. To characterise them further, the pKa values of 

the optimal Tyr-His structure were determined and the IR absolute spectra in the fully 

protonated, neutral and fully deprotonated state were assigned by comparison to 

known model compounds and by Gaussian-predicted IR bands. Finally, the optimal 

electrochemical conditions to induce a stable radical species were combined with ATR-

FTIR spectroscopy, to generate reduced minus oxidised (radical) IR difference spectra. 

These spectra, together with published spectra, were used to tentatively assign, 

tyrosine radical and Tyr-His associated IR bands, in the PM (oxyferryl associated 

radical) minus oxidised IR difference spectrum of bovine CcO. 
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5.3 Results 

5.3.1 Structures of all compounds 

The structures of tyrosine, TMP, TBP, Tyr-His(trimethyl) Tyr-His(dimethyl) and Tyr-

His(dimethylbutyl) are summarised in Figure 5-1. The structure of cross-linked Y244-

H240 in the distal pocket environment of haem a3 of bovine CcO is also shown for 

comparison. 
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Figure 5-1. A. Close up of Tyr240-His244 cross linked structure in bovine CcO. B. 
Structures of Tyr and Tyr-His model compounds. 

A. haem a3 and CuB are also shown. B. The full names of each structure at neutral pH and 
their abbreviations are given. 

B.  
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5.3.2 Effect of working electrode on cyclic voltammetry 

Initially, cyclic voltammetric (CV) behaviour of each compound was tested with 

different working electrode materials since the surface groups on each are different and 

may improve the electrochemical response of the compound. Figure 5-2 shows the CV 

of 3 successive scans of tyrosine at glassy carbon (GC), boron-doped diamond (BDD), 

platinum (Pt) or gold (Au) working electrodes. The Au electrode was itself 

electrochemically active within the required potential window and so was not useful for 

detecting tyrosine. BDD and Pt each gave irreversible oxidation peaks, which were 

broader than those recorded using GC due to slower electron transfer. Overall GC was 

the optimum working electrode since it gave the most reproducible, and defined 

tyrosine oxidation peaks, over successive scans. In addition, electrochemical changes 

of TBP, TMP, Tyr-His(trimethyl), Tyr-His(dimethyl), and Tyr-His(dimethylbutyl) could 

only be detected with GC. Therefore, the CVs presented in this chapter have all been 

measured using GC as the working electrode. 

 

 

Figure 5-2. Three consecutive CVs of tyrosine using a (A) GC, (B) BDD, (C) Pt and (D) Au 
(only first scan is shown) working electrode. 
The three consecutive scans were recorded in one measurement and are indicated as 1

st
  3

rd
 

in panels A., B., and C. Dashed line in D. is a CV of the blank solvent. All CVs are of 0.5 mM 
tyrosine in 0.1 M KPi pH 7 and were measured at 0.1 V/s scan rate. 
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5.3.3 CVs with all compounds 

The CVs of tyrosine, TMP, TBP, Tyr-His(trimethyl), Tyr-His(dimethyl), and 

TyrHis(dimethylbutyl), in optimum solvent conditions are summarised in Figure 5-3. 

The CVs of tyrosine showed irreversible electrochemistry at pH 11 and pH 6. The CVs 

of TMP and TBP were reversible and reproducible on successive scans at pH 11. They 

each had peak current ratios of ~1 and peak separation of ~59 mV, consistent with the 

theoretical properties of a reversible reaction [183] that is described in the Methods. 

The oxidation peak potentials (Ep
ox) of TMP and TBP shifted to more positive potentials 

at pH 6, the TMP reaction became irreversible and the TBP reaction exhibited a 

broader oxidation peak. Since alkaline conditions favoured reaction reversibility, CVs of 

the model compounds of Tyr-His were measured at pH 13. Tyr-His(trimethyl) had 

partially reversible electrochemistry; the reduction peak current was smaller than the 

oxidation peak current. Both Tyr-His(dimethyl) and Tyr-His(dimethylbutyl) displayed 

irreversible oxidation and the peak current decreased substantially on successive 

scans. This was most likely due to adsorption of the compound onto the electrode 

surface that meant less electro-active surface area was available. This interpretation 

has been used to explain the same behaviour of decreasing current on successive 

scans observed for tyrosine [226]. Upon oxidation, Tyr-His(dimethylbutyl) produced two 

oxidation peaks, and the second irreversible oxidation peak increased in size with 

successive scans.  
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Figure 5-3. CVs of (A) tyrosine, (B) TMP, (C) TBP, (D) Tyr-His(trimethyl), (E) Tyr-
His(dimethyl) and (F) TyrHis(dimethylbutyl). 
Three consecutive scans were recorded for each measurement the order of scans is labelled as 
1

st
  3

rd
 in each panel. The dashed lines are scans of the blank solvent (A, D and E). For those 

scans where a blank was not measured the baseline was estimated by extrapolation of the 
measured scan. A. 0.5 mM tyrosine was measured in 0.1 M KPi pH 6 (red) and pH 11 (black). 
B. 0.5 mM TBP and C. 0.5 mM TMP were measured in 57 % (v/v) ethanol 0.1 M KPi pH 6 (red) 
and pH 11 (black). 0.2 mM Tyr-His model compounds were measured in 50 % (v/v) propan-2-ol 
20 mM KPi, 500 mM KCl at pH 13. All scans were measured using GC at 0.1 V/s. 



Chapter 5 

142 

5.3.4 Effect of pH 

CV of tyrosine was repeated for a range of pH values to explore the effects of the 

protonation state on its electrochemistry. A plot of Ep
ox versus pH is shown in Figure 

5-4. The Ep
ox values decreased with increasing pH until pH >11. The slope of the linear 

portion of the graph was -55 ±0.4 mV/pH within the pH range of 5 to 11, and is 

consistent with the theoretical -59 mV/pH slope, characteristic of an oxidation event 

that is coupled to a deprotonation event [227,228]. However, for all pHs tested using 

tyrosine, the reaction remained irreversible. In the case of TMP, TBP and 

TyrHis(trimethyl), the nature of the reaction changed as well as the peak position where 

it became irreversible or quasi reversible (TBP) at pH 6. This suggests that the 1 or 2 

electron oxidation of the protonated form, leads to further chemical reaction of the 

oxidised product in such a way that the reaction is no longer reversible [225]. 

 

Figure 5-4. A Ep
ox 

versus pH plot of tyrosine. 
CVs were of 0.5 mM tyrosine prepared in 0.1 M KPi at a range of pH values using GC working 
electrode at 0.1 V/s scan rate. The error is from the linear fit performed on OriginPro8.6. Each 
data point is from a single measurement. 
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5.3.5 Characterising the reaction; 1- or 2-electron oxidation 

The oxidation of TBP at alkaline pH has previously been characterised as a one 

electron transfer [224]. To confirm this, the CV of TBP was compared to that of 

ferrocene methanol. The following equation describes the relationship between peak 

current and number of electrons transferred [183]. 

ip = (2.69x105) n3/2 A D1/2 C v1/2 

ip = peak current (A), n = number of electrons transferred, A = electrode area (cm2), 

D = diffusion coefficient (cm2/s), C = concentration (mol/cm3), and  v = scan rate (V/s). 

Ferrocene methanol is a redox mediator that also undergoes reversible 1-electron 

oxidation. Hence, if also a 1-electron oxidation, the peak current of TBP should be 

approximately equal to that of ferrocene methanol (measured in the same conditions). 

This was the case, confirming prior reports [224] (Figure 5-5B). According to the above 

equation a 2-electron oxidation should give a current 2.8 times larger than ferrocene 

methanol [183]. However, in order to compare values based on peak currents, an 

assumption must be made that the diffusion coefficients are equivalent. Since TBP and 

ferrocene methanol undergo 1-electron oxidation and they shared the same peak 

current values under the same conditions, their diffusion coefficients must therefore be 

similar. Therefore, peak currents of all compounds were compared to that of ferrocene 

methanol assuming that they have the same diffusion coefficients, and this allowed 

their reactions to be characterised as a 1-electron transfer, as expected for stable 

phenoxyl radical formation, or a 2-electron transfer (Figure 5-5). 
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Figure 5-5. Comparison of CVs to 0.5 mM ferrocene methanol.  
CVs of A. 0.5 mM tyrosine, B. 0.5 mM TMP, C. 0.5 mM TBP, D. 0.2 mM Tyr-His(trimethyl), E. 
0.2 mM Tyr-His(dimethyl), and F. 0.2 mM TyrHis(dimethylbutyl) at 0.1 V/s using GC are shown 
in black. The black dashed scan is a measurement in the absence of the compound (blank 
scan). The buffer conditions were the same for each compound as mentioned in Figure 5-3. 
Ferrocene methanol scans are shown in blue and were recorded in the same buffer conditions 
as each compound. The blue dashed scans are of the blank solvent but were measured in the 
same potential range as ferrocene methanol. Peak currents were estimated based on their size 
from an experimentally measured baseline (black dashed scan) or through the extrapolation of 
the scan in the forward or reverse directions (black dashed line). 
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The peak current of tyrosine was 1.9 times larger than that of ferrocene methanol. 

This suggests that a combination of 1- and 2-electron oxidation events was occurring. 

The peak currents of TMP and TBP were equivalent, which indicated a 1-electron 

transfer of TMP oxidation and reduction, as previously confirmed using EPR 

spectroscopy [224]. The oxidation peak current of Tyr-His(trimethyl) (after normalising 

the concentration measured), was 1.5 fold greater than that of ferrocene methanol, a 

combination of 1- and 2-electron oxidation events was occurring. However the 

reduction peak current was smaller than the oxidation peak current suggesting that out 

of the oxidised product, the 1-electron oxidised radical population was stable enough 

for reduction. The oxidation peak current of Tyr-His(dimethyl) was 2.9 times greater 

than that of ferrocene methanol, indicating all of Tyr-His(dimethyl) underwent an 

irreversible 2-electron oxidation. The oxidation peak current of Tyr-His(dimethylbutyl) 

was equal to that of ferrocene methanol, suggesting this compound undergoes a 1-

electron oxidation. However the estimated reduction peak current was 5 fold smaller 

than the oxidation peak current. This suggests the radical formed was unstable and so 

was unavailable for reduction on the reverse scan. 

5.3.6 Effect of scan rate 

CVs of tyrosine (1 V/s and 10 V/s), Tyr-His(trimethyl), Tyr-His(dimethyl), and Tyr-

His(dimethylbutyl) were measured at fast scan rates (2 V/s) (Figure 5-6). These 

indicated whether the irreversible reaction was due to a further chemical reaction of the 

radical species (adsorption and/or polymerisation), that could be prevented by more 

rapid reduction of the initial radical product. CVs of tyrosine showed irreversible 

oxidation, even when the scan rate was increased to 10 V/s, suggesting that any 

secondary reaction after oxidation was very fast. CV of Tyr-His(dimethyl) also showed 

irreversible oxidation at 2 V/s (and at 4 V/s, data not shown). CV of Tyr-His(trimethyl) at 

2 V/s had reversible electrochemistry where the ratio of the peak currents was almost 1 

(0.93). Similarly, the CV of Tyr-His(dimethylbutyl) showed reversible electrochemistry 

where the difference in the size of the oxidation and reduction peak currents, 

decreased from 5 fold at 0.1 V/s, to 1.3 fold at 2 V/s. This suggests that almost all of 

the radical products of Tyr-His(trimethyl) and Tyr-His(dimethylbutyl) could be reduced 

at 2 V/s scan rates. Furthermore, the faster scan rates resulted in a positive shift in Ep
ox 

of all compounds. This is a property of irreversible and quasi-reversible reactions (see 

Methods) where the oxidation reaction at the electrode surface cannot occur fast 

enough to match the applied potential. The reactions with tyrosine and Tyr-

His(dimethyl) were irreversible because the oxidation kinetics were slower than the 

chemical side reaction of the oxidised product. The reactions with Tyr-His(trimethyl) 
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and Tyr-His(dimethylbutyl) were reversible because the oxidation kinetics were still 

slow, but the radical product was sufficiently stable to be available for reduction. 

 

Figure 5-6. Effect of increased scan rate. 
CVs are of A. 0.5 mM tyrosine at 1 V/s and 10 V/s, B. 0.2 mM TyrHis(trimethyl) at 2 V/s, C. 0.2 
mM TyrHis(dimethyl) at 2 V/s, and D. 0.2 mM TyrHis(dimethylbutyl) at 2 V/s. Three consecutive 
scans were measured for each compound. The dashed lines are scans of the blank solvent (A, 
B and D). 

 

The stability of Tyr-His(trimethyl) and Tyr-His(dimethylbutyl) radicals were 

measured in different solvent conditions. To decrease the rates of the side-reactions, 

the effects of solvent viscosity were tested with glycerol:buffer solutions (Figure 5-7). At 

0.1 V/s, this resulted in better defined oxidation and reduction peaks, with shallow 

baseline slopes. However, the ratio of the peak currents remained the same as those 

measured in Figure 5-3. 
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Figure 5-7. Effect of glycerol compared to propan-2-ol. 
CVs of A. 0.2 mM TyrHis(trimethyl) and B. 0.2 mM TyrHis(dimethylbutyl) measured in 50 % (v/v) 
propan-2-ol (black) or 50 % (v/v) glycerol (green) in 20 mM KPi, 500 mM KCl at pH 13 using GC 
electrode and 0.1 V/s scan rate. 
 

5.3.7 Summary of optimal electrochemical conditions 

The midpoint potentials, oxidation/reduction peak potentials, and peak current 

ratios are summarised in Table 5-1. Since TMP, TBP and Tyr-His(trimethyl) displayed 

reversible electrochemistry with a stable enough 1-electron oxidation, these 

compounds were taken forward for combined electrochemistry-IR spectroscopic 

analysis. 

 

Table 5-1. Summary of electrochemical properties of all compounds. 
Table shows the optimal solvent conditions for each compound and, for those compounds 
that exhibited reaction reversibility, the midpoint potentials, peak current ratios and the 
electrons transferred. Midpoint potentials were determined from scans shown in Figure 5-3 
using GC at 0.1 V/s scan rate. 

Compound Solvent Em vs. 
Ag/AgCl 

Ι(i
a

p / i
c

p)Ι 1 or 2 e- 
oxidation 

Reversible 
reaction 

Tyrosine 0.1 M KPi pH 11 - - Combination No 

TMP 
57 % (v/v) ethanol 0.1 
M KPi pH 11 

-0.015 1 1 Yes 

TBP As above +0.12 1.3 1 Yes 

Tyr-His(trimethyl) 

50 % (v/v) propan-2-
ol 20 mM KPi, 500 
mM KCl pH 13 

+0.27 2.14 Combination Yes 

Tyr-His(dimethyl) As above - - 2 No 

Tyr-His 
(dimethylbutyl) 

As above ~0.23 5 1 Mild 
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5.3.8 UV/Visible spectroscopic characterisation 

TyrHis(trimethyl) was characterised using UV/visible spectroscopy. Three 

characteristic absorbance spectra were observed in acid, alkaline and neutral solvent 

(Figure 5-8), consistent with the structure having two protonatable groups, one on the 

phenol group and another on the imidazole group.  

 

Figure 5-8. UV/visible absorbance spectra of TyrHis(trimethyl) in the fully protonated 
(red), intermediate (propan-2-ol), and fully deprotonated states (blue) (230-430nm). 
100 µM TyrHis(trimethyl) was dissolved in propan-2-ol to give the intermediate spectrum (black) 
HCl was added to give the protonated spectrum (red) or KOH was added to give the 
deprotonated spectrum (blue). 

 

The pKa values of the two protonatable sites were determined by pH titration of the 

UV-visible spectra (Figure 5-9A). Plots were made of ‘peak 1’ position vs. pH and of 

‘peak 2’ absorbance intensity vs. pH (Figure 5-9A and B). The Henderson-Hasselbalch 

equation was used to estimate pKa values that were found to be 6.8 ±0.4 and 9.2 ±0.2. 

Errors were determined by fitting the data with pKa values with boundaries that 

accommodated the most scattered data points (Figure 5-9B and C, grey lines). 

 

pH = pKa + log10 (deprotonated/protonated) 

( 10(x- pKa)/ 1+10(x- pKa) ) x range) + offset = y 

 



Chapter 5 

149 

 

Figure 5-9. A. UV/visible absorbance spectra showing a pH titration of TyrHis(trimethyl) 
(230-380 nm). Henderson-Hasselbalch fit on (B) peak 1 position vs. pH and on (C) peak 2 
absorbance intensity vs. pH.  
Errors were determined by fits that covered the furthest point from the best fit (grey). Peak 1 
positions were determined after subtraction of the peak 2 component from the spectrum. 50 µM 
TyrHis(trimethyl) was prepared in 20 mM KPi 500 mM KCl at pH values from pH 2 to 13. 
 

 

The pKa of 6.8 ±0.4 was assigned to the imidazole group and the pKa of 9.2 ±0.2 to 

the phenol group. These transitions are summarised in Figure 5-10.  

 

 

Figure 5-10. Structures of the fully protonated, neutral and fully deprotonated 
TyrHis(trimethyl). 
The pKa of each transition is labelled; the chemical names are also given. 
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5.3.9 IR absorbance spectra of TBP and TMP 

The IR absorbance spectra (1800-1100 cm-1) of protonated and deprotonated TMP 

and protonated TBP are shown in Figure 5-11. The pH sensitive IR bands of TMP are 

highlighted where the methoxy group IR band at 1598 cm-1 shifted to a higher 

frequency, 1650 cm-1 in alkaline conditions. The absorbance spectra are consistent 

with those recorded by Webster, 2003 [224]. 

 

 

Figure 5-11. IR absorbance spectra (1800-1100 cm
-1

) of (A) TMP and (B) TBP.  
0.2 M TMP was recorded in ethanol (black) and in propan-2-ol (red) to give the protonated state 
and in 90 % (v/v) ethanol 0.1 M NaOH to give the deprotonated state. 0.05 M TBP was 
recorded in propan-2-ol (black). 

 

5.3.10 IR absorbance spectra of TyrHis(trimethyl) compared to 

Gaussian predicted spectra 

In comparison to individually recorded phenol and imidazole IR spectra, the IR 

spectrum of TyrHis(trimethyl) may be altered due the structural influence of the 

covalent cross-link between the phenol and imidazole group. Hence, predicted IR 

absolute spectra of each protonation state were calculated using Gaussian03 [167]. 

Initially, the geometry was optimised to give the energy minimised structure of each 

protonation state (Figure 5-12), and then the IR normal vibrational modes were 

computed (Figure 5-13). The majority of the measured peaks were consistent with the 

calculated spectra and so could be assigned to specific normal modes. The calculated 

spectrum of fully deprotonated TyrHis(trimethyl) was the least similar to the measured 

spectrum. This structure has a negative charge that most likely interacts with water 

molecules in the solvent. Therefore, a water molecule was added to the Gaussian-

predicted structure close to the O- group of phenol (Figure 5-12C). The resulting 
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hydrogen bond interaction caused some peak shifts. The most dramatic shift was that 

of the combination band of the C-O- stretch, phenol and imidazole ring structural 

changes from 1525 cm-1 (without water) to 1500 cm-1 (with water). The latter frequency 

was consistent with the measured spectrum. The normal vibrational modes calculated 

with Gaussian were used to make tentative assignments of the measured IR bands 

(Table 5-2). 

 

Figure 5-12. Optimised geometry of TyrHis(trimethyl). 
A. Fully protonated, B. neutral, C. fully deprotonated with water, D. neutral radical. Gaussian 
was used to optimise their structures, their calculated IR absorbance spectra are shown in 
Figure 5-13. The calculated radical IR absorbance spectrum is shown in Figure 5-15. 
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Figure 5-13. Comparison of measured IR absorbance spectra of TyrHis(trimethyl) to 
Gaussian calculated spectra (1800-800 cm

-1
).  

