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Rèsumè 

L’objectif principal de cette thèse est de comprendre la structure et les différents mécanismes 

de protéines hémiques de la chaîne respiratoire. Afin d’atteindre cet objectif, nous avons 

combiné la spectroscopie vibrationnelle et l’électrochimie. Cette thèse est composée de deux 

parties principales : la première, est axée sur l’interaction de la protéine cytochrome bo3 

oxydase avec la quinone. La deuxième  partie est focalisée sur la caractérisation de la 

cytochrome c réductase issue de l’organisme Paracoccus denitrificans via des techniques 

spectroscopiques (infrarouge différentielle, dosage électrochimique par spectroscopie UV/ 

Visible) ainsi que par électrochimie.  

Concernant la première partie, nous nous sommes intéressés à la cytochrome bo3 oxydase qui 

est une protéine membranaire de la chaîne respiratoire, et est également membre de la famille 

des oxydases hème-cuivre. Le rôle de cette protéine redox est de fonctionner comme une 

pompe à protons et de réduire l’oxygène libre en eau. La translocation de protons à travers la 

membrane produit une différence de potentiel qui est ensuite utilisée pour produire de l’ATP 

dans la cellule. La cytochrome bo3 oxydase contient un hème b, un hème o3 et un atome de 

cuivre CuB comme le montre la figure 1A. Cette protéine utilise un ubiquinol-8 en tant que 

donneur d’électrons au sein de la membrane qui se lie à l’enzyme et produit des électrons qui 

seront utilisés pour la réduction de l’oxygène. A l’heure actuelle, le nombre de site de liaison 

pour la quinone ainsi que sa position au sein de l’enzyme demeure un important sujet de 

débat.    

Il est connu que plusieurs cofacteurs tels que les hèmes, la quinone et le CuB à l’intérieur de la 

cytochrome bo3 oxydase sont en relation les uns avec les autres. Cependant, une étude 

poussée est nécessaire pour comprendre la relation entre ces cofacteurs. Ainsi, nous avons 

commencé à étudier l’interaction de la cytochrome bo3 oxydase avec la quinone en réalisant 

un dosage électrochimique par spectroscopie UV/ Visible et par voltampérométrie cyclique.    



xvi 
 

 

Figure 1. A) Structure cristallographique de la cytochrome bo3 oxydase issu de l’E. coli B) 

Proposition du site de liaison da la quinone.  

Le tableau 1 ci-dessous représente le potentiel de demi-vague des cofacteurs obtenus à partir 

du dosage électrochimique. Dans la bande de Soret, nous avons observé quatre contributions 

qui sont liées à la transition redox de l’interaction des hèmes. Nous avons également observé 

un déplacement dans les potentiels de demi-vague lors de la comparaison des échantillons 

avec et sans quinone. Afin de vérifier si le déplacement dans le potentiel de demi-vague des 

échantillons sans quinone est réversible, nous avons introduit la Q2 manuellement. Nous 

avons observé qu’après l’insertion de la Q2 les potentiels de demi-vague sont retournés à des 

valeurs négatives.            
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Table 1. Les potentiels redox obtenus en présence et absence de quinone comparés aux 

valeurs de la littérature [7] 

 

Nous avons poursuivi notre étude en se focalisant sur les acides aminés qui sont susceptibles  

d’être situés au niveau du site de liaison de la quinone (figure 1B). Cette région a été 

proposée par le groupe de R. Gennis comme unique et présente une haute affinité pour le site 

de liaison de la quinone. 

Différentes mutations de la cytochrome bo3 oxydase telles que : D75N, H98F, I102N, 

Q101N, Q101M, Q101L, Q101T, Q101A, R71H, F93A and F93Y ont été caractérisées par 

spectroscopie infrarouge différentielle induite par électrochimie et par voltampérométrie 

cyclique. Les spectres différentiels obtenus nous donnent une idée générale sur la structure de 

la protéine (données non présentées). Des changements conformationnels qui se produisent au 

niveau de la bande amide I ont été observés.   

Les activités catalytiques de tous les mutants ont été mesurées à partir du 

cyclovoltammogramme de la cytochrome bo3 oxydase forme sauvage « Wild Yype (WT) ». 

Lors de la comparaison du potentiel de réduction et la courbe de réduction du bo3 WT, nous 

avons observé un changement clair dans l’activité catalytique et dans les potentiels de 

réduction des échantillons. Le tableau 2 résume les modifications des activités catalytiques de 

tous les échantillons mesurés. Nous avons observé que les mutations des acides aminés F93, 

D75, H98, I102, R71 entrainent la perte totale de l’activité catalytique et qu’elles sont 

cruciales pour la liaison avec la quinone. Les mutations au niveau des acides aminés Q101M 
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and Q101A ont montré une activité électrochimique. Cependant, leur potentiel catalytique a 

été déplacé vers des valeurs négatives. 

 

Table 2. Résumé des modifications électrochimiques dans la bo3 WT et les différents mutants 

étudiés.  

 

  #sans Quinone 

 

La deuxième  partie est focalisée sur la caractérisation de la cytochrome c réductase (cNOR) 

issue de l’organisme Paracoccus. Denitrificans. cNOR est une enzyme liée à la membrane et 

qui est responsable de la réduction de  deux électrons  de l’oxyde nitrique (NO) en oxyde 

nitreux (N2O) selon l’équation suivante :     

2NO + 2H
+
 + 2e

-
 → N20 +H2O                                                   Equation 1 

La figure 2 montre la structure cristallographique de la cytochrome c réductase cNOR. Cette 

protéine est composée de deux sous-unités NorB et NorC. La sous-unité NorC contient un 
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hème c bas spin et la sous- unité NorB contient deux hèmes b (un hème b de bas spin et un 

hème b3 de haut spin) et un atome de fer non hémique (FeB).   A partir de la structure 

cristallographique, il a été montré que le cation Ca
2+

 est localisé entre l’hème b et l’hème b3 

avec des ligands Tyr-73, Gly-71 and Glu-135 (P. aeruginosa numbering). Le cation Ca
2+

 lie 

les propionates de l’hème b et l’hème b3 afin de stabiliser les deux hèmes. Il est prévu qu’un 

donneur de protons doit être dans cette région. La cNOR est liée à la superfamille des 

oxydases hème-cuivre qui sont des protéines membranaires. La différence principale de la 

protéine cNOR avec les autres membres de la famille des oxydases est qu’elle ne pompe pas 

de protons, ce qui entraine la production d’aucun gradient électrochimique.         

Tout d’abord, notre objectif était de comparer la cNOR à l’intérieur des liposomes et la cNOR 

dans le n-dodécyl-β-D-maltoside (DDM) via le dosage électrochimique par spectroscopie 

UV/ Visible et par la spectroscopie infrarouge différentielle induite par électrochimie dans le 

but de comparer les deux environnements. Il a été prédit que les liposomes pourraient fournir 

des environnements plus naturels à l’échantillon. Ainsi, nous pouvons obtenir un système 

plus stable et efficace. 
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Figure 2. Structure cristallographique de la cytochrome c réductase cNOR from P. 

aeruginosa 

La figure 3 illustre la comparaison entre les spectres différentiels (oxydé moins réduit) de la 

cytochrome c réductase cNOR avec les liposomes et la cytochrome c réductase cNOR en 

présence du DDM à pH 7.5. Lors de l’addition des lipides, nous avons observé deux bandes 

intenses situées à 1743 et 1709 cm
-1

 qui sont attribuées aux vibrations d’élongation ν (C=O) 

des lipides. De même dans la région comprise entre 1600 et 1400 cm
-1

, nous avons noté la 

présence de deux bandes intenses à 1551 et 1402 cm
-1

 correspondant aux vibrations des 

lipides. Les lipides seuls ne présentent pas des spectres différentiels car ils ne subissent pas de 

changements structuraux au cours de la réaction d’oxydoréduction. Ainsi, les attributions de 

ces lipides sont en relation avec les changements d’orientation de ces derniers au cours de la 

réaction d’oxydoréduction des cNOR. Nous concluons donc que malgré la contribution 

importante de ces lipides dans les spectres différentiels, la cNOR est stable dans les 

liposomes.     

 

Figure 3. Spectres différentiels (forme oxydée-forme réduite de la cNOR avec DDM à pH 

8.5, 7.5 et la cNOR avec liposomes dans le tampon Tris à pH 7.5.   



xxi 
 

Nous avons poursuivi notre étude en effectuant des dosages électrochimique par 

spectroscopie UV/ Visible de la cNOR en présence des liposomes et la cNOR avec du DDM. 

Les résultats obtenus sont représentés dans le tableau 3.  

Table 3. Valeurs des potentiels redox obtenus pour la  cNOR  avec DDM et cNOR  avec 

liposomes à pH 7.5 

- +/- 20 mV erreur 

Nous avons également étudié la cNOR en se focalisant sur la translocation de la voie 

protonique dans la protéine. Afin de comprendre les donneurs de protons possibles, nous nous 

sommes focalisés sur la région d’intérêt contenant le cation Ca
2+

 pontant les propionates de 

l’hème b3. Pour atteindre notre objectif, la forme sauvage WT de la cNOR ainsi que les 

mutants E122A, Y74F et Y74S ont été caractérisés dans le but d’étudier l’effet de ces mutants 

sur l’activité et la structure générale de la protéine.      

La figure 4 représente les spectres différentiels de la protéine cNOR WT et des différents 

mutants. La comparaison du spectre différentiel de la cNOR WT avec les spectres des 

différents mutants a montré principalement des changements conformationnels qui ont eu lieu 

au niveau de la région amide I et amide II. Le mutant E122A était supposé induire des 

changements dans les vibrations d’élongation ν (C=O) de l’acide aspartique situées à 1741 et 

1725 cm
-1

 qui peuvent être liés à l’absence du ligand  Ca
2+ 

(E122A).    

Nous avons observé un déplacement de 3 cm
-1

 vers les hauts nombres d’onde, des modes de 

vibrations (CC) et (CH) de la tyrosine situés à 1522 cm
-1

 ainsi que des modes de vibrations  

(C-C) de la Tyr-OH situés à 1240 cm
-1

 pour le mutant Y74S et les modes (C-C) pour le 
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mutant Y74F. Comme la Tyrosine-74  à un rôle actif dans la conformation de l’hème b et b3, 

il a été prévu de voir un changement structural en raison de la perte de cet acide aminé. 

 

Figure 4.  A) Proposition du chemin de proton et les résidus des acides aminés B) Spectres 

différentiels (forme oxydée- forme réduite) de la protéine  cNOR WT et les différents mutants 

E122A, Y74F, Y74S.  

Des dosages électrochimiques par spectroscopie UV/ Visible ont été réalisés sur ces différents 

mutants afin de voir l’effet de ces mutations sur les potentiels redox de l’hème. A partir du 

tableau 4, nous pouvons observer un déplacement dans les potentiels de demi-vague de ces 

hèmes. Le potentiel de demi-vague de l’hème c a été mesuré à partir de la bande située à 550 

nm, l’hème b3 à partir de la bande de Soret et l’hème b à partir de la bande à 560 nm. Ainsi, 

nous pouvons conclure que les potentiels de demi-vague de ces différents hèmes ont  montré  

des déplacements pour tous les mutants étudiés. Nous avons réussi a observé une contribution 

claire de l’hème b3 à partir de la bande de Soret avec un potentiel de demi-vague 

extrêmement négatif. Des mutations au niveau de la coordination du Ca
2+

 ont changé les 

propriétés électrochimiques plus précisément de l’hème b et l’hème b3, ce qui montre 

l’importance du site Ca
2+

 dans la stabilité des transferts d’électrons entre les hèmes. 
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Table 4. Résumé des potentiels redox obtenus pour la cNOR WT et les différents mutants 

E122A, Y74F etY74S à  pH 7.5 comparés avec les valeurs de la littérature  

 

+/- 20 mV erreur 

En conclusion, nous avons donc appliqué avec succès les techniques électrochimiques et 

spectroscopiques sur les protéines cytochrome c réductase (cNOR)  et cytochrome bo3 

oxydase. La combinaison de l’électrochimie avec la spectroscopie infrarouge différentielle 

induite par électrochimie et le dosage électrochimique par spectroscopie UV/ Visible nous ont 

permis d’obtenir des informations combinées sur les propriétés structurales et 

électrochimiques de ces différentes protéines. Les mutations de divers acides aminés nous ont 

également permis de discuter la fonction et la structure de domaines cruciaux au sein de la 

protéine. Les résultats obtenus sont donc prometteurs dans l’investigation des protéines 

membranaires car ils pourront nous aider à comprendre de nombreux problèmes dans ce 

domaine. 
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1. INTRODUCTION 

1.1 Energy Production in Cell 

The cell is the building brick of all living organisms. They can be classified as prokaryotes 

(bacteria and archea) and eukaryotes (animals, plants, fungi, protozoa and chromista). The 

main differences in their cellular structure of eukaryotes and prokaryotes are the presence of 

membrane-bound organelles (nucleus, mitochondria and chloroplast), the cell wall and the 

structure of their DNA (Figure 1.1). 

 

Figure 1.1 Representation of A) Bacterial B) Animal and C) Plant cell [1] 

The cells perform various functions such as moving, growing or reproduction and most of 

these functions require energy. In order to obtain energy cells release the stored energy in 

molecules by using oxidation reactions such as respiration or light-dependent stage of 

photosynthesis [2- 4]. The released energy is stored in the form of Adenosine triphosphate 

(ATP) or nicotinamide adenine dinucleotide (NADH) [5- 7]. 

Photosynthesis is performed by plants and some bacteria, protozoa and archea. In 

photosynthesis the electrons obtained from O2 production out of water (H2O) are transported 

via the electron-transport chain [8]. During that process ATP and reduced Nicotinamide 
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Adenine Dinucleotide Phosphate (NADPH) are produced. ATP and NADPH are further used 

in the photosynthetic carbon-reduction cycle (Calvin cycle) [9]. In the Calvin cycle CO2 is 

consumed to produce triose-phosphates (C3 compounds).  

Cellular respiration can be explained as follows. During glycolysis [10-12], glucose is 

converted into two molecules of pyruvic acid. During this process adenosine diphosphate 

(ADP) [13], nicotinamide adenine dinucleotide (NAD
+
) [14, 15] and Pi are used to generate 

ATP and NADH by substrate level phosphorylation. The link reaction between the glycolysis 

and Krebs cycle [16] is the oxidative decarboxylation of pyruvate. At this step pyruvate is 

oxidized into acetyl-CoA [17] and CO2 by the pyruvate dehydrogenase complex (PDC) [18]. 

PDC contains several copies of the three enzymes (pyruvate dehydrogenase [19], 

dihydrolipoyl transacetylase [20] and dihydrolipoyl dehydrogenase [19]) located in the 

mitochondria of the eukaryotic cells and in the cytosol of prokaryotic cells. Generated acetyl-

CoA gets oxidized while NAD
+
 is reduced into NADH during the Krebs cycle. NADH is then 

further metabolized into ATP by the electron transport chain (detailed information section 

1.2) during oxidative phosphorylation. The eukaryotes Krebs cycle and the oxidative 

phosphorylation occur in the mitochondrial matrix and at the inner membrane of the 

mitochondria. A proton gradient is formed between out and inner sides of the inner membrane 

which is used by ATP Synthase enzyme (complex V) [21-24] to produce ATP from ADP by 

means of phosphorylation. Electrons that are used in this process are finally transported to 

exogenous oxygen (terminal electron acceptor) and (together with two protons) water is 

generated by complex IV. In aerobic prokaryotes (some respiring bacteria) these processes 

occur in the cytoplasmic membrane.  

1.2 Respiratory Chain 

The general concept of the respiratory chain, the main pathway for the transfer of electrons or 

protons from metabolites to oxygen, has been established as a result of several studies in the 

early twentieth century until the 1960s. There was a couple of milestones in this period of 

time such as the proposition of the proton-motive force theory by Mitchell in 1961 [25, 26] 

and purification of four respiratory complexes from mitochondria by Hatefi and coworkers in 

1960s [26-31]. The chemiosmotic theory of Mitchell suggested that a proton-motive force, 
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which is generated through the translocation of the protons through ion pumps in the 

respiratory complexes, is further used by ATP synthase to drive the ATP production. In time 

it was understood that although the cells can produce sodium (Na
+
), potassium (K

+
) or 

calcium (Ca
2+

) gradients, the role of the proton gradient was the most crucial amongst. The 

proton gradient has an important role for several functions in bacteria and archea such as 

photosynthesis, bacterial motility (flagellar motor) and homeostasis. Hatefi and coworkers 

purified the natural segments of the respiratory chain [26-31] and it helped understanding the 

reconstitution of the electron pathway together with coenzyme Q and cytochrome c. From the 

90s to the present date most of the respiratory complexes were crystallized and their 

structures were determined.  

Before introducing the respiratory complexes it is crucial to introduce the structure and the 

function of essential redox centers and electron carrying molecules since they are the main 

elements of electron transfer chain. 

Cytochromes: 

Cytochromes are iron-porphyrin containing, electron transferring proteins [32]. They are 

generally found in the aerobic cells and usually located in the inner mitochondrial membrane 

and for the prokaryotes in the cellular membrane. They are responsible for the transfer of 

electrons originating from the dehydrogenases in the respiratory complexes to the molecular 

oxygen. Cytochromes undergo Fe(II)-Fe(III) transition during the reduction/oxidation 

process. Cytochromes are classified by their energy absorption band such as cytochrome c 

(550 nm) and cytochrome a (605 nm). From the inner membrane of mitochondria and the 

cytoplasmic membrane of prokaryotes, 5 different types of cytochromes have been classified 

so far: cytochromes b, c, d, a and o [33-36].  

The porphyrin ring is present in all cytochromes. Porphyrins can be classified depending on 

their side-chain substituent such as mesoporphyrins, uroporphyrins and protoporphyrins. The 

most common type of porphyrin is the protoporphyrins which contain four methyl groups, 

two vinyl groups and two propionic acid groups (Figure 1.2 A).  

Protoporphyrins can form complexes with metal ions such as iron, magnesium, copper. The 

complex between protoporphyrins and Fe(II) is called heme (protoheme) and the same 
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complex with Fe(III) is called hemin (Figure 1.2 B). Four ligands of the heme form a planar 

structure with the iron center. The fifth and sixth ligands are perpendicular to the plane of the 

porphyrin ring. Myoglobins and hemoglobins are the most well-known hemeproteins and 

they contain an imidazole group (from histidine) in the fifth position while the sixth group 

can be either unoccupied or occupied by ligands such as O2, CO. Most of the other 

hemeproteins contain R groups of aminoacids in the fifth and sixth position which prevents 

binding of the ligands such as O2. Due to that myoglobins and hemoglobins acts as oxygen 

carriers and cytochromes as electron carriers [37, 38].  

 

Figure 1.2 Structures of A) porphin (the simplest porphyrin) and B) protoheme (heme) [32] 

The reduced or ferrous forms of cytochromes have three characteristic absorption bands in the 

UV/Vis range called α, β and Soret (γ) bands. These characteristic bands are used to 

distinguish the different types of cytochromes. C type cytochromes have a maximum between 

550-558 nm, b and o types have a maximum between 555-565 nm, a type cytochromes have a 

maximum at 600 nm and d type cytochromes have a maximum at 630 nm [39]. In Figure 1.3 

the structure of the different hemes are shown. 
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Figure 1.3 Structure of heme cofactors of cytochromes [39] 

Ubiquinone (Coenzyme Q): 

Ubiquinones are lipid-soluble electron transferring molecules. They are responsible for the 

transport of electrons between respiratory complexes, similar to the water-soluble cytochrome 

c molecules [40, 41]. Ubiquinones are coenzymes of respiratory complexes. They are 

composed of a quinone head group and a hydrophobic isoprenyl tail (Figure 1.4). 

 

Figure 1.4 Structure of ubiquinone 
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Due to their hydrophobic nature they can move easily in the inner part of mitochondrial 

membrane (cell membrane in prokaryotes) by diffusion. There are several ubiquinones that 

were identified with respect to their length of the isoprenyl side chain. In microorganism 

ubiquinone-6 (6 isoprenyl units) [42] and in mitochondria ubiquinone-10 (10 isoprenyl units) 

[43] are commonly found. In particular, E. coli contains dominantly Q8 and rarely Q1, Q7 and 

Q9. 

Ubiquinone has a characteristic absorption band at around 270 nm in the oxidized form [44]. 

When ubiquinone is reduced into quinol this band disappears. 

a. Complex I (NADH:ubiquinone oxidoreductase): 

In the respiratory chain electrons are transferred from NADH to O2 through a chain of three 

protein complexes [45-48]. Electrons are carried from NADH-Q oxidoreductase [49-51] to 

another complex (III) which is Q-cytochrome c oxidoreductase by using coenzyme Q 

(Ubiquinone). The oxidation of NADH is coupled to the reduction of ubiquinone in the 

membrane part of the enzyme. During this process a free energy is generated and it is further 

used to pump four H
+
 across the membrane to produce a proton gradient force. 

NADH ubiquinone oxidoreductase (Complex I) catalyzes the following reaction [49]; 

𝑵𝑨𝑫𝑯 + 𝒖𝒃𝒊𝒒𝒖𝒊𝒏𝒐𝒏𝒆 + 𝟓𝑯𝑵
+ ⇆ 𝑵𝑨𝑫+ + 𝒖𝒃𝒊𝒒𝒖𝒊𝒏𝒐𝒍 + 𝟒𝑯𝑷

+ 

where N and P represent the negative inner and positive outer membrane. This enzyme is the 

largest and most complex amongst the other respiratory chain proteins. The mitochondrial 

enzyme comprises several cofactors and up to 45 different subunits. In prokaryotes that 

contain complex I, this enzyme is constituted of 14 core subunits. Due to its complexity 

NADH ubiquinone oxidoreductase has remained the least understood member of the 

respiratory chain. It contains one flavin mononucleotide (FMN), several iron-sulfur clusters 

(Fe-S) (≈ 9) and a bound ubiquinone in its structure (Figure 1.5). 
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Figure 1.5 Structure of NADH ubiquinone oxidoreductase from T. thermophilus. The electron 

transfer and the proton pumping was illustrated (Complex I). (PDB. 4HEA) 

Recent studies indicate that NADH ubiquinone oxidoreductase can produce superoxide and 

hydrogen peroxide through, at least, two pathways [52]. Excess amount of superoxide 

contribute to the cellular stress and it is linked to several neuromuscular diseases [53, 54]. 

Approximately 5% of the electrons flowing during the reverse and forward electron transfer 

in complex I can be diverted into superoxide formation [52].   

b. Complex II (succinate dehydrogenase): 

Succinate dehydrogenase is an enzyme from the  citric acid cycle responsible for generating 

FADH2 through the oxidation of succinate to fumarate [55-57]. During this process FADH2 

does not leave the complex and its electrons are transferred to Fe-S clusters and then to the 

ubiquinone for entring to the electron transport chain. Succinate dehydrogenase is the only 

protein in the respiratory chain that does not pump protons which is due to the low amount of 
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energy generated through the electron transfer (ΔEo: 15 mV and ΔGo: -2.9 KJ.mol
-1

) [55]. 