A. fully deprotonated (phenol and imidazole deprotonated, -1 net charge), the peak at 1730 cm
-1

 
is of a water vibrational mode. B. neutral (imidazole deprotonated, 0 net charge), C. fully 
protonated (imidazole protonated, +1 net charge). Samples of measured spectra were prepared 
in 20 mM KPi 500 mM KCl pH 13 to give the deprotonated spectrum and in 100 % propan-2-ol 
and dried onto the IR prism with nitrogen gas for the neutral spectrum and in 500 mM KPi 500 
mM KCl pH 2 for the fully protonated spectrum. Gaussian calculated spectra were determined 
using the B3LYP 6-31g(d) method and an IR frequency scaling factor of 0.9614. IR band 
assignments are summarised in Table 5-2. 
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Table 5-2. Tentative assignment of the IR modes of TyrHis(trimethyl) in the fully protonated, neutral and deprotonated states.  
Band positions are taken from Figure 5-13, assignments were made based on Gaussian normal mode predictions using the B3LYP 6-31g(d) 
method. 

Tentative 
assignment 

Fully protonated Neutral Fully deprotonated 

 
Freq  
(cm

-1
) 

+Associated modes 
Freq 
(cm

-1
) 

+Associated modes 
Freq  
(cm

-1
) 

+Associated modes 

water bend     1732  

Phenol defined 
normal modes 
and associated 
his ring mode  
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5.3.11 Reduced minus oxidised (radical) IR difference spectra 

Figure 5-14 shows the reduced minus radical (oxidised) difference spectra of TMP, 

TBP and TyrHis(trimethyl). In general the positives are of the deprotonated compound 

and negatives are of the oxidised phenoxyl radical. Spectra shown of TMP and TBP 

are an average of 5 and 3 successive redox cycles of the same sample. Although the 

CVs of TyrHis(trimethyl) showed reversible electrochemistry, the sample prepared for 

IR spectroscopy, showed irreversible electrochemistry. This was possibly due to the 

instability of the radical at high concentration that was used for IR spectroscopy (10 

mM) compared to CV (0.2 mM). This might explain why the yield of the induced radical 

was much less (smaller negative IR features) (Figure 5-14, black). The experiment was 

also repeated in 50 % (v/v) glycerol, 20 mM KPi, 500 mM KCl, pH 13, since the CVs 

showed reversible electrochemistry in this solvent. However, the compound had 

irreversible electrochemistry in the IR spectroscopy setup (data not shown). Figure 

5-14 highlights IR bands that are shared across all 3 structures and those that will be 

discussed.  
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Figure 5-14. Reduced minus oxidised IR spectrum of TBP (red), TMP (blue) and 
TyrHis(trimethyl) (black). 
Samples were prepared in 50 % (v/v) propan-2-ol, 20 mM KPi 500 mM KCl, pH 13. TBP (red); -
0.1/+0.4 V reduction/oxidation, spectrum is an average of 3 redox cycles. TMP (blue); -
0.20/+0.15 V reduction/oxidation, average of 5 redox cycles, equilibration times were 5mins in 
each direction. TyrHis(trimethyl) (black) electrochemistry was irreversible, spectrum is an 
average of 10 oxidations at +0.5 V vs. a reduced baseline at -0.5 V of 10 freshly prepared 
samples. Equilibration times were 10 mins. Each spectrum was corrected for propan-2-ol, water 
and water vapour changes. All spectra were normalised to give a 10 mM concentration. 
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5.3.12 Detailed assignment of reduced minus oxidised (radical) 

spectrum of Tyr-His(trimethyl) 

Gaussian calculated IR spectra of the deprotonated TyrHis(trimethyl) and radical 

state of TyrHis(trimethyl) were used to calculate a reduced minus oxidised (radical) IR 

difference spectrum (Figure 5-15). However, the difference spectrum shared little 

resemblance to the measured spectrum. This was most likely due to shifts in the peak 

positions of each calculated absolute spectrum that would impact the IR features 

drastically in the difference spectrum. Hence this spectrum was not used for 

assignment. 

 

Figure 5-15. Comparison of Gaussian calculated and experimentally recorded reduced 
minus oxidised (radical) IR difference spectrum of TyrHis(trimethyl). 
Calculated absolute IR spectra of the deprotonated (grey) and radical (red) are overlaid, their 
difference is shown in blue.  

 

Therefore assignments were based on literature assignments of ground and radical 

states of phenol and imidazole structures [221] and a Tyr-His model compound (1-o-

phenol(acetyl)histidine methyl ester) [222], as well as with the Gaussian predicted 

ground state assignments reported here in Table 5-2. Tentative assignments of the IR 

bands labelled in Figure 5-16 are summarised in Table 5-3, the majority of which agree 

with the literature reports. 
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Figure 5-16. Reduced minus oxidised (radical) IR spectrum of TyrHis(trimethyl). 
Spectrum is redrawn from Figure 5-14. 
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Table 5-3. Tentative assignment of the reduced minus oxidised IR difference spectrum 
of Tyr-His(trimethyl). 
Assignments are made by comparison to literature values [221,222,224] and Gaussian 
predicted assignments. 

Tentative assignments 
Band positions (cm

-1
) 

(+) reduced, (-) oxidised(radical) 

v8b(C-C) (2) v8a(C-C) (3) 1550(-) 
v7a(C-O

.
) 1510(-) 

v19b (2) or his ring mode+3δCH3 1489(-) 

His ring stretch (1) or coupled Tyr+His ring stretches  1474(+)/1457(-) 

v14 +δCH3 (2) or v3+his ring+δ(C
11,12

H3) 1282(+)/1289(-) 
v7b +his ring+3δ(CH3) 1250(+) 
v9a (2) or v18a+his ring and v(C

6
-N

1
) 1173(+)/1163(-) 

δCH3 (2) 
1441(+) 
1420(+)/1425(-) 
1374(-) 

His ring stretch (1) 1301(+)/1314(-) 

His ring stretch (2) or v7a’C-O str (1) or v7b +his ring +3δCH3 1264(+)/1274(-) 

His ring stretch NCN stretching (2) or v15 of tyr 1230(+)/1216(-) 

His ring stretch (2) or Tyr+His ring modes+ δ(CH)+ δ(COH) 1114(+)/1119(-) 

(1) Cappuccio, et al., (2) Berthomieu, et al., (3) Webster, 

 

5.3.13 Perfusion-induced reduced minus oxidised visible and IR 

difference spectra of bovine CcO 

The experimentally generated P intermediate of CcO is referred to as PM [64,65]. 

Before the PM (associated radical) catalytic intermediate of bovine CcO was induced, 

the oxidation state of CcO had to be in the fast CO-reactive oxidised state. In order to 

achieve this, the layer was fully reduced and then reoxidised [229]. Reduced minus 

oxidised visible spectra showed a positive at 605 nm, characteristic of reduced CcO 

[188]; this confirmed that the reaction was complete during reduction and reoxidation 

(Figure 5-17, black trace). A baseline of oxidised CcO was then recorded. The PM state 

was generated by perfusion of aerobic 20 mM KCl 100 mM CHES pH 9.0 that had 

been bubbled for 2 mins with CO gas. After 5 mins, the visible spectra showed the 

reaction was complete due to a positive at 607 nm that is characteristic of the PM state 

(Figure 5-17, red trace) [51,64]. The extinction coefficient for ΔA607-630 of the PM state 

minus oxidised visible spectrum (10.4 mM-1.cm-1), is ~2.5 fold smaller than for ΔA605-621 

of the reduced minus oxidised spectrum (25.7 mM-1.cm-1). Thus based on their relative 

intensities, it was possible to estimate the yield of PM state formed. It was estimated to 

be an average of 75 %. 
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Figure 5-17. Reduced minus oxidised (black) and PM minus oxidised (red) visible 
difference spectra of bovine CcO (520-700 nm).  
Inset shows the full measurable range of 400-700 nm. Spectra were taken simultaneously with 
IR spectra. The protein layer was reduced by perfusion of degassed 100 mM CHES 20 mM KCl 
pH 9.0 with 4 mM sodium dithionite, a baseline was taken, oxidation was induced with aerobic 
buffer without dithionite, to give the oxidised minus reduced difference spectrum that has been 
inverted in the figure (black). A baseline was taken of the oxidised state and the PM state was 
induced by perfusion with the same buffer that had been bubbled with CO gas to give the PM 
minus oxidised difference spectrum (red). 

 

The reduced minus oxidised IR difference spectrum is shown in Figure 5-18 using 

the regular silicon ATR-IR prism to record in the 2000-1000 cm-1 range, and again 

using a diamond ATR-IR prism to record at a lower frequency range of 1800-700 cm-1. 

The spectrum is consistent with the electrochemically-induced reduced minus oxidised 

IR difference spectrum shown in Chapter 3 and literature [104,196,197]. In general the 

spectrum is dominated by redox-induced amide I shifts (primarily C=O bond stretches) 

in the 1690–1600 cm−1 range, which arise from primarily conformational and 

environmental changes in the polypeptide backbone, and changes in the 1550–1500 

cm−1 range that arise from primarily haem and amide II changes. A wide range of 

additional smaller changes in the 1800–1000 cm−1 range arise from individual amino 

acids and the redox cofactors themselves. 
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Figure 5-18. Perfusion-induced reduced minus oxidised IR difference spectra of bovine 
CcO measured using a silicon ATR IR prism (Trace A) and also with using a diamond 
ATR-IR prism (Trace B).   
Transitions between fully reduced and oxidised states were induced by alternating perfusion of 
degassed 100 mM CHES 20 mM KCl pH 9 with 4 mM sodium dithionite for reduction and 
aerobic buffer without sodium dithionite for oxidation. A silicon ATR IR prism was used to record 
in the 2000-1000 cm

-1
 range, spectrum is an average of 4 redox cycles. Diamond ATR IR prism 

was used to record in the 1800-750 cm
-1

 range, spectrum is an average of 18 redox cycles. 
Spectra were normalised based on ΔAII of the absolute spectrum before averaging and 
corrected for pH change, protein layer expansion/contraction, and dithionite contributions by 
iterative subtraction of reference spectra. 

5.3.14 Perfusion-induced PM minus oxidised IR difference spectra of 

bovine CcO 

The PM minus oxidised IR difference spectrum is shown in Figure 5-19. The positive 

IR bands are of the CO/O2 perfusion-induced PM state (CuA
2+, a3+, CuB

2+, a3
4+=O2-) and 

the negative features are of the oxidised state (CuA
2+, a3+, CuB

2+, a3
3+). The spectrum is 

dominated by protein and haem structural changes that arise from the ferric to ferryl 

transition. This includes a ligation state change of haem a3, and changes associated 

with the Tyr-His radical. IR features that could be assigned to an associated tyrosine 

radical species, will be discussed below. 
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Figure 5-19. Perfusion-induced PM minus oxidised IR difference spectrum of bovine CcO 
measured using a silicon ATR IR prism (Trace A) and also with using a diamond ATR-IR 
prism (Trace B).  
The transition from fully oxidised to PM state was perfusion-induced by switching from aerobic 
100 mM CHES pH 9, 20 mM KCl (fully oxidised) to the same buffer that had been bubbled with 
CO gas (PM state). Spectra in both IR ranges (Trace A. silicon ATR IR prism; 2000-1000 cm

-1
 

Trace B. diamond ATR IR prism; 1800-750 cm
-1

) are an average of 4 oxidations of 4 separate 
protein layers. Spectra were normalised based on ΔAII of the absolute spectrum before 
averaging. 
 

5.3.15 Isotope 18O2 to assign 808 cm-1 to Fe4+=O2- stretch 

Resonance Raman spectroscopy has detected a band at 803 cm-1 that has been 

assigned to the Fe4+=O2- stretch in the PM state of bovine CcO. This band downshifted 

by 40 cm-1 when formed with the 18O-isotope [57-59]. Therefore the IR spectrum in the 

low frequency region was measured, as it is where the metal-ligand vibrational modes 

absorb. IR band observed at 808 cm-1 in the 16O2 PM minus oxidised IR difference 

spectrum disappeared in the spectrum measured in the presence of 18O2-isotope 

(Figure 5-20). Hence, the 808 cm-1 band has been tentatively assigned to the Fe4+=O2- 

stretch of the PM intermediate. 
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Figure 5-20. Effect of isotope 
18

O2 on the perfusion-induced PM minus oxidised IR 
difference spectrum of bovine CcO. 
Trace A (1800-750 cm

-1
) is taken from Figure 5-19. Trace B was measured in the same 

conditions as Trace A using a diamond ATR prism, however the oxidation buffer was degassed 
with argon to remove 

16
O2 and was bubbled with 

18
O2. To induce the PM state, the 

18
O2-

containing buffer was bubbled with CO gas. Trace B is from a single experiment (4000 
interferograms vs 1000 interferograms background), the spectrum has been normalised to 
Trace A based on their absolute ΔAII intensity.  
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5.4 Discussion 

Radical forms of amino acids are thought to play key roles in the catalytic 

mechanisms of many types of proteins, including CcO (reviewed in Berthomieu, et al. 

[230]). The experimentally generated P and F intermediates of CcO are designated PM 

[64,65] and F [52,67,68]. Isotope labelling and site-directed mutagenesis of tyrosine 

[108,186], and H/D exchange [186,197,231] has so far enabled tentative assignments 

of IR changes, associated with the experimentally induced O to PM transition in 

bacterial oxidases [186]. Definitive assignmnent of IR bands associated with a tyrosine 

radical species, in a protein spectrum, requires reference spectra of model compounds. 

Model compounds of a cross-linked Tyr-His structure, as well as phenol and imidazole 

structures in their ground state, have provided reference spectra to aid assignment 

[108,232-234]. Photolysis induced radicals of tyrosine, imidazole and Tyr-His model 

compounds have provided reference spectra of their radical state [220-223]. However 

this technique is irreversible and causes large IR baseline distortions. Electrochemistry 

can provide an alternative approach to reversibly induce radicals (provided they are 

stable) at an electrode surface, without the addition of chemical agents or UV 

irradiation [224,225]. When combined with IR spectroscopy, it can allow vibrational 

structural changes to be followed in both directions (reduction and oxidation), and aid in 

the identification of redox sensitive IR bands [112-114]. Such spectra can complement 

the array of UV photolysis induced radical IR reference spectra available in the 

literature [223,230]. 

In this project, Tyr-His model compounds were constructed to mimic the conserved 

structural feature in CcO. The structures were adapted with the aim to give reversible 

electrochemistry, based on the redox active phenol structures; 2,6-di-tert-

butylmethoxyphenol (TMP) and 2,4,6-tri-tert-butylphenol (TBP) [224,225]. To date this 

has not been achieved (2-imidazol-1-yl-4-methylphenol ([233]- supporting information), 

or has been achieved in a phenol-benzimidazole construct [235,236], or in cobalt-

ligated complexes of phenol-imidazole constructs [237], although the cross link was in 

the incorrect position (C6-C7, numbering is based on structures reported here). The aim 

of this project was to use cyclic voltammetry to find the best conditions to form stable 

phenoxyl radicals. The pKa values of the analogue showing the most reversible 

electrochemistry were determined by spectrophotometric titration. The optimised 

electrochemical conditions were combined with ATR-FTIR spectroscopy to record 

reduced minus oxidised (radical) IR difference spectra of the construct. This was 

compared to the difference spectra of TMP and TBP, which have so far been reported 

as absolute spectra [224]. Finally, these spectra of the model compounds were used to 
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make tentative assignments of IR radical bands in the catalytic PM (oxyferryl associated 

radical) intermediate of bovine CcO. 

5.4.1 Cyclic voltammetry 

The structures of each compound are shown in Figure 5-1, and their 

electrochemical properties are summarised in Table 5-1. The irreversible 2 electron 

oxidation of tyrosine and the decrease in magnitude of the current upon successive 

scans, is consistent with published data (see Figure 5-4 and Figure 5-5A) 

[226,228,238]. This has been reported to be due to tyrosine radical polymerisation and 

adsorption to the electrode surface [226], or a 2 electron oxidation coupled to 2 

deprotonations [228,238]. Various phenol structures were investigated as model 

compounds of tyrosine. Phenol, o- /m- /p- cresol [239], bisphenol A [240], and 4-

chlorophenol [241] all give irreversible oxidation peaks. In all of these structures the 

hydroxyl group is exposed. The reaction of a phenol model compound, TBP at alkaline 

pH, has previously been characterised as a 1-electron oxidation by coulometry 

experiments [225,242]. This was later confirmed by EPR spectroscopy of 

electrochemically oxidised samples of TMP and TBP [224]. In each structure, the 

hydroxyl group is protected by butyl groups at the ortho positions and this stabilises the 

radical that is formed after oxidation [218]. The cyclic voltammograms of these 

compounds were reproduced in this report (Figure 5-3B and C) [225]. Consistent with 

literature, TMP and TBP, exhibited reversible 1-electron electrochemistry at alkaline pH 

(Figure 5-5B and C and Table 5-1). 

The structures of Tyr-His compounds were inspired by TMP and TBP, where C2 

(position-2) and/or C4 of the phenol group and C4 of the imidazole, were protected by 

bulky methyl/butyl groups. CVs of Tyr-His(trimethyl) gave the best 1-electron reversible 

electrochemistry, where all sites were protected by methyl groups (Figure 5-3D and 

Figure 5-5D). TyrHis(dimethyl) showed irreversible electrochemistry. In this structure 

the C-2 site was not protected and most likely underwent further side reactions (Figure 

5-3E and Figure 5-5E). Tyr-His(dimethylbutyl) had all sites protected and C2 was 

instead protected by a bulkier butyl group, however this did not further improve the 

stability of the phenoxyl radical and in fact resulted in less reaction reversibility (Figure 

5-3F and Figure 5-5F). 

5.4.2 Visible spectroscopy 

Visible spectroscopy allowed the protonation states and the associated pKa values 

of TyrHis(trimethyl) to be determined (Figure 5-9). The pKa of the imidazole group was 
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6.8 ±0.4 and the pKa of phenol was 9.2 ±0.2 (Figure 5-10). The pKa of the phenol was 

low in comparison to that of free tyrosine (10.1) [222] and was even lower than that of 

TBP (12.19) and TMP (12.15) [243]. This suggests the covalent cross link, rather than 

the bulky groups, is causing the lowering of the pKa. This finding agrees with a similar 

Tyr-His cross-linked model compound (1-o-phenol(acetyl)histidine methyl ester) that 

also has a low pKa of phenol at 8.34 (imidazole pKa 5.56) [222] and another (2-

imidazol-1-yl-4-methylphenol) with a phenolic pKa of 8.6 (imidazole pKa 5.54) [233]. 

The function of the cross link favours the electron density of the phenolate anion to 

become delocalised across two rings. In doing so, it becomes thermodynamically more 

favourable for deprotonation. Furthermore, this cross link is advantageous for CcO, as 

it would lower the pKa of the tyrosine side chain that may favour its proposed role as a 

proton and electron donor in CcO, at physiological pHs [38,214]. 

5.4.3 Assignment of IR absorbance spectra of TyrHis(trimethyl) 

The overall band pattern of measured IR absorbance spectra of the fully protonated 

(imidazole protonated, +1 net charge), neutral (imidazole deprotonated) and fully 

deprotonated (phenol and imidazole deprotonated, -1 net charge) TyrHis(trimethyl) 

compared well with the computed spectra. Tentative assignments are summarised in 

Table 5-2.  

5.4.3.1 Phenol vibrational modes 

Most modes arose from a combination of imidazole and phenol ring vibrational 

modes. However, it was possible to assign some specific bands, that were in similar 

positions to previously reported IR assignments [221], to primarily phenol vibrational 

modes [170]. These include the v8a(CC) mode to 1608 cm-1 in the fully deprotonated 

structure, that shifts to v8b(CC) 1593 cm-1 and v8a(CC) 1632 cm-1 in the neutral and 

fully protonated structures, respectively. v7a(CO) at 1500 cm-1, v9a(δCH) at 1365 cm-1, 

v9b(δCH) at 1322 cm-1, v15 at 1275 cm-1 and v18a(CH) at 1165 cm-1
, in the 

deprotonated structure were also in positions similar to literature assignments of phenol 

[221]. Additional modes equivalent to v15 at 1449 cm-1 and v18a at 1381 cm-1 were 

also observed, and so were v7b(ring mode) at 1265/51 cm-1 and v3(CC + δCH) at 1283 

cm-1. These were not observed in the literature spectra of phenols and may arise from 

the influence of imidazole ring stretches. 

The neutral and fully protonated structures shared the same phenol vibrational 

modes whose positions shifted ±50 cm-1 when imidazole N2 was protonated. These 

include v8b(CC) 1593 cm-1 to 1632 cm-1, v14(vCC + δCH) 1322 cm-1 to 1373 cm-1 and 

v3(CC + δCH) 1367 cm-1 to 1337 cm-1. Modes of v14(vCC + δCH), v19a(CC) at 1509 
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cm-1 and v19b(CC) at 1448 cm-1 are consistent with literature assignments [221]. 

Modes of v15 at 1449 cm-1, v3 at 1367 cm-1 and v19b(CC) at 1261 cm-1 were observed 

as additional modes in the neutral and deprotonated structure. 

5.4.3.2 Imidazole ring modes 

The band at 1143 cm-1 in the fully protonated state, was attributed to a combination 

of an N2C7 ring stretch, C7-H and N2-H bends of protonated imidazole [221]. 1041 cm-1, 

1009 cm-1 band positions of imidazole vibrational modes stayed the same in the neutral 

and deprotonated structures, where 1041 cm-1 is consistent with literature [221]. The 

large band at 1301 cm-1 of the deprotonated structure is a well characterised marker of 

deprotonated imidazole [221,222]. 

5.4.3.3 Combined phenol-imidazole ring modes, C6-N1 crosslink modes 

and others 

Other bands in the 1300-1100 cm-1 region in particular, were attributed to a 

combination of Tyr and His ring modes in the neutral and fully protonated structure that 

could not be assigned to defined phenol vibrational modes and were probably 

influenced by the imidazole ring modes. There were some IR bands that were 

associated with the crosslink C6-N1 stretch as well as ring modes. The 1165 cm-1 of the 

C6-N1 stretch was common in all protonation states and could be used as a marker. 

The large bands at 1547 cm-1 (associated with N2-H bend, ring mode of His and the 

cross-link stretch) and at 1337 cm-1 (assigned to v3, ring mode of His and the cross-link 

stretch) are also observed in the protonated imidazole spectra [221]. Bands at 1301 

cm-1, 1238 cm-1 and 1227 cm-1 were assigned to C-H and C-O-H bending modes in the 

neutral structure. Other bands in the 1400-1300 cm-1 region were attributed to δCH3 

modes [221] and others in the 1240-800 cm-1 region to C-O-H and C-H bends. The 

bands observed at 975 cm-1 in the neutral and deprotonated structures were assigned 

to a combination of phenol ring and δ(C11H3)
 and δ(C12H3) modes. 

5.4.4 Reduced minus radical difference spectra of model 

compounds 

The reduced minus radical IR difference spectra of TBP, TMP and TyrHis(trimethyl) 

are summarised in Figure 5-14. The redox-induced IR bands of TBP and TMP (1700-

1100 cm-1) agreed with the absolute absorbance spectral changes previously reported 

when monitored from the ground state to the oxidised state [224]. Based on literature 

assignments, the troughs at 1572 cm-1 (TBP) and 1592 cm-1 (TMP) have been 

assigned to the v8a(C-C) ring mode and troughs at 1507 cm-1 (TBP) and 1511 cm-1 
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(TMP) have been assigned to v7a(C-O.) mode of a phenoxyl radical [224]. Tentative 

assignments of redox-induced IR bands of TyrHis(trimethyl) are summarised in Table 

5-3. Most importantly, Tyr-His(trimethyl) also displayed two troughs of equivalent 

intensity and band width in the 1600-1500 cm-1 region at 1550 cm-1 and 1510 cm-1 and 

by comparison to TBP and TMP they have also been assigned to v8a(CoCm) and 

v7a(C-O.) modes of a phenoxyl radical, respectively. 

TyrHis(trimethyl) displayed a third IR band upon oxidation that could also provide a 

marker of the cross-linked Tyr-His radical. This was a peak/trough at 1301(+)/1314(-) 

cm-1 and was assigned to a redox linked structural change of the histidine ring when it 

is cross-linked to the phenol group. Photolysis-induced IR difference spectrum of a 

similar model compound of Tyr-His, 1-o-phenol(acetyl)histidine methyl ester has been 

measured [222]. Although there are large baseline distortions, this spectrum also 

displayed an equivalent peak at 1303 cm-1 (ground state) with a less defined peak at 

1322 cm-1 (photolysed radical state). These spectra along with literature spectra can 

aid assignment of a radical species residing on the cross-linked Tyr-His structure in the 

PM (associated radical) minus oxidised IR difference spectra of CcO.  

5.4.5 Assignment of PM minus oxidised IR difference spectrum of 

bovine CcO 

The reduced minus oxidised IR difference spectrum is discussed in Chapter 3 and 

will not be discussed here. The PM minus oxidised IR spectra of P. denitrificans CcO is 

similar to bovine CcO (Figure 5-19) [197]. H/Deuterium exchange has allowed 

assignment of IR bands to protonatable groups. Studies with P. denitrificans CcO have 

enabled detailed assignment of PM minus oxidised IR difference spectra through 

isotope labelling (universally 15N-labelled CcO, 13C6
15N3-histidine labelled CcO, 13C9

15N-

tyrosine-labeled, ring-13C6-tyrosine-labeled, ring-d4-tyrosine-labeled CcO) [186,187]. 

The PM minus oxidised spectrum of bovine CcO is consistent with previously reported 

spectra (Figure 5-19) [166,197], and has better defined peaks. Based on the 

assignment of P. denitrificans CcO, tentative assignments of the PM minus oxidised 

spectrum of bovine CcO are summarised in Table 5-4. 
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Table 5-4. Tentative assignment of PM minus oxidised IR difference spectrum of bovine 
CcO, bands attributed to a tyr-his radical are highlighted.  
Assignments are based on TMP, TBP and TyrHis(trimethyl) reported here and literature 
assignments from [166,186,187,197,222,231]. 

TMP/TBP/TyrHis(trimethyl)  
Reduced minus radical 
Frequency (cm

-1
) 

PM (radical) (+)minus oxidised(-)  
Frequency (cm

-1
) 

Tentative Assignment 

 1749(-)/1740(+)  Glu (Glu242) (vC=O) 
 1682(-)/1665(+)  amide I +haem a3 formyl 
 1648(-)  

 1629(+)  Tyr amide I 

 1611(+) His amide I 

1592(-)(TMP) 
1572(-) (TBP) 
1550(-) (TyrHis) 

1572(+) or 1555(+)  
His-Tyr, possibly neutral 
phenolic radical ring 
v8a(C-C) ring stretch 

 
1547(-)  
 

possibly haem a3 
(formerly assigned 
to C-N bond in His-Tyr) 

 1533(+) ferryl haem a3 

1511(-) (TMP) 
1507(-) (TBP)  
1510(-) (TyrHis) 

1519(+) 

His-Tyr, possibly neutral 
phenolic radical ring 

v7a(C-O
.
) 

 1503(-)  His-Tyr 

 1479(+)  ferryl haem a3 

 1350(-) haem a3 

1314(-) (TyrHis) 1336(+) 
His-Tyr, neutral 
phenolic radical His ring 
stretch 

1301(+) (TyrHis) 1317(-)  His-Tyr 

 1130(+)  His-Tyr 

 1098(-)  His-Tyr 

 
1109(+)/1080(-)  
 

His, possibly proximal 
ligand of haem a3 

 808(+) Fe
4+

=O
2-

 

5.4.6 Bands assigned to Tyr-His in the PM State  

5.4.6.1 CO. stretch of a tyrosine radical 

The positive at 1519(+) cm-1 is observed in bovine, P. denitrificans and Rba. 

sphaeroides (1517 cm-1) CcO and has been assigned to the v7a(C-O
.
) of a neutral 

tyrosine radical, and is in a similar range to the IR bands observed in the model 

compounds. Additional evidence that supports this assignment is that it is unaffected 

by H/D exchange, and tyrosine labelling causes a downshift of this band to 1479-1483 

cm-1 in P. denitrificans CcO [186]. Secondly, this band is absent in the F intermediate of 

bovine and P. denitrificans, a state identical to PM but where the radical is absent 

(CuA
2+, a3+, Fe4+=O2-, CuB

2+) [197]. 
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5.4.6.2 C-C stretch of a tyrosine radical 

The v7a(C-O
.
) mode of a tyrosine radical should be accompanied by a v8a(C-C) 

mode of the phenol ring as observed for TMP, TBP and TyrHis(trimethyl). However, a 

peak of equal intensity was not obvious from the PM minus oxidised difference 

spectrum (Figure 5-19). The positive at 1533 cm-1, also observed in P. denitrificans 

CcO and Rba. sphaeroides CcO, would be a candidate however this peak is present in 

their F intermediates where a radical should not occur, and has been assigned to a 

haem a3 vibrational mode [186,231]. There is also a positive at 1590 cm-1 that is 

consistent with previous bovine IR spectra and has been observed in Rba. sphaeroides 

CcO [231]. This positive in P. denitrificans CcO is unaffected by tyrosine labelling or 

universal 15N labelling and can be ruled out. Furthermore, it is still present in the F 

intermediate of bovine CcO. An alternative candidate is a positive at 1572 cm-1 that has 

been suggested to arise from v8a(C-C), since this peak is lost in the F intermediate and 

is insensitive to H/D exchange in P. denitrificans CcO. Its behaviour in response to 

tyrosine labelling, was not conclusive since the signal was small [186]. The spectrum 

reported here has better signal-to-noise in this region, and as well as the 1572 cm-1 

band, an additional peak at 1555 cm-1 could be assigned to this mode (Figure 5-19). 

Although the signal-to-noise is low in the literature spectra in this region for bovine 

CcO, it is possible that this positive is also lost in the F intermediate of bovine CcO 

[197]. Overall 1572 cm-1 and 1555 cm-1 bands are in the same frequency range as 

those measured with TBP, TMP and TyrHis(trimethyl), and both are possible 

candidates for a C-C ring stretch of the phenol ring (Figure 5-14). 

5.4.6.3 A third IR marker of the Tyr-His radical in CcO 

TyrHis(trimethyl) displayed a third IR band upon oxidation that could also provide a 

marker of the Tyr-His radical in CcO. This was a peak/trough at 1301(+) ground state / 

1314(-) radical cm-1 and this has been assigned to an imidazole ring stretch unique to 

the cross-linked structure in response to radical formation (Figure 5-16; Table 5-3). The 

PM minus oxidised difference spectrum also exhibited a trough/peak at 1317(-) 

oxidised/1336(+) PM cm-1 that has been assigned to the same imidazole ring stretch. 

This is consistent with previous assignment of the trough associated with the oxidised 

state at 1317 cm-1 that was downshifted in labelled-tyrosine and labelled-histidine CcO 

[186]. Although the peak associated with the PM state at 1336 cm-1 was not discussed it 

was also downshifted in labelled-tyrosine and labelled-histidine CcO and altered/shifted 

in the F state [186]. Hence, this feature may provide a third IR marker of the tyrosine 

radical. 
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5.4.7 Other IR features associated with cross-linked Tyr-His 

Similarly, by comparison to P. denitrificans CcO [186], the negative at 1503 cm-1 

(1506 cm-1 P. denitrificans CcO) has been associated with the cross-linked Tyr-His 

structure since it is downshifted in tyrosine-labelled CcO and lost in the F intermediate. 

The peak and trough at 1130(+) cm-1 and 1098(-) cm-1 were assigned to a histidine ring 

stretch of the cross-linked structure and 1109(+)/1080(-) cm-1 to proximal histidine of 

haem a3. This is because the equivalent 1130 cm-1 and 1098 cm-1 IR bands of P. 

denitrificans CcO were altered in response to tyrosine-labelling as well as histidine-

labelling, whereas all four IR features were sensitive to H/D exchange, global 15N- and 

histidine-labelling, consistent with a histidine origin. 

5.4.8 Fe4+=O2- stretch 

The PM minus oxidised IR difference spectrum of bovine CcO, recorded using a 

diamond ATR prism, allowed detection of IR bands in the lower frequency range (1800-

750 cm-1) (Figure 5-19), where the metal-ligand vibrational modes absorb. The 

spectrum was consistent with spectra of bovine CcO measured using a silicon ATR 

prism in the 2000-1000 cm-1 range. Resonance Raman spectroscopy has shown a 

band at 803 cm-1 that has been assigned to the Fe4+=O2- stretch in the PM state of 

bovine CcO. This band downshifted by 40 cm-1 when formed with the 18O-isotope [57-

59]. The IR band observed at 808 cm-1 was also sensitive to 18O, where it disappeared 

and is assumed to have similarly downshifted into a region, where it cannot presently 

be resolved. Hence, it is tentatively assigned to the same Fe4+=O2- bond of the PM 

intermediate (Figure 5-20). This assignment is further supported by its absence in the 

reduced minus oxidised IR difference spectrum. 

5.4.9 Protonation state of tyrosine in oxidised CcO 

pKa of tyrosine in the ground state is ~10, which is lowered to pKa 8-9 in the cross-

linked structure which must favour proton donation in CcO [222,233]. In the radical 

state the pKa is -2 and so it must be deprotonated [217]. The protonation state of 

ground state tyrosine in fully oxidised CcO is still not resolved. The measured IR 

absorbance spectrum of protonated TyrHis(trimethyl), displays a large band at 1547 

cm-1 of protonated TyrHis(trimethyl) (Figure 5-13C) (also observed in a related 

protonated Tyr-His compound (2-imidazole-1-yl-4-methylphenol) [108]. This could be 

attributed to the negative at 1547(-) cm-1 of oxidised CcO. Hence it would suggest 

tyrosine is protonated in oxidised CcO, and becomes deprotonated during the transition 

to PM. However the 1547 cm-1 is insensitive to H/D exchange or to tyrosine- and 

histidine- labelling. Instead it was sensitive to global 15N labelling and therefore 1547(-) 
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cm-1 was assigned to a haem a3 vibrational mode [186,187,197]. The measured IR 

absorbance spectrum of deprotonated TyrHis(trimethyl) displays a large band at 1301 

cm-1 (Figure 5-13A) that is not present in the protonated spectrum (Figure 5-13C). 

Therefore the equivalent 1317(-) cm-1 observed in oxidised CcO may be of 

deprotonated tyrosine that forms the deprotonated tyrosine radical in the PM state. 

Hence, overall, the data reported here suggest tyrosine in the PM minus oxidised IR 

difference spectrum is deprotonated in the oxidised state. This is further supported by 

Gorbikova, et al. [214,244] that have used D channel mutants of P. denitrificans CcO 

and have shown the equivalent 1317 cm-1 (~1308 cm-1) band (also attributed to a 

deprotonated tyrosine) is present in the PR, F, and O states, and not in the FR state or 

PM state. Thus it was proposed that tyrosine was protonated in the FR state, a radical 

in the PM state and deprotonated in the subsequent PR, F, and O states of the natural 

cycle. It was suggested that tyrosine would be reprotonated in the O→E catalytic step 

[214]. 
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5.5 Conclusion 

In conclusion, a Tyr-His model compound has been synthesised to mimic the 

conserved structural feature in CcO. This structure was adapted based on the 

structures of TMP and TBP to give a stable electrochemically induced radical species. 

CV was used to characterise its electrochemical properties and the pKa values (6.8 

±0.4 of imidazole) and (9.2 ±0.2 of phenol) of TyrHis(trimethyl) were determined by 

titration of their UV-visible spectra. IR absolute spectra of fully protonated, neutral and 

fully deprotonated Tyr-His(trimethyl) have been tentatively assigned by comparison to 

IR bands predicted by calculation using Gaussian. Finally, the optimised 

electrochemical conditions to induce a radical on TMP, TBP and TyrHis(trimethyl) were 

combined with ATR-FTIR spectroscopy to record reduced minus oxidised (radical) IR 

difference spectra. Based on literature assignments, the bands at 1592 cm-1 (TMP) and 

1572 cm-1 (TBP), have been assigned to v8a(C-C) and the bands at 1511 cm-1 (TMP) 

and 1507 cm-1 (TBP) to v7a(C-O.) of a phenoxyl radical. By comparison to TMP and 

TBP, the bands at 1550 cm-1 and 1510 cm-1 of TyrHis(trimethyl), were also assigned to 

v8a(C-C) and v7a(C-O.) of a phenoxyl radical, respectively. The peak/trough at 

1301(+)/1314(-) cm-1 was only observed for TyrHis(trimethyl) and has been assigned to 

an imidazole ring stretch. Subsequently, the PM minus oxidised IR spectrum of bovine 

CcO was recorded, and the presence of the PM state was confirmed by in situ 

recording of visible spectra, that are well characterised for the PM state. In doing so 

tentative assignments of possible tyrosine radical bands, in the PM intermediate, have 

been made by comparison to the model compounds (TMP, TBP and TyrHis(trimethyl). 

An IR band at 1572 cm-1 or 1555 cm-1 has been assigned to v8a(C-C), and at 1519 cm-

1 to v7a(C-O.) of a phenoxyl radical of tyrosine in the PM state. 1336 cm-1 has been 

assigned to a histidine ring stretch of the cross-linked Tyr His radical in the PM state. 

The PM minus oxidised IR difference spectrum is also presented in the low frequency 

range for the first time, and a band at 808 cm-1 has been shown to be 18O–sensitive, 

and has therefore been assigned to Fe4+=O2- stretch in the PM state. 
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5.6 Future work 

Assignment of the reduced minus radical IR spectrum of TyrHis(trimethyl) was 

achieved by comparison to TMP and TBP. Definitive assignment of these bands, will 

require repeating the experiment with an isotopically labelled structure of 

TyrHis(trimethyl), for example 13C, where the two bands will be expected to shift. 

It was clear that the reaction of TyrHis(trimethyl) was irreversible when the 

measurement was carried out in the IR spectroscopy setup, and is possibly because of 

the higher concentrations (10 mM) used of this compound, compared to the dilute 

conditions of the cyclic voltammetry measurements (0.2 mM). In order to overcome the 

irreversibility, the structure could be optimised further. It is possible that if a butyl group 

is placed at both 2C and 4C sites of the phenol ring the presence of the bulkier group 

may sterically stabilise/protect the radical, and possibly improve the reaction 

reversibility. 

The electrochemistry-ATR-FTIR setup shown in the methods relied on diffusion of 

the species to and from the electrode surface and the ATR-prism. This factor may be 

another reason for the irreversible reaction observed for TyrHis(trimethyl). This is 

because the radical induced may have been short-lived resulting in a low yield. In 

contrast, in cyclic voltammetry the radical is always measured at the electrode surface. 