Mitochondrial and most of the bacterial succinate dehydrogenases are composed of four 

subunits (Figure 1.6). Complex II from E. coli contains two hydrophilic subunits that are 

constituted of a flavoprotein (SdhA) and an iron-sulfur protein (SdhB). SdhA contains a FAD, 

succinate binding site and SdhB contains three iron-sulfur clusters (2Fe-2S, 4Fe-4S and 3Fe-

4S). The other two hydrophobic subunits are SdcC and SdcD. These two subunits form a 

cytochrome b complex which contains one heme b and a ubiquinone binding site.  

 

Figure 1.6 Structure of succinate dehydrogenase from E. coli (Complex II) showing the electron 

transport from FAD to ubiquinone. (PDB. 1NEK) 

The succinate dehydrogenase catalyzes the following reaction; 

𝑺𝒖𝒄𝒄𝒊𝒏𝒂𝒕𝒆 + 𝑸 ⇆ 𝑭𝒖𝒎𝒂𝒓𝒂𝒕𝒆 + 𝑸𝑯𝟐 
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Recent studies indicate that reduced levels of succinate dehydrogenase enzyme have been 

observed in the brain of mice with Huntington`s disease [58]. Mutations in any of the 

hydrophobic or hydrophilic subunits of this enzyme can lead to several diseases such as Leigh 

syndrome [59], optic atrophy [60] and formation of superoxide ions together with 

tumorogenesis in chaffin cells [61]. 

c. Coenzyme Q-Cytochrome c oxidoreductase (Complex III) 

Coenzyme Q-cytochrome c oxidoreductase is the second proton pump in the respiratory chain 

[62, 63]. The main function of this enzyme is to transfer electrons from reduced ubiquinol to 

another water-soluble electron transport molecule, cytochrome c, while generating a proton 

motive force. This process can be summarized as in the following reaction [62]; 

𝑸𝑯𝟐 + 𝟐𝑪𝒚𝒕 𝒄𝒐𝒙 + 𝟐𝑯𝒎𝒂𝒕𝒓𝒊𝒙
+ ⇆ 𝑸 + 𝟐𝑪𝒚𝒕 𝒄𝒓𝒆𝒅 + 𝟒𝑯𝒄𝒚𝒕𝒐𝒔𝒐𝒍

+  

 

Figure 1.7 Structure of cytochrome bc1 from R. capsulatus Complex III (Coenzyme Q-Cytochrome c 

oxidoreductase) showing the electron transfer between cofactors. (PDB. 1ZRT) 

Complex III is a dimer and each of the monomers contains 11 subunits. It contains in total 

two b-type hemes (bLow and bHigh) and each dimer contains one c-type hemes together with an 

2Fe-2S center (Figure 1.7). There are two ubiquinone binding sites (Qo and Qi) in complex III 
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which are distinguished by their location in the protein (In or Out). Two protons are released 

when the ubiquinol is oxidized at Qo site. At the same time, two electron reduction of 

ubiquinone are used to reduce heme bL and FeS cluster. The electrons of heme bL are 

transferred to the Qi through the heme bH. The bound ubiquinone in this site is reduced to 

ubiquinol and 2 H
+
 are taken from the inner, negative side of the membrane. The reduced FeS 

centers deliver the electrons to heme c1. Finally electrons are donated to cytochrome c. As a 

summary, 2 H
+
 are taken from the N side and 4 H

+
 are pumped to the P side while two 

electrons are donated to cytochrome c. 

Mutations in complex III related genes in humans leads to the formation of multisystem 

disorders, septo-optic dysplasia and exercise intolerance [64]. The group of Meunier studied 

several mutations in the mitochondrial cytochrome b [65] using yeast as a model system and 

showing that malfunction in complex III could be pathogenic in humans. 

d. Cytochrome c oxidase (Complex IV)  

Cytochrome c oxidase is the terminal oxidase in the respiratory chain [66-69]. It is 

responsible for the 4 electron reduction of O2 into H2O which is coupled to a proton pumping 

from negative, inner side to the positive side of the membrane. Cytochrome c oxidase is a 

member of a large family of terminal oxidases. There are several eukaryotic and prokaryotic 

cytochrome oxidases and quinol oxidases in the family of terminal oxidases. Members of this 

family use cytochrome c or quinone as an electron donor and a copper/heme center as an 

intermediate electron carrier.  

All members of this family function as a proton pump which creates a proton gradient and 

this proton motive force is further used by ATPases (Complex V) to produce ATP. In 

prokaryotes they are located in the prokaryotic plasma membrane (between peri-plasm and 

cytoplasm) and in eukaryotic systems they are in the mitochondrial inner membrane.  
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Figure 1.8 Structure of cytochrome c oxidase from P. denitrificans (Complex IV) showing the 

electron transfer between the cofactors. (PDB. 3HB3) 

Mitochondrial cytochrome c oxidases are constituted of 13 different subunits [70]. Electron 

transfer is accomplished through 4 redox centers: one heme a, (can be heme b and heme c in 

other bacterial oxidases), one heme a3 (can be heme o3 and b3 in other bacterial oxidases), one 

CuA (which is absent in quinol oxidase and cbb3 oxidase) and one CuB center. In figure 1.8 

the structure of cytochrome aa3 oxidase from P. denitrificans is shown. In all oxidases 

reduction of O2 into H2O is performed in the bi-nuclear center which is constituted of heme a3 

(o3/b3) and CuB. CuA, in cytochrome c oxidase, is responsible for the oxidation of cytochrome 

c and delivering the electrons to the heme a. In the case of quinol oxidases electrons are 

directly delivered to the heme b and then to the bi-nuclear center. The electrons and protons 

that are transported to the bi-nuclear center are used to reduce O2. 
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Figure 1.9 Five stages of the catalytic cycle of cytochrome c oxidase [71].  

The electron transfer has a complicated pathway in cytochrome c oxidase and it is coupled 

with proton translocation. Electron transfer and O2 reduction in the enzyme is usually studied 

by flow-flash technique where the enzyme is reduced under CO atmosphere, bound CO is 

dissociated with a laser flash and enzyme is mixed with an O2 containing solution [72]. 

Results of this experiment show that O2 rapidly bounds (≈ 10 µs) and electrons are transferred 

to heme a. In the next step, electrons are transferred to the bi-nuclear center (≈ 40 µs) and 

forming the peroxy state. During this process protons are transported from the solution (N 

side) to the bi-nuclear center (≈ 100 µs) and the ferryl state of the enzyme is formed. In the 

final step remaining electrons in the CuA-heme a equilibrium are transported to the bi-nuclear 

center and enzyme comes back to the oxidized form (≈ 1 ms) [72]. The complete catalytic 

cycle is shown in figure 1.9. 

1.3 Heme-Copper Oxidase Superfamily 

In the bacterial systems there are several distinct terminal oxidases rather than a single 

cytochrome c oxidase (eukaryotic mitochondrial system). This complex diversity of terminal 

oxidases has been studied in detail over the years to obtain a general classification [73-76]. 
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Many studies in the past years showed that most of the bacterial oxidases use different 

substrates (cytochrome c or quinone), have different oxygen affinities and contain different 

heme/metal centers [76]. However, they are considered to be close relatives of a superfamily 

of heme-copper oxidases. The establishment of this classification triggered scientists to focus 

on the further comprehension of evolutionary links of the various respiratory systems.  

The primary function of respiratory systems is to generate a proton motive force. However, 

this process is not always in the favor of the organism. Depending on the growth conditions 

the organisms can focus on the rate of respiration rather than the efficiency of proton 

translocation due to the importance of survival [73]. As a conclusion, the organism should 

work in balance, depending on the growth condition, to carry out the needs of an optimal 

respiratory chain. These needs can be summarized under three topics: maximal H
+
/e

-
 ratio, 

rapid removal of excess reducing equivalents and oxygen reduction.  

 

Figure 1.10 Crystal structures of the heme-copper oxidase super family. Catalytic subunits are 

shown in green and additional subunits are shown in red and blue. The amino acid residues in the 

proposed proton channels of different types of heme-copper oxidases are shown below [73]. 
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The respiratory oxidases in prokaryotic systems vary between each other depending on the 

substrate type, substrate affinity and heme-copper composition. Thus heme-copper oxidases 

are divided into 3 major types: Type A (A1 and A2), type B and type C (Figure 1.10).  

Type A: 

Type A oxidases are the most studied and diverse type of heme-copper oxidases. Type A 

oxidases are divided into type A1 and type A2 oxidases. The main distinctive feature of type 

A1 oxidases are the two K and D proton channels. In aa3 enzyme from P. denitrificans, the D 

channel starts with the conserved D124 residue in the negative side of the membrane and 

contains N199, N113, N131, Y35, S134, S193 and E278 (Ending of the channel) residues. K 

channel is constituted of highly conserved K362, S291, T359 and Y288 residues [67].  

Type A2 enzymes also contain all the highly conserved residues in K and D channel in their 

structure except the E278 residue in helix VI. Studies with caa3 oxidase from Rhodothermus 

marinus showed that a Tyr residue is present close to the position E278 and it has a role in the 

proton translocation process [77]. In addition, type A2 enzymes contain consecutive, 

conserved Ser residues suggested to take part in the proton translocation process. This 

concept is called YS motifs and it is a fingerprint of type A2 enzymes.  

Type B: 

The main difference between B type enzymes and the A type enzymes is the proton transport 

mechanisms. In type B enzymes the residues involved in the K and D proton channels are not 

conserved. Instead, it was proposed that the Lys-354, Thr351 and Ser291 residues in K 

channel have been replaced with threonine,  serine and a tyrosine residues, respectively, and 

responsible for the proton translocation in the enzyme [73]. The best studied protein amongst 

type B oxidases is ba3 from T. thermophilus. It was proposed that instead of a single K 

channel two proton channels (D and Q) were present in this enzyme [78]. However, the 

mutations in the residues proposed to be in the D and Q channels showed that the proton 

pumping ability of this enzyme was not perturbed. This fact indicates that the enzyme uses a 

single proton channel (K-channel).  
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Several members of type B heme-copper oxidases (such as ba3 and aa3 oxygen reductases 

from T. thermophilus and A. ambivalens, respectively) pump protons but with slower rate 

than type A oxidases [73, 79-81].  

Type C: 

The only member of type C heme-copper oxidases is cbb3 oxygen reductase [82- 84]. It is 

generally constituted of four subunits (CcoN, CcoO, CcoP and CcoQ). In the catalytic sub-

unit CcoN a low-spin heme b and a binuclear center, which is composed of a high-spin heme 

b and a CuB center, are present. The other two subunits CcoO and CcoP contain a low-spin 

heme c and two low-spin heme c respectively. cbb3 oxidases use a single proton pathway 

which is related to the B type heme-copper oxidases with the exception of Thr-351 and Ser-

291 (Instead contains serine and tyrosine) residues [85, 86]. A H
+
/e stoichiometry between 

0.6-1 was obtained with cbb3 oxidase from P. denitrificans and Rhodobacter sphaeroides [82, 

87].  

Nitric oxide reductases (NORs): 

NORs have two distinct types which are distinguished on the basis of the type of electron 

donor they use. cNORs use water soluble cytochrome c as the electron donor and qNORs use 

a lipid soluble ubiquinone. NORs do not pump protons thus they do not contain a proton 

channel connecting the two sides of the membrane. They contain a proton channel for the 

translocation of the protons that are used in the chemical reaction in the catalytic site. The 

catalytic site of NORs has the same core structure as heme-copper oxidases. The binuclear 

center of NOR is constituted of a high-spin heme b3 and a FeB ion instead of CuB. Despite the 

differences in the terms of function and structure NORs are suggested to be evolutionary 

linked to the heme-copper oxidases [88, 89].  

In this thesis, we focused on two members of heme-copper oxidase family: bo3 oxidase from 

E. coli and cNOR from P. denitrificans.  

1.5 Cytochrome bo3 oxidase from E. coli: 

The cytochrome bo3 oxidase is a member of type A heme-copper oxidase superfamily [90, 

91]. The main function of this enzyme is to generate a proton motive force through the 
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translocation of H
+
 from the negative (N) side of the membrane to the positive (P) side and to 

catalyze the four electron reduction of O2 to H2O. Cytochrome bo3 oxidase is constituted of 

four subunits. Subunit I contains all the redox centers such as a low-spin heme b, a high-spin 

heme o3 and a CuB complex (Figure 1.11).  

 

 

Figure 1.11 Structure of cytochrome bo3 oxidase from E. coli (1FFT). Subunits I, II, III and IV are 

shown in green, blue, purple and yellow respectively. 

The O2 is reduced into H2O in the binuclear center which is composed of these high-spin 

heme o3 and a CuB ion in subunit I. Subunits I, II and III are homologous to the corresponding 

subunits of cytochrome aa3 oxidase. It was shown that in both enzymes two hemes (heme b 

instead of heme a and heme o3 instead of heme a3) and the CuB contain histidine residues as 

ligands [91]. Subunit IV of bo3 oxidase does not contain any conserved residues compared to 

other types of oxidases and its function is still under debate. bo3 oxidase does not contain a 

CuA center (unlike aa3 oxidase) and it uses a membrane soluble ubiquinol-8 as the electron 

donor. The electrons are directly transferred from the ubiquinol to low spin heme b and then 

to the binuclear center. 
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The electron transfer in bo3 oxidase was extensively studied and it was shown that the four 

electron delivery to O2 is a multiphasic process [92, 93]. The oxidation/reduction of redox 

centers does not commence at the same time and, in fact, there is a complex cooperativity 

between the redox centers. This means that oxidation/reduction of one of the hemes leads to 

easier reduction/oxidation of sequential heme in the enzyme. Flow-flash experiments with 

cytochrome aa3 oxidase from bovine heart [94] demonstrated that the initial process of O2 

binding (≈120,000 s
-1

) is followed by the oxidation of two hemes since the electrons are 

transferred to O2 (≈30,000 s
-1

). Afterwards, low-spin heme b is re-reduced with the incoming 

electrons from CuA (≈10,000 s
-1

) and finally in the last step, O2 is reduced into H2O while the 

redox centers become fully oxidized. The lack of a CuA center in the structure of bo3 oxidase 

raised the question about the similarity of the electron transfer mechanism. The absence of 

CuA should block the re-reduction of low spin heme b and the final reduction of O2 to H2O 

leaving a ferryl intermediate at the binuclear center. Recent studies showed that bo3 oxidase 

could have either monophasic or multiphasic kinetics depending on the isolation of the 

enzyme. In 1999 Wikstrom and coworkers [94] showed that, actually, the amount of bound 

ubiquinone in the enzyme determines the electron transfer kinetics. They showed that in the 

absence of ubiquinone the enzyme undergoes a monophasic reaction resulting in the trapped 

ferryl intermediate in the binuclear center and in the presence of ubiquinone CuB can be re-

reduced. 
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Figure 1.12 Two proton pathways, D and K channels in subunit I of bo3 oxidase from E. coli. 

There are two proton channels present in bo3 oxidase from E. coli: D channel and K channel 

(Figure 1.12). These channels are responsible for the intake of protons from the cytosolic side 

and transporting them to the binuclear site. From the binuclear center the protons are either 

pumped to the other side of the membrane or used in the reduction of O2 into H2O. 

The D channel is constituted of several conserved polar residues. It starts with the Asp 135 

residue and proceeds through, Asn 124, Thr 211, Asn 142, Tyr 61, Thr 204, Ser 145, Thr 201, 

Thr 149 and terminates at Glu 286 [95, 96]. The K channel is also constituted of conserved 

polar residues such as Ser 315, Lys 362, Ser 299, Thr 359, the -OH group of the 

hydroxyethylfarnesyl tail of heme o3 and Tyr 283 [97- 99]. 

Cytochrome bo3 oxidase uses a membrane soluble ubiquinone as the electron donor. 

Phylogenetic studies showed that quinol oxidases are derived from cytochrome c oxidases. 

The subunits I, II and III are homologous in both bo3 oxidases and eukaryotic cytochrome c 

oxidases. The lack of CuA in its structure is the most distinctive property of bo3 oxidase. In 

the early 90s it was suggested that instead of the CuA center there could be a ubiquinone 
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binding site (low affinity QL). However, recent studies on the crystal structure of bo3 oxidase 

showed that it is unlikely [91]. The isolation of the enzyme with more than one ubiquinone 

indicated that there might be more than one ubiquinone binding site in bo3 oxidase (low 

affinity QL and high affinity QH) [100]. It was proposed that a quinone can bind from the 

quinone pool to the QL site and its electrons are delivered to the QH site where there is a 

tightly bound quinone. However, the most recent studies suggest that it is unlikely [100, 101, 

107, 108]. 

 

Figure 1.13 Structure of the proposed QH site in the helices I, II and III of subunit I in cytochrome 

bo3 oxidase from E. coli. 

From the crystal structure several residues were suggested to be in the QH site such as His 96, 

Gln 101, Ile 102, Arg 71 and Asp 75 (Figure 1.13). However, there was not a clear evidence 

for the presence of a QL site. Amongst the core residues of the QH site, D75 has been 

extensively studied [101-107]. Site directed mutations in the R71 and H98 residues resulted 

in the total loss of catalytic activity in the enzyme [108]. A site directed mutant of Q101 

(Q101N) was studied by the group of Dr. Wikström [91] and they measured 24 % activity for 

the mutant and high Km value was obtained. Recently a new residue, Phe 93, was proposed to 

be in this high affinity quinone binding site by the group of Pierri [109].  
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1.6 Cytochrome c dependent nitric oxide reductase (cNOR) from 

P. denitrificans 
cNOR from P. denitrificans is a membrane protein and responsible for the reduction of nitric 

oxide (NO) into nitrous oxide (N2O) in denitrifying bacteria. The catalytic reaction of NOR 

can be summarized as in the following reaction; 

𝟐𝑵𝑶 + 𝟐 𝒆− + 𝟐𝑯+ = 𝑵𝟐𝑶 +  𝑯𝟐𝑶 

 

Figure 1.14 Structure of cNOR from P. aeruginosa. NorB and NorC subunits are shown in green and 

and blue respectively. PDB 3WFB 

In the early 90s NOR was started to be considered as a member of the heme-copper oxidase 

family due to the structural similarities with cytochrome oxidases. Since NOR and 

cytochrome oxidases have similar catalytic subunits they demonstrate cross reactivity with 

respect to the substrates [88, 89]. It is suggested that NOR and cytochrome oxidases share a 

common ancestor. When the O2 concentration was dramatically increased on the Earth the 

ancestral respiratory enzyme was converted to O2 reducing cytochrome oxidase nonetheless, 

some of these enzymes have survived as NO reducing enzyme (NOR). Due to this reason 

there is significant interest to understand the structure and molecular mechanism of NOR. 
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Comparison of cytochrome oxidases to NOR may provide valuable information on the 

evolutionary links between respiratory enzymes.  

NOR has two distinct classes such as quinone dependent NOR (qNOR) and cytochrome c 

dependent NOR (cNOR). The crystal structure of cNOR from P. aeruginosa (Figure 1.14) 

and qNOR from G. stearothermophilus were successfully determined [110, 111]. cNOR 

consists of two subunits, NorB and NorC. NorC subunit contains a low-spin heme c as a first 

electron acceptor from cytochrome c or azurin (copper protein). His and Met residues are the 

heme ligands. NorB subunit contains two b-type hemes (heme b and heme b3) and a non-

heme FeB center. The low-spin heme b contains two histidine residues (His 60 and His 349) 

as axial ligands [110]. The electrons are transferred from heme c to heme b and finally to the 

binuclear center that consists of high-spin heme b3 and FeB. Heme b3 contains His 347 as an 

axial ligand and the non-heme FeB has His 207, His 258 and His 259 as ligands [110]. It was 

suggested that heme b3 and FeB are bridged by an oxygen atom which forms the µ-oxo-bridge 

[110].  

From the crystal structure it was shown that Ca
2+

 binding site is located between hemes b and 

b3 [110]. The Ca
2+

 ion has Tyr-73, Gly-71 and Glu-135 (P. aeruginosa numbering) as ligands 

(Figure 1.15) and they bridge the propionates of hemes b and b3 [110]. There are five 

conserved Glu residues around the Ca
2+

 site which are Glu 135, Glu 138, Glu 211, Glu 215 

and Glu 280 (P. aeruginosa numbering). Ca
2+

 site and the conserved Glu residues are 

essential for the catalytic activity of the enzyme [110].   

In order to reduce NO into N2O two molecules of NO must be delivered to the binuclear 

center in bacterial cNOR. From the crystal structure it was shown that there is not sufficient 

space in the binuclear center to fit two molecules of NO [110]. For this reason during the 

catalytic cycle of cNOR some conformational changes in the binuclear center are required to 

embed 2NO and to form the N-N bond. It was suggested that during the catalytic turnover the 

Glu ligand of the FeB may dissociate and open space for the binding of the second NO 

molecule [110]. The following mechanism was suggested for the bacterial reduction of NO 

(Figure 1.16): 
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Figure 1.15 Suggested proton pathways for the wild type cNOR from P. aeruginosa [115]. 

1. In the resting state FeB (Ferric form) and heme b3 are bridged by O, forming the µ-oxo-

bridge. 

2. In the oxidized state the µ-oxo-bridge disappears and non-bridged structure is observed in the 

binuclear center. 

3. At the fully reduced step two NO molecules are bound to the heme b3 and non-heme FeB. 

However, the exact mechanism of this process is still unclear. Most probably the Glu ligand 

of FeB dissociates to allow two molecules of NO to bind to the binuclear center. 

4. After the transfer of electrons to the NO molecules N-N bond is formed between the two 

molecules. As a result a hyponitrite is formed as an intermediate. In this state the distance 

between heme b3 and FeB should be at least 4.4 A. This indicates that the heme b3 and FeB 

must shift from their original positions. 