To overcome the limitation of time required for diffusion, an alternative ATR setup could 

be used with a boron doped diamond (BDD) ATR prism [245]. Here, a thin layer of 

boron doped diamond conducting material is deposited onto a silicon ATR prism. The 

BDD is optically transparent in the frequency range expected for a phenol radical, and 

so the IR beam would travel through the electrode material, and produce an 

evanescent wave that penetrates into the electrolyte on the top surface. In this way, the 

compound can be oxidised and reduced at the same site as the IR measurement. More 

importantly, it will allow IR spectra of the compound to be taken at the same time as the 

electrochemical reaction. However, preliminary cyclic voltammetry measurements with 

BDD did not detect any oxidation or reduction peaks for this compound. This could be 

due to the solvent conditions or the surface groups of the electrode material. In order to 

use this setup, different solvent conditions could be tested, for example acetonitrile 

containing tetraethylammonium hydroxide to deprotonate the compound and 

tetrabutylammonium hexafluorophosphate as supporting electrolyte. These conditions 

have been used for TBP and TMP with a platinum electrode [224] but they may also be 

compatible with a BDD electrode. 
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6 Possible functions of the H channel in yeast 

cytochrome c oxidase 
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6.1 Introduction 

Subunit I of channel CcO houses the BNC for oxygen reduction and the three 

possible proton pathways (H, D and K channels) (Figure 6-1, green residues). The 

pathways are composed of a hydrogen bonded network of hydrophilic amino acids and 

water molecules. There is good evidence from mutagenesis studies in bacterial CcOs 

that the D channel, which is well conserved in mitochondrial and bacterial CcOs, 

provides the route for all translocated protons (reviewed by Rich, P. R. and Maréchal, 

A. 2013 [78]). However, the pathway for translocated protons in mitochondrial CcOs 

remains more controversial. This is because X ray crystallographic data of bovine CcO 

have revealed a third pathway of hydrophilic residues termed the H channel [38-40]. In 

contrast to the more limited structure in bacterial CcOs, it provides a more extensive 

hydrophilic pathway throughout the entire bovine CcO structure, from the matrix side to 

the IMS. In particular, mutagenesis of this extensive hydrophilic H channel in a 

human/bovine hybrid CcO, has given support to the proposal that this channel provides 

the route for translocated protons, at least in mammalian CcOs (reviewed by 

Yoshikawa, et al. [87]). With this observation, a model based on redox-linked X ray 

structural changes has been proposed for mammalian CcOs [38], where the H channel 

provides the route for proton translocation rather than the D channel [87]. This H is also 

evident in a predicted structural model of yeast (Saccharomyces cerevisiae) 

mitochondrial CcO [41]. This is shown in Figure 6-1(-white residues) and its possible 

role as a proton channel or, alternatively, as a dielectric channel [78] is now being 

addressed by mutagenesis studies [118]. 
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Figure 6-1. The D, K and H Channels of bovine CcO and of the homology model of yeast 
CcO are overlaid. 
The pathways of bovine CcO (PDB:2Y69) are shown in green and yeast CcO are shown in 
white. Homology model of yeast CcO is taken and adapted from [41]. The labelled residues are 
of yeast CcO and indicate mutated positions that have been studied in this chapter. 
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6.2 Aims 

Our collaborator and yeast geneticist Dr Brigitte Meunier (Gif, France) can 

successfully introduce mutations into the mitochondrially-encoded subunits of yeast 

CcO, including subunit I [118]. Therefore, through mutagenesis yeast CcO can now be 

used as a model system, to analyse various proposed mechanisms of mitochondrial 

CcOs [41,118]. The aim of this project was to develop a protocol to reconstitute yeast 

WT CcO into liposomes, so that its proton translocation activity could be quantitatively 

assayed, in single point H channel mutants and also in the extreme 4H mutant 

(Q411L/Q413L/S458A/S455A). This allowed the possible role of the H channel as a 

proton translocating pathway in yeast mitochondrial CcO to be investigated. In order to 

facilitate this, a protocol was required to reconstitute yeast CcO into phospholipid 

vesicles. To develop the protocol, it was optimised with bovine CcO since its coupling 

efficiency has already been extensively studied in reconstituted vesicles (COVs) [178-

180,246]. 
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6.3 Results 

6.3.1 Optimisation of assay conditions; WT yeast mitos 

Yeast mitochondrial membranes (mitos) were prepared as described in section 2.4. 

Turnover numbers of wild type (WT) yeast mitochondrial membranes (mitos) were 

measured to find the optimal conditions for enzyme activity of yeast CcO (Figure 6-2). 

The protein content in the mitos preparations for these strains was not determined and 

so the rates and Vmax values could not be expressed as e.s-1.mg-1 protein and have 

therefore been expressed in terms of the number of electrons transferred from cyt c per 

second per CcO (e.s-1.CcO-1). CcO content was determined by measurement of 

reduced minus oxidised visible difference spectra as described in section 2.6. Figure 

6-2A shows that the optimal pH for enzyme activity was pH 6.6. At this pH the optimal 

DDM concentration was 0.05 % (w/v), where the turnover number increased ~1.5-2 

fold at concentrations greater than 0.025 % (w/v) (Figure 6-2B). 50 mM KCl was the 

optimal ionic strength (Figure 6-2C). The error bars in Figure 6-2A, B and C. indication 

repeats using the same mitos sample. Under these optimal assay conditions, the Vmax 

and apparent Km values for horse heart cyt c (substrate) were determined. Values 

derived from a non-linear fit to a Michaelis-Menten plot were 1894 ±27 e.s-1.CcO-1 and 

15.3 ±0.6 µM cyt c, respectively (Figure 6-2D). The errors associated with Vmax and 

apparent Km are standard errors of the mean given by the curve fitting tool on 

OriginPro8.6.  
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Figure 6-2. Optimisation of WT yeast CcO activity in mitos preparations. 
A. Effect of pH. B. effect of detergent (DDM), C. effect of ionic strength [KCl], D. Michaelis-
menten plot showing effect of cyt c. Turnover numbers were measured using an oxygen 
electrode assay at 25 

o
C. A. The reaction vessel contained, 40 µM TMPD, 50 µM horse heart 

cyt c, mitos containing 1-3 nM CcO, 0.05 % (w/v) DDM, 50 mM KCl and 10 mM KPi at various 
pHs. The reaction was initiated with 2 mM sodium ascorbate. B. At the optimum pH 6.60, the 
DDM concentration was varied, C. at optimum pH 6.6 and 0.05 % DDM, the [KCl] was varied, D. 
at optimum pH 6.6, 0.05 % DDM and 50 mM KCl, the cyt c concentration was varied. Non-linear 
regression analysis was performed using the Michaelis-Menten equation to determine the Vmax 
and apparent Km. Error bars represent repeats from 2 to 3 assays. 
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6.3.2 Comparison of activity profiles of WT and H channel mutants 

The bc1 content across strains remained fairly constant at 0.76-1.18 nmoles bc1.mg-

1 and so the amount of CcO present in the mitos preparations was expressed as a ratio 

of CcO to bc1. CcO and bc1 contents were determined from reduced minus oxidised 

visible difference spectra using Δε of 26 mM-1.cm-1 at ΔA605-621 for CcO and Δε of 28 

mM-1.cm-1 at ΔA562-578 for bc1. The ratio of CcO:bc1 (0.25:1) was the same for Q411L 

and S458A mutants as WT. However it was ~5 times less for the 4H mutant (~0.05:1). 

The activity profiles of these mutants were compared to WT mitos in Figure 6-3. 

Initially, turnover numbers of CcO in WT, Q411L, 4H mutant and S458A mitos were 

measured at various pHs (Figure 6-3A). Overall the H channel mutants had a greater 

activity than WT CcO mitos. The most optimal pH of WT, Q411L, S485A and 4H 

mutant mitos was pH 6.6, and was taken forward to test the other factors (ionic 

strength and cyt c concentration). At pH 6.6, 50 mM KCl was the optimal concentration 

for WT, Q411L and S458A. The 4H mutant was more active at 40 mM KCl or less 

(Figure 6-3B). The activity profile at KCl concentrations below 40 mM remained 

constant for all H channel mutants, whereas it decreased substantially at 20 mM KCl 

for WT mitos. Michaelis-Menten plots were determined using horse heart cyt c at pH 

6.6 and 50 mM KCl (or 40 mM KCl for the 4H mutant) (Figure 6-3C). Table 6-1 

summarises the Vmax and apparent Km values. All H channel mutants had a greater 

Vmax than WT. The apparent Km value of Q411L (24.6 ±2.9 µM) and S458A (19.8 ±4.1 

µM) was greater than WT (15.3 ±0.6 µM). Interestingly the 4H mutant (7.9 ±0.4 µM) 

had a 2 fold smaller Km than WT.  
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Figure 6-3. Comparison of activity profiles of WT and H channel mutants. 
A. Effect of pH, B. effect of ionic strength [KCl], C. Michaelis-Menten plot showing effect of cyt c. 
Turnover numbers were measured using an oxygen electrode assay at 25 

o
C. A. The reaction 

vessel contained, 40 µM TMPD, 50 µM horse heart cyt c, mitos containing 1-3 nM CcO, 0.05 % 
(w/v) DDM, 50 mM KCl and 10 mM KPi at various pHs. The reaction was initiated with 2 mM 
sodium ascorbate, B. at the optimum pH 6.6, the [KCl] was varied, C. at optimum pH 6.6 and 50 
mM KCl (40 mM KCl for 4H mutant), the cyt c concentration was varied. Non-linear regression 
analysis was performed using the Michaelis-Menten equation to determine the Vmax and 
apparent Km. Error bars represent repeats from 2 to 3 assays using the same mitos preparation. 
 
 
 

Table 6-1. Summary table of Vmax and apparent Km of WT, Q411L, 4H mutant, 
and S458A yeast mitos.  
Optimal reaction buffer was 10 mM KPi pH 6.6, 50 mM KCl 0.05 % (w/v) DDM, (for 
the 4H mutant 40 mM KCl was used). Non-linear regression analysis was 
performed using the Michaelis-Menten equation to determine the Vmax and 
apparent Km. Standard errors and R-squared values are given. 

Mitos Vmax (e.s
-1

.CcO
-1

) Km (µM) R-squared 

WT 1894 ±27 15.3 ±0.6 0.99883 

Q411L 2391 ±122 24.6 ±2.9 0.99257 

4H mutant 2073 ±55 7.9 ±0.4 0.99815 
S458A 2112 ±178 19.8 ±4.1 0.97253 
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6.3.3 H+/e- stoichiometry assay in coupled bovine COVs 

In order to determine the H+/e- stoichiometry of bovine CcO the purified enzyme 

was reconstituted into vesicles following the exact protocol described in Section 2.21 of 

the Methods. The respiratory control ratio RCR provided a facile means of estimating 

how well the CcO had incorporated into the membranes, and how intact the lipid 

vesicles were after reconstitution. The intactness could be compromised, for example, 

by residual detergent causing liposomes to become ‘leaky’ to protons, or by CcO not 

incorporating correctly in the membranes. In well-coupled COVs, CcO activity is slowed 

down by the PMF that is generated across the vesicle bilayer by enzymatic turnover. 

Removal of the PMF by uncoupling stimulates the rate and provides an indication of 

the COVs quality. The RCR is a ratio of the turnover number (e.s-1.CcO-1) in the 

presence CCCP, divided by the turnover number without uncoupler. When added to 

COVs, CCCP equilibrates the proton concentration and charge gradient across the 

membrane, and so, increases the CcO turnover number which is no longer rate-limited 

by the PMF. The turnover numbers were determined using the oxygen electrode assay 

as described in Section 2.21.2 of the Methods.  

The Bovine CcO reconstituted into phospholipid vesicles, showed respiratory 

control ratio (RCR) values that ranged from 2 to 10, dependent on the purified enzyme 

preparation used. The addition of 0.05 % (w/v) DDM solubilised the vesicle 

membranes, and caused approximate 2 fold stimulation in turnover number, suggesting 

that 50 % of CcO was incorporated with the cyt c binding site facing outwards, and 50 

% facing inwards. 

The H+/e- stoichiometry assay of bovine COVs was performed using a dual 

wavelength spectrophotometer. Figure 6-4 shows the proton translocation activity of 

bovine COVs when 1.35 µM horse heart cyt c2+ was added to 0.5 µM CcO in COVs, 

which was sufficient to induce, on average, one full catalytic turnover of each CcO with 

its cyt c binding site facing outwards. This cyt c addition resulted in an immediate 

acidification of the medium as a result of proton pumping, and was measured as a 

decrease in absorbance of the pH indicator dye, phenol red. This phase was followed 

by an alkalinisation phase, this was due to the re-entry and equilibration of protons into 

the interior of the vesicles where alkalisation had occurred from proton pumping, and 

from the net consumption of four protons per O2 reduced to water. The H+ inflow had a 

typical rate constant of 0.043 s-1. The proton to electron stoichiometry was determined 

by comparison of the total extent of acidification in the initial phase, to the absorbance 

change caused by a calibrating acid pulse. The H+/e- stoichiometry was 0.91 ±0.07. 
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Figure 6-4. External H
+
 concentration changes in response to the proton pumping activity 

of bovine COVs induced by 1.35 µM cyt c
2+

. 
160 µL of COVs were added to give a final concentration of 0.5 µM CcO to 1440 µL of 50 µM 
phenol red (pH indicator dye), 44.6 mM KCl, 43.4 mM sucrose, followed by 10 µg/mL carbonic 
anhydrase (1.6 µL), 10 µM valinomycin (10.7 µL) and 1 nM CCCP (1.6 µL). pH was adjusted to 
pH 7.4 as mentioned in the methods, the reaction was initiated with 1.35 µM horse heart cyt c

2+ 

(1.5 µL) as indicated. Absorbance changes of phenol red were measured at ΔA556.5-504.0 and 
converted to [H

+
] changes using a calibrating 1 µM acid pulse. The reaction was carried out at 

14 
o
C. 
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6.3.4 Proton to electron stoichiometry assay in uncoupled bovine 

COVs 

CCCP is a proton ionophore that collapses any protonmotive force by rapidly 

equilibrating the H+ concentration inside and outside the vesicles. Figure 6-5 shows the 

immediate proton consumption for water formation in response to a pulse of 1.35 µM 

cyt c2+ to bovine COVs, that were uncoupled with 2.5 µM CCCP. The size of the 

alkalinisation was equivalent to 1 ±0.1 H+ per electron. 

 

Figure 6-5. External H
+
 concentration changes in response to the addition of cyt c

2+ 
to 

uncoupled bovine COVs. 
Bovine COVs were uncoupled by the addition of 2.5 µM CCCP (4 µL) in the same cuvette as 
Figure 6-4. The baseline was allowed to stabilise and the pH was adjusted to pH 7.4. 1.35 µM 
horse heart cyt c

2+ 
(1.5 µL) was added at the time indicated. The size of a calibrating 1.35 µM 

acid pulse after addition of 2.5 µM CCCP is also shown. Absorbance changes of phenol red 
were measured at ΔA556.5-504.0 and converted to [H

+
] changes using a calibrating 1 µM acid 

pulse. Reaction was carried out at 14 
o
C. 
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6.3.5 Reconstitution of purified yeast CcO into phospholipid vesicles 

It has not yet been possible to generate yeast WT COVs that were as tightly 

coupled as the bovine COVs when using the same protocol; the highest RCR value 

measured was very low (~1.2). The addition of 0.05 % (w/v) DDM to uncoupled COVs 

had no effect on the turnover activity, and in some cases it caused the activity to 

decrease. Nevertheless, the H+/e- stoichiometry assay was carried out. However, the 

traces following a cyt c2+ pulse, gave the same result as that of uncoupled COVs 

(immediate alkalinisation), with a 1 H+ consumed per electron stoichiometry (data not 

shown). 

Hence, changes were made to the protocol that was used for bovine CcO 

reconstitution that is described in Section 2.21 to generate coupled yeast WT COVs. 

These conditions and the resulting RCR values are summarised in Table 6-2. Purified 

yeast CcO was prepared in 50 mM KPi, 250 mM NaCl, 0.01 % (w/v) DDM pH 8.0. The 

lipid composition was altered from all lecithin to 1:4 (w/w) ratio of cardiolipin to lecithin 

because cardiolipin is a mitochondrial inner membrane lipid. The pH of the entire 

reconstitution procedure was lowered from pH 7.4 to pH 6.9, which was near the 

optimum turnover activity. The enzyme to lipid ratio was halved to give 0.095 nmole 

CcO/mg of lipid. The divalent cation, Mg2+, was added to the enzyme/lipid preparation 

before dialysis, and to all the dialysis buffers at 10 mM MgCl2 [247]. Octyl glucoside 

(>99.5 %, Melford Laboratories Ltd, UK) detergent was tested instead of potassium 

cholate for promoting the association of CcO with the liposomes. Since the RCR of 

bovine CcO was variable across 5 different enzyme preparations, the effect of using 

different enzyme preparations was also tested. Hence, further WT yeast CcO 

preparations that had been purified in the presence of lipids, or in the presence of 

digitonin, instead of DDM were also tested, as was a 4H mutant CcO preparation (see 

below). The condition that gave the highest RCR was with digitonin-purified WT CcO 

with 3.9 pmole CcO/mg lecithin and extended dialysis times, and with all other 

conditions for reconstitution the same as for bovine CcO reconstitution. Larger volume 

preparations were also necessary for better coupling. An RCR of ~1.4 was achieved 

with WT CcO, but proton pumping experiments still showed the behaviour of uncoupled 

COVs. 



Chapter 6 

186 

Table 6-2. Summary of conditions for membrane reconstitution of yeast CcO (WT and 4Hmutant).  
RCR repeats represent COVs that were prepared more than once. Abbreviations are; OG, octyl glucoside, w/o, without, PC, phosphatidylcholine, PI 
phosphatidylinositol, PE, phosphatidylethanolamine. 

Dialysis protocol Condition tested Details RCR 

Fast dialysis protocol. 
The protocol that was used 
for bovine CcO; 2x1.5 h 250 
mL 75 mM HEPES pH 7.4, 
14 mM KCl, 0.1 % cholate, 
2x1.5 h same buffer w/o 
cholate overnight, 500 mL 
0.5 mM HEPES pH 7.4, 44.6 
mM KCl, 43.4 mM sucrose 
overnight. 
 