5. At the final stage, the protons are transferred from outside of the enzyme to the binuclear 

center through the proton pathway. Transferred protons promote the cleavage of N-O bond of 

hyponitrite and facilitate the N2O and H2O production. 
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Figure 1.16 Proposed catalytic cycle for the reduction of NO into N2O in cNOR [110] 

The proton translocation in the enzyme is usually established by hydrogen-bonded water 

molecules and protonatable amino acids. Recent studies showed that cNOR from 

P. denitrificans use a single proton pathway [112- 116]. This proton pathway was suggested 

to be constituted of several amino acid residues such as Glu135, Asp198, Lys53, Arg134, 

Lys199, Glu70 and Glu57 (P. aeruginosa numbering) and the corresponding residues in 

P. denitrificans are Glu122, Asp185, Lys54, Arg121, Lys186, Glu71 and Glu58 respectively 

(Figure 1.15). The group of Dr. Adelroth suggested that there may be a final proton donor 

responsible for the delivery of the protons to the binuclear center [115]. Studies with the site-

directed mutants of the E135 (E122 in P. denitrificans) residue revealed a large shift in the 

pKa of the proton donor. After the crystal structure was determined it was understood that the 

E135 residue was the ligand of Ca
2+

. As it was described previously Ca
2+

 was coordinated 

with Tyr73, Gly71 and one of the propionates of both hemes b and b3. Mutating the residues 

around the Ca
2+

 and propionates of hemes b and b3 resulted in the loss of Ca
2+

 from the 

enzyme [115]. 
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1.7 Aim 

In the first part of this thesis cytochrome bo3 oxidase from E. coli was investigated. After the 

successful characterization of the wild-type enzyme the next focus was on the quinone-

enzyme interaction. In this part quinone-free bo3 oxidase was used as a control experiment. 

The interactions of quinone free bo3 oxidase with quinones differ with respect to the length of 

the isoprenyl tails. By using various quinones with different tail lengths we aimed to 

understand the relation between the length of quinone and O2 reduction activity of the 

enzyme. Added to that, we wanted to monitor the changes in the redox potentials of the 

cofactors after the reconstitution of bo3 oxidase with various quinones. This may help us to 

understand how the quinone binding affects the redox properties of the cofactors. 

The next step was to investigate the quinone binding site in bo3 oxidase. Several site-directed 

mutants of the residues suggested to be involved in the high affinity quinone binding site (QH) 

were used in this part. Various properties such as functional groups, size and charge of these 

residues were changed after the mutations. Amongst the suggested residues in the high-

affinity quinone binding site F93 is recently proposed to be also involved in this site. 

Working with these mutants may provide more detailed information about the QH site. The 

exact position of the quinone binding site and the quinone binding mechanism are still not 

fully understood.  

In the second part, the enzyme cNOR from P. denitrificans was investigated. We focused on 

understanding the effect of environment on the structure of the enzyme and the redox 

properties of the cofactors. cNOR was inserted in liposomes and compared to the cNOR with 

DDM. It was expected that the liposomes may provide natural environment for the membrane 

proteins. Moreover, we wanted to monitor the stability of the enzyme at different pH values.  

In the last part we focused on the proton translocation pathway in cNOR. The residues 

involved in the proton pathway were investigated and determined by the group of Dr. 

Adelroth [113-116]. The final proton donor that gives protons to the binuclear center is still 

under investigation. It was suggested that this proton donor may be one of the ligands of Ca
2+

 

or is present in this area [113, 115]. We worked with the site directed mutants of the ligands 

of Ca
2+

 (E122, Y74). 
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2. Experimental Techniques  

2.1 Electrochemistry 

Electrochemistry is the study of chemical reactions which take place in solution at the 

interface of an ionic conductor (electrolyte) and an electron conductor (electrode). In 

oxidation-reduction (redox) reactions, charge is transferred through the electrode by the 

movement of electrons. Typical electrodes are made of metals (e.g. Au, Pt), carbon (e.g. 

Graphite) and semi-conductors (e.g. Si, tin oxide) [1]. In our case, we used a three electrode 

electrochemical cell (Figure 2.1). A gold surface is used as the working electrode (WE), a 

platinum wire as a counter electrode (CE) and an Ag/AgCl in 3M KCl reference electrode 

(RE) (+208 mV vs. SHE). Using a CE prevents the polarization of RE and supports the 

equilibration of half –redox reactions. There are several methods (such as cyclic voltammetry 

(CV), chronoamperometry, coulometry etc.) that enable us to control the applied potential and 

to measure the resulting current. 

 

Figure 2.1 Electrochemical setup with three electrodes. Ag/AgCl reference electrode (RE) and 

platinum wire as counter electrode (CE) and a gold electrode as a working electrode (WE). 

Direct electrochemistry is the study of the transfer of electrons from the electrode to the 

molecule of interest without the influence of diffusion of electron carrying molecules. Direct 

electrochemistry allows to study large molecules. The proteins or enzymes containing at least 

a single redox center close to their surface can be studied with direct electrochemistry. In 

order to enhance the electron transfer between electrode and the redox sites of the enzymes it 
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is possible to use metal nanoparticles (Au NPs [2]) and carbon-based structures (carbon 

nanotubes [3]). There are several studies on the direct electrochemistry of redox enzymes 

adsorbed on nanoparticles [4-6]. Direct electrochemistry has a wide application range since it 

is feasible to obtain information about the thermodynamics [7], kinetics of chemical reactions 

[8] and various features of redox enzymes (e.g. electron transfer, proton pumping [9, 10]).  

In the case of large membrane proteins direct electron transfer is often too slow or not 

possible since their redox centers are buried in the polypeptide matrix. In this case transporter 

agents can be used for the acceleration of electron transfer. These transporter agents (such as 

mediators) assist the transfer of electrons to the proteins.  

In this thesis we focused on the cyclic voltammetry of protein films which is called protein 

film voltammetry (PFV).  

2.1.1 Cyclic Voltammetry 

Within a cyclic voltammetry experiment an electrode is immersed in a solution and while the 

applied potential is swept the resulting current is recorded. The applied potential can be swept 

between two values with a triangular waveform (Figure 2.2). As it can be seen from the figure 

the potential is linearly altered in positive/negative directions and, finally, reach its initial 

value. This cycle can be repeated several times.  

 

Figure 2.2 Voltage sweep between two values at a fixed rate in a cyclic voltammetry experiment. 
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In the case of the static electrode a typical peak shape of a cyclic voltammogram of electro-

active species in solution and adsorbed on electrode surface can be seen from figure 2.3 With 

respect to this example, once the initial potential is applied, it is swept in the positive 

direction to obtain an anodic signal (current). The anodic wave correlates with the oxidation 

of the sample on the electrode. The oxidation signal will start to increase due to the applied 

oxidative potential until there is not enough oxidizable analytes in the system. This process is 

called forward scan. The reverse process (reverse scan) is observed when the reduction starts 

and cathodic current will increase as long as there is enough reducible analytes in the system. 

Finally the potential comes back to its initial value. The maximum point of the oxidation and 

reduction peaks are called peak potentials and the peak height is the distance between the 

maximum peak point and the baseline of the current approximation line. Values of peak 

potentials, peak height and peak position determine the reversibility of the reaction. 

Reversibility is related to the electrode kinetics depending on how fast or slow the electrons 

are transported from the molecule of interest to the electrode [12, 14, 15].   

 

Figure 2.3 Cyclic voltammogram of; A) Redox species free to diffuse in solution [11], B) Redox 

species adsorbed on the surface of an electrode [12]. 

For a typical reversible cyclovoltammogram of a stationary electrode  the oxidation and 

reduction signals should be symmetrical (adsorbed species, Figure 2.3 (B). Analysing the area 

under the oxidation/reduction peaks (figure 2.3A) provides information about the charge 

passed for the redox couple on the surface. For example while working with electroactive 
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enzymes on the electrode surface in the absence of substrate it is possible to calculate the 

amount of adsorbed electro-active species on the surface by using the equation [12] : 

𝜞 =
𝑸𝑭

𝒏𝑭𝑨
                                                     Equation 2.1 

where, Qf represents the integration of the oxidation/reduction peak, n is the number of 

electrons transferred, F is the Faraday constant and A is the area of the electrode. 

The catalytic properties of enzymes can be studied by introducing substrate to the electrolyte 

solution. In such a situation, electrons will be transfered between electrode and the substrate 

via the enzyme which will be observed as catalytic current. In figure 2.14 a sigmoidal curve 

obtained with a rotating electrode and a typical cyclovoltammogram of a catalytic reaction 

with different rotation rates are shown. Catalysis is determined by the turnover frequency 

(kcat) of the enzyme. By using rotating disk electrodes the electrode can be rotated along its 

axis and the solution is stirred. This generates a convective movement of the solution which 

increases the transport of electro-active species to the electrode surface. Since the 

concentration of reduced and oxidized species reach the equilibrium values the current 

reaches a limiting value (ilim) as it can be seen from figure 2.4.  

 

Figure 2.4 A) Sigmoidal wave obtained in a cyclic voltammetry of an electro-active species in 

solution at a rotating disk electrode, B) Catalytic wave of an adsorbed catalytic enzyme on the 

electrode surface showing the influence of rotation rate on the catalytic current [12] 
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The Levich equation shows that when a catalytic reaction is dependent on the rate of supply 

of substrate, the current will also be dependent on the rotation rate of the electrode [13]. 

𝒊𝒍𝒊𝒎 = 𝟎. 𝟔𝟐𝒏𝑭𝑨𝑫
𝟐

𝟑⁄ 𝝎
𝟏

𝟐⁄ 𝒗
−𝟏

𝟔⁄ 𝒄𝟎                            Equation 2.2 

where n is the number of transferred eletrons during the catalytic reaction, F is the Faraday 

constant, A is the surface area of the electrode, D is the diffusion coefficient, ω is the angular 

velocity, v is the kinetic viscosity and co is the concentration of electro-active species. After a 

certain rotation rate the current will reach a maximum value which can be calculated by 

plotting the reciprocal current against the reciprocal square root of the rotation rate according 

to the Koutecky-Levich equation [13], 

𝟏

𝒊𝒍𝒊𝒎
=

𝟏

𝒊𝒎𝒂𝒙
+ 

𝟏

𝟎.𝟔𝟐𝒏𝑭𝑨𝑫
𝟐

𝟑⁄ 𝝎
𝟏

𝟐⁄ 𝒗
−𝟏

𝟔⁄ 𝒄𝟎

                        Equation 2.3 

2.1.2. Protein Film Voltammetry  

Protein Film Voltammetry (PFV) was first introduced by F. Armstrong in the 1970`s with 

small redox proteins and later with soluble fragments of larger membrane proteins [14, 15]. 

Throughout PFV experiments protein is attached on the electrode surface and with small 

quantity a high resolution can be obtained. PFV technique can be used to study various 

properties of redox-active proteins such as, proton transfer [16], proton pumping [17, 18], 

inter- and intra-molecular electron transfer [19, 20], and several other applications [21].  

In the course of a PFV experiment, proteins are adsorbed onto the electrode and direct 

electrochemistry is achieved. The application of a potential will induce an electron flow 

between substrate and the electrode. It is crucial to obtain a stable protein film on the 

electrode surface without losing the protein function and stability.  Various strategies can be 

found in the literature for the protein adsorption on electrode surface [22-24], however we 

will focus on protein adsorption on gold surface via thiol-based monolayers. The metal 

electrode surface can be coated with thiol layer in order to prevent protein denaturation. 

Polarity and the morphology of the obtained thiol layer can be tuned to obtain appropriate 

protein adsorption [25]. It is possible to use gold nanoparticles to increase the surface area of 

the electrode. Preliminary results from our group showed that gold nanoparticles with 
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different sizes can be used to adsorb cytochrome bo3 oxidase on gold electrode to obtain a 

direct electron transfer between electrode and the adsorbed protein [26]. 

In the absence of substrate, redox active proteins that are immobilized on the electrode give 

peak shaped signals. This peak can be attributed to the cofactors inside the proteins. By 

integrating this peak the surface coverage of the electrode can be calculated. However, after 

addition of substrate, peak signals transform into catalytic waves. For example in figure 2.5 

the catalytic activity of cytochrome bo3 oxidase immobilized on a rotating disk electrode is 

shown. Electrons coming from the electrode pass to the redox centers in the protein and react 

with O2 to produce water. Thus, the electrons passing from electrode to the protein do not 

return to the electrode, resulting in an irreversible sigmoidal-shaped signal.   

 

Figure 2.5 Cyclic voltammogram of cytochrome bo3 oxidase immobilized on a rotating gold disk 

electrode (in KPi buffer at pH 7.5) modified with Au nanoparticles and thiols (0.02 V.s-1). 

It is possible to estimate the number of moles of product produced per second by a saturated 

enzyme by calculating the kcat value according to the formula;  

𝟏

𝒊𝒎𝒂𝒙
=

𝑪+ 𝑲𝒎

𝒏𝑭𝑨𝜞𝒌𝒄𝒂𝒕𝑪
                                        Equation 2.4 
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where Km is the Michaelis-Menten constant, nF is the electrons per mole of adsorbed redox 

centers, Γ is surface concentration of electro-active species and A is the electrode surface. 

Usually the ratio of kcat/Km is calculated as a measure of enzyme efficiency. A large value of 

kcat indicates rapid turnover and small value of Km high affinity for substrate which together 

makes the kcat/Km ratio larger.  

2.2 Spectroscopy 

Spectroscopy was used to study small molecules and to characterize unknown chemicals for 

two centuries. Until 1960s spectroscopy was not applied to biological samples due to the 

limited sensitivity, lack of proper detectors, light source and the difficulty of sample 

preparation. However, nowadays it has been become one the most common techniques to 

study large and complex molecular systems.  

In this thesis we focused on two main types of spectroscopy, UV/Vis spectroscopy and 

infrared spectroscopy. 

Spectroscopy uses the interaction between matter and radiation. When a matter is exposed to 

electromagnetic radiation it can be reflected, scattered, absorbed, transmitted or can undergo 

photoluminescence (Figure 2.6)  

 

Figure 2.6 Interaction of matter and radiation. 
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It is important to understand that light has both wave and particle characteristics. The wave-

like nature of light can be described with the frequency, wavelength and amplitude of the 

wave of light. The frequency (ν) of the wave is the number of oscillations it makes per second 

and the amplitude (Α) of the wave is the maximum distance it moved from its original 

position. The wavelength (λ) of the light is the distance between the two maximum peak 

points of two consecutive waves.  

The particles of light that have wave-like nature in movement are called photons. Energy of 

photons (E) can be calculated with the following equation, 

E = hv                                                       Equation 2.5 

where h is the Planck`s constant and v is the frequency. Frequency is related to the 

wavelength according to the equation,  

c = λ ν                                                     Equation 2.6 

where c is the speed of light and λ is the wavelength. The electromagnetic spectrum (Figure 

2.7) is made of different domains which are developed with respect to the wavelength thus, 

the energy of the light.  

 

Figure 2.7 Electromagnetic spectrum [27]. 
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2.2.1 UV/Vis Spectroscopy 

When a material absorbs UV/Vis light outer electrons move from ground states to excited 

states. Materials have colors by absorbing certain wavelengths of light and transmitting the 

rest in the visible range. The promotion of electrons to excited states can also occur in the 

ultraviolet region (UV). 

In the ground state, electrons are usually in three types of orbitals such as σ bonding, π 

bonding and non-bonding orbitals. When electrons are excited by electromagnetic radiation, 

they can move to anti-bonding orbitals (σ
*
 and π

*
).  

UV/Vis spectroscopy measures the transmittance (T) by measuring the light intensity after it 

passes the sample (I) and the intensity of incident light (I0). 

T = I / I0                                                  Equation 2.7 

 

From the transmittance ratio the absorbance of light by the sample can be calculated (A) by,  

A = - log T = - log (I / I0)                                  Equation 2.8 

From the Beer-Lambert law [23], it is known that the absorbance of sample is dependent on 

the absorption coefficient of the sample (ε), the path length of the absorbing solution (l) and 

the concentration of the sample (c); 

A = ε l c                                                 Equation 2.9  

From an UV/Vis spectrum it is possible to determine the wavelength at which maximum 

absorption occurs (λmax) and together with the absorption coefficient (ε) of the sample the 

concentration of the sample can be determined. 

2.2.1.1 UV/Vis Spectroscopy coupled with Electrochemistry  

Combination of electrochemistry with UV/Vis spectroscopy enables to study the samples in 

different redox states. Heme proteins are well studied with UV/Vis spectroscopy by focusing 

on the characteristic bands of hemes in their structure. In particular, b and c type hemes have 

absorption between 400-450 nm (soret band) and 500-550 nm (alpha band) [28, 29]. The 
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exact positions of these bands are dependent on axial ligands, spin states, oxidation/reduction 

state and nearby amino acids of the hemes (see table 2.1). In order to study redox active 

proteins we used an electrochemical cell [30] which is shown in figure 2.8.  

Table 2.1 Attribution of main characteristic heme bands [28, 31-33]. 

 Position Spin State 

Alpha 

band 

Soret 

band 

Heme c 550 nm 426 nm Low-spin 

Heme b 560 nm 428 nm Low-spin 

Heme b3 555 nm 430 nm High-spin 

Heme o 560 nm 428 nm High-spin 

 

 

 

Figure 2.8 Thin layer electrochemical cell. 
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This electrochemical cell can also be used in infrared, Raman and fluorescence spectroscopy 

[34]. The cell contains two transparent calcium fluoride (CaF2) windows attached on a pvc 

support, two plastic joints between the windows, a gold grid as working electrode, a platinum 

plate as counter electrode, inlets for reference electrode (Ag/AgCl) and inlet for the buffer 

injection into the cell. CaF2 enables the transmission of IR, UV and Vis light. The gold grid is 

modified with a mixture of thiols (2mM 3-Mercaptopropionic acid and 2mM cysteamine) to 

prevent protein adsorption on the gold grid and eventually preventing denaturation. Protein 

sample is deposited on the previously modified gold grid and the temperature of the setup is 

controlled by pumping water in the cell continuously (5-12 C ̊ depending on the stability of 

protein). 

2.2.1.2 Potentiometric titrations 

Most of the redox-active proteins contain one or more redox-active cofactors such as heme, 

FAD and NAD. These cofactors are crucial elements of the electron transportation and other 

reactions in the proteins which were explained in detail in section 1.5.2. If we consider a 

single cofactor, the equilibration between the two states (Aoxd/Ared) can be represented as; 

𝑨𝒐𝒙 + 𝒆− ⇆  𝑨𝒓𝒆𝒅 

By using potentiometric titrations the reduction/oxidation potentials of cofactors can be 

determined with respect to the Aoxd/Ared by equilibrating the protein at different potentials. 

The potential can be applied by addition of oxidants and reductants or by coupling the system 

with a potentiostat. In small structures like cytochrome c, electron transfer to the protein is 

fast. However, in large proteins (membrane proteins) electron transfer to the active site of the 

protein is relatively slow. In order to accelerate the electron transfer electron transferring 

agents such as mediators are used. Utilization of a mixture of mediators allows obtaining fast 

equilibrium at different potentials.  

During a typical redox titration of a membrane protein a reference spectrum is recorded in 

oxidized or reduced state and with each different applied potential, change in the absorbance 

value of the cofactors are recorded. In figure 2.9 potentiometric titration of nitric oxide 

reductase (NOR) from P.denitrificans is shown. In this example two distinctive bands of 

NOR (Soret and alpha bands) are present. The Soret band appears at about 420 nm and the 
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alpha band appears at about 550 nm with a shoulder at 560 nm. The Soret band emerges from 

π-π
*
 transitions and has a strong contribution in porphyrin containing structures [35]. The 

Soret band contains information about most of the hemes and it is not efficient to obtain 

detailed information on each heme by itself. Alpha band at about 550 nm and its shoulder at 

560 nm, are also due to π-π
*
 transitions, however it has relatively small intensity [35]. The 

main band at 550 nm can be attributed to c type hemes and the shoulder at 560 nm to the b 

type hemes, thus it is the main band in focus to investigate the contributions of hemes 

separately.  

The absorbance value of each potential step can be recorded and a titration curve can be fitted 

most generally by using Nernst equation fitting [36] or Gaussian fitting function [37]. In our 

case we used Gaussian fitting function to fit the first derivative of the absorbance values 

obtained from the titrations. The Gaussian model fits peaks with respect to the amplitude, 

center point (location), peak width and number of the components. Gaussian fitting process is 

described in detail in section 3.3.1 b. 

 

Figure 2.9 Potentiometric titration of cNOR from P. denitrificans in Tris buffer at pH 7.5 by using 

UV/Vis spectroscopy. 
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2.2.2 Infrared Spectroscopy  

Infrared spectroscopy focuses on the vibrations of atoms in a molecule. A typical infrared 

spectrum is obtained by exposing the sample to infrared radiation and calculating the amount 

of absorbed radiation at a particular energy. Any peak in absorption spectrum is related to the 

frequency of a vibration from a part of the molecule of interest. The spectral range is divided 

into three regions; near infrared between 12500-4000 cm
-1

 (0.8-2.5 µm), mid infrared 

between 4000-667 cm
-1

 (2.5-15 µm), Far infrared between 667-50 cm
-1

 (15-200 µm). For a 

molecule to show an infrared absorption it must have a changing dipole moment during the 

vibration. These molecules are called ‘infrared active’ molecules.  

For a triatomic molecule, the atoms of the molecule can move relative to each other. This 

means that bond length, angle can change or one of the atoms can move from its present state. 

These stretching and bending movements are called vibrations. Vibrations have various forms 

such as a change in bond length (stretching), a change in the bond angle (bending). The bonds 

can also stretch in-phase (symmetrical) or out-of-phase (asymmetrical). There are four types 

of bending vibrations: deformation, rocking, wigging and twisting that can be visualized by 

the movement of hydrogen atoms in the simple CH2 system [38]. Figure 2.10 shows a 

summary of commonly seen stretching and bending vibrations in IR spectroscopy.  

There are various methods to obtain an infrared spectrum. The most common and recent 

technique is the fourier-transform infrared spectroscopy (FTIR). This approach is based on 

the interference of two beams of radiation to obtain an interferogram [39]. 

Basic components of an FTIR instrument are the source, an interferometer, the detector, an 

amplifier, an analog-digital converter and a computer. The most common interferometer is 

the Michelson interferometer which is composed of one stationary and one moving mirror 

[40]. In figure 2.11 the schematic of a typical FTIR instrument with a Michelson 

interferometer is shown.  
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Figure 2.10 Normal vibrational modes commonly seen in IR spectroscopy [41]. 

When the incident beam collides to the beam splitter 50% of the beam will be reflected to the 

stationary mirror and the other 50% to the moving mirror and they both come together to the 

beam splitter and interfere before reaching the sample. Interference of two beams creates an 

interference profile called interferogram which is transformed into conventional spectrum by 

the Fourier-transformation. The moving mirror is an important part of the interferometer. It 

creates an optical path length difference ((n + ½) λ) and affects the interfered beams in a 

destructive or constructive way. The resolution of FTIR instrument is related to the maximum 

value of optical path length between the two beams generated by the moving mirror.  

 



50 
 

 

Figure 2.11 Schematic of a typical FTIR instrument with a Michelson interferometer. 

Fourier transformation is a mathematical approach to translate the data in terms of ‘time’ to 

the function of frequency [42]. There are two main formulas used in this transformation. First 

equation is: 

𝑰(𝜹) = ∫ 𝑩(𝒗) 𝒄𝒐𝒔(𝟐𝝅𝒗𝜹)𝒅𝒗
+∞

𝟎
                           Equation 2.10 

where 𝑰(𝜹) is the intensity of beam on the detector, 𝒗 is the spectral density at a wavenumber. 