Effect of cardiolipin 40 mg/mL lecithin, 2 % (w/v) K
+
 cholate 1.21, 1.15, 1, 1 

1:4 cardiolipin:lecithin (20 % w/w cardiolipin) No coupling 

Effect of pH, 
20% w/w cardiolipin 

pH 7.4 No coupling 

pH 6.9 No coupling 

Effect of CcO:lipid ratio, pH 7.4, 20 
%(w/w) cardiolipin 

0.19 nmole CcO/mg of lipid No coupling 

0.095 nmole CcO/mg of lipid No coupling 

Effect of Mg
2+

, pH 7.4, 20 % (w/w) 
cardiolipin 

10 mM MgCl2 1.21, 1.15 

w/o MgCl2 No coupling 

Effect of OG, pH 7.4, 20 % (w/w) cardiolipin 10 mM MgCl2 2 % OG 1.04 

10 mM  MgCl2, 2 % K
+
 cholate 1.21, 1.15 

w/o 10 mM MgCl2, 2 % OG 1.16 

Effect of 4H mutant  preparation, pH 7.4, 
20 % (w/w) cardiolipin, 10 mM MgCl2 

4H mutant, 2 % K
+
 cholate  1.51, 1.40, 1.81 

Prolonged dialysis 
protocol 
Dialysis was 3 h 500 mL 75 
mM HEPES pH 7.4, 14 mM 
KCl, 0.1 % cholate,  
1x500 mL same buffer w/o 
cholate overnight, 1x6 h 500 
mL same buffer all day, 
1x 1 L 0.5 mM HEPES pH 
7.4, 44.6 mM KCl, 43.4 mM 
sucrose overnight 

Effect of 
different 
yeast CcO 
preparations, 
pH 7.4 

Yeast WT CcO purified in the absence of lipids All the above 

Yeast WT CcO presence of lipids (1:1:1) PC, PE, PI. COVs were prepared with 20 % 
w/w cardiolipin, 10 mM MgCl2 2 % K

+
 cholate. (USED FAST DIALYSIS) 

1.21, 1.18 

WT CcO purified by FPLC in the absence of lipids, used fraction collected after passing 
through Ni Column. COVs prepared with 40 mg/mL lecithin, w/o MgCl2, 2 % K

+
 cholate 

1.26 

Purified using FPLC absence of lipids, fraction collected after passing through Ni column 
and gel filtration. COVs prepared with 40 mg/mL lecithin, w/o MgCl2, 2 % K

+
 cholate 

1.18, 1.30, 1.33 

Using 1 % digitonin solubilised WT mitos. COVs were prepared with 40 mg/mL lecithin, 
w/o MgCl2, 2 % K

+
 cholate 

1.40 

Purified in the presence of 0.01 % (w/v) digitonin instead of 0.05 % (w/v) DDM using 
fraction collected after Ni column. COVs were prepared with 40 mg/mL lecithin, w/o 
MgCl2, 2 % K

+
 cholate 

1.44 
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An observation worth noting was that the profiles of a calibrating acid pulse before 

and after CCCP addition were different. This is shown in Figure 6-6 for a blank COVs 

preparation (as a control), and for yeast COVs that exhibited an RCR of 1.4, and that 

were prepared using CcO that was purified in the presence of digitonin. An acid pulse 

in a low background concentration of CCCP, resulted in an acidification followed by an 

alkalinisation phase, this was due to the equilibration of protons into the interior of the 

vesicles until the pH had stabilised. In the presence of high [CCCP], the vesicles were 

uncoupled and the acid pulse equilibrated rapidly inside and outside the vesicles to the 

same final extent. By comparison to the blank COVs this evidence suggests that intact 

liposomes were indeed present, and that the method used to form liposomes worked 

well. Therefore the low RCR values obtained of yeast CcO and the subsequent 

absence of proton pumping, suggests that CcO did not fully incorporate into the 

liposomes. 

 

 

Figure 6-6. Comparison of HCl pulses in coupled and uncoupled vesicles prepared in the 
(A) absence of CcO and (B) presence of yeast CcO. 
A. 464 µL blank COVs in 2 mL of 50 µM phenol red, 44.6 mM KCl, 43.4 mM sucrose, 10 µg/mL 
carbonic anhydrase, 10 µM valinomycin and 10.5 nM CCCP. pH was adjusted to pH 7.4 and 
temperature was set to 25 

o
C. A pulse of 1 µM HCl was added (black trace). Once baseline had 

stabilised the blank COVs were uncoupled with 5 µM CCCP and the acid pulse was repeated 
(red trace). B. 150 µL of WT yeast COVs (RCR of 1.4) in 1.6 mL of the same buffer but with 4 
nM background CCCP. A pulse of 2 µM HCl was added (black trace). The yeast COVs were 
uncoupled with 5 µM CCCP and the acid pulse was repeated (red). Absorbance changes of 
phenol red were measured at ΔA556.5-504.0. 
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6.3.6 H+/e- stoichiometry assay in coupled 4H mutant COVs 

Mitos of the 4H mutant were solubilised with DDM and 4H mutant CcO was purified 

in the presence of DDM using the standard purification conditions [118]. 4H mutant 

COVs were then prepared in the same way as bovine COVs but with the following 

changes; a 1:4 (w/w) ratio of cardiolipin to lecithin and the presence of 10 mM MgCl2 in 

the COVs preparation and in the dialysis buffer at pH 7.4. Since the purification yield 

was low for the 4H mutant, the ratio of enzyme to lipid was also lowered to 6.6 pmole 

CcO/mg. The COVs produced under these conditions, gave a slightly higher RCR 

value (1.8-1.2) than the WT CcO COVs (1.2). When 0.05 % (w/v) DDM was added to 

uncoupled 4H mutant COVs, there was no further stimulation in turnover number, 

suggesting that this mutant CcO was incorporated with 100 % of its binding site facing 

outwards. 

Figure 6-7 shows the proton translocation activity when 2 µM horse heart cyt c2+ 

was added to 0.08 µM CcO in COVs. This would induce an average of ~6 turnovers of 

CcO from a single pulse of cyt c, instead of 1 turnover that was induced with the bovine 

COVs. The number of turnovers had to be high to give large enough pH changes and, 

therefore, a greater signal:noise for the proton measurement. This is because the 

[CcO] was low in the 4H mutant COVs (0.08 µM) compared to bovine COVs (0.5 µM). 

Cyt c addition resulted in an acidification phase (proton pumping), which was smaller 

than the size of the subsequent alkalisation. However, the low RCR in the case of the 

4H mutant COVs suggests that the vesicles are poorly coupled since some pumping 

was observed. As a result, the rate of influx of protons into the interior of the vesicles is 

so rapid that it overlaps with the proton extrusion, and decreases its extent. Hence, the 

coupling ratio based purely on maximum extent of H+ extrusion (0.2 ±0.1 H+/e-) will be 

an underestimate of the true value.  
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Figure 6-7. External H
+
 concentration changes in response to the proton pumping activity 

and proton re-entry of 4H Mutant COVs induced by 2 µM cyt c
2+

. 
500 µL of COVs were added to give a final concentration of 0.08 µM to 1063 µL of 50 µM 
phenol red, 44.6 mM KCl, 43.4 mM sucrose, followed by 10 µg/mL carbonic anhydrase (1.6 µL), 
28.6 µM valinomycin (30.5 µL) and 2.7 nM CCCP (4.57 µL). pH was adjusted to pH 7.4 as 
mentioned in the methods, the reaction was initiated with 2 µM horse heart cyt c

2+ 
(1.56 µL) as 

indicated. Absorbance changes of phenol red were measured at ΔA556.5-504.0 and converted to 
[H

+
] changes using a calibrating 1 µM acid pulse. The reaction was carried out at 14 

o
C. 
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6.3.7 Proton to electron stoichiometry assay in uncoupled 4H mutant 

COVs 

The 4H mutant COVs were uncoupled with 2.5 µM CCCP. Figure 6-8 shows the 

immediate proton consumption by 4H mutant for water formation that was initiated by a 

pulse of 2 µM cyt c2+. The extent of the alkalinisation was equivalent to 1 ±0.1 H+ 

consumed per electron. 

 

Figure 6-8. External H
+
 concentration changes in response to the addition of cyt c

2+ 
to 

uncoupled 4H mutant COVs.  
4H mutant COVs were uncoupled by the addition of 2.5 µM CCCP (4 µL) in the same cuvette as 
Figure 6-7. The baseline was allowed to stabilise and the pH was adjusted to pH 7.4. 2 µM cyt 
c

2+ 
(1.56 µL) was added at the time indicated. Absorbance changes of phenol red were 

measured at ΔA556.5-504.0 and converted to [H
+
] changes using a calibrating 1 µM acid pulse that 

was made after the addition of 2.5 µM CCCP. Reaction was carried out at 14 
o
C. 
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6.3.8 Iterative fit to estimate H+/e- stoichiometry 

Since the proton influx rate was too rapid to allow H+/e- to be measured from the 

total extent of acidification, an alternative approach to calculate the H+/e- stoichiometry 

was used. The measured rate constants of cyt c2+ oxidation (see Figure 6-9), and of 

proton re-entry into vesicles, can be combined with different assumed proton pumping 

stoichiometries, to generate iteratively a best fit to the proton extrusion data. See 

Appendix 1.2 for how this fit was calculated. Cyt c2+ oxidation was measured by 

selecting two wavelengths (ΔA549.0-566.0) for absorbance changes of cyt c that did not 

have interference from phenol red absorbance changes. Figure 6-9 shows a typical 

profile of cyt c oxidation by 4H mutant COVs, which had a rate constant of 1.2 sec-1. 

 

Figure 6-9. Absorbance change (ΔA549.0-566.0) of cyt c
2+

 oxidation in response to the 
addition of 1.35 µM cyt c

2+ 
to coupled 4H mutant COVs. 

1.35 µM cyt c
2+

 was added to the cuvette in the same experiment shown in Figure 6-7 before 
the COVs were uncoupled with CCCP. A single exponential curve (red) was fitted to estimate 
the initial oxidation rate of cyt c. 
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Figure 6-10 and Figure 6-11 show the best fits to the measured proton pumping 

data of bovine COVs and 4H mutant COVs. H+/e- stoichiometries were estimated as 

1.0 ±0.1 for bovine COVs and 1 ±0.07 H+/e- for 4H mutant COVs. Errors represent a fit 

that is ±10 % of the measured value of the total extent of acidification. 

 

Figure 6-10. Iterative best fit to the measured proton pumping activity and re-uptake of 
bovine COVs induced by horse heart cyt c

2+
. 

Data was taken from Figure 6-4.  

 

Figure 6-11. Iterative best fit to the measured proton pumping activity and re-uptake of 
4H mutant COVs induced by horse heart cyt c

2+
. 

Data was taken from Figure 6-7.  
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6.4 Discussion 

The aim of this project was to establish whether the H channel functions as a route 

for translocated protons in yeast mitochondrial CcO. In order to assess this, a protocol 

to reconstitute yeast CcO into liposomes was necessary. As a control, it was firstly 

optimised using bovine CcO for which the dialysis protocol is well established [178-

180]. The stoichiometries were compared with those of a yeast CcO H channel mutant, 

the 4H mutant (with 4 mutations, S455A/S458A/Q413L/Q411L, along its H channel). 

6.4.1 Bovine CcO membrane reconstitution and H+/e- stoichiometry  

The dialysis protocol successfully produced bovine COVs with RCR values of 6 -10 

that were stable for approximately 1 week, at 4 oC, after which the RCR dropped to 

approx. 2.7, which was still enough to make a stoichiometry measurement. The 

percentage of CcO orientated with their cyt c binding sites facing outward was 50 %, 

which was lower than that expected when using the cholate dialysis protocol (75-100 

%) [248-250]. The orientation of CcO would anyway not affect measurements as the 

added cyt c can only bind and be oxidised by the ‘right side out’ CcOs, which have an 

accessible cyt c site. The stoichiometry of proton extrusion by bovine COVs was 

measured to be 1.0 ±0.1 H+/e- (Figure 6-10), which is consistent with literature values 

[178,249,251,252], and uncoupled COVs gave a ratio of 1 ±0.1 H+ consumed per 

electron (Figure 6-5). These values confirm that, for every electron received at the 

BNC, one proton is translocated and another proton is consumed, consistent with the 

overall value for reduction of oxygen to water from the reaction;-  

 

4 cyt c2+ (IMS) + O2 + 8 H+ (matrix) → 4 cyt c3+(IMS) + 2 H2O + 4 H+ (IMS) 

6.4.2 Yeast CcO membrane reconstitution 

To date when membrane reconstitution of yeast CcO has been reported, neither 

RCR values nor their H+/e- stoichiometries have been provided [253]. The RCR value is 

an accurate measure of the quality of the COVs in terms of incorporation of CcO, and 

tightness to protons. The RCR value of WT yeast COVs was never greater than 1.4, 

which indicated poorly coupled COVs or poor CcO incorporation. A list of all conditions 

tested to optimise the reconstitution procedure of the yeast COVs, is given in Table 

6-2. It is possible that the 0.05 % (w/v) DDM used for the yeast CcO preparation was 

not completely removed with dialysis, and prevented the assembly of intact vesicles, 

because this detergent has a low critical micelle concentration (CMC) of 0.009 % (w/v). 

Therefore at 0.05 % (w/v) DDM, it would form large detergent micelles (76 kDa [254]) 
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that would exceed the cut-off limit of the dialysis tubing (10-14 kDa). However, high 

RCR values (4-10) of COVs have been obtained using a cholate dialysis protocol with 

Rba. sphaeroides CcO, that was also prepared in DDM [180]. The DDM-containing 

yeast CcO preparations, required dialysis times which were extended for each buffer 

(see Table 6-2) compared to bovine CcO, to allow time for the micelles to dissociate 

and be removed, but this still did not improve the RCR significantly. Membrane 

reconstitution of bovine CcO has also been achieved by the incremental addition of 

Bio-Beads (SM-2, Bio-Rad) to a suspension of lipid/detergent/protein, achieving RCRs 

of 15-20 [246]. Detergent removal relies on the adsorption of detergent and is reported 

to be more efficient for the removal of DDM, compared to dialysis [255]. However, 

yeast COVs produced this way still had a poor RCR value (1.2). The RCR was found to 

be variable across 5 different preparations of bovine CcO. Hence, further WT yeast 

CcO preparations were also tested, including the 4H mutant CcO preparation that 

exhibited a slightly better RCR of 1.2-1.8 (see below). 

The most significant difference between the 4H mutant and the WT strains was the 

decreased CcO expression level in the 4H mutant, such that the ratio of CcO to bc1 

content in the 4H mutant mitos (~0.05:1) was almost 5 times less compared to WT 

yeast mitos (0.25:1). The Vmax values in Table 6-1 are given as electrons transferred 

from cyt c2+ per second per CcO (e.s-1.CcO-1) and therefore do not reflect the lower 

expression level of the 4H mutant and instead allow the activity to be compared 

independent of expression level. It is known that yeast CcO can be associated with the 

bc1 complex as a supercomplex [256,257]. It is possible that a greater proportion of 

CcO is incorporated into such supercomplexes in the 4H mutant because of the much 

lower CcO:bc1 ratio. Some evidence that this may be the case comes from the 

behaviour during nickel-affinity and the DEAE column chromatography, where the bc1 

complex co-eluted in the same fractions as the oxidase. This bc1:CcO supercomplex 

may facilitate the reconstitution of yeast CcO into COVs. To test this notion further, 

supercomplexes of WT CcO:bc1 were purified by mitochondrial solubilisation in 

digitonin, and subsequent nickel affinity purification. The reconstitution behaviour was 

tested of the resulting solubilised material, and the nickel affinity fractions containing 

CcO:bc1 (Table 6-2). Digitonin was used since it has been reported to result in 

preservation of the complex III-IV supercomplexes after solubilisation [128,256]. 

However, although the RCR of the resulting WT COVs increased from 1.2 to 1.4, they 

still did not show any pumping activity. They did, however, have the typical behaviour 

of coupled COVs when their response towards an acid pulse was measured (Figure 

6-6). By comparison to blank COVs in the coupled state, an acid pulse resulted in an 

acidification burst followed by a slow alkalinisation, which can only occur in the 
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presence of intact vesicles that provide an interior volume for equilibration of protons. 

Moreover, once the COVs were uncoupled, the protons equilibrated rapidly with the 

interior of the vesicle, and so the slow alkalinisation phase was not observed. This 

suggests that intact liposomes were indeed present, but the WT yeast CcO did not get 

incorporated during the reconstitution procedure, resulting in a low RCR value. This is 

most likely linked with the nature of the purified preparation, which was most likely not 

homogeneous and contained aggregates of dimers with dimers, and/or CcO was 

occupied in detergent micelles that prevented its incorporation into liposomes. 

6.4.3 4H mutant; H+/e- stoichiometry 

When the stoichiometry assay was performed with the 4H mutant COVs, the 

extruded pH profile displayed a small acidification phase followed by a large 

alkalisation phase (Figure 6-11). However, the coupling stoichiometry could not be 

estimated accurately, based solely on the extent of acidification relative to a calibrating 

acid pulse. This is because the rapid proton re-entry rate into the vesicles due to poor 

coupling competed with the rate of acidification. Hence, an alternative approach was 

used in which the profile was calculated iteratively, to give a best fit to data and provide 

an estimate of the H+/e- stoichiometry. This fit took into account (1) the measured rate 

constant of the influx of protons, (2) the rate constant of alkalinisation phase, after the 

initial acidification caused by the calibrating acid pulse (Figure 6-6) and (3) the 

measured rate constant of cyt c oxidation, which for a 1 H+/e- stoichiometry, will be 

equivalent to the rate constant of proton extrusion. The coupling stoichiometry (given 

by the ratio of rate constant of cyt c oxidation, to the rate constant of proton extrusion) 

was varied until the best fit of the extent and kinetics of the extruded protons was 

reached. This approach was tested with bovine COVs, where the estimated 

stoichiometry of 1.0 ±0.1 was consistent (Figure 6-10) with the total extents approach 

(Figure 6-4). For the 4H mutant, the best fit to the data was obtained with a coupling 

stoichiometry of 1 ±0.07 H+/e-. 

6.4.4 Interpretation of findings 

The results show that the yeast 4H mutant with four hydrophilic to hydrophobic 

replacements, along the H channel, still retained proton translocating activity. Thus it 

can be concluded that the H channel is not critical for proton translocation in yeast 

CcO. This provides the first preliminary evidence against the proposal [38-40,87] that 

the H channel provides the route for translocated protons in a mitochondrial form of 

CcO. Instead it is likely that the D channel provides this route in yeast CcO as has 

been shown by mutagenesis in bacterial CcOs [84,91,92]. 
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An alternative proposal is that the H channel functions as a dielectric channel [78], 

which could facilitate rapid electron transfer into/out of haem a (the nearest metal 

centre), by modulating the dielectric strength around an otherwise deeply buried site of 

the enzyme. The H channel is a candidate for this role since the hydrophilic residues 

connect the region around haem a to the aqueous phases (IMS/matrix), where surface 

changes and re-orientation of dipoles along the H channel, can influence the properties 

of haem a, which could include minimisation of net charge changes and the energy 

barrier for electron transfer. Although not a complete pathway in bacterial CcOs, it is 

also evident, and may have the same role. An interesting observation that may support 

such a function is the altered kinetic properties of the 4H mutant compared to WT 

(Figure 6-3), that had a 2-fold smaller apparent Km value compared to the WT (Table 

6-1 and Figure 6-3C) that could point towards an activity modulating role of the H 

channel. It is well known that the electrostatic binding/unbinding of cyt c to its site on 

subunit II is influenced by ionic strength [42,43,258]. In WT yeast CcO, this leads to a 

marked decrease in turnover activity between 10-40 mM KCl concentrations (Figure 

6-3B). However no decrease in turnover activity was observed in this concentration 

range for all the H channel mutants, and in fact, the activity stayed the same. This 

finding suggests that the H channel may either have an allosteric effect on the cyt c 

binding site, or that the dielectric properties of the H channel have been changed by 

the mutations, in such a way that it results in an alteration of the activity profile with KCl 

concentration. 
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6.5 Conclusions 

The activity profiles of the WT and mutant mitos allowed us to identify the optimal 

activity conditions. The reconstitution protocol produced well-coupled bovine COVs that 

had a measured H+/e- stoichiometry of 1.0 ±0.1, consistent with literature values 

[178,249,251,252]. Various factors were tested to improve the reconstitution behaviour 

of WT yeast CcO, but to date, the COVs produced were too poorly coupled or did not 

incorporate CcO to allow measurement of their H+/e- stoichiometries. COVs with a 

measurable, but low, RCR were produced with the 4H mutant CcO. This gave the first 

H+/e- stoichiometry data that show definitively, that the proton translocating activity of 1 

±0.07 H+/e is retained in this mutant. The H channel has alternatively been proposed to 

act as a dielectric channel [78], and the altered kinetics of the H channel mutants could 

possibly be explained by a modulation of the H channel dielectric properties. 
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6.6 Future work 

The quality of the reconstituted COVs may be affected by as yet unknown factors 

associated with the purified preparations of the enzyme. Factors related to the 

composition/nature of the purified enzyme preparations will be tested, to see whether 

any affect the reconstitution behaviour (e.g. dimer versus monomer state, alternative 

detergents). Initially the standard method of purification of yeast CcO involved two 

chromatography steps; nickel affinity, and DEAE column chromatography, the resulting 

fractions containing CcO as determined by visible spectroscopy were pooled together, 

concentrated, and stored at -80 oC [118]. CcO preparations of WT and 4H mutant CcO 

purified this way were used for membrane reconstitution. Since then efforts were made 

to improve the purification procedure that employed the use of automated FPLC, and 

replacing DEAE column chromatography with gel filtration. Gel filtration was an 

important control in determining the homogeneity of the preparation. It showed that WT 

CcO was present as a mixture of trimer/dimers/monomers and included a large 

excluded front of lipid/CcO/detergent aggregates. Fractions were collected of the 

mostly dimeric state and their membrane reconstitution was tested (Table 6-2), 

however the RCR was not significantly improved. However, this method of purification, 

and the use of sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS 

PAGE) will provide useful controls to test various factors, with the aim of producing a 

homogeneous preparation with a single elution peak from gel filtration. Factors that 

could be tested include for example, changing the detergent from DDM (12 carbon 

alkyl chain length) to, n-decyl-β-D-maltopyranoside (DM) (10 carbons) or n-octyl-β-D-

maltopyranoside (OM) (8 carbons) or n-octyl-β-D-glucopyranoside. Glycerol/ethylene 

glycol could be added to the running buffers to avoid aggregation. EDTA could be 

added to chelate any traces of metal (Ni ions) that could have eluted from the Ni 

column. Yeast mitochondrial lipids could be added to the running buffers, and to the 

columns to stabilise CcO. The pH, ionic strength and the buffer used could also be 

optimised. So far the most optimal conditions have been 50 mM HEPES, 500 mM 

NaCl, 0.05 % DDM at pH 7.4. 
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7 Comparisons of subunit 5A and 5B isozymes of 

yeast cytochrome c oxidase 
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Author contributions: This chapter has been published in the Biochemical Journal 

[259]. This publication was written by Raksha Dodia with contributions from all authors. 

Brigitte Meunier constructed and characterised all mutant strains and Raksha Dodia 

carried out all biochemical and kinetic experiments. Chris Kay carried out the fitting of 

the kinetic data. In this chapter all figures have been redrawn and the fitting to kinetic 

data has been done by Raksha Dodia. 

7.1 Introduction 

There are eight nuclear-encoded supernumerary subunits of yeast CcO that each 

share homologs with eight of the ten supernumerary subunits of human/bovine CcO 

(see Introduction) [26,41,121]. Subunit IV of mammalian CcO is the largest 

supernumerary subunit (~17 kDa), and along with four other subunits, it has two 

isoforms (IV-1 and IV-2) whose expression is dependent on tissue type or stage of 

development [27,125,260]. Subunit IV is of particular interest since it is proposed to be 

a key regulatory subunit that provides binding sites for ATP (allosteric inhibitor) or ADP 

(allosteric activator) [122,123], and/or phosphorylation sites [139]. Moreover, the 

turnover activity of IV-2 isozyme from lung has been reported to be faster than IV-1 

isozyme from liver [137], and was shown to be insensitive to allosteric inhibitory effects 

of ATP [27,141]. 

Subunit 5 of yeast CcO is homologous to mammalian subunit IV [26], and also has 

two isoforms (5A and 5B) [26,145]. The predicted structure of yeast isoform 5A has 

been overlaid with bovine isoform IV-1 along with subunit I to highlight its relative 

structural location (Figure 7-1). COX5A expression is induced under aerobic conditions, 

while COX5B is expressed only at very low oxygen tensions (<0.5 µM O2) (see 

Introduction) [148]. Subunit 5 is essential for CcO assembly and, therefore, under 

normal oxygen levels a COX5A-deleted strain contains no or very low levels of 

assembled CcO. It has been reported that COX5B gene expression (in a COX5A-

deleted strain) under normal oxygen levels, can be de-repressed by mutation of ROX1 

that encodes a hypoxic transcription repressor of COX5B, resulting in an assembled 5B 

isozyme [147]. However, in this mutant strain the expression level of CcO was 2-3 fold 

lower compared to the WT strain (COX5A-expressing strain). Subsequent comparative 

studies reported that the 5B isozyme had a turnover number that was up to 3 times 

faster than that of the 5A isozyme [28,151,261]. This was attributed to an allosteric 

effect of 5A/5B isoforms upon the protein environment around haems a and a3 [28,151]. 

Infrared analysis of the carbon monoxide (CO) IR band of ligated CcO, revealed two 

interchangeable conformers described as CI and CII of 5A isozyme, and only one (CII) 
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conformer of 5B isozyme, where CII was assigned to the conformer capable of faster 

turnover activity [151]. 

 

Figure 7-1. Subunit 5 of yeast CcO (red) homology model overlaid on the homologous 
subunit IV (blue) of bovine CcO. 
Although the yeast 5A isoform [41] is overlaid with the bovine IV-1 isoform (PDB:1V54), the 
pairing of specific isoforms (5A with IV-1/IV-2 and 5B with IV-2/IV-1) is not possible based on 
their modest ~20 % sequence identities [26,41]. 
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7.2 Aims 

The aim of this project was to firstly confirm the previous observations of increased 

core catalytic activity of the 5B isozyme described in the literature [147], and secondly, 

to investigate the origin of this effect. In order to do so, mutant strains were constructed 

by Brigitte Meunier following a BBSRC funded 3 week visit to her laboratory. The 

mutant strains expressed wholly subunit 5B, by replacing the COX5A open reading 

frame with COX5B, so that it was under the control of the COX5A promoter. This gene 

replacement was achieved at the COX5A nuclear locus or on a centromeric plasmid. 

Such mutants expressed the 5B isozyme to wild type (5A isozyme) levels under 

aerobic growth conditions, and without the complication of secondary effects caused by 

mutation of ROX1-encoded transcription factor. This allowed comparison of the 

catalytic properties of the 5A and 5B isozymes that have been expressed in identical 

conditions. 
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7.3 Results 

7.3.1 Outline of strains constructed 

A summary of the wild type and mutant strains constructed and analyzed in this 

chapter is given in Table 2-1. Since COX5B gene is only expressed under hypoxic 

conditions, the COX5B gene at its genomic locus was not deleted in these mutants, 

since it would anyway not be expressed under normoxic conditions. This was 

confirmed since the COX5A-deleted strain was not able to grow on respiratory medium 

(1 % yeast extract, 2 % peptone, 2 % glycerol, 2 % agar), under the aerobic conditions 

of this study. As shown in Table 2-1, 5B isozyme expression was achieved by replacing 

COX5A by COX5B downstream of the COX5A promoter. This replacement was made 

on the genomic locus and on a centromeric plasmid to give two strains termed COX5B 

and pCOX5B, respectively. This allowed aerobic expression of COX5B so that the 

assembled 5B isozyme could be compared to 5A isozyme. These strains were 

respiratory growth competent. Similarly a mutant strain (ΔCOX5ApCOX5A) was 

constructed as a control that expressed COX5A from a centromeric plasmid, instead of 

the genomic locus. To investigate the effect of ROX1 that encodes a transcription 

repressor of COX5B, three more mutants were constructed. Firstly, a mutant similar to 

the one described in the literature [147] was constructed, where ROX1 and COX5A 

were deleted, allowing expression of COX5B from its own promoter, and was termed 

ΔROX1ΔCOX5A. This mutant grew on respiratory medium more slowly than the wild 

type (COX5A). In the last two mutants, COX5A-promoter that controlled expression of 

either COX5A or COX5B from a centromeric plasmid, was combined with deletion of 

ROX1 to give ΔROX1ΔCOX5ApCOX5A and ΔROX1ΔCOX5ApCOX5B, respectively. 

Both strains were respiratory growth competent. 
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Table 7-1. Saccharomyces cerevisiae strains constructed and analysed.  
All strains were constructed by Brigitte Meunier. Respiratory growth phenotype was assessed 
on respiratory YPG medium by Brigitte Meunier (1 % yeast extract, 2 % peptone, 2 % glycerol, 
2 % agar). Table is adapted from [259]. 

Genotype Description Respiratory 
growth 

Strain 

COX5A Expression of COX5A under normal 
aerobic growth conditions. 

Yes WTCOX5A 
 

cox5a::URA3 Deletion of COX5A Respiratory 
growth 
deficient 

ΔCOX5A 

cox5a::URA3, 
pCOX5A 

COX5A cloned on a centromeric plasmid 
under the control of its own promoter. 
Deletion of genomic COX5A. 

Yes ΔCOX5ApCOX5A 

cox5a::COX5B  Replacement of COX5A by COX5B 
downstream of the COX5A promoter on 
the nuclear genome. Expression of 
COX5B under normal aerobic growth 
conditions. 

Yes COX5B 

cox5a::URA3, 
pcox5a::COX5B 

COX5B cloned downstream of COX5A 
promoter on a centromeric plasmid. 
Deletion of genomic COX5A. 

Yes pCOX5B 

rox1::kanMX4, 
cox5a::URA3 

Up-regulation of COX5B through deletion 
of its transcription repressor ROX1 in 
COX5A-deleted background. 

Weak 
respiratory 
growth 

ΔROX1ΔCOX5A 

rox1::kanMX4, 
cox5a::URA3, 
pCOX5A 

COX5A with its own promoter on a 
centromeric plasmid. Deletion of ROX1, 
the transcription repressor of COX5B. 

Yes ΔROX1ΔCOX5A 
pCOX5A 

rox1::kanMX4, 
cox5a::URA3, 
pcox5a::COX5B 

COX5B cloned downstream of the 
COX5A promoter on a centromeric 
plasmid. Deletion of ROX1, in COX5A-
deleted background. 
 

Yes ΔROX1ΔCOX5A 
pCOX5B 

 

7.3.2 Cell growth curves in YPGal media 

All strains were grown and harvested in YPGal (1 % (w/v) yeast extract, 2 % (w/v) 

peptone, 2 % (w/v) galactose) media. Figure 7-2 shows growth curves of each strain. 

All strains had doubling times similar to that of wild type (2.7-3.0 h), and were 

harvested when they reached late log phase; 14-16 h incubation at 28 oC, logOD = 0.9 

to 1. Although the doubling times were similar, it was noted that the yield of cells after 

incubation was 2 times less for ΔROX1ΔCOX5A (~6 g wet mass of cells per 1 L of 

culture) than for all other strains, that yielded 11 g. This difference in biomass was most 

likely due to the respiration/fermentation ratio being different at early log phase, versus 

late log phase, when yeast cells are grown in galactose medium. For example, the 

biomass was measured at late log phase and doubling times were measured during 

early log phase where the strains might use more fermentation than respiration. 

Therefore no difference in doubling times could be observed between strains. 
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Figure 7-2. Growth curves in YPGal media. 
Cell growth was monitored by taking optical density measurements at various time points of 2 L 
cultures, incubated at 28 

o
C with shaking (200 rpm). The cell doubling times are shown for each 

strain. 

7.3.3 Expression levels of 5A/5B isozymes  

After harvesting the cells, reduced minus oxidised visible absorbance difference 

spectra, were recorded to confirm that CcO was present. In COX5B, pCOX5B, 

ΔROX1ΔCOX5ApCOX5A and ΔROX1ΔCOX5ApCOX5B CcO was approximately 2 

nmoles per gram wet weight cells, consistent with the WTCOX5A strain. The CcO level 

in ΔROX1ΔCOX5A cells was significantly less than 1 nmole.g-1, though difficult to 

quantitate accurately in whole cell spectra. The concentration was derived from visible 

redox spectra and was used to estimate the turnover number of CcO in whole cell 

measurements. Concentration determination was repeated using mitos preparations of 

each strain that provided reliable redox spectra. Mitos from WTCOX5A, COX5B, 

pCOX5B, ΔROX1ΔCOX5ApCOX5A and ΔROX1ΔCOX5ApCOX5B had roughly 

equivalent levels of CcO (0.23-0.31 nmoles per mg mitochondrial protein; nmoles 

CcO.mg-1) whereas mitos from ΔROX1ΔCOX5A contained 5-6 times less CcO (0.05 ± 

0.01 nmoles.mg-1). The level of bc1 complex remained fairly constant at 0.76-1.2 

nmoles bc1.mg-1 (as measured from the visible band at 562-575 nm using an Δε of 28 

mM-1.cm-1) in mitos preparations of all strains and so provided an internal control. 

Hence, CcO levels are given as a ratio of CcO:bc1 to compare the relative level of CcO 

present in each strain as shown in Figure 7-3B. Consistently the CcO:bc1 ratios 

illustrate clearly that the ratio was ~0.25:1 for all strains and it was ~6 fold less for 

ΔROX1ΔCOX5A (~0.04:1).  
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Figure 7-3. A. Dithionite reduced minus oxidised visible difference spectra of WTCOX5A 
(blue) and ΔROX1ΔCOX5A (red) mitos preparations. B. CcO:bc1 ratio in mitos 
preparations of all strains. 
Mitos were diluted in 50 mM potassium phosphate, 2 mM EDTA(K

+
) pH 7.4. Spectra illustrate a 

~6 fold decreased CcO:bc1 ratio in ΔROX1ΔCOX5A. Inset shows the 400-700 nm range. 
Extinction coefficients used to determine the amount of bc1 complex and CcO content were 28 
mM

-1
.cm

-1
 at 562-578 nm and 26 mM

-1
.cm

-1 
at 605-621 nm, respectively. Figure (A) is adapted 

from [259]. Figure B shows the CcO:bc1 ratio in mitos preparations, errors are +/- 10 % of the 
measured values of absorbance of bc1 and CcO. 

 

7.3.4 Turnover numbers in whole cells 

Figure 7-4 shows a comparison of the steady-state turnover numbers of CcO in 

whole cells under uncoupled conditions. It is clear that its turnover number in the 

ΔROX1ΔCOX5A strain (870 e.s-1.CcO-1) was 3 fold greater than that in WTCOX5A, 

COX5B, pCOX5B, ΔROX1ΔCOX5ApCOX5A and ΔROX1ΔCOX5ApCOX5B that all 

shared similar values (300-400 e.s-1.CcO-1). This meant that when the 5B isozyme is 

expressed under the control of the COX5A promoter, it has the same activity as the 5A 

isozyme (COX5A strain), and this activity stays the same when it is expressed from the 

nuclear genome (COX5B) or a centromeric plasmid (pCOX5B and 

ΔROX1ΔCOX5ApCOX5B). However, when the 5B isozyme is expressed under the 

control of its own promoter after deletion of ROX1 in the ΔROX1ΔCOX5A strain, 
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elevated activity is observed, the elevated activity of this mutant is consistent with prior 

literature reports [28]. 

 

Figure 7-4. Turnover numbers of yeast CcO strains in whole cells. 
Turnover numbers (e.s

-1
.CcO

-1
) were measured using an oxygen electrode with 12.5 mg/mL 

cells containing 10-25 nM CcO in 440 mM sucrose, 50 mM potassium phosphate pH 7.2, 10 
mM lactate, 1.8 µM CCCP and 1 µM valinomycin at 25 

o
C. Error bars indicate standard 

deviations of 2 to 4 repeats. Figure is adapted from [259]. 

 

7.3.5 Turnover numbers in mitos preparations 

The uncoupled turnover numbers of CcO in whole cells will most likely be limited by 

additional factors, and the concentration of CcO in whole cells may not have been 

entirely accurate. Hence, turnover numbers in isolated mitos (mitochondrial membrane 

fragments) were also compared, for which the concentration of CcO was accurately 

determined (Figure 7-5). The assay conditions were optimised for oxidation of horse 

heart cyt c by WTCOX5A mitos and the optimisation results are presented in Chapter 

6. Furthermore the comparisons were repeated under the same assay conditions using 

yeast iso-1 cyt c and iso-2 cyt c (see Discussion). For all strains, the turnover numbers 

were faster with horse heart cyt c than with yeast iso-2 cyt c, which was faster than with 

iso-1 cyt c (Figure 7-5). Similarly to whole cell turnover values, the only mutant to show 

elevated turnover activity was the ΔROX1ΔCOX5A mutant strain that had ~1.5-2 fold 

greater activity, compared to all other mutants, irrespective of the cyt c substrate used. 
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Figure 7-5. Turnover numbers of yeast CcO strains in mitos preparations using horse 
heart cyt c (black), yeast iso-1 cyt c (red) and yeast iso-2 cyt c (blue) as substrate. 
Turnover numbers (e.s

-1
.CcO

-1
) were measured using mitos containing 2-10 nM CcO in 10 mM 

KPi, 50 mM KCl, pH 6.6, 0.05 % (w/v) DDM, 40 µM TMPD, 2 mM sodium ascorbate at 25 
o
C 

and 1 mL final volumes. Once the baseline had stabilised 50 µM cyt c was added to initiate the 
reaction. Error bars indicate standard deviations of 2 to 4 repeats using the same mitos 
preparations. Figure is adapted from [259]. 
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7.3.6 Determination of apparent Km for oxygen 

To further probe possible differences between 5A and 5B isozyme, their oxygen 

affinities were determined using the oxymyoglobin method [175] by monitoring the rate 

of oxygen dissociation from oxymyoglobin, at ΔA582-564, using a Shimadzu dual-

wavelength spectrophotometer. The data were fitted with a Michaelis-Menten equation 

(Equation 1): 

(1) v = Vmax.[S] 
       Km + [S] 

 
v = velocity, Vmax = maximum velocity achieved at saturating substrate concentration, 
[S] = substrate concentration, Km = Michaelis constant, substrate concentration at 
which the velocity is half of Vmax. 

 
The Michaelis-Menten plots for WTCOX5A, COX5B and ΔROX1ΔCOX5A mitos are 

shown in Figure 7-6, and the apparent Km and Vmax values are summarised in Table 

7-2. No significant differences in apparent Km were observed, but again the Vmax of 

ΔROX1ΔCOX5A was at least 1.5-2 fold greater compared to that of WTCOX5A and 

COX5B. 

 

Figure 7-6. Michaelis-Menten plots derived by following the deoxygenation of horse heart 
oxymyoglobin by mitos preparations of yeast WTCOX5A (black), COX5B (red) and 
ΔROX1ΔCOX5A (blue). 
The reaction buffer contained 30 µM total horse heart myoglobin whilst all other conditions were 
the same as in Figure 7-5 using 50 µM horse heart cyt c as substrate. Vmax and apparent Km 
values were determined using non-linear fitting of the Michaelis-Menten equation and are 
summarised in Table 7-2. Figure is adapted from [259]. 
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Table 7-2. Comparison of oxygen affinities and Vmax of WTCOX5A, COX5B and 
ΔROX1ΔCOX5A mitos 
Non-linear fitting of the Michaelis-Menten equation to data in Figure 7-6 was performed on 
OriginPro 8.6 this was used to determine the apparent Km and Vmax values. Standard 
errors of the derived parameters and R-squared values are also shown. Table is adapted 
from [259]. 