It shows the relation between spectral density with the difference in the pathlength. Other pair 

of the fourier transformation given by 𝑩(𝒗) is as following; 

𝑩(𝒗) = ∫ 𝑰(𝜹)
+∞

−∞
𝒄𝒐𝒔(𝟐𝝅𝒗𝜹)𝒅𝜹                           Equation 2.11 

which shows the intensity in terms of wavenumber. Fourier transformation requires two 

interferograms with and without a sample to obtain spectra.  

2.2.2.1 Infrared Spectroscopy of Proteins 

Infrared spectroscopy is one of the most common techniques to study proteins [43-46]. It is a 

useful tool to obtain information on the chemical composition and orientation of residues in 
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proteins. It is also possible to investigate molecular mechanisms in proteins together with 

their structural properties. One of the advantages is the short measuring time and small 

amounts of sample demand. The mid-infrared region is the most studied spectral region for 

proteins since it contains many structural and functional information and perfectly studied in 

literature. 

Proteins have several infrared-active bonds in their structures and it is possible to obtain 

information on several parameters of proteins such as their backbone structure, amino acid 

side chains and cofactors. Vibrational modes of the protein backbone are the most dominant 

features of proteins in IR absorption spectrum. In table 2.2 the vibrational modes of the amide 

group from the protein backbone are summarized. 

Table 2.2 Vibrational modes of the amide group from the protein backbone [47] 

Appellation Position (cm
-1

) Vibrational mode 

Amide A ≈3300 v(N-H) 

Amide B ≈3100 v(N-H) in resonance with an overtone 

of Amide II 

Amide I 1700-1600 V(C=O) 80%, v(C-N) 10%, δ(N-H) 

10% 

Amide II 1580-1510 δ(N-H) 60%, v(C-N) 40% 

Amide III 1400-1200 δ(C-N) 30%, δ(N-H) 30%, v(C=O) 

10%, δ(N-C=O) 10% 

 

In figure 2.12 the characteristic IR absorption spectrum of N-methylacetamide (NMA) 

showing all normal modes of amide group is shown. Amide A and B modes  (3300 cm
-1

 and 

3070 cm
-1

) originates from NH stretching vibrations and the latter is resonant with an 

overtone from amide II vibration. Amide I mode (1650 cm
-1

) arises from the C=O stretching 

vibration dominantly and with small contributions from out-of-phase CN stretching vibrations 

and NH in-plane bending. The amide I band of proteins is sensitive to the secondary structure 

of the protein due to transition dipole coupling and secondary structural analysis can be done 

from this region by de-convoluting this band. α helices in the backbone structure of proteins 
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give rise to the band at 1655 cm
-1

, antiparallel β-sheets have a strong signal at 1630 cm
-1

 and 

relatively weaker band at 1685 cm
-1

 in H2O. Parallel β-sheets main band is ≈ 4 cm
-1

 away 

from the antiparallel β-sheet main band (1630 cm
-1

) and can go as low as 1619 cm
-1

 in some 

proteins. Distinction between the main and side band of parallel β-sheets is less significant 

and the latter is sometimes not visible. The β-turn structure normal modes have a clear band 

at about 1672 cm
-1

 and disordered structures at ≈ 1654 cm
-1

. In table 2.3 the summary of the 

assignments of secondary structures of amide I band is shown. 

Table 2.3 Assignment of secondary structures of amide I band [48] 

Secondary structure Position cm
-1

 in H2O 

Average Extreme 

α-helix 1654 1648-1657 

β-sheet 1633 1623-1641 

 1684 1674-1695 

Turns 1672 1662-1686 

Disordered 1654 1642-1657 

 

Amide I and amide A modes overlap with stretching and bending modes of water which is the 

major handicap for making assignments in these regions. The amide II mode (1550 cm
-1

) 

arises mainly from the NH in-plane bending and CN stretching vibrations together with 

smaller contributions from CO in plane bending, CC and NC stretching vibrations. The amide 

II mode also provides structural information and together amide I and II modes are not 

strongly affected by side chain vibrations. The amide III mode (1400-1200 cm
-1

) mainly 

arises from NH bending and CN stretching vibrations and together with small contributions 

from CO in plane bending and CC stretching. 
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Figure 2.12 IR absorption spectrum of N-methylacetamide (NMA) showing all normal modes of an 

amide group [49] 

2.2.2.2 Transmission mode 

The transmission mode is the most common method in IR spectroscopy. Liquid, solid and 

samples in the gas can be measured with this mode. Proteins can be solubilized in various 

solvents in a special cell which has a tunable path length. These cells are made of special 

infrared transparent windows such as NaCl, KBr, CaF2, KCl, CsBr and CsI and it is crucial to 

choose appropriate solvent for the sample not to damage the windows or the sample. 

2.2.2.3 Differential IR Spectroscopy 

FTIR difference spectroscopy is used to analyze proteins by perturbing the active site of the 

protein into two different states and subtracting their IR spectrum with each other [50-53, 21, 

45]. Perturbation of the proteins active site can be induced by light, perfusion or 

electrochemical means. In this study we focused on the electrochemically-induced FTIR 

difference spectroscopy. Combination of electrochemistry and IR spectroscopy enabled us to 

probe all proteins with redox-active sites. A special thin-layer cell which was described 

previously in section 2.2.1.1 is necessary to perform IR differential experiments. With this 

technique the sample is reduced or oxidized in a electrochemical way and one of the states are 

used as a reference spectrum for the other. In figure 2.13 a typical reduced-oxidized spectrum 

of a protein is shown.  



54 
 

 

Figure 2.13 Electrochemically-induced infrared differential spectrum (ox-red) of cytochrome bo3 

from E. coli at pH 7.5 

From the IR differential spectrum the changes in the frequencies, intensities of molecular 

vibrations which arise from conformational changes and coupled protonation changes during 

the redox reactions can be analyzed. It is possible to obtain information on the conformational 

changes, hydrogen bonding interaction of cofactors and redox intermediates, coupled electron 

and proton transfer (Asp, Glu protonation states). 

Band assignments are usually made by comparing the protein spectra with the spectra 

recorded on a model compound [54, 55], by site-directed mutations [56, 57] or by isotopic 

labeling [58]. Contribution of cofactors or amino acids can be determined by comparison with 

the spectrum of isolated molecules (amino acids) [59]. 

Site-directed mutations are widely used in order to study the importance of crucial amino 

acids by replacing specific amino acids in protein structure and by comparing the IR spectrum 

of wild type protein with the mutant protein. The change in the IR signal in the spectrum of 

mutant can then be assigned to the mutated amino acid. However, it is important not to 

mutate crucial amino acids in protein in order not to inhibit protein function. Mutation of a 

specific amino acid can cause conformational changes in the protein and the effect of 

mutation on the IR spectrum should be studied carefully. 
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By using isotope labeling specific groups in proteins can be identified. Ligands, cofactors, 

protein side chains and backbone groups can be labeled without losing the function of protein 

and causing conformational changes. Labeled groups will have significant effects on their 

vibrational frequencies and the absorption bands will be shifted. 

Heme-copper oxidases were widely studied by using various infrared spectroscopy 

approaches [21, 60, 61]. Cytochrome c oxidase is one of the most studied heme-copper 

oxidases. There are several studies to understand the proton translocation by focusing on the 

protonation sites. Glu-278 (P. denitrificans) was shown to be coupling the proton pathway to 

the catalytic center [62] and it was investigated by site directed mutagenesis [62]. The 

corresponding amino acid was studied in cytochrome bo3 oxidase from E. coli (Glu-286) [64] 

and in Rhodobacter sphaeroides as well [65].  

2.2.2.4 Reflectance Mode 

Preparing samples for transmission measurement can be a complex task especially for liquid 

samples, since they should be poured into a special cell with a certain path length without 

forming bubbles inside. However, in attenuated total reflectance (ATR) spectroscopy mode 

sample preparation is generally fast and no preparation is needed. It has an excellent sample-

to-sample reproducibility and minimal operator-induced variations. 

There are several reflectance techniques which can be divided into two main groups; internal 

reflectance where an attenuated total reflectance is in contact with the sample and external 

reflectance where the infrared beam is reflected directly from the sample. In this study 

attenuated total reflectance spectroscopy is used. Under specific conditions if the IR beam is 

reflected into an ATR prism with high refractive index it will be internally reflected. If the 

angle of incidence between sample and crystal (θ) is larger than the critical angle (θc) and the 

refractive index of the crystal (n1) is larger than the refractive index of the solvent (n2) of 

sample, total interior reflection will be obtained (Figure 2.14). 
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Figure 2.14 Schematic representation of an ATR crystal [66]. Incident IR beam makes three 

reflections and detailed explanation of the formation of evanescent waves 

Each internal reflection of IR beam will create an evanescent field which can penetrate 

beyond the surface of the crystal if the sample absorbs IR radiation and is in close contact to 

the surface. Radiation can penetrate approximately 1 μm distance depending on θ and α and 

diminishes dramatically after. Distance of penetration can be calculated by using the formula 

[66]; 

𝒅𝒑 =
(𝝀

𝒏𝟏
⁄ )

{𝟐𝝅 [𝐬𝐢𝐧 𝜽 −  (
𝒏𝟏

𝒏𝟐
)

𝟐

]

𝟏
𝟐⁄

}
⁄

                                        Equation 2.12 

 where, λ is the wavelength and dp is the dept of penetration. 

Proteins can be studied with ATR spectroscopy by adsorbing or drying them on the surface of 

the crystal [67, 68]. It requires less concentrated sample and less volume than in transmission 

mode. It is possible to obtain electrochemically induced differential spectra of proteins by 

using special setup and applying potential to the sample [69]. Another possibility to obtain 

difference spectra is to exchange the buffer or substrate via perfusion [72]. It is crucial not to 

detach the proteins on the surface during these manipulations, thus, the covalent attachment 

of proteins is better for more stable protein films on the surface. Several surface modification 

techniques are possible for the covalent attachment of proteins while preventing their 
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denaturation [22, 68-71]. Another efficient technique to protect the protein film is to use a 

dialysis membrane on top of the protein film [73]. 

2.2.2.5 Surface-enhanced Infrared Absorption Spectroscopy (SEIRAS) 

In 1970s researchers found out that a surface enhancement effect of at least 10 times along 

the metal surfaces can be obtained with pyridine molecules in Raman spectroscopy [74]. In 

mid 1980s it was shown that the infrared signal of adsorbed molecules were also enhanced 

when they were in close contact with metal surfaces [75].This technique thus seems 

promising for the study of biological molecules.  

Surface enhancement IR absorption is achieved by adsorbing molecules on nano-structured 

thin film surfaces such as densely packed gold metal islands [76]. When compared with 

standard ATR measurements SEIRA effect provides an enhancement up to three orders of 

magnitude.  

Both local electromagnetic mechanism and chemical mechanism generate the surface 

enhancement along metal surfaces. Electromagnetic mechanism is based on the excitation of 

surface plasmons of metal surfaces by incident IR radiation. On metal islands dipole (d) is 

induced and it generates a local electromagnetic field which is stronger than the incident 

photon field around the metal island. This local electromagnetic field excites the molecular 

vibrations (Vmn) (Figure 2.15). The local electromagnetic field intensity decays dramatically 

when 10 nm of distance from the surface is exceeded. 

The chemical enhancement mechanism is related to the adsorption of molecules on the metal 

surfaces. Chemical reactions between the surface and the molecule generate higher 

enhancement than the physical adsorption of molecules. This difference is due to the charge 

oscillations between molecular orbitals and the metal surface increasing the absorption 

coefficients of adsorbed molecules. 
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Figure 2.15 Schematic representation of electromagnetic enhancement mechanism on metal 

islands [77] 

There are several factors affecting the enhancement properties. Topology of the metal surface 

has a crucial role in the enhancement mechanism and the best enhancement can be achieved 

with nano meter scale, rough surfaces. Metal islands on the surface together with the 

adsorbed molecules and the solvent have a contribution on the enhancement factor and can be 

calculated by the Bruggeman formula [22]; 

𝜺𝑩𝑹 =  𝜺𝒉
𝟑(𝟏−𝑭)+𝑭𝜶

𝟑(𝟏 −𝑭)−𝟐𝑭𝜶
                                  Equation 2.13 

where F is the packing density of metal islands, εh is the dielectric function of the solvent and 

α is the polarizability of the metal. It was shown that the shape and roughness of the metal 

particles affect the enhancement factor by directly affecting the polarization value α.  

Surface enhancement is also dependent on the orientation of the adsorbed molecules. We 

observe a much more powerful enhancement in the vibrational modes if the change in the 

dipole moments is parallel to the surface. This rule can be used to study surface orientation of 

adsorbed molecules by comparing the SEIRAS spectra with the normal IR spectrum [77].  

The study of a monolayer of proteins with ATR spectroscopy is limited due to the low signal 

intensity. Thus, SEIRAS is a promising technique to study proteins. As described previously 

the orientation of the protein on the surface is important for the enhancement factor. Water 

soluble and small proteins are easier to attach to the solid surfaces to form self-assembled 

monolayers (SAMs), by electrostatic or hydrophobic interactions. However, membrane 
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proteins have amphiphilic nature and low stability which make them harder to adsorb on the 

surfaces. Covalent attachment of membrane proteins enables to control their orientation on 

the surface and to retain their activity. As an example membrane enzymes can be attached on 

a gold surface through the His-tag which will be discussed in detail in section 3.3.2.2 [78]. 
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3. Experimental Procedures 

3.1 Preparation of protein samples 

a. Preparation of cytochrome bo3 oxidase from Escherichia coli 

Wild type (WT) cytochrome bo3 oxidase from E. coli was prepared by Dr. Sylvia Choi 

from the group of Robert B. Gennis (Center of Biophysics and Computational Biology, 

University of Illinois, Urbana Champaign, USA). The cell growth and protein purification 

procedure was described in detail in reference [1]. Proteins were mixed with nickel-

nitrilotriacetic acid (Ni-NTA) resin and loaded in a column, which is a common technique 

to purify recombinant proteins carrying a His-tag. Obtained proteins were eluted in 50 

mM potassium phosphate buffer (KPi) together with % 0.05 n-dodecyl-β-D-maltoside 

(DDM) at pH 7.5. Protein samples were concentrated in our laboratory by ultrafiltration 

(Amicon 50 kDa cut-off membrane, milipore) in a centrifuge (Eppendorf, Le Pecq, 

France) with a rotation speed of 7000 rpm/min for 20 minutes. Final concentration of ≈ 

200 μM was obtained and samples were rapidly frozen in liquid nitrogen before storing 

them at -80 ̊C. 

Quinone extraction from wt cytochrome bo3 oxidase was performed by Dr. Sylvia Choi. 

Purified enzymes were mixed with methanol and petroleum ether solvent mixture and 

centrifuged in order to remove the tightly bound quinone from the sample [2]. Extracted 

ubiquinone was collected from the upper layer and remaining protein mixture was washed 

with the same solvent two more times. 

Site directed mutations on the same enzyme at the proposed high affinity quinone binding 

site were also done by Dr. Sylvia Choi [3]. All mutant proteins were eluted in 50mM KPi 

and % 0.05 DDM at pH 7.5. Samples were concentrated as described previously to the 

final concentration of ≈ 200 μM and rapidly frozen in liquid nitrogen before storing them 

at -80 ̊C. Steady state oxygen reduction activities of all the Q101, F93 and D75 mutant 

enzymes were measured. In table 3.1 enzymatic catalytic activities of all mutations are 

provided. 
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Table 3.1 Summary of mutations on the quinone binding site of cytochrome bo3 oxidase from 

E. coli and their relative enzymatic activities [4-7]. 

Sample Relative Enzymatic Activity 

WT  % 100 

Q101N  % 10 

Q101M  % 50 

Q101T  % 30 

Q101A  % 30 

Q101L %10 

F93A  % 40 

D75N  % 0 

H98F  % 1 

I102N  % 0 

R71H  % 0 

 

b. Preparation of wild type (wt) cytochrome bo3 oxidase with menadione, 

ubiquinone-2, ubiquinone-1 and ubiquinone-10 

Different quinone molecules have been added to the quinone extracted bo3 sample. A 1:2 

protein to quinone ratio (molar) was used for all the samples. All quinone molecules were 

dissolved in ethanol and diluted to reach the desired final concentrations. After the 

evaporation of ethanol from the quinone samples, 5 μl of 100 μM wt bo3 sample 

(containing no quinone) was added for the electrochemical experiments, whereas for the 

redox titration or differential infrared experiments 10 μl of 500 μM wt bo3 sample 

(containing no quinone) was used. The protein sample was incubated with quinone in a 

shaker at 7 ̊C for 20-24 hours. 

c. Preparation of cytochrome c-dependent nitric oxide reductase (cNOR) 

from P. denitrificans 
Wild type cNOR from P. denitrificans was prepared by Dr. Josy Ter Beek from the group 

of Prof. Pia Adelroth (Department of Biochemistry and Biophysics, Stockholm 

University, Sweden). Cell growth and protein purification were performed according to 

the method described in reference [8]. Wild-type cNOR and mutants of the Ca
2+

 ligands 

E122A, Y74S and Y74F, were prepared according to the same protocol. Expressed 



 

69 
 

proteins were kept in 20 mM Tris buffer with 50 mM NaCl at pH 7.5. Heme b and heme c 

contents in all samples were verified by UV/Vis spectroscopy together with the 

concentrations of the samples (50-650 μM). 

Another batch of cNOR was purified and inserted in liposomes. Lipid vesicles were 

formed with a mixture of 40 mg/ml α-phosphatidylcholine (type II-S from soybean) in 2% 

cholic acid and 50 mM Tris-HCl at pH 7.5. Afterwards in order to remove detergent 

without using Biobeads, samples were run over a PD10 column in 50 mM Tris-HCl at pH 

7.5, and colored fractions were collected as described in the reference [8]. The 

proteoliposomes diameter was about ≈40 nm. 

Protein samples were concentrated in our laboratory by ultrafiltration to achieve a final 

concentration of ≈ 200 μM and samples were rapidly frozen in liquid nitrogen before 

storing at - 80 ̊C. 

3.2 Electrochemistry 

3.2.1 Synthesis of gold nanoparticles  

Gold nanoparticles (Au NPs) were synthesized according to the protocol described by 

Frens [9]. 125 ml of Gold(III) chloride trihydrate (HAuCl4, Sigma Aldrich) solution was 

prepared with a concentration of 1 mM together with 12.5 ml of sodium citrate tribasic 

dihydrate (Na3C6H5O7, Sigma Aldrich) solution with a concentration of 38.8 mM. The 

gold solution was heated until boiling and right after it was mixed with the citrate 

solution. After the solution turned dark red it was maintained under boiling for 10 

minutes. Size of the synthesized Au NPs was estimated by UV/Vis spectroscopy from the 

Amax/A450 ratio [9]. 

3.2.2 Functionalization of electrode 

For the protein film voltammetry experiments a 2 mm diameter gold electrode was used as 

a working electrode. The surface of the electrode was cleaned with micro polish alumina 

(0.3 μm, Buehler) powder and followed by 15 minutes of sonication. Electrode was 

activated by scanning at 1.5 V for 5 seconds, - 0.35 V for 10 second and after 100 cycles 

between - 0.35 V and 1.5 V in 0.1 M sulfuric acid (H2SO4) solution. The prepared Au NP 

solution was concentrated by centrifugation for 30 minutes at 10 000 rpm. Au NPs were 

deposited on the electrode by the drop casting method. An increase in the reduction peak 
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was observed after the addition of Au NPs in the cyclic voltammogram of the electrode 

measured in H2SO4 solution between – 0.35 V and 1.5 V potential. The prepared electrode 

was placed overnight in a mixture of 16 μl mercaptohexanol (HS(CH2)6OH) and 13 μl of 

hexanethiol (CH3(CH2)5SH) solution in ethanol. An overview of the modification steps of 

the electrode is shown in figure 3.1. After the formation of thiols on Au NPs a background 

measurement was taken with buffer solution by scanning the electrode between – 0.65 V 

and 0.3 V. Finally, 3 μl of protein sample (≈100 μM) was deposited on the surface of the 

electrode by drop casting in absence of oxygen and the modified electrode was incubated 

overnight. 

 

Figure 3.1 Schematic representation of the modification steps of a gold electrode. 

 

All measurements described in this thesis were performed with a three electrode system 

connected to a Princeton Applied Research VERSASTAT 4 potentiostat. Reference 

electrode was Ag/AgCl 3M KCl which has - 208 mV difference related to the standard 

hydrogen electrode (SHE). The cyclic voltammograms were recorded in 50 mM KPi 

buffer at pH 7.5 with a scanning velocity of 0.02 V.s
-1

. For measurements in absence of 

oxygen, the buffer was deoxygenized by flushing argon for 20 minutes. 
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3.3 Spectroscopy 
 

3.3.1 UV/Vis Spectroscopy 

a. Absorption measurements 

The concentration of protein samples and the size of synthesized nanoparticles were 

measured by using UV/Vis absorption spectroscopy (UV/Visible VARIAN Carry 300). In 

order to determine protein concentrations, 1 μl protein sample was mixed with 700 μl 

buffer solution in a quartz cell. For both cytochrome bo3 oxidase and nitric oxide 

reductase samples, A560(ox) –A580(ox) and  A560(red) –A580(red) values were measured and 

concentration was determined according to the following formula, 

𝑪

𝟕𝟎𝟎
=

𝜟𝑨𝒓𝒆𝒅−𝜟𝑨𝒐𝒙

𝜺
                                              Equation 3.1 

where C is the concentration of the sample and ε is the molar absorption coefficient for the 

enzyme.  

The size of the synthesized Au NPs was estimated as it was mentioned in section 3.2.1. 

Amax, which is the maximum absorbance of plasmon band, is measured together with A450. 

If the Amax/A450 value is between 1.56 and 1.65 Au NPs should have a diameter of 12-

16 nm [9] which is the optimum size for the electrochemical experiments [10, 11]. 

 

b. Redox titrations 

Redox titrations [12] were performed with the electrochemical cell which was previously 

described in the section 2.2.1.1 with CaF2 windows.  

For wt cytochrome bo3 oxidase with and without quinone, potentiometric titrations were 

performed between the potential values of - 400 mV and + 400 mV and in the range of 

300 - 800 nm. For a single measurement 10 μl of sample with a concentration of ≈25 μM 

was incubated in the mediator mixture (Table 3.2) for 20 minutes. These mediators have 

different reduction potentials and due to the low concentration they do not have any 

contribution during experiments [13, 14]. 
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Table 3.2 List of mediators used in spectroelectrochemical experiments [13, 14]. 

Material E (mV) [9] 

vs 

Ag/AgCl 

Company Solvent 

Ferrocenylmethyltrimethylammoniumiodide 607 Strem 

chemicals 

Ethanol 

1,1`-ferrocenedicarboxylic acid 436 Fluka Ethanol 

Potassiumhexacyanoferrate(II) trihydrate 212 Riedel-de-

Haen 

Water 

1,1`dimethylferrocene 133 Aldrich Ethanol 

Quinhydrone 70 Fluka Ethanol 

Tetrachloro-1,4-benzoquinone (p-Chloranil) 72 Aldrich Acetone 

N,N,N`,N`-tetramethyl-p-phenylenediamine 

dihydrochloride 

62 Fluka Water 

2,6-dichlorophenolindophenol sodium salt 

hydrate 

9 Biochemik

a 

Ethanol 

Hexaammineruthenium(III)chloride -8 Aldrich Water 

Anthraquinone-2-sulfonic acid sodium salt -23 Aldrich  Water 

1,4 naphtaquinone hydrate -63 Aldrich  Ethanol 

Antraquinone -108 Aldrich Ethanol 

5-hydroxy-1,4-naphtoquinone -158 Aldrich Ethanol 

Duroquinone -198 Sigma  Ethanol 

Menadione -220 Sigma Acetone 

2-hydroxyl-1,4 naphtoquinone -333 Sigma Ethanol 

9,10-antraquinone-2,6-disulfonic acid 

disodium salt 

-433 Sigma  Ethanol 

Neutral red -515 Sigma-

Aldrich 

Ethanol 

Methyl viologen dichloride hydrate -628 Aldrich Water 

 

50 mM KPi buffer was used together with 50 mM NaCl and 0.05% DDM at pH 7.5. For 

an oxidative titration a reference absorbance spectrum was taken for the fully reduced 

form (- 400 mV) and a potential was applied with 50 mV or 25 mV intervals (during the 

oxidation of hemes) until the fully oxidized form (+ 400 mV vs Ag/AgCl) was reached. 
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For a reductive titration a reference spectrum for the fully oxidized form was taken and 

same protocol was applied in the reverse direction. The absorbance of the Soret (428 nm) 

and alpha band (550 nm) was monitored during the titrations. For each potential step a 

series of measurements were taken until the equilibration of redox reaction was reached. 

Equilibration time between applied potentials varied between different samples depending 

on reduction/oxidation rate of redox centers in the protein. The obtained absorbance 

values in each interval were recorded. For the wt bo3 15-30 minutes was required for the 

equilibration, however for the bo3 sample without quinone equilibration time could go up 

to 45 minutes.  

For cNOR with DDM, cNOR in liposomes and all mutants of the same enzyme, 

potentiometric titrations were performed between the potential values of – 425 mV and 

+425 mV and in the range of 300 - 800 nm by using the same procedure as described 

previously for cytochrome bo3 oxidase. An oxidative titration was performed  for cNOR 

samples. Equilibration time for the wt cNOR was 15-30 minutes for each step and for the 

mutants 20-45 minutes. The absorbance changes of the Soret band (426 nm) and alpha 

band (551 nm with a shoulder at 558 nm) were monitored. Potentiometric titrations were 

performed at three different pH values (pH 6.5, 7.5 and 8.5) with the cNOR with DDM 

and in liposomes. Samples were not stable at pH 6.5 and all measurements were 

performed at pH 7.5 and 8.5. The cNOR mutants (E122A, Y74S and Y74F) were studied 

only at pH 7.5. For all measurements 10 μl of protein solution with a concentration of 

≈500 μM was incubated with a mixture of mediators (Table 3.2) for 20 minutes. For all 

cNOR samples except cNOR in liposomes, 50 mM Tris buffer was used together with 50 

mM KCl and 0.05% DDM.  

All measurements were performed at least twice. Gaussian fitting was applied to the first 

derivative values of all absorbance values obtained from the potentiometric titrations. This 

treatment is easier to use when there are several overlapping transitions. In figure 3.2 each 

step of fitting of a potentiometric titration by using Gaussian function is shown.  
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Figure 3.2 Potentiometric titration of cNOR from P. denitrificans at pH 7.5. Gaussian fitting of 

the first derivative of the absorbance values obtained from 551 nm band. A) Absorbance values 

obtained from each potential interval, B) First derivative of the absorbance values, C) Gaussian 

fitting of the first derivative values of the absorbance values. 

The full width at half maximum (FWHM) version of Gaussian function uses the formula 

[15],  

𝒚 = 𝒚𝟎 +
𝑨𝒆 

−𝟒 𝐥𝐧 (𝟐)(𝒙−𝒙𝒄)𝟐

𝒘𝟐

𝒘√
𝝅

𝟒𝐥𝐧 (𝟐)

                                       Equation 3.2 

where, w is the value of FWHM. Manipulation of base, center and FWHM values is 

crucial for the perfect fitting and since the center value will determine the mid-point 

potential of the hemes. In Figure 3.3 an example Gaussian fitting and important 

components for the fitting process is shown. 



 

75 
 

 

Figure 3.3 Example of a Gaussian curve showing the important components for the full width at 

half maximum (FWHM) version of Gaussian fitting function [15]. 

3.3.2 Infrared spectroscopy  

3.3.2.1 Electrochemically induced differential spectroscopy 

For the electrochemically-induced differential spectroscopy an electrochemical cell (see 

section 2.2.1.1) was used with CaF2 windows. All samples were incubated with mediator 

mixture (Table 3.2) for 20 minutes before the measurements. After that, 10 μl protein 

sample (≈500 μM) was deposited on a gold grid which was previously modified with 1 

mM cysteamine and 1mM 3-mercaptopropionic acid for 30 minutes.  

Before starting the differential experiments of all samples a series of absorption spectra 

were measured in the transmission mode at 7 ̊C. These spectra are measured to make sure 

that the absorbance of water at 1640 cm
-1

 is below 1. If it is not the case the cell is 

tightened again to decrease the path length below 10 µm. After 45 minutes the 

temperature of the cell was typically stable and the potentiostat was turned on.  

a. Differential Spectra of cytochrome bo3 oxidase   

For all bo3 samples 50 mM KPi with 50 mM NaCl and 0.05% DDM at pH 7.5 was used as 

buffer solution. Between the reduced state (-400 mV) and the oxidized state (+400 mV) 

several cycles of measurements were automatically generated. At each redox state 2 

spectra which are an average of 256 scans, were taken and calculated into oxidized-

reduced and reduced-oxidized spectra via the macro program of FTIR instrument. For the 
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wt bo3 enzyme, equilibration time was 5 minutes and for the all mutants together with wt 

enzyme without quinone it was 10 minutes. At least 20 redox cycles were made to obtain 

better signal to noise ratio. 

b. Differential Spectra of cNOR 

For all cNOR samples 50 mM Tris with 50 mM KCl and 0.05% DDM was used as a 

buffer solution. For the redox state cycle, reduction potential was – 425 mV and the 

oxidation potential was + 425 mV for all the cNOR samples. Equilibration time between 

the redox states for the wt cNOR samples with DDM and inside liposomes was 5 minutes 

and for all the mutants it was 8 minutes. For wt cNOR samples with DDM and inside 

liposomes, differential spectra were obtained with three different pH values (6.5, 7.5 and 

8.5). For E122A, Y74F and Y74S mutants all experiments were performed at pH 7.5. 

3.3.2.2 Surface-enhanced Infrared Absorption Spectroscopy 

Surface-enhanced infrared absorption spectroscopy (SEIRAS) measurements were 

performed in the ATR mode according to the protocol of Dr. Sebastien Kriegel [16]. On 

the surface of a semi-cylindrical silicon prism (r = 1 cm, h = 2.5 cm, Korth Krystalle) a 

thin gold layer was chemically deposited and the prism was inserted in a glass cell 

(courtesy of Prof. Masatoshi Osawa, Hokkaido University). A platinum wire was inserted 

in the glass cell as a counter electrode together with an Ag/AgCl reference electrode and 

the gold deposited ATR prism was the working electrode. The assembled electrochemical 

ATR cell can be seen in figure 3.4. Upon assembly, the glass cell was inserted on a 

support which is constituted of two gold coated side mirrors (Thorlabs) and a gold coated 

glass slide on a mirror holder (Thorlabs) in the middle. The aim of this optical setup is to 

reflect the incident IR beam on the prism with 60 ̊ angles and to the detector with 90 ̊ 

angles. All SEIRAS measurements were made with a Bruker Vertex 70 FTIR 

spectrometer (KBr Beamsplitter, LM-MCT detector) and 20 kHz scanning velocity. 
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Figure 3.4 A picture of the SEIRAS setup. The incident IR beam is guided through a gold-coated 

glass slide to the gold coated mirrors which were directed to the ATR crystal with 60 ̊ angles. 

Glass cell is mounted on the optical setup via metal holder stand. 

a. Chemical deposition of gold on the ATR prism 

Chemical deposition of gold layer on the prism was done according to the reference [17]. 

The surface of the prism was polished with a micro polish alumina (0.3 μm, Buehler) 

powder and rinsed with water, acetone and again with water. 40 % (w/v) ammonium 

fluoride solution was prepared and deposited on the prism for 45 seconds in order to 

increase the hydrophobicity of the prism surface. After that the prism was rinsed with 

water, dried with an argon stream and at the same time a plating solution was prepared. 

The plating solution was a mixture of 3 solutions (A, B and C) where A is 1 ml of 15 mM 

sodium tetrachloroaurate(III) dihydrate (NaAuCl4 . 2H2O), B is a mixture of 500 μl of 150 

mM sodium sulfite (Na2SO3), 250 μl of 50 mM sodium thiosulfate (Na2S2O3) and 250 μl 

of 50 mM ammonium chloride (NH4Cl), C is 1ml of % 2w/v hydrogen fluoride (HF). The 

plating solution was prepared by mixing A solution slowly to B solution and C solution to 

the A+B solution. The prepared plating solution and the ATR prism were placed on a hot 

plate to heat up to 65 ̊C for 10 minutes. Heated plating solution was poured on the heated 
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prism for 40 seconds and rapidly rinsed with water. As a result a thin gold film (about ≈50 

nm) was formed on the prism.  

b. His-tag modification on the gold surface of the ATR prism 

After gold deposition the surface of the ATR prism was covered with a 10 mM solution of 

dithiobis(succinimidylpropionate) (DTSP) in dimethyl sulfoxide (DMSO). DTSP solution 

was left incubating for one hour while the formation of the monolayer was monitored by 

FTIR spectroscopy. DTSP forms a monolayer on the metal surface by covalent attachment 

of the sulfur groups. After formation of the monolayer, excess DTSP was washed away 

from the surface by rinsing the surface several times with DMSO and water. After, 100 

mM of Nα,Nα-Bis(carboxymethyl)-L-Lysine hydrate (ANTA) solution was prepared in a 

buffer solution of potassium carbonate (K2CO3) at pH 9.8 (in water). DTSP monolayer 

was covered with the ANTA solution for three hours while formation of carboxamide 

linkage between the lysine and DTSP was monitored by FTIR spectroscopy. Then the 

excess ANTA was washed from the surface by rinsing the surface three times with water. 

In the last step DTSP-NTA modified surface was covered with a  50 mM Nickel(II) 

perchlorate (Ni(ClO4)2) solution (in water) and incubated for one hour while the ligation 

of Ni
2+

 with the three carboxylates of the NTA was monitored by FTIR spectroscopy. 

Excess nickel solution was washed by rinsing the surface three times with water.  

Surface of the DTSP-NTA-Ni
2+

 modified prism was finally covered with 10 µM protein 

solution (cNOR and cytochrome bo3 oxidase) and incubated until the surface was fully 

covered with protein. The protein adsorption process was monitored from the Amide I and 

the Amide II band by FTIR spectroscopy and the incubation was terminated when these 

two bands reached a stable intensity. In figure 3.5 each step of the His-tag modification 

process is shown. 
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Figure 3.5 His-tag modification of the ATR crystal surface A) Self-assembly of TSP monolayer on 

the Au layer, B) Cross-linking of ANTA with TSP monolayer C) Adsorption of protein on the Ni-

NTA modified Au surface via the His-tag [18]. 

c. Cyclic voltammetry and electrochemically induced difference spectroscopy of the 

adsorbed enzymes 

Electrochemical activity of adsorbed enzymes was measured with a Princeton applied 

research VERSASTAT4 potentiostat. Potential was swept between +300 mV and -650 

mV (vs Ag/AgCl) with 0.02 V.sec
-1

 scan speed and current was measured. 

After the verification process, the modified ATR cell was inserted in the FTIR 

spectrometer and was connected to a potentiostat. As described in section 3.3.2.1 macro 

program was used to obtain oxidized-reduced and reduced-oxidized spectra with the same 

conditions. All measurements were performed with an Ag/AgCl reference electrode. 
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4. Results and Discussion 

4.1 Investigation of the cytochrome bo3 oxidase from E. coli 

In the first part of the thesis, cytochrome bo3 oxidase from E. coli was the protein of 

interest. As the crystal structure of this enzyme was determined further details were 

revealed about the mechanism of oxygen reduction, proton translocation and quinone 

binding [1-4]. However, there are still several questions such as the position and number 

of quinone binding sites and interaction between the cofactors [5-18]. We aimed to answer 

some of these questions by using electrochemical and spectroscopic techniques.  

4.1.1 Electrochemistry and FTIR difference spectroscopy of wild type 

cytochrome bo3 oxidase and K362M mutant 
The electrochemical characterization of the cytochrome bo3 oxidase was done by cyclic 

voltammetry. Figure 4.2A displays the cyclic voltammogram of wild type cytochrome bo3 

oxidase under zero oxygen conditions and under air at various rotation speed. When there 

is no oxygen present in the environment of the electrode, a reduction peak at – 0.42 V 

originating from the reduction of the cofactors in the adsorbed enzyme was observed. In 

the presence of oxygen a sigmoidal curve with an onset at – 0.12 V and half-wave value 

of -0.38 V is observed. As it was previously described, the Levich equation indicates that 

catalytic current is related to the rotation rate of the electrode. Acceleration of the rotation 

leads to an increase in the flux of electro-active species to the surface of the electrode and 

as a result a higher current value is measured [19-21]. In figure 4.2B the relationship 

between the limiting current and the rotation speed for bo3 oxidase is shown between 100 

and 1000 rpm. 

Characterization of bo3 oxidase was done by the comparison of wild-type enzyme with a 

K channel mutant (K362M, see figure 4.1) [7]. The cyclovoltammogram of K362M is 

shown in figure 4.3 and it shows that the O2 reduction activity of the mutant is reduced as 

compared to the wt enzyme. K362 is located in the entrance of the proton pathway in 

cytochrome bo3 oxidase and mutation in this amino acid inhibits the uptake of the 

chemical protons to the enzyme. Thus, the enzyme can no longer reduce oxygen. As it can 

be seen from figure 4.3, there seems to be a small residual activity which results in a small 

reduction peak at around -0.25 V, however a sigmoidal curve was not observed. 
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Figure 4.1 Structure of cytochrome bo3 oxidase from E. coli. Position of K362 in the K-channel 

(1FFT.pdb). 

 

 

Figure 4.2 Cyclovoltammogram of wild-type cytochrome bo3 oxidase at pH 7.5, B) Relation 

between the catalytic current and rotation rate of the electrode (Scan rate of 0.02 V.s-1). 



 

84 
 

 

Figure 4.3 Cyclovoltammograms of K362M mutant of cytochrome bo3 oxidase at pH 7.5 (Scan 

rate of 0.02 V.s-1) 

The pH dependence cyclovoltammograms of both wild type bo3 oxidase and K362M 

mutant were also studied. Although there was not a clear linear dependence of catalytic 

activity of the enzyme with changing pH, the samples were not perfectly stable at pH 6.5. 

In figure 4.4 the cyclovoltammograms of wt enzyme at pH 6.5, 7.5 and 8.5 (1000 rpm) 

were compared with K362M mutant. For the pH 6.5 measurement of wt enzyme catalytic 

signal was decreased after 1000 rpm. Highest O2 reduction activity for the wild type bo3 

oxidase was measured at pH 7.5 and K362M mutant showed no clear O2 reduction activity 

for any of the pH values. 

 

Figure 4.4 Comparison of electrochemical activities of A) Wild type cytochrome bo3 oxidase, B) 

K362M mutant of cytochrome bo3 oxidase, at different pH values (with oxygen, 1000 rpm 

rotation rate and scan rate of 0.02 V.s-1) 
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The K and D channels are widely studied in literature. A recent study with the site-

specific mutants of these channels (K354M, D124N and K354M/D124N cytochrome c 

oxidase from P. denitrificans) on the oxygen reduction coupled to proton uptake was done 

by Dr. Meyer [50]. It was shown that when the proton entrance is blocked the enzyme 

may uptake protons from the exit of the proton pathways. The weak O2 reduction activity 

that we observed with K362M mutant may be explained with the same reason. However, 

the sigmoidal O2 reduction curve was not observed and this indicates the catalytic activity 

is perturbed in K362M.  

Structural analysis of wild type cytochrome bo3 oxidase and K362M mutant was made 

using FTIR difference spectroscopy. From redox difference spectra we aimed to obtain 

information about contributions of cofactors, secondary structure of protein and 

protonation/de-protonation of acidic residues [22-24]. In figure 4.5 the comparison of the 

FTIR difference (ox-red) spectra of wild type and K362M mutant at pH 7.5 is shown. The 

C=O vibrational modes of protonated Glu and Asp were observed above 1710 cm
-1

 [25, 

12]. In the amide I range (1690-1620 cm
-1

) signals at 1670, 1657, 1648 and 1630 cm
-1

 

arise from conformational changes in the polypeptide backbone and Asn, Gln side chains 

(C=O vibrations) [12]. The signals at 1648, 1630 cm
-1

 and 1700, 1670 cm
-1

 indicate 

changes in the β-sheet secondary structure and loops [26]. The signals of protonated heme 

propionates can be seen at 1696 cm
-1

[27]. In wild-type enzyme bound ubiquinone has a 

C=O vibration at 1668 cm
-1

 and 1656 cm
-1

 ant the C=C vibration at 1613 cm
-1

. The 

δ(CH3), δ(CH2) vibrational modes of isoprenyl units of ubiquinone was observed at 1374  

cm
-1

, 1454 cm
-1

 and 1436 cm
-1

 and C-COCH3 vibration at 1289 cm
-1

 and 1263 cm
-1

[28]. 

Previous measurement with isolated arginine solution showed CN3H5
+
 vibrational mode 

of this amino acid at 1672 and 1635 cm
-1

 [20]. With respect to this information the band at 

1669 cm
-1

 can be attributed to the asymmetric CN3H5
+
 vibrational mode and 1635 cm

-1
 to 

the symmetric CN3H5
+
 vibrational mode of arginine, however, we need labeling or 

mutation studies to confirm that. In the amide II range (1570-1520 cm
-1

) most dominant 

contributions arise from CN stretching and NH bending modes together with the C=C 

modes of heme porphyrin ring, COO
-
 modes of de-protonated heme propionates and Asp, 

Glu side chains [12]. The ring modes of protonated and reduced ubiquinone probably 

contributes at 1486, 1468, 1433 and 1388 cm
-1

 [28]. Oxidized ubiquinone has (C-OCH3) 

vibrational modes at 1289, 1263 and 1206 cm
-1

 and below 1200 cm
-1

 the contribution 
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from the (P=O) modes of the phosphate buffer is present. In table 4.1 a summary of peak 

assignments for wt cytochrome bo3 oxidase is shown.  

For the K362M mutant, the band at 1656 cm
-1

 in amide I region is less intense and it can 

be due to the stronger C=O vibration of quinone in wild type bo3 oxidase. From the 

double difference spectrum it was seen that the band at 1635 cm
-1

 was shifted to 1630 cm
-

1
 and the band at 1689 cm

-1
 to 1687 cm

-1
.  

 

Figure 4.5 FTIR difference spectra of wild type cytochrome bo3 oxidase, K362M mutant of the 

same enzyme (ox-red) and the double difference spectrum (Wild-type bo3-K362M) at pH 7.5 
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Table 4.1 Assignments of principal bands of cytochrome bo3 oxidase redox difference spectra 
[29] 

Band position in H2O (cm
-1

) Assignment  

1743 (+) Glu, Asp ν(C=O) COOH  

1721 (-) Glu, Asp ν(C=O) COOH 

1696 (+) Protonated heme propionates 

1669 (+) Asn and Gln ν(C=0), polypeptide backbone 

1656 (+) Asn and Gln ν(C=0), Quinone ν(C=0), polypeptide 

backbone 

1647 (+) Asn and Gln ν(C=O), polypeptide backbone 

1635 (-) Asn and Gln ν(C=O), polypeptide backbone 

1611 (+) Quinone ν(C=C) 

1563 (+) Deprotonated Glu, Asp ν(COO
-
)
as

 

1315, 1336 (+) Deprotonated Glu, Asp ν(COO
-
)
s
 

1486, 1468, 1433, 1386 (-) Ring modes of oxidized/reduced ubiquinol 

1288, 1263, 1204 (+) Oxidized ubiquinone ν(C-OCH3) 

Below 1200 Phosphate buffer ν(P=O)  

 

As a conclusion of this section, we worked with wild type cytochrome bo3 oxidase and 

K362M mutant which has a methionine instead of lysine in the entrance of the K-channel. 

Wild type bo3 oxidase was characterized by using cyclic voltammetry and FTIR 

difference spectroscopy. Comparison of wild type enzyme with K362M demonstrated the 

loss of catalytic activity in this mutant. The loss of catalytic activity of K362M is related 

with the perturbed proton transfer (chemical protons) in the enzyme which is coupled with 

the electron transfer to the catalytic center. From the FTIR difference spectra it was 

determined that the vibrational modes of ubiquinone in K362M mutant were weaker than 

wild type enzyme. K362M mutant was reconstituted with Q2 to recover the catalytic 

activity of the enzyme. However, the enzyme still did not have O2 reduction activity 

(Appendix, Figure 1) which indicates that the loss of activity in K362M is due to the 

blocked K channel. 
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4.1.2 Interaction of quinones with cytochrome bo3 oxidase  

Our next aim was to further investigate the effect of quinone (as a cofactor) on the O2 

reduction activity of cytochrome bo3 oxidase and the redox properties of interacting 

hemes.   

In this part various quinone types such as Q1, Q2, Q10 and menadione were used and their 

interaction with cytochrome bo3 oxidase was investigated. Iwamura et al. studied the role 

of isoprenyl tail of ubiquinone with bovine heart complex I and bo3 oxidase [9]. He 

reported that the double bonds in the isoprenyl tail enhance the quinone binding and 

different membrane enzymes recognize isoprenyl tail differently. The work of Dr. Sylvia 

Choi was consistent with this idea [10]. She showed that the energy required to dissociate 

the hydrophobic tail of the quinone from the enzyme is higher than the head group. She 

also showed that Q1, Q2 and Q10 can displace ubiquinone-8 in wild type bo3 oxidase while 

maintaining the enzymatic activity [10]. Our first aim was to regain the O2 reduction 

activity which was perturbed due to the extraction of bound ubiquinone-8 (Q8) from the 

wild type enzyme. In figure 4.5 the cyclovoltammograms of cytochrome bo3 oxidase 

(Quinone extracted) with Q1, Q2, Q10 and menadione is shown (2:1 quinone-enzyme 

ratio). Wild type bo3 oxidase with Q2 showed a higher O2 reduction activity than with Q1. 