Substrate Strain (mitos) 
Vmax 

(µM O2/s/µM CcO) 
Km (µM) R-squared 

Oxygen 

WT 179 ± 7.6 0.84 ± 0.07 0.97667 

COX5B 154 ± 4.2 0.74 ± 0.05 0.98244 

ΔROX1ΔCOX5A 307.8 ± 11.4 0.88 ± 0.08 0.96577 

7.3.7 Vmax and apparent Km for cytochrome c 

For a full comparison of the kinetics of WTCOX5A, COX5B and ΔROX1ΔCOX5A 

mitos, Vmax and apparent Km values were determined for horse heart and yeast iso-1 

and iso-2 cyts c as substrate. However, Eadie-Hofstee transformation of the data 

displayed monophasic kinetics for horse heart cyt c, but biphasic kinetics for yeast iso-

1 and iso-2 cyt c. Therefore, the data obtained for horse heart cyt c was fit with a single 

Michaelis-Menten equation (Equation 1). The data obtained for yeast iso-1 and iso-2 

cyt c was fit with the sum of two Michaelis-Menten terms using nonlinear regression 

analysis with OriginPro8.6 (Equation 2). The fits gave R-squared values greater than 

0.95 and are shown in Figure 7-7. 

(2) v = Vmax1.[S] + Vmax2.[S] 
         Km1 + [S]        Km2 + [S] 

 
The fit obtained with this analysis was confirmed by linear transformation to an 

Eadie-Hofstee plot, and by overlaying it on the Eadie-Hofstee transformed data, this 

illustrated more clearly the fit to all data points (Figure 7-8). The derived Vmax, apparent 

Km, and R-squared values are summarised in Table 7-3. WTCOX5A and COX5B 

displayed similar Vmax and apparent Km values irrespective of the cyt c source, whereas 

the ΔROX1ΔCOX5A strain again had a 1.5-2 fold greater Vmax, but with a similar 

apparent Km. 
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Figure 7-7. Michaelis-Menten plots of WTCOX5A (black), COX5B (red) and 
ΔROX1ΔCOX5A (blue) mitos using horse heart cyt c (A), yeast iso-1 cyt c (B) and yeast 
iso-2 cyt c (C) 
Assay conditions were the same as in Figure 7-5 but the rate was measured at multiple cyt c 
concentrations (1.25-400 µM). Vmax and apparent Km values (Table 7-3) were determined using 
non-linear fitting of the Michaelis-Menten equation for data displaying single phase kinetics (A) 
and two Michaelis-Menten terms for those with biphasic kinetics (B and C). Figure is adapted 
from [259]. 
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Figure 7-8. Eadie-Hofstee plots of WTCOX5A (black), COX5B (red) and ΔROX1ΔCOX5A 
(blue) mitos using horse heart cyt c (A), yeast iso-1 cyt c (B) and yeast iso-2 cyt c (C). 
The data is overlaid with the Eadie-Hofstee transformation of the non-linear fit from Figure 7-7. 
Assay conditions are described in Figure 7-7. This figure is adapted from [259]. 
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Table 7-3. Summary of Vmax and apparent Km of WTCOX5A, COX5B and ΔROX1ΔCOX5A mitos for horse heart cyt c, yeast iso-1 cyt c and iso-2 
cyt c. 
Non-linear fitting of the Michaelis-Menten equation was performed for data showing single phase kinetics (Figure 7-8A), and the sum of two Michaelis-
Menten terms was used for data that displayed biphasic kinetics (Figure 7-8B and C). Fitting was performed with OriginPro 8.6 and was used to 
determine the Vmax and apparent Km values. Standard errors of the derived parameters and R-squared values are also shown. Table is adapted from 
[259]. 

Substrate Strain (mitos) 
Low affinity phase High affinity phase  

Vmax (e.s-1.CcO-1) Km (µM) Vmax (e.s-1.CcO-1) Km (µM) R-squared 

Horse heart cyt c 

WT 1831 ± 25 14.4 ± 0.4 - - 0.99924 

COX5B 1858 ± 38 14.9 ± 0.7 - - 0.99843 

ΔROX1ΔCOX5A 2788 ± 82 11.0 ± 1.1 - - 0.97906 

Yeast  
Iso-1 cyt c 

WT 1233 ± 43 29.7 ± 4.6 122.2 ± 52.8 0.09 ± 0.68 0.99645 

COX5B 910 ± 70 23.7 ± 6.1 151.8 ± 86.7 0.65 ± 1.1 0.99581 

ΔROX1ΔCOX5A 2099 ± 111 37.8 ± 9.2 341.9 ± 139.2 0.49 ± 0.91 0.98827 

Yeast  
Iso-2 cyt c 

WT 1452 ± 59 24.1 ± 3.0 110 * 0.53 ± 0.91 0.99088 

COX5B 1655 ± 92 39.4 ± 9.6 151.8 ± 78.9 0.03 ± 0.90 0.98449 

ΔROX1ΔCOX5A 3230 ± 289 47.5±10.5 526 * 1.2 ± 0.90 0.97083 

*fits were based on fixing one variable (Vmax of high affinity phase) to a value optimised based on the R-squared. 
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7.4 Discussion  

7.4.1 Prior reports on 5A and 5B isozymes 

The gene that encodes the transcription repressor of COX5B under aerobic 

conditions, was identified by growing a COX5A-deleted strain on respiratory medium 

under aerobic conditions. Since subunit 5A or 5B is required for CcO assembly, only 

strains that had a mutation that could recover the phenotype could grow. Such strains 

were selected and found to have mutations in ROX1 (also called REO1), a negative 

regulator of COX5B expression [147]. 

Subsequent comparisons of the 5A and 5B isozymes provided the intriguing 

observation that the 5B isozyme, was 2-3 fold more catalytically active than the 5A 

isozyme, in both whole cells and mitochondrial preparations. In this project, a mutant 

was constructed that was similar to that described in the literature. The only difference 

was that the ROX1 gene was knocked-out, allowing COX5B gene expression from its 

nuclear locus, whereas in the literature the ROX1 gene was mutated and the selected 

strain had two copies of COX5B [147]. Even with these small differences the results 

presented here with the equivalent ΔROX1ΔCOX5A mutant, confirm faster catalytic 

activity for 5B isozyme compared to WTCOX5A (Table 7-3 and Figure 7-5). In addition 

to this mutant, 5B isozyme expression, has been achieved in another COX5A-deleted 

strain that had wild type ROX1 and where COX5B was cloned on a high copy plasmid 

[144]. Similarly 5B isozyme expressed this way was also reported to exhibit faster (2 

fold) catalytic activity [261]. 

It is noteworthy that for those strains reported to date, in which elevated 5B 

isozyme turnover is observed, the expression level of CcO was substantially less than 

wild type levels. For example in the literature mutant that had mutated rox1, cox5A 

and two copies of COX5B the expression level of 5B isozyme was 34 % of the control 

[28]. In the mutant strain with normal ROX1 expression, cox5A, and a higher copy 

number plasmid of COX5B, the expression level of 5B isozyme was still under 50 % of 

the control [261]. Lastly in the equivalent mutant strain reported in this chapter, 

ΔROX1ΔCOX5A, the expression level was ~14 % of wild type control (Figure 7-3). 

7.4.2 COX5B expression under the control of the COX5A promoter 

The observed elevated activity of the 5B isozyme may be influenced by additional 

effects, such as ROX1 mutations and/or decreased CcO expression levels. In order to 

investigate the origin of this effect, COX5A-deleted mutant strains were constructed 
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that expressed COX5B downstream of the COX5A promoter. This type of genetic 

replacement at the COX5A genomic locus has been reported previously [262]. 

However, this was a chimeric construct, where the first 12 amino acids were encoded 

by COX5A and the remaining amino acids were encoded by COX5B, and so it was not 

a complete replacement of genes. Likewise, at the COX5B genomic locus, the first 12 

amino acids were encoded by COX5B and the remaining were encoded by COX5A. 

Unfortunately turnover numbers of 5A and 5B isozymes were not compared in these 

mutants, but they were used to show that the COX5B promoter was weak compared to 

the COX5A promoter, shown by the transcript abundance being greater for COX5A 

than COX5B [262]. This would explain the diminished levels of assembled 5B isozyme 

in the mutants that express COX5B downstream of its own weak promoter [28,144]. 

Very recently, Hess, et al. [263] also produced yeast strains with this same gene 

replacement, however, Km/Vmax parameters were not determined but ATP/ADP and 

phosphorylation effects were investigated (see below).  

In this project the COX5B replaced the entire COX5A gene downstream of the 

COX5A promoter. Here, the gene replacement was carried out at the nuclear locus of 

COX5A (COX5B strain), or on a centromeric plasmid in a COX5A-deleted strain 

(pCOX5B). In addition the effect of Rox1 was investigated by comparison of COX5A-

deleted strains, with or without ROX1 deletion, that contained a centromeric plasmid 

expressing either 5A isoforms (WTCOX5A and ΔROX1ΔCOX5ApCOX5A) or 5B 

isoforms (pCOX5B and ΔROX1ΔCOX5ApCOX5B), under the control of the COX5A 

promoter. This enabled expression of 5A or 5B isoforms at wild type levels with aerobic 

growth conditions and with the same status (present or deleted) of ROX1. When 

compared in these constructs, the 5A and 5B isozymes failed to show any difference in 

maximal turnover numbers, in either cells or membrane preparations (discussed 

below). 

7.4.3 Comparison of oxygen affinities 

The oxygen affinity of WTCOX5A is reported here for the first time in yeast CcO as 

0.84 ±0.07 µM (Figure 7-6 and Table 7-2). This value was also measured in the 

COX5B and ΔROX1ΔCOX5A strains (Figure 7-6 and Table 7-2). This is because 

differences may be apparent at only low oxygen levels since 5A and 5B isoform 

expression, in vivo, is regulated by oxygen concentration. However, their apparent Km 

values were the same as wild type, 0.74 ±0.05 µM for COX5B and 0.88 ±0.08 µM for 

ΔROX1ΔCOX5A. These values are in a similar range to those previously reported for 

bovine CcO (1 µM [264] and 0.95 µM [265]). This shows that COX5B, which expressed 
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COX5B downstream of the COX5A promoter, cannot be distinguished from 

WTCOX5A, based on their affinities for oxygen. The Vmax values were the same 

between WTCOX5A and COX5B and 1.5 fold greater for the ΔROX1ΔCOX5A mutant. 

7.4.4 Comparisons of Vmax and apparent Km values for cyt c 

The Vmax and apparent Km values for cyt c were determined (Table 7-3). Using cyt c 

from horse heart, no differences between WTCOX5A and COX5B were found but 

again the Vmax of ΔROX1ΔCOX5A was ~1.5-2 fold greater. The values determined for 

WTCOX5A with horse heart cyt c were in a range consistent with Geier, et al. (Vmax 

1773 e.s-1.CcO-1, 15.3 µM; [37]). 

Saccharomyces cerevisiae cyt c has two isoforms, whose expression is also 

differentially regulated by oxygen concentration under the control of the ROX1 

transcription repressor [148,149]. Yeast iso-1 cyt c is expressed aerobically and yeast 

iso-2 cyt c is expressed under hypoxic conditions. They share 84 % amino acid 

sequence identity [266]. Hence, these physiologically relevant isoforms of yeast cyt c, 

were used as substrate to determine the Vmax and apparent Km of WTCOX5A, COX5B 

and ΔROX1ΔCOX5A mitos preparations (Table 7-2). However, there were no 

significant differences in Vmax between WTCOX5A and COX5B, but once again, the 

mutant equivalent to the literature had values that were 1.5-2 fold greater (Figure 7-5 

and Table 7-3). The Vmax and apparent Km values for yeast iso-1 and iso-2 cyt c, have 

been reported previously with 5A or 5B isozyme mitos where Vmax values were below 

40 s-1 and Km values below 10 μM [151]. These values are considerably lower than 

those reported here for each strain. This difference could be due to the assay 

conditions used and possibly the method used to prepare mitos, or they could be due 

to the higher and more physiologically relevant (0.5 mM [267]) cyt c concentration 

range used in this study (300 µM to 1.25 µM) compared to the 20 µM to 0.05 µM range 

of Allen, et al. [151]. It was evident that the apparent Km values for cyt c regardless of 

its source were similar for WTCOX5A, COX5B and ΔROX1ΔCOX5A strains, this is 

consistent with [37,151]. This shows that the 5A and 5B isoforms do not affect cyt c 

binding on subunit II. 

Allen, et al. [151] reported a greater difference in activity when the non-

physiological isoform pairs were put together (CcO isozyme 5A/iso-2 cyt c and CcO 

isozyme 5B/iso-1 cyt c). Hence it was reported that when the physiological isoform 

pairs are put together aerobic (CcO isozyme 5A/iso-1 cyt c) and hypoxic (CcO isozyme 

5B/iso-2 cyt c), they act synergistically to dampen the difference in rates in 5A versus 

5B, from 4 fold to 1.6 fold. However, no preferences for specific cyt c isoforms were 
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evident in the 5A and 5B isozymes reported here. If anything, the opposite effect was 

observed where the activity difference was enhanced when comparing physiological 

pairs; WTCOX5A/iso-1 cyt c and ΔROX1ΔCOX5A/iso-2 cyt c pairs (Figure 7-5). It is 

also obvious that the Vmax values, regardless of the strain analysed, were in the order: 

horse heart > iso-2 > iso-1 cyt c (Figure 7-5 and Table 7-3). These differences could be 

accounted for by the assay conditions that had been optimised in pH and ionic strength 

for horse heart cyt c. 

7.4.5 Biphasic kinetics 

CcO displayed biphasic kinetics with yeast cyt c, as also observed by Allen, et al. 

[151] (Figure 7-8B and C). However, CcO displayed single phase kinetics with horse 

heart cyt c and this is consistent with Geier, et al. [37] (Figure 7-8A), this difference in 

kinetics between yeast versus horse heart cyt c, was apparent when the cyt c 

concentration range (1.25 µM to ~300 µM) and assay conditions were the same. 

To date there are no crystal structures of a cyt c bound to CcO, the ionic strength 

dependence of the cyt c reaction with CcO, provided a clue that their interaction was 

electrostatic [268]. However studies with chemically modified cyt c [43,269,270] and 

site-directed mutagenesis of bacterial forms of CcO [271,272], have identified a set of 

positively charged lysines on cyt c and negatively charged glutamates and aspartates 

on CcO (subunit II) that are involved in the electrostatic interaction. Similarly a patch of 

negatively charged residues is predicted on the bovine CcO crystal structure [34]. A 

conserved tryptophan (trp-121 P. denitrificans CcO) on subunit II is shown through 

mutagenesis to provide the entry site for electrons into CcO [273]. Biphasic kinetics 

have been observed using bovine CcO with different cyts c [274,275]. It was noted 

from studies on bovine CcO that the appearance of two phases was dependent on the 

use of low cyt c concentrations (0.02-5 µM), at low ionic strength (<25 mM phosphate), 

and at pH values below ~7.5 that are conditions in which the electrostatic interactions 

between cyt c and CcO would be the most pronounced [274]. There are various 

models in the literature used to explain the biphasic behaviour. One such model is that 

there are two catalytic sites on CcO that can bind cyt c with different affinities resulting 

in biphasic kinetics [274]. Although the location of a second electron entry site is not 

clear. A second model is that the binding region on CcO can accommodate two cyts c. 

At low ionic strength the first cyt c binds with high affinity due to the large long range 

electrostatic interactions, the second binds with lower affinity since part of the charge 

on CcO is neutralised, and as a result of the repulsion between the cyts c, the 

dissociation rate of both cyts c is increased. The dissociation rate constant of ferricyt c 
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was proposed to be the rate limiting step. At high ionic strength, the ions would mask 

out the electrostatic influence of one cyt c with another and with the binding region, 

hence, each cyt c would bind independently and with low affinity resulting in 

monophasic kinetics [276]. A third model, is that the second site is on another location 

on CcO (or on an associated acidic phospholipid) [258]. This acts as a regulatory non-

catalytic binding site for cyt c that allosterically changes the conformation of the 

catalytic binding site [258]. The transition of high affinity to low affinity phase, was 

suggested to arise from an increase in the dissociation rate constant of ferricyt c (the 

rate limiting step) when the regulatory site was bound by a second cyt c. Recently, 

another model was proposed, that in addition to the effects of the second regulatory 

site, oxidised cyt c acts as a competitive inhibitor of CcO, competing for the same 

catalytic site as ferrocyt c but with weaker affinity, and at high ionic strength, the affinity 

becomes less [277]. However, the assays reported here maintained cyt c in the 

reduced state by the presence of ascorbate and TMPD. 

Here the assay conditions were optimised to give fast turnover activities of CcO 

with horse heart cyt c, resulting in a single low affinity-high velocity phase; it is possible 

that these (ionic strength) conditions are not optimal for yeast iso-1 and iso-2 cyt c and 

could explain why biphasic kinetics were observed with yeast cyt c and not with horse 

heart cyt c. Moreover, it is clear that the apparent Km values for the high affinity phase, 

could not be determined with high accuracy because at such low cyt c concentrations, 

the rates were slow and approaching the detection limit of the oxygen electrode assay 

(Table 2-1). Nevertheless, it is clear from the Eadie-Hofstee plots, that two phases exist 

(Figure 7-8). However, only the much more accurate high velocity-low affinity phase 

data were used to make meaningful comparisons of COX5A, COX5B and 

ΔROX1ΔCOX5A isozymes. Furthermore this phase may predominate under 

physiological conditions based on the fact that cyt c concentrations in the 

intermembrane space is at 0.5 mM [267], and because this same phase is observed 

with horse heart, yeast iso-1 and iso-2 cyt c (Table 3). 

7.4.6 Two possible interpretations of findings 

In summary, the findings in this chapter show definitively that when 5A or 5B 

isozymes are expressed from the same COX5A promoter, (from the nuclear locus or a 

centromeric plasmid) to the same level, under aerobic conditions and with or without 

ROX1 deletion, they exhibit the same Vmax and apparent Km for cyt c and affinity for 

oxygen. However, it is also clear that the 5B isozyme, when expressed from its own 

promoter (ΔROX1ΔCOX5A strain), does have greater catalytic activity as reported 
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previously [28,151]. Hence, the elevated activity of the 5B isozyme expressed this way 

must be caused by a secondary effect. Two possible explanations are discussed here. 

7.4.6.1 An effect of ROX1 

In addition to COX5B and CYC7 (encoding iso-2 cyt c) genes, Rox1 is a 

transcription repressor of at least 25 more different target genes in yeast [278,279]. It is 

possible that loss of the Rox1 transcription repressor of COX5B, could cause increased 

5B isozyme activity through separate effects that might lead to post-translational 

modification of subunit 5B, for example phosphorylation. The isoforms share a high 

amino acid sequence identity of 66 % [145]. Recent in silico analysis, however, has 

identified T65 and S43 residues in the matrix facing domain of subunit 5A, as 

phosphorylation sites that are replaced with N65 and N43 in subunit 5B [263]. These 

sites however were suggested to be targets of a different regulatory pathway in the 

mitochondria, involving CO2/adenylyl cyclase/cyclic AMP/protein kinase A, in which the 

phosphorylation decreased the activity of 5A isozyme. Moreover a change in the 

ATP/ADP ratio has been reported to alter CcO activity in yeast, in which ATP binding 

caused an inhibitory effect on 5A isozyme activity [280] and not 5B isozyme acitivity 

[263]. Furthermore, phosphorylation of T65 and S43 site on subunit 5A prevents the 

allosteric inhibitory effect of ATP [263]. However this level of regulation on CcO activity, 

cannot explain the observed elevated activity difference of the 5B isozyme in 

ΔROX1ΔCOX5A compared to COX5B, since they both contain subunit 5B. It is still 

possible that the Rox1 mediated signalling could phosphorylate subunit 5B. Sequence 

comparisons show that there are five threonines, that could be potential 

phosphorylation sites on the hydrophilic matrix domain of 5B that are not present on 

5A, these are; Thr4Asn, Thr18Val, Thr30Ala, Thr32Met, Thr63Gln and are highlighted 

in Figure 7-9. 
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Figure 7-9. Amino acid sequence alignment of subunits 5A and 5B showing possible 
phosphorylation sites on 5B. 
Sequences are of YNL052W_W303 for 5A subunit and YNL052W_W303 for 5B subunit and are 
taken from Saccharomyces genome database. Asterisk indicates identical residues, sequences 
are divided to show the approximate regions that correspond to the matrix domain, membrane 
spanning α-helix and IMS domain. Red, small hydrophobic residues; blue, acidic residues; 
magenta, basic residues apart from histidine; green, hydroxyl, sulfhydryl, amine, and glycine 
residues. 