Q10 and menadione partially recovered the activity. This could support the idea that a long 

tail is crucial for stronger quinone binding. However, Q10 has a longer isoprenyl tail than 

original ubiquinone-8 and it could prevent perfect docking to the binding site. Studies of 

Dr. Sylvia Choi showed that Q10 can be successfully inserted in bo3 oxidase and she 

reported that it can form semiquinone [10] which indicates electrons are transferred to the 

heme b. On the other hand, the short tail length of Q1 and Q2 molecules enables them to be 

more soluble in water than Q10 and menadione, thus making it faster and easier diffusion 

into the enzyme. This could also explain the different measured activities. The 

cyclovoltammograms of quinone free bo3 oxidase is shown in appendix figure 2. The O2 

reduction activities of the wild type bo3 oxidase, quinone free bo3 oxidase and bo3 oxidase 

with quinones were compared at a rotation rate of 1000 rpm (highest activity) (Figure 

4.6).  

From the cyclovoltammogram of wt bo3 oxidase with Q1 and Q2 measured under zero-

oxygen conditions, the reduction peak (- 0.30 V) and oxidation peak (only with Q2) (+ 

0.25 V) of quinone was determined (Figure 4.6). Due to the excess amount of un-bound 

quinones in solution and non-specific binding these signals overlap with the catalytic 
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signal of the enzyme. O2 reduction activity of the bo3 with quinone was recovered with a 

sigmoidal oxygen reduction peak starting at – 0.20 V which is + 0.10 V shifted compared 

to the wild type cytochrome bo3 oxidase (Figure 4.2). It is possible to regain the catalytic 

activity of cytochrome bo3 enzyme by inserting quinone variants and Q2 provided the 

highest activity. In the case of menadione the different head group structure could prevent 

proper docking in the quinone binding site. Repeating the experiments with Q8 (natural 

substrate) could provide more apprehensible explanation to the relation between catalytic 

activity of the enzyme and the tail length of quinone. 

 

Figure 4.6 Cyclovoltammogram of A) bo3 + Q1 B) bo3 + Q2 C) bo3 + Q10 D) bo3 + menadione at 

pH 7.5 (scan rate of 0.02 V.s-1) 

In order to support our results we further investigated the role of quinone on the redox 

potentials of the heme cofactors in the enzyme via potentiometric titrations. 

Potentiometric titrations were performed with wild type bo3 oxidase (with quinone), 

quinone free bo3 oxidase and cytochrome bo3 oxidase with Q2 and menadione. We 

focused on Soret band at 428 nm in our experiments to determine redox potentials of 
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cofactors. In figure 4.7 the potentiometric titration of wild type bo3 oxidase and the 

Gaussian fitting of the first derivative of obtained absorbance values is shown. Four 

different contributions were obtained from the titration of Soret band of wild type bo3 

oxidase (-249 mV, -147 mV, -49 mV and +146 mV). As it was described previously 

cytochrome bo3 oxidase contains two hemes (b and o3), CuB and a tightly bound 

ubiquinone-8 in its structure. There are several studies indicating that these cofactors are 

interacting with each other and there is cooperativity between them [6, 30, 31]. It means 

that reduction and oxidation of each heme is not happening sequentially but in conjunction 

of each other. However, it is not clear how bound quinone interacts with other cofactors.  

Two of the determined contributions (-147 mV and – 49 mV) are originating from the 

interacting hemes in the bo3 oxidase [6, 30, 31]. The high potential contribution at + 146 

mV can be attributed to the coupling between heme o3
 
and CuB which was reported in the 

literature to have a high potential value [6, 30, 31]. Added to that, we obtained a low-

potential contribution at - 249 mV. This low-potential contribution may be originating 

from the heme-quinone interaction. It was shown that quinones have negative mid-point 

potentials [32]. The intensity of this low-potential contribution diminished in the titration 

of quinone free bo3 oxidase (see figure 4.7) which supports our suggestion. 

The same potentiometric titrations were repeated with quinone free bo3 oxidase. In Figure 

4.8 the results of the potentiometric titration of quinone free cytochrome bo3 oxidase at pH 

7.5 is shown. We see that the mid-point potentials of all contributions are positively 

shifted. Two contributions were determined with +48 mV and +158 mV mid-point 

potentials in Soret band. Fitting of alpha band showed similar two contributions with mid-

point potentials of +46 mV and + 164 mV.  Extremely slow electron transfer affects the 

equilibration time of all contributions during titration and this could result in hysteresis 

effect [33]. Removal of quinone does not completely block the electron transfer but makes 

it extremely slow as deduced from the longer time of equilibrium required and this could 

be due to the residual quinone in the sample. A negative contribution was observed in 

both Soret band (-289 mV) and alpha band (- 222 mV) however it was below the signal to 

noise ratio. Shifts in the redox potentials suggest that quinone-heme interaction has an 

important role in the redox properties of the enzyme.  
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Figure 4.7 Potentiometric titration of wild type cytochrome bo3 oxidase at pH 7.5,                      

A) Absorbance values from Soret band, B) Gaussian fitting of the first derivative of the 

absorbance values from Soret band, C) Absorbance values from alpha band, D) Gaussian fitting 

In order to see if we could reverse these shifts in the redox potentials of cofactors, bo3 

oxidase was reconstituted with menadione and Q2 and then the potentiometric titrations 

were repeated. In figure 4.9 the results of the potentiometric titration of menadione 

inserted in the cytochrome bo3 oxidase at pH 7.5 is shown. After insertion of menadione 

we observed two contributions in the Soret band (-254 mV and –176 mV) which were 

closer to the values obtained with wild type enzyme (-249 mV and –147 mV). However, 

the contribution at -254 mV was not perfectly separated and had weak signal in Soret 

band. In the alpha band a dominant contribution was measured at -188 mV and relatively 

weak contribution at -275 mV.  
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Figure 4.8 Potentiometric titration of quinone free cytochrome bo3 oxidase at pH 7.5,                

A) Absorbance values from Soret band, B) Gaussian fitting of the first derivative of the 

absorbance values from Soret band, C) Absorbance values from alpha band, D) Gaussian fitting 

of the first derivative of the absorbance values from alpha band 

From the cyclic voltammetry experiments it was determined that Q2 provided the highest 

O2 reduction activity (Figure 4.6). The potentiometric titrations were performed with 

cytochrome bo3 oxidase with Q2 to support our data. In figure 4.10 results of the 

potentiometric titration of cytochrome bo3 enzyme with Q2 is shown. From the Gaussian 

fitting of  the first derivative of the absorbance values obtained from Soret band we 

determined three contributions at -256 mV, -140 mV  and – 65 mV potentials which 

nearly corresponds to the three contributions measured in wild type bo3 oxidase (-249 mV, 

-147 mV and -49 mV and +146 mV).  
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Figure 4.9 Potentiometric titration of cytochrome bo3 oxidase with menadione at pH 7.5,          

A) Absorbance values from Soret band, B) Gaussian fitting of the first derivative of the 

absorbance values from Soret band, C) Absorbance values from alpha band, D) Gaussian fitting 

of the first derivative of the absorbance values from alpha band 

In table 4.2 a summary of measured redox potentials of all contributions obtained from the 

potentiometric titration of cytochrome bo3 oxidase with quinone variants at pH 7.5 is 

shown. Redox potentials of all contributions were shifted for the quinone free bo3 oxidase. 

The bo3 oxidase with Q2 provided three negative redox potentials (similar to the wt values) 

corresponding to the interacting hemes and probably bound quinone. Titration of bo3 

oxidase with menadione showed two low-potential contributions in Soret band and they 

were compatible with the values from wild type enzyme however one contribution was 

still missing. These results are in line with the O2 reduction activity. It was reported that 

small and soluble quinone variants (such as Q1) could displace the head group of tightly 

bound ubiquinone-8 and it is mainly bound through the hydrophobic interaction with the 

tail [10]. However, if the tightly bound ubiquinone-8 is removed from the enzyme, the 

quinone variants can bind to the enzyme and retain the ability to form semiquinones. 

Repeating the same experiments with Q8 could provide more detailed information on the 

role of tail length. For the future studies the addition of quinone variants to the quinone 
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free quinone binding site mutants could provide more information about the mechanism of 

quinone binding. 

 

Figure 4.10 Potentiometric titration of cytochrome bo3 oxidase with Q2 at pH 7.5,                        

A) Absorbance values from the Soret band, B) Gaussian fitting of the first derivative of the 

absorbance values from Soret band, C) Absorbance values from the alpha band, D) Gaussian 

fitting of the first derivative of the absorbance values from alpha band 

 

Table 4.2 Summary of redox potentials obtained from the potentiometric titration of 

cytochrome bo3 oxidase with quinone variants at pH 7.5. 

WT bo3 

oxidase 

(vs Ag/AgCl) 

mV 

Quinone free  

bo3 oxidase 

(vs Ag/AgCl) 

mV 

Q2 

+ bo3 oxidase 

(vs Ag/AgCl) 

mV 

Menadione 

+ bo3 oxidase 

(vs Ag/AgCl) 

mV 

-249 +/-10 - -256 +/-10 - 254 +/-10 

-147 +/-10 +48 +/-10 -140 +/-10 -176 +/-10 

-49 +/-10 +158 +/-10 -65 +/-10 - 



 

95 
 

As a conclusion, the highest O2 reduction activity was measured with bo3 oxidase with Q2, 

whereas Q1, Q10 and menadione partially recovered the O2 reduction activity of quinone 

free bo3 oxidase.  

Further investigation of redox properties of the interacting hemes and quinone was done 

by potentiometric titrations in order to support the obtained electrochemical data. Mid-

point potentials of all contributions were shifted for quinone free bo3 oxidase. The shifted 

potentials turn back to their original values when Q2 was added into the quinone free bo3 

oxidase. It was shown that Q2 is the most suitable quinone variant amongst other studied 

quinone variants. There is a complex interaction between cofactors in bo3 oxidase and we 

believe that quinone also has a role in it as a cofactor-like behavior.  

4.1.3 Investigation of the quinone binding site of cytochrome bo3 oxidase 

In this part of the study we worked with several mutants of amino acids which were 

proposed to be at the quinone binding site of the cytochrome bo3 oxidase [1, 10-18] 

(Figure 4.11). Recent results of the group of Prof. Gennis strongly suggest that there is a 

single high-affinity quinone binding site in the structure of cytochrome bo3 oxidase [10-

14, 16, 17]. With respect to these results the mutants listed in table 3.1 were investigated.  

 

Figure 4.11 Proposed high affinity quinone binding site in cytochrome bo3 oxidase from E. coli 

(1FFT.pdb) 
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The cyclovoltammograms of all mutants were compared with wild type enzyme and the 

relative percentage O2 reduction activities were calculated. The catalytic potential of each 

mutant was also determined for comparison. In figure 4.12 the comparison of 

cyclovoltammograms of wild type cytochrome bo3 oxidase with F93A (1% relative 

activity), R71H (10% relative activity) and Q101M (80% relative activity) is shown. 

Q101N, Q101L, F93A, D75N, H98F, I102N, R71H mutants showed no catalytic activity 

(Appendix Figure 3 to11).  

For the mutants that have high O2 reduction activity, catalytic potentials were negatively 

shifted to – 0.48 V for Q101M, - 0.40 V for Q101T, - 0.45 for Q101A and -0.40 V for 

F93Y from the wild type enzyme value at – 0.35 V. Q101M and Q101A showed a wild 

type-like activity which was also in line with the enzymatic turnover measured by Dr. 

Sylvia Choi (Table 4.3). In the Q101A mutant enzyme glutamine was replaced with a 

smaller amino acid alanine and it enables water molecules to get to the binding site 

without perturbing the quinone binding. F93A had 1% relative O2 reduction activity and 

F93Y had 60% when compared to the wt bo3 oxidase. The difference in the relative O2 

reduction activity of these mutants may be explained by the different side chain lengths 

and the loss of aromatic ring.  

Table 4.3 summarizes the data. The enzymatic turnover values were obtained in solution 

and the quinone in the enzyme was used as an electron donor. In our experiments the 

electrode acts as an electron donor which can be tuned depending on the applied potential 

and this can result in different O2 reduction activity levels.  
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Figure 4.12 Cyclovoltammogram of wild-type cytochrome bo3 oxidase, Q101M (100% O2 

reduction activity), R71H (10% O2 reduction activity) and F93A (1% O2 reduction activity) 

mutants (scan rate of 0.02 V.s-1) 
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Table 4.3 Summary of all electrochemical alterations in studied mutants with respect to wild-

type cytochrome bo3 oxidase at pH 7.5 (≈ +/-5% error) [10, 13]. 

Sample Catalytic 

potential 

(V) 

Electrochemical 

reaction with 

O2 

kcat  

(s
-1

) 

Sigmoidal 

catalytic 

curve 

Enzymatic 

activity 
*
 

Wild 

type 

- 0.35 100% 14.8 Yes 100% 

Q101N - 1%  No 10% 

Q101M - 0.48 80% 11.8 Yes 50% 

Q101T - 0.40 50% 7.7 Yes 30% 

Q101A - 0.45 80% 12.9 Yes 30% 

Q101L - 1%  No 10% 

F93A - 1%  No 40% 

F93Y - 0.40 60% 10.2 Yes 80% 

D75N
#
 - 0%  No 0% 

H98F - 10%  No 1% 

I102N - 10%  No 0% 

R71H - 10%  No 0% 

* Values provided by Dr. Sylvia Choi 

# Quinone extracted 

We continued our investigation of quinone binding site by using FTIR difference 

spectroscopy in order to obtain information about the structural changes in the enzyme 

due to the mutations in the quinone binding site. Since the natural environment of quinone 

binding site was disturbed it was expected to observe changes in quinone binding and the 

electron transfer to the binuclear site may also be affected. 

In figure 4.13 and 4.14 the FTIR difference and double difference spectra of F93A and 

F93Y mutants are shown respectively. The C=O vibration of ubiquinone at 1655 cm
-1

, the 

C=C vibration at 1610 cm
-1

, the aromatic ring vibration of the reduced state (1390 cm
-1

, 

1470 cm
-1

, 1488 cm
-1

) and the C-OCH3 vibration at 1264 cm
-1

 and 1286 cm
-1

 can be 

observed. Changes in the amide I and II bands provided information about the 

conformational changes in the secondary structure of the protein. In order to highlight the 

shifts the double difference spectra was calculated by normalizing all spectra with respect 
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to the quinone signals at 1264 cm
-1

 and 1286 cm
-1

 and subtracting the wild type spectrum 

from the mutant spectra. The problem with this normalization is that there may be 

different quinone content and shifts can look stronger than real.  

F93 is a residue that has been suggested to play an important role in quinone binding site 

[18]. For the F93 mutants it was expected to observe a shift in the C=C ring mode of 

Phenylalanine (F) at 1498 cm
-1

 however, due to its non-polar structure it absorbs infrared 

radiation weakly. The double difference data of F93A and F93Y show changes in the 

amide I and II region which suggest conformational changes in the secondary structure of 

the protein. Comparison of the difference spectra of F93A with F93Y indicates that the 

mutation of Phe into Ala causes additional conformational changes in the polypeptide 

backbone of the enzyme. However, the broad amide I and II bands of F93Y indicates that 

the protein may be denatured. For this reason it was not possible to make detailed 

conclusion on the double difference data of F93Y.  

 

Figure 4.13 Oxidized-minus-reduced FTIR difference spectra of F93A, wild type cytochrome bo3 

oxidase and double difference spectrum of F93A-WT at pH 7.5. 
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Figure 4.14 Oxidized-minus-reduced FTIR difference spectra of F93Y, wild-type cytochrome bo3 

oxidase and double difference spectrum of F93Y-WT at pH 7.5. 

In figures 4.15, 4.16, 4.17, 4.18 and 4.19 the FTIR difference and double difference 

spectra of Q101N, Q101T, Q101M, Q101L and Q101A are shown. Glutamine has a low 

extinction coefficient thus it is not possible to make comments on the shifts of the 

vibrational mode of glutamine at 1672 cm
-1

. In the amide I region shifts or intensity 

changes in the mode at 1655 cm
-1

 can be attributed to the weaker ubiquinone binding. The 

changes for the bands at 1685 cm
-1

 and 1635 cm
-1

 indicate changes in the polypeptide 

backbone of the protein. From the FTIR difference spectra it is not possible to make more 

specific assignments.  
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Figure 4.15 Oxidized-minus-reduced FTIR difference spectra of Q101N, wild-type cytochrome 

bo3 oxidase and double difference spectrum of Q101N-WT at pH 7.5. 

 

Figure 4.16 Oxidized-minus-reduced FTIR difference spectra of Q101T, wild-type cytochrome 

bo3 oxidase and double difference spectrum of Q101T-WT at pH 7.5. 
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Figure 4.17 Oxidized-minus-reduced FTIR difference spectra of Q101M, wild-type cytochrome 

bo3 oxidase and double difference spectrum of Q101M-WT at pH 7.5. 

 

Figure 4.18 Oxidized-minus-reduced FTIR difference spectra of Q101L, wild-type cytochrome 

bo3 oxidase and double difference spectrum of Q101L-WT at pH 7.5. 
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Figure 4.19 Oxidized-minus-reduced FTIR difference spectra of Q101A, wild-type cytochrome 

bo3 oxidase and double difference spectrum of Q101A-WT at pH 7.5. 

In the final part of this chapter the residues at the high affinity quinone binding site of bo3 

oxidase have been investigated by working with several site-directed mutants. By using 

cyclic voltammetry the O2 reduction activities were measured and with FTIR difference 

spectroscopy the possible structural changes in the enzyme were monitored.  

As a conclusion, our results showed that all mutants in this proposed quinone binding site 

showed reduced O2 reduction activity and shifts in the catalytic currents. Q101A and 

Q101M mutants showed high relative activity (80%)  O2 reduction activity and F93Y had 

60% activity as compared to the wild type enzyme activity. The length and polarity of 

Glu-101 may have an important role in the quinone binding and electron transfer to the 

heme b. The S group of methionine may help to make H bonding with the reduced 

quinone and this may explain the high O2 reduction activity with Q101M. Removal of 

aromatic ring in the structure of Phe-93 showed that this ring structure may be directly 

interacting with the head group of quinone and affecting the electron transfer to the heme 

b.  

FTIR difference data showed that mutation of residues in the quinone binding site does 

not affect the FTIR spectra dramatically. Small shifts in the double difference spectra may 

indicate conformational changes in the secondary structure of the protein. However, the 
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normalization of the IR difference spectra with respect to the quinone vibrational modes 

may create artificial shifts in the double difference data. Thus, it was not possible to make 

more detailed analysis on the structural changes.   

4.1.4 SEIRAS measurements of cytochrome bo3 oxidase 

In the last part of this chapter surface-enhanced infrared absorption spectroscopy 

(SEIRAS) was studied as an alternative technique to study membrane proteins [34-38]. 

The aim was to immobilize proteins on a gold-coated ATR crystal and to couple it with 

electrochemistry. In the literature there are several methods to adsorb proteins on metal 

surfaces [39-43]. In this study we started working with a model compound, cytochrome c. 

Cytochrome bo3 oxidase was then immobilized on a gold coated ATR crystal via his-tag 

modification. 

This technique was introduced by Dr. Sebastian Kriegel in our laboratory on Complex I 

[44].  

a. Immobilization of Cytochrome c on a gold surface  

Cytochrome c is already well studied by FTIR difference spectroscopy and cyclic 

voltammetry [45-48]. The protocol introduced by Jiang et al. was followed [49]. 

Chemical deposition of gold on ATR crystal was explained in detail in section 3.3.2.2. In 

appendix figure 12 the SEIRA spectra of MUA monolayer on the gold surface at different 

times after addition of MUA solution is shown. Upon the addition of cytochrome c 

solution, the amide I and amide II modes of cytochrome c at around 1659 cm
-1

 and 1551 

cm
-1

 (Appendix figure 13), appeared immediately [49]. Maximum surface coverage was 

reached when the intensities of these bands stopped increasing.   

After the adsorption of cytochrome c on the MUA layer, the electrochemical activity of 

the system was probed via cyclic voltammetry. In figure 4.20 cyclic voltammogram of 

cytochrome c adsorbed on the MUA/Au surface (Phosphate buffer at pH 7) is shown. 

Oxidation and reduction peaks of cytochrome c were observed upon sweeping the applied 

potential which indicates that electrons were transferred through the gold layer to the 

protein. 
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Figure 4.20 Cyclic voltammogram of cytochrome c adsorbed on the MUA/Au surface 

(Phosphate buffer at pH 7) 

In order to measure the infrared difference spectrum of cytochrome c the system was 

inserted in the FTIR spectrometer and coupled with a potentiostat. In figure 4.21 potential-

induced redox difference spectra of cytochrome c is shown. Ox-red spectrum of MUA 

layer showed that the band at 1681 cm
-1

, which arises due to the C=O stretching mode of 

the carboxyl head groups of MUA [49],overlaps with the Amide I mode of the peptide 

backbone of cytochrome c  at 1678  cm
-1

. From cyclovoltammogram of adsorbed 

cytochrome c (Figure 4.20) the surface coverage was measured as 6.5 pmol cm
-2

. This 

may indicate that the surface is not fully covered (Jiang et. al. 7.7 pmol cm
-2 

[49]). This 

suggests that water molecules on the surface of the crystal may contribute to the 

difference spectrum of cytochrome c. The broad band at around 1650 cm
-1

 is originating 

from the water molecules on the surface.  

Comparison of the ox-red spectra of cytochrome c adsorbed on MUA layer and on Au 

nanoparticle modified MUA layer showed that IR signal was blocked due to the formation 

of a thick layer of Au nanoparticles on the ATR crystal. From the IR difference spectra the 

characteristic bands of cytochrome c were not observed for the reduced state at 1660 cm
-1

, 

1635 cm
-1

 and for the oxidized state at 1673 cm
-1

, 1660 cm
-1

 and 1635 cm
-1

 [49].  
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Figure 4.21 Surface-enhanced Infrared differential spectra (ox-red) of cytochrome c adsorbed 

on MUA layer and Au nanoparticle modified MUA layer 

 

b. Immobilization of cytochrome bo3 oxidase on a gold surface    

The cytochrome bo3 oxidase was immobilized from the His-tag in its structure on a Ni-

NTA monolayer. This process was described in detail in section 3.3.2.2 b. Formation of 

Ni-NTA monolayer was monitored step by step using FTIR spectroscopy. Figure 4.22 

shows the formation of DTSP monolayer on the gold coated ATR crystal. After the 

addition of DTSP solution on the gold surface the bands at 1740 cm
-1

 and 1790 cm
-1

 arise 

due to the asymmetric and symmetric C=O stretching modes of the succinimidyl ring of 

TSP respectively [44]. The band at 1431 cm
-1

 arises from the overlapping DTSP and 

DMSO signals. 
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Figure 4.22 SEIRA spectra of the DTSP monolayer formation on the Au surface at different 

times after the addition of DTSP solution 

Figure 4.23 shows the SEIRA spectra of the coupling of TSP to ANTA process. Cross-

linking of TSP monolayer with the primary amine of ANTA forms a NTA surface which 

could ligate a Ni
2+

 ion. The amide bond formation between NTA and TSP was observed 

from the formation of amide I and II bands at 1650 cm
-1

 and 1565 cm
-1

[44]. The bands at 

around 1404 cm
-1

 were assigned to the symmetric COO
-
 stretching vibrations [44]. 

After the formation of TSP-NTA layer, a NiSO4 solution was added on the surface of the 

ATR crystal in order to obtain coordination between Ni
2+

 ions and the carboxyl groups of 

NTA (Lysine). Nitrogen atoms of the imidazole rings of the His-tag are binding to the 

Ni
2+

 ions [44]. In figure 4.24 SEIRA spectra obtained after the addition of NiSO4 solution 

are shown. Ni
2+

 coordination does not provide major changes in the SEIRA spectra. 

Formation of the band at around 1430 cm
-1

 was attributed to the changes in the symmetric 

COO
-
 stretching mode of ANTA [44]. 
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Figure 4.23 SEIRA spectra of the peptide coupling of DTSP with ANTA at different times after 

the addition of ANTA solution at pH 9.8 (in K2CO3) 

 

Figure 4.24 SEIRA spectra of the Ni2+ coordination of NTA at different times after the addition 

of NiSO4 solution 

Adsorption of cytochrome bo3 oxidase and cNOR samples on the TSP-NTA surface was 

monitored via the formation of amide I and amide II bands. Figure 4.25A shows the 

SEIRA spectra of adsorbed cytochrome bo3 oxidase on the ATR crystal via cross-linking 
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of NTA-Ni
2+

 to his-tag of the protein. The formation of amide I and amide II bands 

(1660cm
-1 

and 1540 cm
-1

 respectively) were observed right after the addition of protein 

solution on the surface [43]. After validating the formation of stable protein layer on the 

ATR crystal we aimed at checking the electrochemical activity of the adsorbed proteins by 

cyclic voltammetry. Figure 4.25 B shows the cyclovoltammogram of adsorbed 

cytochrome bo3 oxidase on the TSP-NTA modified gold surface. The CV shows that the 

adsorbed bo3 is interacting with O2. The reduction peak at -0.3 V is corresponding to the 

potential values from the conventional CV measurements of bo3 oxidase (Figure 4.2). 

 

Figure 4.25 A) SEIRA spectra of cytochrome bo3 oxidase adsorption via cross-linking NTA-Ni2+ to 

His-tag in the protein structure at different times after the addition of protein solution,              

B) Cyclic voltammogram of cytochrome bo3 oxidase adsorbed on TSP-NTA layer (His-tag 

modification) at pH 7. 

After that the system was connected to a potentiostat and potential-induced IR differential 

spectra were recorded. In figure 4.26 the comparison of the surface-enhanced infrared 

differential absorption (SEIDA) spectrum of adsorbed bo3 oxidase on the TSP-NTA 

modified surface, with the redox difference spectrum of bo3 oxidase obtained in 

transmission mode, is shown. Due to the strong absorption of water in mid-infrared range 

H2O/D2O exchange was done. The obtained SEIDA spectrum was featureless and shows 

no evidence of amide I and amide II signals. This could be explained by the low protein 

coverage on the surface or a complication in the orientation of the proteins. Cyclic 

voltammetry measurements showed that adsorbed proteins react with the O2 however 

since this technique is more sensitive than FTIR spectroscopy low protein surface-

coverage was not a limiting factor. However, in FTIR spectroscopy H2O has strong 
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contribution and due to thelow surface coverage of proteins high amount of H2O 

molecules interact with the gold surface. 

 

Figure 4.26 Comparison of surface-enhanced infrared differential absorption (SEIDA) spectra of 

adsorbed cytochrome bo3 oxidase on the TSP-NTA modified surface with the redox difference 

spectrum of cytochrome bo3 oxidase obtained in transmission mode. 

As a conclusion, the surface modification process was monitored step by step and protein 

adsorption on the modified ATR crystal was not yet successful and needs further 

improvement. Further experiments are required to obtain variable SEIDA spectra of 

adsorbed enzymes. Changing the parameters such as incubation time of protein or thiols, 

concentration of adsorbed protein and the type of solvent could improve the quality of the 

differential spectra. SEIRAS technique has a high potential to study membrane proteins 

reactions in detail when compared to the conventional transmission mode FTIR difference 

spectroscopy. 
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4.2 Investigation of cytochrome c dependent nitric oxide reductase 

(cNOR) from P. denitrificans 

4.2.1 Electrochemical and structural investigation of wild type cNOR   
In this part of the thesis cytochrome c dependent nitric oxide reductase (cNOR) from P. 

denitrificans (Figure 4.27) was studied. Wild type cNOR was characterized by using 

cyclic voltammetry, FTIR difference spectroscopy and potentiometric titrations.  

 

Figure 4.27 Structure of cNOR from P. aeruginosa. (3WFB.pdb) 

Voltammetric studies: 

In figure 4.28 the cyclic voltammograms of cNOR in O2 and NO containing buffer with a 

scan rate of 0.02 V.s
-1 

at pH7 are compared. In the presence of O2 a weak oxidation signal 

at + 0.1 V and a reduction peak at -0.3 V was observed. It was reported that if not enough 

NO gas is present in the environment, cNOR can also catalyze O2 reduction due to its 

similar binuclear center to other heme-copper oxidase proteins [1, 2]. NO gas was 

produced by the reaction of copper with nitric acid. Addition of NO gas into the O2-free 

buffer resulted in a slightly more intense reduction signal at -0.38 V. This low-potential 

signal was previously assigned to binuclear center reduction in literature [3].  
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Figure 4.28 Cyclic voltammograms of cNOR in absence of NO (In solution with O2) and with NO 

at pH 7.5. 

It is noted that the NO obtained by the reaction of copper with nitric acid, was not very 

pure. Thus, we switched to the following reaction: 

𝟐𝑲𝑵𝑶𝟐 + 𝟐𝑲𝑰 + 𝟐𝑯𝟐𝑺𝑶𝟒 → 𝟐𝑵𝑶 +  𝑰𝟐 + 𝟐𝑯𝟐𝑶 + 𝟐𝑲𝟐𝑺𝑶𝟒 

The KNO2 is the limiting reactive so by the initial quantity of KNO2 it is possible to 

control the concentration of produced NO. With this procedure NO was generated inside a 

solution with iodine and the solution with NO was added into our buffer before 

performing the cyclic voltammetry experiment. However, excess amount of I2 which is 

produced together with NO gas, was causing baseline problems. Thus, excess amount of 

NO gas was isolated and introduced to the buffer solution to avoid contamination by I2. 

As shown in figure 4.29 by inserting collected NO gas into the buffer a stronger reduction 

signal was obtained. 



 

118 
 

 

Figure 4.29 Cyclic voltammogram of cNOR Left: without NO gas (In solution with O2), Right: 

Presence of NO in solution at pH 7.5. 

In summary, the electrochemical characterization of cNOR was done by cyclic 

voltammetry. The reduction peak of binuclear center was obtained in the presence of NO 

and O2. However, a catalytic curve for the reduction of NO or O2 was not observed. It can 

be concluded that the cyclic voltammetry experiments needs to be optimized in order to 

observe catalytic activity. 

Wild-type cNOR was further investigated by potentiometric titrations in order to measure 

the redox potentials of each heme. 

Potentiometric titrations:  

During the potentiometric titrations the Soret band (428 nm) and the alpha band (551 nm 

with a shoulder at 558 nm) were monitored. In the Soret band contribution of all hemes 

can be observed together and in the alpha band the contribution of hemes can be observed 

separately. We worked with two different batches of wt cNOR. In this section the results 

with the first batch is shown and other results are summarized in table 4.5. From the 2
nd

 

batch of cNOR we did not observe the contribution of heme b3 which indicates a problem 

in the integrity of the 2
nd

 batch of samples. This may be related to the purification process 

of the protein. The preliminary results obtained with the 2
nd

 batch of samples should be 

repeated in order to make a clear conclusion. Gaussian fittings of the first derivative of the 

absorbance values obtained from the titration of the 2
nd

 batch of wt cNOR are shown in 

appendix figures 16 and 17. 

In figure 4.30 the Gaussian fitting of the first derivative of the absorbance values obtained 

from the titration of the Soret band of wt cNOR at pH 7.5 is shown. A large contribution 
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centered at +100 mV which arises from hemes c and b was obtained together with a 

contribution at -271 mV. In order to obtain mid-point potentials of hemes c and b the peak 

was de-convoluted into two peaks with mid-point potentials of +84 mV (heme c, +292 

mV vs SHE) and +135 mV (heme b. + 343 mV vs SHE).  The negative contribution with 

a mid-point potential of -271 mV was attributed to the heme b3 (- 63mV vs SHE).  

 

Figure 4.30 Potentiometric titration of wild type cNOR at pH 7.5, A) Absorbance values from 

Soret band, B) Gaussian fitting of the first derivative of the absorbance values from Soret band 

In figure 4.31 the Gaussian fitting of the first derivative of the absorbance values obtained 

from the titration of the alpha band of wt cNOR pH 7.5 is shown. The  mid-point potential 

of heme c was measured at +97 mV (+305 mV vs SHE) from the 551 nm band together 

with a weak signal of heme b3 at -241 mV (-33 mV vs SHE). Heme b3 contribution was 

stronger in the 558 nm band and the mid-point potential was measured at – 253 mV (-45 

mV vs SHE). From the 558 nm band the mid-point potential of heme b and c were 

determined at +163 mV (+371 mV vs SHE) and +65 mV (+273 mV vs SHE) respectively. 

These values were similar to the values obtained with cNOR from P. denitrificans by the 

Butland`s group (for heme c + 310 mV, for heme b + 345mV and for heme b3 +32 mV vs 

SHE) [4]. Added to that, the heme b3 contribution is usually obtained from the charge 

transfer band (CTS band) [4, 5]. In our case the redox potential of heme b3 were 

determined from the alpha band and Soret bands since it is unfeasible to study CTS band. 

The thin-layer electrochemical cell that we use in our experiments has a path-length of a 

few μm. Due to that reason it is not possible to observe CTS band with our setup. 

A remarkable feature that was observed from the potentiometric titrations was the 

extremely negative mid-point potential of heme b3 (-271 mV wt cNOR). This low redox 
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potential of heme b3 hinders the delivery of electrons from heme b to the binuclear center. 

The reason behind the extremely negative mid-point potential heme b3 is still under 

discussion.  Recently it was suggested by Prof. Shiro`s group that the conserved glutamic 

acid residues in the structure of cNOR such as Glu-215, Glu-280, Glu 211 (P. aeruginosa 

numbering) could generate a large electro-negative environment at the catalytic center 

which could be the main reason of the low redox potential of heme b3 [6, 30]. This 

extremely low potential of heme b3 was also observed in cbb3 oxidases [7] and it was 

explained by the presence of a highly conserved glutamic acid residue which is hydrogen-

bonded to the histidine proximal ligand of the heme b3. This similarities in the redox 

properties of heme b3 indicate that NOR and other heme-copper oxidases could have 

evolved from a common ancestor [32]. 

 

Figure 4.31 Potentiometric titration of wild type cNOR (1st batch) at pH 7.5, A) Absorbance 

values from alpha band at 551 nm, B) Gaussian fitting of the first derivative of the absorbance 

values from alpha band at 551 nm, C) Absorbance values from alpha band at 558 nm, D) 

Gaussian fitting of the first derivative of the absorbance values from alpha band at 558 nm 
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In table 4.4 the summary of the mid-point potentials obtained from the potentiometric 

titration of wild type cNOR (1
st
 batch) at pH 7.5 is shown and they were compared with 

the literature values.  

Table 4.4 Summary of redox potentials obtained from the potentiometric titration of wild type 

cNOR (1st batch) at pH 7.5. 

mV vs Ag/AgCl 

(pH 7.5) 

vs SHE 

(pH 7.5) 

Butland 

group [4] 

 vs SHE 

 (pH 7.5)   

Zumft 

group [5] 

 vs SHE 

(pH 7.5)  

550 

nm 

560 

nm 

550 

nm 

560 

nm 

Heme b - +163 - + 371 + 345 + 322 

Heme c + 97 + 65 + 305 + 273 + 310 + 280 

Heme b3 - 241 - 253 - 33 - 45 + 32 - 

 

Table 2.5 Summary of redox potentials obtained from the potentiometric titration of different 

batches of wt cNOR at pH 7.5. 

mV 1
st
 Batch of wt cNOR 

pH 7.5 vs Ag/AgCl 

2
nd

 Batch of wt cNOR 

pH 7.5 vs Ag/AgCl 

Soret 

420 

nm 

550 

nm 

560 

nm 

Soret 

420 

nm 

550 

nm 

560 nm 

Heme b + 135 - + 163 + 160 - + 178 

Heme c + 84 + 97 + 65 + 90 + 97 + 101 

Heme b3 - 271 - 241 - 253 - - - 

 

FTIR difference spectroscopy: 

Structural characterization of wt cNOR was made by FTIR difference spectroscopy. The 

tentative assignments are made based on the ox-red spectrum. In figure 4.32 the ox-red 

FTIR spectrum of wt cNOR at pH 7.5 is shown. The C=O  vibration of 

protonated/deprotonated glutamic acid residues at 1745 cm
-1

 (positive) and 1724 cm
-

1
(negative) [8, 9. The bands at 1677, 1663, 1648 and 1638cm

-1
 arise from the C=O 

vibration of the polypeptide chain (Amide I region) [10]. The C=O vibration of Asn and 

Gln can also contribute at 1677 and 1663 cm
-1

[11]. The anti-symmetric (CN3H5
+
) 
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vibration of Arg also has contributions at 1677 cm
-1

 together with 1690 cm
-1

 and 

symmetric (CN3H5
+
) vibration at 1663 and 1627 cm

-1
[11]. The positive band at 1670 cm

-1
 

arises from the C=O vibration of heme propionates [12]. At 1595 cm
-1

 the CC vibration of 

Tyr together with NH2 vibration of Gln can be seen [11]. The anti-symmetric bending of 

heme propionates (COO
-
) can be seen from the positive band at 1578 cm

-1
and  the 

negative band at 1535 cm
-1

[12]. The amide II band at 1552 cm
-1

 arises from CN stretching 

vibration of the backbone structure of the protein [10]. It is not easy to make individual 

assignments for the amino acid side chains between 1500-1400 cm
-1

 where several 

vibrations of Phe, Trp, Pro and the COO 
-
 vibration of heme propionates contribute [10-

13]. The bands at 1245 cm
-1

 and 1239 cm
-1

 together with the contribution at 1519 cm
-1

are 

originating from the vibrational modes of Tyr residues [11]. The tentative assignments for 

the ox-red spectrum of wild-type cNOR are summarized in table 4.6. 

 

Figure 4.32 FTIR difference spectrum of wild type cNOR at pH 7.5 (ox-red). 
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Table 4.6 Tentative assignments of the electrochemical difference spectrum for wild type cNOR 

[8-11] 

Band position in H2O (cm
-1

) Assignment 

1745 (+) Glu ν COOH 

1724 (-) Glu ν COOH 

1701 (+) Asn ν(C=O) 

1690 (+) Arg νas(CN3H5
+
) – no salt bridge 

Gln ν(C=O) 

1677 (-) Amide I ν(C=O) 

Arg νas(CN3H5
+
) 

Gln ν(C=O) 

1670 (+) ν (CO) COOH  

1663 (-) Amide I (C=O) 

Arg νas(CN3H5
+
) 

Gln ν(C=O) 

Arg νs(CN3H5
+
) 

  

1648 (+) Amide I ν(C=O) 

Arg νs(CN3H5
+
) 

 

1638 (-) Amide I ν(C=O) 

Arg νs(CN3H5
+
) – no salt bridge 

1627 (+) Amide I ν(C=O) 

Arg νs(CN3H5
+
) – no salt bridge 

Lys δas(NH3
+
) 

1595 (+) Tyr-OH ν(CC) 

1578 (+) δasCOO
-
 heme propionate 

Asp νas(COO
-
) 

1552 (-) Amide II 

1535 (-) δasCOO
-
 heme propionate 

1519 (+) Tyr-O
-
 ν(CC), δ(CH) 

1494 (+) Phe ν(CC ring) 
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1460 (-) Trp δ(CH) ν(CC) ν(CN) 

Pro ν(CN) 

1435 (+) Trp δ(NH) ν(CC) δ(CH) 

1421 (-) Trp δ(NH) ν(CC) δ(CH)  

1404 (-) Glu νs(COO
-
) 

1390 (+) δs COO
-
 heme propionate 

1245 (-) Trp δ(CH) ν(CC) 

Asp/Glu ν(CO) 

Tyr-OH ν(CO) ν(CC) 

1239 (-) Tyr-OH ν(CO) ν(CC) 

 

In summary, the structural characterization of cNOR was done by FTIR difference 

spectroscopy. The FTIR experiments showed signals that could be attributed to specific 

residues or secondary structure of the protein. The redox potentials of hemes were 

determined by the potentiometric titrations. Combined results of these two techniques 

with wild-type cNOR will be further used as a reference in this chapter. 

4.2.2 Investigation of the effect of different environments on the stability 

and the function of wild type cNOR 

In this section wild type cNOR samples in liposomes and detergent at different pH values 

were compared. One of the biggest challenges of membrane protein studies is the stability 

and function after isolation from the membrane [14-16]. It is crucial to provide a 

hydrophobic environment to keep the proteins in contact and at the same time to be in 

touch with an aqueous medium. There are several studies on the interaction of membrane 

proteins with different detergents [17-19], lipid bilayers [18-20] and liposomes [18-21]. 

We believe that liposomes can provide more natural environment to the enzyme then 

detergents, thus, resulting in a more stable and efficient system. 

The structural stability of wild type cNOR was investigated (2
nd

 batch) at different pH 

values (6.5, 7.5 and 8.5) with DDM and inside liposomes (pH 7.5) by using FTIR 

difference spectroscopy. In figure 4.33 the comparison of FTIR difference spectra of wt 

cNOR at different pH values (pH 7.8 and 8.5) with DDM and in liposomes (pH 7.5) is 

shown. FTIR difference spectra of wt cNOR with DDM and in liposomes were compared 

at pH 7.5 since the system was stable and provided reproducible results at this pH value. 
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Samples were not stable at pH 6.5 so the data for this pH value is not shown here. 

Detailed assignments of the electrochemical difference spectrum for wild type cNOR at 

pH 7.5 were made in section 4.2.1. Main differences between the FTIR difference spectra 

at different pH values might be related to the protonation/de-protonation of heme 

propionates and acidic amino acids in the sample. The signals corresponding to the de-

protonated residues overlap between 1600-1400 cm
-1

 and cannot be truly interpreted 

without site directed mutations or labeling. The band at 1610 cm
-1

 switched from negative 

to positive when the pH was increased and a possible explanation is that the changes in 

the environment of Gln/Asn amino acids (H bonding or de-protonation of surrounding 

amino acids) might have an effect on the vibration of these amino acids. The signal at 

1241 cm
-1 

is attributed to the C-O and C-C stretching vibrations of de-protonated Tyrosine 

which has higher intensity at pH 8.5. At 1574 cm
-1

and 1535 cm
-1

 we observed the anti-

symmetric stretching of several amino acid residues and heme propionates and at 1390 

cm
-1

 we can observe the COO
-
 symmetric stretching.   

 

Figure 4.33 Ox-red spectra of wild type cNOR with DDM at pH 8.5, 7.5 and wild type cNOR in 

liposomes at pH 7.5 (Tris buffer). 
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Upon the addition of lipids strong bands at 1743 cm
-1

 and 1709 cm
-1

 originating from 

lipids C=O stretching were observed [22, 23].  The bands at 1551 cm
-1

 and at 1402 cm
-1

 

originate from the NH3
+
 symmetric bending and N

+
(CH3)3 anti-symmetric bending of 

lipids respectively [22, 23]. Since both amide II and NH3
+
 symmetric bending has 

negative signal in the same region a dominant band at 1551 cm
-1

was observed. Lipids 

alone do not have differential spectra since they do not undergo structural changes during 

reduction and oxidation. Thus, these assignments of lipids could be related with the 

orientation changes of the lipids during the reduction and oxidation of cNOR. Due to these 

strong contributions of lipids the signals of heme propionates and amino acid side chains 

were not clearly observed, thus it was hard to make comments about the effect of pH on 

the sample with liposome. 

In order to investigate the electrochemical properties of wt cNOR with DDM and in 

liposome potentiometric titrations were performed. pH 7.5 was chosen since it was the 

most stable pH value during the FTIR difference spectroscopy analysis.  

Potentiometric titrations were analyzed by dividing the applied potentials into steps in 

order to observe each contribution of hemes separately and to visualize the shifts in the 

mid-point potentials. Mid-point potential of heme b3 was expected to be between -300 and 

-100 mV, heme c between -100 and + 150 mV and heme b between +150 and +250 mV 

according to the wt cNOR measurements (see table 4.4). From the titration of Soret band 

of wt cNOR inside liposomes the contribution of all hemes were observed together thus 

the titration was divided into three steps to observe the contribution of each cofactor 

separately (Figure 4.34). Instead of the extremely negative mid-point potential of heme b3, 

an extra contribution was obtained between 0 mV and + 100 mV (precise value was later 

obtained from the Gaussian analysis as +65 mV). This contribution could be attributed to 

the positively shifted heme b3 contribution or the slightly negatively shifted heme c 

contribution. The “un-assigned” contribution was observed from the Soret band of the 

sample in liposomes and can be easily differentiated by comparing with the same 

performed steps for the cNOR with DDM (Figure 4.35A).  
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Figure 4.34 Investigation of the potentiometric titration of cNOR in liposome by steps, A) Soret 

band B) alpha band at pH 7.5. 

 

Figure 4.35 Investigation of the potentiometric titration of cNOR with DDM (2nd batch) by 

steps, A) Soret band B) alpha band at pH 7.5. 

Comparison of figure 4.34 B and figure 4.35 B showed similar patterns for each potential 

interval. The “un-assigned” contribution was not observed in the alpha band step 

investigations. Both titrations did not show any heme b3 contribution. 

Gaussian fitting was applied to the first derivatives of the absorbance values of wt cNOR 

with DDM and in liposome.  