 

However, the following experimental evidence argues against these factors being 

the secondary effect of ROX1 deletion that results in an increased activity. First of all, 

elevated activity was observed when 5B isozyme was expressed from a high copy 

number plasmid, both in the presence of ROX1 [261] and in a rox1-mutated strain 

[151]. In addition, data here show that the 5B isozyme had the same activity (and 

expression level) as the 5A isozyme, when expressed both with (in the COX5B strain) 

and without (in the ΔROX1ΔCOX5ApCOX5B strain) a functioning Rox1 (Figure 7-5). 

7.4.7 Low expression levels 

Increased catalytic activity of the 5B isozyme has been observed only under 

conditions in which its expression level was significantly lower than in WT strains 

[28,261]. The level of 5B isozyme in ΔROX1ΔCOX5A strain, was also lowered by a 

factor of ~6 (Figure 7-3) because the COX5B promoter is a weak promoter [262]. 

However, the bc1 complex expression levels remained relatively constant. This 

therefore resulted in the ΔROX1ΔCOX5A strain having a much smaller CcO:bc1 ratio. 

In yeast mitochondria, CcO/bc1 supercomplexes have been shown to form 

[131,135,281]. It is possible that, when the CcO:bc1 ratio is low, the proportion of CcO 

that assembles into such supercomplexes is greater. Such an interaction may induce 

allosteric effects that elevate the catalytic activity of CcO. Interestingly, the III2IV2 

supercomplex structure of yeast CcO shows that subunit 5 is close to the interface with 
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the bc1 complex [135] (Figure 7-10). The extent of supercomplex formation, and the 

allosteric effect that it induces, could be different with the 5A and 5B isoforms. 

 

Figure 7-10. (A) Cryo-EM three-dimensional map and the III2IV2 supercomplex in S. 
cerevisiae and (B) the fitted X-ray crystal structures of S. cerevisiae complex III dimer 
and bovine CcO monomors. 
Subunit IV of bovine CcO (pink), homologous to subunit 5 in yeast CcO, is in close interaction 
with bc1 complex. Figure is adapted from figure 4A and 5A in ref [135]. 

 

Digitonin is a mild detergent that was used to isolate such supercomplexes for cryo-

electron microscopy [135]. In order to assess whether such supercomplex did indeed 

elevate the activity of WT (5A isozyme) CcO, CcO:bc1 supercomplexes were isolated 

using the same detergent. Initially mitochondrial fragments were solubilised in digitonin, 

and the supercomplex was purified by nickel affinity column chromatography against 

the his-tag on CcO. The protocol is described in Section 2.6.3.  CcO co-eluted with bc1 

complex and their presence was confirmed by visible redox spectra (see Figure 2-8). 

The activity of this supercomplex was compared to CcO that was purified in the same 

way, but in the presence of DDM, in which visible redox spectra of the eluted fraction 

showed the presence of predominantly CcO (data not shown) but spectrum was similar 

to that shown in Figure 2-5. The turnover activity of the supercomplex (500 e.s-1.CcO-1, 

measured in 10 mM KPi, 50 mM KCl, 0.05 % (w/v) DDM pH 6.6) was found to be 3-4 

fold faster than the isolated CcO (170 e.s-1.CcO-1, same conditions). However, this 

elevated activity could also arise from the stabilising effects of the detergents used 

(digitonin vs. DDM) and the possible differences in the extent of delipidation by each 

detergent during the washing of the nickel column before elution and must be 

interpreted with caution. 

The allosteric effect from this interaction could be mediated via the H channel that 

runs parallel to the membrane spanning α-helix of subunit 5, and this could support the 

proposal of the role of the H channel as a dielectric channel [78] (Figure 7-11). 
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Figure 7-11. The close proximity of the α-helix of subunit 5 (red) and the H channel in 
subunit I (grey) of yeast CcO. 
The residues that make up the H channel reside in helices 11 and 12 of subunit I. These helices 
are the most closest to subunit 5 (Figure 7-1). 
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7.5 Conclusions 

The aim of this project was to compare 5A and 5B isozymes of yeast CcO under 

controlled conditions. Mutant strains were constructed in which the COX5A gene was 

replaced with COX5B downstream of the COX5A promoter, at the nuclear locus of 

COX5A. In addition the effect of Rox1 was investigated by comparison of COX5A-

deleted strains with or without ROX1 deletion; these contained either a centromeric 

plasmid expressing 5A isoforms (ΔCOX5ApCOX5A and ΔROX1ΔCOX5ApCOX5A) or 

5B isoforms (pCOX5B and ΔROX1ΔCOX5ApCOX5B) under the control of the COX5A 

promoter. When expressed under the control of the COX5A promoter, the strains grew 

with doubling times (2.7-3.0 h) and with final wet mass of cells (11 g) that were the 

same as wild type, in YPGal media. COX5B was expressed under aerobic conditions, 

with expression levels the same as wild type (5A isozyme). When compared under 

these controlled conditions, the 5A and 5B isozymes displayed no significant 

differences in their maximum turnover activities, in either cells or membrane 

preparations, or in their Vmax and apparent Km values for cyt c, or affinities for oxygen. 

As a further control, a mutant equivalent to that previously reported was constructed in 

which COX5A mutation, was combined with ROX1 deletion enabling aerobic 

expression of COX5B from its own promoter. This confirmed prior reports that the 5B 

isozyme expression level, was decreased (~6 fold) and that it exhibited 1.5-2 fold 

greater catalytic turnover activities and Vmax values for cyt c, compared to the 5A 

isozyme. It is concluded that the elevated activity of the 5B isozyme, in the rox1 

mutant, is not caused simply by exchange of isoforms and must arise from an 

additional effect that is still to be resolved. It is possible that it is linked with the low 

CcO:bc1 complex ratio observed in ΔROX1ΔCOX5A. This could result in a greater 

proportion of CcO present as a supercomplex of CcO/bc1, in which CcO could be 

capable of faster catalytic activity. This could be mediated by an allosteric effect of 

subunit 5, which is at the interface with complex III. This interaction could modulate the 

H channel dielectric properties and in turn the catalytic activity of CcO. The extent of 

supercomplex formation, and the allosteric effect that it induces, could be different with 

the 5A and 5B isoforms, providing a novel possible functional basis for the existence of 

the isozymes. 
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7.6 Future work 

In order to test whether the increased catalytic activity is the result of low 

expression levels of CcO, or a combination of low expression levels of CcO assembled 

with the 5B isoform, the activity of ΔROX1ΔCOX5A could be compared to another 

control mutant strain. This strain should be a COX5A-deleted strain where COX5B is 

replaced by COX5A downstream of the COX5B promoter on the nuclear genome, with 

the deletion of ROX1 to enable aerobic expression. This would result in low levels of 

assembled 5A isozyme, and provide experimental evidence that will resolve this 

hypothesis. 

In order to assess for the presence of a CcO:bc1 supercomplex, a blue native 

polyacrylamide gel electrophoresis of ΔROX1ΔCOX5A in one lane could be compared 

to WTCOX5A and COX5B strains. According to this supercomplex hypothesis, 

WTCOX5A and COX5B strains would show separate bands corresponding to 

molecular weights of bc1 and CcO, whereas ΔROX1ΔCOX5A should display a large 

MW band corresponding to the supercomplex [131,135,281]. 

The assay conditions were optimised for horse heart cyt c oxidation by WTCOX5A 

mitos, and these conditions were used for all comparisons between mitos preparations. 

It is possible that a kinetic difference between 5A and 5B isozymes may be resolved at 

different ionic strength or pH conditions. However, it is unlikely since the subunits share 

high sequence identity and matching average hydropathy plots [145]. 

Post-translational modifications such as phosphorylation can be measured using 

mass spectrometry. Mass spectrometry is being carried out on WT, COX5B, pCOX5B 

and ΔROX1ΔCOX5A mitos by our collaborator Dr. Susanne Arnold (Radboud 

University Nijmegen Medical Centre, Netherlands). Mass spectra will be compared to 

determine if there are any differences in post-translational modifications (presence of 

phosphate groups) between 5A and 5B isozymes, and more importantly between 

WTCOX5A and ΔROX1ΔCOX5A. 
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8 Final conclusions 

In this work the structure and function of mitochondrial CcO has been investigated 

by focusing on several key areas. These include redox-linked IR structural changes, 

the role of the conserved cross-linked Tyr-His feature, the function of the H channel in 

yeast CcO and the role of supernumerary subunits, 5A/5B, of yeast CcO. 

CN and CO ligands of CcO allowed stable MV states of bovine CcO to be induced 

electrochemically; they enabled the definitive separation and linkage of redox-induced 

IR bands to specific metal centres in the 1800-1000 cm-1 range. The findings show that 

the majority of the IR changes are induced by transitions in CuA and haem a. 

Meanwhile fewer IR bands of smaller intensity have been linked with redox transitions 

of haem a3 and CuB. The linkages indicate that the environment surrounding CuA and 

haem a is more redox sensitive than the BNC, suggesting a more rigid structure of the 

BNC. This result may provide further insight into the location of residues involved in or 

necessary to the overall reaction mechanism of CcO. The protein backbone changes 

linked with CuA and haem a could be accounted for by the residues that make up the H 

channel since this H channel is closest to CuA and haem a. The 1760-1710 cm-1 region 

of the FR minus O IR difference spectrum of CcO is where the ν(C=O) modes of 

protonated carboxylic amino acids appear amongst other components such as ester 

bonds of lipids and protonated propionates [184]. Carboxylic groups in CcO are 

implicated in the coupling of electron transfer with proton transfer by providing 

de/protonation sites. This region of the IR difference spectrum appears as two overall 

troughs at 1749 cm-1 and 1737 cm-1 attributed to E242 and D51 of bovine CcO 

respectively and, in the simplest case, it can be simulated with at least three Gaussian 

shaped bands [90,104,115]. In this study this region of the IR spectrum has been 

separated and linked to specific metal centre transitions and has revealed an additional 

component at 1740 cm-1. The two components at 1749 cm-1 and 1737 cm-1 have been 

linked with the oxidation of CuA and haem a, a finding that is consistent with prior 

literature [104,115,117]. The third 1740 cm-1 component seems to be linked with haem 

a3 oxidation and CuB reduction. By consideration of literature data [90,104,115] and the 

findings reported here, a model with five Gaussian components has been proposed to 

account for the data. This model makes a few assumptions such as the relative 

intensities of the IR components; nevertheless it provides insight into how the project 

can be extended in the future. The assignment of the 1740 cm-1 component to a 

specific residue will require further investigation and several candidates have been 
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proposed such as D369, D364, E198, D442, E40 (subunit I) and E62 (subunit II) and 

E90 and D246 (subunit III). 

Cyclic voltammetric characterisation of various Tyr-His model compounds has 

identified an optimal structure (TyrHis(trimethyl)) that can partially stabilise an 

electrochemically induced tyrosine radical. Its pKas are 6.8 ±0.4 for imidazole and 9.2 

±0.2 for the phenol group. IR absolute spectra of this structure in the fully protonated, 

neutral and fully deprotonated states have been tentatively assigned by comparison to 

IR bands predicted by calculation using Gaussian. The optimised electrochemical 

conditions were combined with ATR-FTIR spectroscopy to record reduced minus 

oxidised (radical) IR difference spectra. By comparison to IR difference spectra of TMP 

and TBP (phenol model compounds) the bands at 1550 cm-1 and 1510 cm-1 of 

TyrHis(trimethyl) have been assigned to v8a(C-C) and v7a(C-O
.
) of a phenoxyl radical, 

respectively. The peak/trough at 1301(+)/1314(-) cm-1 has been assigned to an 

imidazole ring stretch. TyrHis(trimethyl), along with TMP and TBP, have provided IR 

reference spectra to aid assignment of IR radical bands in the PM catalytic intermediate 

of bovine CcO. By also considering literature assignments, an IR band at 1572 cm-1 

[186] or at 1555 cm-1 has been tentatively assigned to v8a(C-C) and at 1519 cm-1 

[166,186,197] to the v7a(C-O
.
) of a phenoxyl radical in the PM state. 1336 cm-1 has 

been assigned to a histidine ring stretch of the cross-linked structure in the PM state. 

The PM minus oxidised IR difference spectrum is also presented in the low frequency 

range for the first time, and a band at 808 cm-1 has been shown to be 18O2 –sensitive, 

and has therefore, been assigned to Fe4+=O2- stretch of the PM state. Hence in addition 

to simultaneously recorded visible spectra, this band can provide a further control to 

monitor the extent of PM formation. These findings add further weight to the proposal 

that a tyrosine radical is formed on the Tyr-His cross-linked structure in the PM state, 

consistent with its proposed role as a proton/electron donor in the overall catalytic cycle 

[38,48,49,244].  

Yeast is a model system to study mitochondrial forms of CcO because mutations 

can be introduced into the nuclear and mitochondrially encoded subunits [118]. In this 

study the function of the H channel was assessed as a possible proton translocation 

pathway since it is believed to provide this role in mammalian CcOs [87]. Its role was 

tested by measurement of the H+/e- stoichiometry of an extreme 4H mutant 

(Q411L/Q413L/S458A/S455A) after membrane reconstitution into vesicles. The 

findings show that the 4H mutant retains full proton translocating activity of 1 ±0.07 

H+/e- and so is not a critical pathway for proton translocation in yeast CcO. The H 

channel has alternatively been proposed to act as a dielectric channel [78] and the 
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altered kinetics that were observed for the H channel mutants could possibly be 

explained by a modulation of the H channel dielectric properties. 

Supernumerary subunits 5A and 5B of yeast CcO are differentially regulated by 

oxygen concentration where COX5B expression is induced at low oxygen levels <1 µM 

[148]. Previously aerobic expression of the 5B isozyme has been achieved in a 

COX5A-deleted strain by mutation of rox1, a transcription repressor of COX5B [147]. 

The expression level of assembled 5B isozyme was 30-50 % of wild type and it 

exhibited a ~2-3 fold faster turnover activity [28,151,261]. To further assess the role of 

the isoforms, a mutant ΔROX1ΔCOX5A, equivalent to that reported in the literature, 

confirmed the low levels of 5B isozyme expression and its 1.5-2 fold faster activity. In 

addition, new strains have been constructed that allow aerobic expression of COX5B 

by placing COX5B in a COX5A-deleted strain downstream of the COX5A promoter at 

the COX5A nuclear locus or on a centromeric plasmid. This allowed wild type levels of 

5B isozyme to be assembled and, when compared to 5A isozyme, there was no 

difference in the Vmax or apparent Km values for cyt c or affinities for oxygen. The effect 

of Rox1 was investigated by comparison of isozymes from COX5A- or COX5B-

expressing strains with or without ROX1 deletion and where expression of COX5A/5B 

was always under the control of the COX5A promoter. However, there was no 

difference in their kinetic properties. It is concluded that the elevated activity of the 5B 

isozyme in the rox1 mutant, where COX5B expression is controlled by its own 

promoter, is not caused simply by exchange of isoforms and must arise from an 

additional effect that is still to be resolved. It is possible that it is linked with the low 

CcO:bc1 complex ratio in ΔROX1ΔCOX5A. This could result in a greater proportion of 

CcO present as a supercomplex of CcO/bc1, in which CcO could be capable of faster 

catalytic activity. This could be mediated by an allosteric effect of subunit 5, which is at 

the interface with complex III [135]. This interaction could modulate the H channel 

dielectric properties and, in turn, the catalytic activity of CcO. The extent of 

supercomplex formation, and the allosteric effect that it induces, could be different with 

the 5A and 5B isoforms, providing a novel possible functional basis for the existence of 

the isozymes. 
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10.2 Iterative fit to estimate H+/e- stoichiometry 

A fit to proton pumping profiles of COVs was calculated iteratively. The shape of 

the profile was then adjusted by varying the H+/e- stoichiometry (coupling ratio) to give 

a best fit to the measured data. The following LabTalk script was written on OriginPro 

8.6 by Liberty Foreman with contributions from Raksha Dodia and Peter Rich. 

[Proton to electron stoichiometry] 
 
//User Defined Constants 
CoupRatio=1; 
CytCred=1.35; 
K1=1.2; 
K2=0.026; 
Tinc=0.05; 
K3=0.03 
 
//Initial Fixed Conditions 
Hout=0; 
Hin=0; 
ii=1; 
CytCox=0;  
IntialAcidPulse=0.36 
 
range rData=[Book1]Sheet1!; 
 
rData.nrows=1200; 
 
for(T=0; T<=200; T=T+$(Tinc)) 
{ 
range rX=%(rData)col(1)[ii]; 
range rY=%(rData)col(2)[ii]; 
rX=T; 

Oxidation= (CytCred*$(Tinc)*K1); 
CytCred= CytCred - Oxidation; 
CytCox= CytCox + Oxidation; 
AcidPulseused= InitialAcidPulse*$(Tinc)*K3 
AcidPulseleft=InitialAcidPulse - AcidPulseused 
Hout= Hout + (Oxidation*CoupRatio)+AcidPulseleft; 
Hin= Hin - Oxidation - (Oxidation*CoupRatio)+AcidPulseleft; 
Hdecay=(Hout + CytCox)*K2*$(Tinc); 
Hout= Hout - Hdecay; 
Hin= Hin + Hdecay; 
rY=(Hout*-1); 
ii=ii+1; 

} 

 



Chapter 10 

252 

 

1.2.1 Description of script 

‘CytCred’ is the initial concentration of cyt c2+ (µM) added to the reaction. 

‘Tinc’ is the time increment between data points and was defined as 0.05 s. 

‘Oxidation’ is the amount of cyt c oxidised in the defined time increment (0.05 

s). ‘CytCox’ is the cumulative amount of cyt c oxidised with each time 

increment. Although not significantly large, steps 4 and 5 takes into account the 

measured profile of the calibrating acid pulse (see Figure 6-7) where the added 

protons from HCl equilibrate into the vesicles at a measureable rate constant 

‘K3’, thus the initial acidification burst from pumping must be compared to the 

initial size of the acid pulse and the final extent of reaction profile should be 

compared to the final extent of the acid pulse profile. ‘InitialAcidPulse’ is the 

amount of protons that equilibrate into the vesicle (0.36 µM). ‘AcidPulseused’ 

is the amount of protons entering the vesicle in a time increment based on the 

measured rate constant K3. ‘AcidPulseleft’ is the cumulative amount of 

protons left to enter the vesicle which would soon become 0. ‘Hout’ is the 

amount of protons pumped out of the vesicle by CcO. ‘CoupRatio’ is the H+/e- 

stoichiometry that can be adjusted to obtain the best fit to the data. ‘Hin’ is the 

amount of protons lost inside the vesicle due to pumping and consumption for 

H2O formation. ‘Hdecay’ is the extent by which the pumped protons re-enter 

the vesicle at the measured rate constant (K2) in the defined time increment. 

The pumping of protons is outcompeted by the opposing decay, and the re-

entry of protons is increasing based on the decay. 
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