The Gaussian fitting of the Soret band and the alpha band of wild type cNOR in liposome 

is shown in appendix figure 14 and figure 15, respectively. From the Soret band two 

contributions were obtained (+ 65 mV and + 145 mV). As it was described previously the 

signal at + 65 mV could be the negatively shifted heme c or positively shifted heme b3 
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contribution. However since this contribution was not observed in the 551 nm band it is 

not possible to attribute it to heme c contribution. The contribution at +145 mV can be 

assigned to both hemes c and b together. From 551 nm band the mid-point potential of 

heme c was measured at + 103 mV and from 558 nm band heme b contribution as + 167 

mV.  

For the cNOR with DDM three pH values were chosen (6.5, 7.5 and 8.5) in order to see 

the effect of pH on the mid-point potentials of hemes. The samples were stable at pH 7.5 

and 8.5 however; it was not possible to obtain reproducible spectra at pH 6.5. The 

Gaussian fitting of the Soret band and the alpha band of wild-type cNOR (2
nd

 batch) at pH 

7.5 is shown in appendix figure 16 and 17. In table 4.7 a summary of measured mid-point 

potentials from the potentiometric titrations of wild-type cNOR in liposome at pH 7.5 and 

wt cNOR with DDM at pH 7.5 and 8.5 is shown. 

As a brief reminder, from the titration of wild-type cNOR (2
nd

 batch) with DDM at pH 7.5 

a single contribution was measured in the Soret band and it was de-convoluted. From the 

de-convolution two contributions with mid-point potentials of + 90 mV (heme c) and + 

160 mV (heme b) were obtained. From the 551 nm the mid-point potential of heme c was 

measured at + 97 mV and from the 558 nm band heme b at + 178 mV.  

In appendix figure 18 and 19 the potentiometric titration of the Soret band and alpha band 

of wt NOR with DDM at pH 8.5 is shown. From the Soret band a single large contribution 

was obtained with a mid-point potential of +101 mV. This single large contribution was 

originating from hemes c and b contribution together.  From the alpha band the mid-point 

potential of heme c was measured at + 92 mV (551 nm) and heme b at + 172 mV (558 

nm). These values were in accordance with the mid-point potentials obtained from the 

titration of wt cNOR with DDM at pH 7.5 (Table 4.4).  
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Table 4.7 Summary of redox potentials obtained from the potentiometric titrations of cNOR 

inside liposome at pH 7.5 and cNOR with DDM at pH 7.5 and 8.5. 

 

We can conclude that cNOR was stable in liposomes. However, from the FTIR difference 

spectra we observed a strong contribution of lipids originating from the liposomes. The 

strong signals of lipids were dominating the protein signals and it was not possible to 

make detailed assignments for signals obtained with cNOR in liposome. cNOR was stable 

in pH 7.5 and 8.5 however, it was not possible to obtain a reproducible spectrum  at pH 

6.5.  

Similar redox potentials were obtained for the samples at pH 7.5 and 8.5. From the 

titration of cNOR in liposome at pH 7.5, an “un-assigned” contribution was obtained at + 

65 mV. This contribution may be assigned to negatively shifted heme c or positively 

shifted heme b3.The major handicap was the absence of heme b3 contribution. Normally 

the heme b3 contribution should be visible in both Soret and alpha bands with an 

extremely negative potential. This absence could be due to a problem at the purification 

process of the 2
nd

 batch of cNOR samples.  

 

4.2.3 Investigation of site-directed mutants of the Ca2+ binding site of 

cNOR from P. denitrificans 

Our final focus was on the Ca
2+

 ligation and the region around the heme b3 propionates of 

cNOR in order to determine possible proton donors in the area of interest. Ca
2+

 bridges 

propionates of hemes b and b3 in order to stabilize these two hemes. It is expected that a 

proton donor should be in this region [24-28]. When the crystal structure was resolved it 

was shown that Tyr-73 and Glu-135 (Ps. aeruginosa numbering) were ligands of Ca
2+ 

(Figure 4.36) [29, 30]. For this purpose we worked with wild type cNOR and the site-

directed mutants of the corresponding residues in P. denitrificans, E122A, Y74F and 
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Y74S [26]. The effect of mutations on the activity and general structure of protein was 

studied by FTIR difference spectroscopy and potentiometric titrations. Investigation of 

this area of cNOR could provide further information about the evolutionary link with the 

oxygen-reducing heme-copper oxidases [28, 31]. 

 

Figure 4.36 Suggested proton pathway for the wild type cNOR from P. aeruginosa [28]. 

Firstly, FTIR difference spectra of wt cNOR and E122A, Y74F and Y74S mutants were 

measured at pH 7.5 (Figure 4.37). Detailed band assignments for the wild type cNOR 

were made in section 4.2.1. As a brief reminder, the positive band at 1741 cm
-1

 and the 

negative band at 1725 cm
-1

 can be attributed to protonated glutamic acid residues. The 

bands at  1519 cm
-1

, 1245 cm
-1

 and 1237 cm
-1

 can be respectively attributed to the (CC), 

(CH) and (C-O), (C-C) modes of Tyr-OH. 

E122A mutant was expected to show alterations in the C=O vibration of glutamic acid 

assignments at 1741 cm
-1

 and 1725 cm
-1

. From figure 4.37 an up-shift of 7 cm
-1

 at 1732 

cm
-1

 and 2 cm
-1

 up-shift at 1743 cm
-1

 were observed which can be related with the 

removal of an active glutamic acid residue. Since E122 was a ligand of Ca
2+

 and has a role 

in the proton pathway mechanism [28] it was expected to observe changes in the heme 

propionates. However, vibrational signals of heme propionates overlap with the signals 

originating from the backbone of the protein (Amide I and II bands).  
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A 3 cm
-1

 up-shift in the (CC) and (CH) mode of Tyrosine was observed at 1522 cm
-1

 and 

3 cm
-1

 up-shift in the (C-C) modes of Tyr-OH at 1240 cm
-1

 for Y74S mutant. The same 

shift in the (CC) and (CH) mode with 2 cm
-1

 shift in the (C-C) mode was observed for the 

Y74F mutant. Since Tyrosine-74 has an active role in the conformation of hemes b and b3, 

it was expected to see some structural changes due to the loss of this Tyrosine. Added to 

that, the shape of the band at 1245 cm
-1

 and 1237 cm
-1

 was changed in the Y74S and 

Y74F mutants (Figure 4.37). 

 

Figure 4.37 FTIR difference spectra (ox-red) of wild type cNOR and Y74F, Y74S mutants of 

the same enzyme at pH 7.5. 

Potentiometric titrations were performed in order to study the effect of these mutations on 

the redox potentials of the hemes. It was described in section 1.6 that cNOR uses a single 

proton pathway which takes protons from the periplasmic side to be used for the NO (or 

O2) reduction. It was suggested that Ca
2+

 site is responsible for maintaining the 

configuration of heme b and b3 [30]. Due to these reasons, site directed mutations in this 

region could change the redox potentials of the hemes (In particular heme b and b3).  

The potentiometric titrations were interpreted by dividing the titration into steps in order 

to observe each heme contribution separately. The titrations were divided into three steps. 
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The – 425 mV /-150 mV step shows the extremely negative mid-point potential of heme 

b3. Heme b3 contribution was easily differentiated from its broad contribution in both 

Soret and alpha band. It was not possible to observe  the contributions of hemes c and b 

separately from Soret band, however from alpha band between -150 mV /+100 mV heme 

c contribution was observed dominantly and between +100 mV/ +300 mV heme b 

contribution was observed from the shoulder of alpha band (558 nm). 

The steps investigation of wild-type cNOR, E122A, Y74S and Y74F mutants were shown 

in appendix figures 20-23. The analysis of each step indicated that the mid-point potential 

of heme b was negatively shifted for all the mutants and the mid-point potential of heme c 

was shifted for only the Y74F mutant. 

In order to determine the mid-point potentials of each heme more precisely we applied 

Gaussian fitting to the first derivative of the absorbance values obtained from the titrations 

of wt cNOR and the mutants. The Gaussian fitting of the wild-type cNOR (1
st
 batch) was 

shown in figure 4.30 and 4.31. Potentiometric titrations of E122A, Y74S and Y74F 

mutants are shown in the appendix section (Figures 24-29).  

As a brief summary, for the wild type cNOR the mid-point potential of heme c was 

measured as +97 mV in the 551 nm band together with a weak signal of heme b3 with       

-241 mV potential. Heme b3 contribution was stronger at 558 nm and the mid-point 

potential was measured at – 253 mV. In the 558 nm band the mid-point potential of heme 

b and c were measured at +163 mV and +65 mV respectively.  

First studied mutant was E122A and the Gaussian fitting of Soret band of this mutant at 

pH 7.5 is shown in appendix figure 24. From the Gaussian fitting of Soret band a single 

contribution was obtained which arises from hemes c and b together. It is more convenient 

to focus on alpha band in order to determine the mid-point potentials of hemes c and b 

separately. The mid-point potential of heme b3 was measured at -290 mV. It is slightly 

negatively shifted as compared to the wt cNOR value (1
st
 batch, -271 mV). The Gaussian 

fitting of the alpha band of E122A at pH 7.5 is shown in appendix figure 25. From the 551 

nm band the mid-point potential of heme c was measured at +91 mV. As it was shown 

before with steps investigation (Figure 4.39) heme b contribution was negatively shifted 

when compared to the wild-type value. From the Gaussian fitting of 558 nm band we 

measured the mid-point potentials of both hemes c (+ 98 mV) and b (+ 5 mV). Mid-point 
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potential of heme b3 was determined from the 551 nm and 558 nm bands at -285 mV and -

288 mV, respectively.  

The next investigated mutant was Y74F and in Appendix figure 26 the Gaussian fitting of 

the Soret band of Y74F at pH 7.5 is shown. From the Soret band a single contribution was 

measured at +50 mV which arise from hemes c and b together. Heme b3 contribution was 

easily separated in Soret band and the mid-point potential was measured at – 295 mV. The 

heme b3 contribution is slightly negatively shifted as compared to the wt value (1
st
 batch,  

-271 mV). The Gaussian fitting of the alpha band of Y74F at pH 7.5 is shown in Appendix 

figure 27. Similar fittings were obtained for both 551 nm and 558 nm bands and it shows 

that mid-point potentials of heme c and b are very close to each other. Investigation of 

Y74F by steps showed us that heme c had a slightly more negative potential than heme b 

(Appendix figure 21). With respect to that information, from the 551 nm band the mid-

point potential of heme c was measured at + 50 mV and from the 558 nm band, the mid-

point potential of heme b at + 40 mV. These values showed that the mid-point potentials 

of heme c and b were negatively shifted for Y74F mutant. Heme b3 contribution was 

observed both in 551 nm (- 295 mV) and 558 nm (-260 mV) bands and in Soret band (- 

295 mV). These values show that the redox potential of heme b3 was slightly negatively 

shifted when compared to the wt cNOR value (1
st
 batch, -271 mV). 

The last studied mutant was Y74S and the Gaussian fitting of Soret band of this mutant at 

pH 7.5 is shown in appendix figure 28. In Soret band a single contribution was obtained at 

around +100 mV which arises from heme c and b together.  Mid-point potential of heme 

b3 was measured at -300 mV which is still slightly negatively shifted when compared to 

the wt cNOR value (1
st
 batch, -271 mV). The Gaussian fitting of the alpha band of Y74S 

at pH 7.5 is shown in appendix figure 29. From the 551 nm band the mid-point potential 

of heme c was determined at + 100 mV which is similar to the wt cNOR value (1
st
 batch, 

+97 mV). From the 558 nm band a single contribution was obtained around + 95 mV and 

it arises due to heme c and b together. We tried to de-convolute this contribution in order 

to obtain the mid-point potential of heme b. From the steps investigation of Y74S mutant 

(Figure 4.41) it was determined that heme b had more positive mid-point potential than 

heme c similar to the wt cNOR (1
st
 batch). According to this information the mid-point 

potential of heme b was measured at +114 mV from the de-convolution.  
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In table 4.8 the mid-point potentials of all hemes for wild-type cNOR (1
st
 batch), E122A, 

Y74F and Y74S mutants are summarized. 

Table 4.8 Summary of redox potentials obtained from the potentiometric titrations of wt 

cNOR, E122A, Y74F and Y74S mutants of the same enzyme at pH 7.5 

 WT cNOR 

pH 7.5 

Literature 

[4] 

(vs Ag/AgCl) 

WT cNOR 

pH 7.5 

(vs Ag/AgCl) 

E122A 

pH 7.5 

(vs Ag/AgCl) 

Y74F 

pH 7.5 

(vs Ag/AgCl) 

Y74S 

pH 7.5 

(vs Ag/AgCl) 

Heme b3 -177 

 (CTS 

band) 

-271 -290 -295 -300 

Heme c +103 +97 +91 +50 +100 

Heme b +137 +163 +5 +40 +114 

 

We can conclude that mutations in E122 and Y74 residues shifted the redox potential of 

heme b. As it was discussed previously in section 4.2.1 the extremely negative redox 

potential of heme b3 was possibly related with the electro-negative environment provided 

by the glutamic acid residues close to the bi-nuclear center. The studied mutants of the 

Ca
2+

 binding site were not expected to contribute directly to this electro-negative 

environment at the catalytic center thus we did not measure major shifts in the redox 

potential of heme b3 [30]. From the crystal structure it was shown that Ca
2+

 bridges 

propionates of hemes b and b3 in order to stabilize these two hemes. This is consistent 

with the observed shifts for the redox potential of heme b. Mutation of Glu-122 into Ala 

did not affect the mid-point potential of heme c but negatively shifted the potential of 

heme b. Mutation of Tyr-74 into Phe shifted the mid-point potentials of heme b and c 

together. Since it was suggested that a proton donor could be close to Ca
2+

 site [28] these 

shifts could be related to the disturbed proton-coupled electron transfer in the protein. 

Protonation/de-protonation of the –OH group in Tyr may help the translocation of protons 

in cNOR. When mutating the Tyr into Phe, which is not possible to Protonate/deprotonate, 

the translocation of protons may be affected [28]. However, mutating Tyr into Ser, which 

is a shorter amino acid with an –OH group in its structure, did not change the mid-point 
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potentials of heme c and b (heme b was slightly negatively shifted). This could support 

our idea about the importance of –OH group in the proton translocation process.  
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5. Conclusion 

 

In this thesis two members of the heme-copper oxidase family were studied through 

different approaches. In the first part cytochrome bo3 oxidase from E. coli was studied. 

The wild-type bo3 was characterized by using cyclic voltammetry (CV) and FTIR 

difference spectroscopy. Obtained data were compared with a mutant enzyme that does 

not have a catalytic activity (K362M). By using potentiometric titrations we determined 

the redox potentials of the hemes in wild-type bo3 oxidase. In the next step we focused on 

the quinone-protein interaction. In order to do that quinone free bo3 oxidase and 

reconstituted bo3 oxidase with various quinones were used. The cyclic voltammetry 

experiments showed that addition of Q2 provided the highest O2 reduction activity. We 

showed that the tail length has an important role in the quinone-protein interaction. 

Further experiments with different quinones are needed to make more specific conclusion. 

In the next step the residues suggested to be in the high affinity quinone binding site (QH) 

of bo3 oxidase was studied. From the CV measurements it was shown that the mutations 

in the Q101, F93, D75, H98, I102 and R71 residues reduced the O2 reduction activity of 

the enzyme. For the Q101M and Q101A mutants showed wt-like O2 reduction activity. 

When the Gln was replaced with a smaller amino acid (Ala) the water molecules may fill 

the space and quinone can bind to the protein. The mutations in the Phe-93 showed that 

the ring structure may be interacting with the head group of quinone and removal of it 

results in reduced O2 reduction activity. From the FTIR difference spectra of mutants 

dramatic changes were not observed. Small shifts in the double difference spectra may 

indicate conformational changes in the secondary structure of the protein. However, the 

normalization of the IR difference spectra with respect to the quinone vibrational modes 

may create artificial shifts in the double difference data. Thus, it was not possible to make 

more detailed analysis on the structural changes. 

SEIRAS was introduced as an alternative technique to study membrane proteins. From the 

CV measurements it was shown that the proteins on the surface react with the O2. 

However, the SEIRAS difference spectrum was not obtained. Further studies are required 

to obtain stable SEIRAS difference spectra. 
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In the second part of the thesis cNOR from P. denitrificans was studied. Wild-type cNOR 

was successfully characterized by using FTIR spectroscopy and CV. In this part we 

worked with two batches of cNOR. By using potentiometric titrations the redox potentials 

of the hemes in the wild-type cNOR (Both batches) were determined. Firstly, the effect of 

environment on the stability of cNOR was investigated by working at different pH values 

(6.5, 7.5 and 8.5) and by reconstituting the enzyme in liposomes. The FTIR difference 

spectra showed that the samples were stable in liposomes. However, strong lipid 

contributions of liposomes were dominating the spectra. The cNOR samples with DDM at 

pH 7.5 and 8.5 were stable during FTIR and UV/Vis titration measurements. We could not 

manage to obtain reproducible results at pH 6.5. From the potentiometric titrations it was 

shown that redox potentials of the hemes were similar for the samples in liposomes and at 

different pH values. The main handicap we faced with the second batch of cNOR was the 

absence of heme b3 contribution. 

In the last part the last proton donor that transfers protons to the binuclear site of cNOR 

was investigated. For this purpose the mutants of the ligands of Ca
2+

 (E122A, Y74S and 

Y74F) was studied. The potentiometric titrations showed that mutation of Glu-122 into 

Ala did not affect the mid-point potential of heme c but negatively shifted the potential of 

heme b. Mutation of Tyr-74 into Phe shifted the mid-point potentials of heme b and c 

together. However Tyr-Ser change did not affect the redox potential of heme c and b 

dramatically. This indicates that the –OH group may have an important role in the proton 

translocation process. 
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6. Appendix 

 

 

Figure 1. Cyclovoltammogram of K362M with Q2 at pH 7.5 (Scan rate of 0.02 V.s
-1

) 

 

Figure 2. Cyclovoltammogram of quinone free bo3 oxidase at pH 7.5 (Scan rate of 0.02 V.s
-1

) 
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Figure 3. Cyclovoltammogram of F93Y at pH 7.5 (Scan rate of 0.02 V.s
-1

) 

 

Figure 4. Cyclovoltammogram of Q101N at pH 7.5 (Scan rate of 0.02 V.s
-1

) 
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Figure 5. Cyclovoltammogram of Q101A at pH 7.5 (Scan rate of 0.02 V.s
-1

) 

 

Figure 6. Cyclovoltammogram of Q101L at pH 7.5 (Scan rate of 0.02 V.s
-1

) 
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Figure 7. Cyclovoltammogram of Q101T at pH 7.5 (Scan rate of 0.02 V.s
-1

) 

 

Figure 8. Cyclovoltammogram of I102N at pH 7.5 (Scan rate of 0.02 V.s
-1

) 
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Figure 9. Cyclovoltammogram of H98F at pH 7.5 (Scan rate of 0.02 V.s
-1

) 

 

Figure 10. Cyclovoltammogram of R71H at pH 7.5 (Scan rate of 0.02 V.s
-1

) 
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Figure 11. Cyclovoltammogram of quinone free D75N at pH 7.5 (Scan rate of 0.02 V.s
-1

) 

 

 

Figure 12. SEIRA spectra of MUA monolayer on the gold surface at different times after 

addition of MUA solution (in ethanol). 
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Figure 13. SEIRA spectra of cytochrome c adsorbed on MUA monolayer at different times 

after the addition of cytochrome c solution in 10 mM phosphate buffer at pH 7 

 

Figure 14 Potentiometric titration of wild type cNOR in liposome at pH 7.5, A) Absorbance 

values from Soret band, B) Gaussian fitting of the first derivative of the absorbance values 

from Soret band 
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Figure 15 Potentiometric titration of wild type cNOR in liposome at pH 7.5, A) Absorbance 

values from alpha band at 551 nm, B) Gaussian fitting of the first derivative of the absorbance 

values from alpha band at 551 nm, C) Absorbance values from alpha band at 558 nm, D) 

Gaussian fitting of the first derivative of the absorbance values from alpha band at 558 nm 

 

Figure 16 Potentiometric titration of wild type cNOR with DDM (2
nd

 batch) at pH 7.5, A) 

Absorbance values from Soret band, B) Gaussian fitting of the first derivative of the 

absorbance values from Soret band 
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Figure 17 Potentiometric titration of wild type cNOR with DDM (2
nd

 batch) at pH 7.5, A) 

Absorbance values from alpha band at 551 nm, B) Gaussian fitting of the first derivative of 

the absorbance values from alpha banat d 551 nm, C) Absorbance values from alpha band at 

558 nm, D) Gaussian fitting of the first derivative of the absorbance values from alpha band at 

558 nm 

 

Figure 18 Potentiometric titration of wild type cNOR with DDM at pH 8.5, A) Absorbance 

values from Soret band, B) Gaussian fitting of the first derivative of the absorbance values 

from Soret band 
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Figure 19 Potentiometric titration of wild type cNOR with DDM at pH 8.5, A) Absorbance 

values from alpha band at 551 nm, B) Gaussian fitting of the first derivative of the absorbance 

values from alpha band at 551 nm, C) Absorbance values from alpha band at 558 nm, D) 

Gaussian fitting of the first derivative of the absorbance values from alpha band at 558 nm 
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Figure 20 Investigation of the potentiometric titration of wild type cNOR (1
st
 batch) by 

steps, A) Soret band B) alpha band at pH 7.5. 

 

Figure 21 Investigation of the potentiometric titration of E122A mutant of cNOR by 

steps, A) Soret band B) alpha band at pH 7.5. 



 

153 
 

 

Figure 22 Investigation of the potentiometric titration of Y74F mutant of cNOR by steps,                                         

A) Soret band B) alpha band at pH 7.5. 

 

Figure 23 Investigation of the potentiometric titration of Y74S mutant of cNOR by steps,                                         

A) Soret band B) alpha band at pH 7.5 
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Figure 24 Potentiometric titration of E122A mutant at pH 7.5, A) Absorbance values from 

Soret band, B) Gaussian fitting of the first derivative of the absorbance values from Soret 

band 

 

Figure 25 Potentiometric titration of wild E122A at pH 7.5, A) Absorbance values from alpha 

band at 551 nm, B) Gaussian fitting of the first derivative of the absorbance values from alpha 

band at 551 nm, C) Absorbance values from alpha band at 558 nm, D) Gaussian fitting of the 

first derivative of the absorbance values from alpha band at 558 nm 
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Figure 26 Potentiometric titration of Y74F mutant at pH 7.5, A) Absorbance values from 

Soret band, B) Gaussian fitting of the first derivative of the absorbance values from Soret 

band 

 

Figure 27 Potentiometric titration of Y74F at pH 7.5, A) Absorbance values from alpha band 

at 551 nm, B) Gaussian fitting of the first derivative of the absorbance values from alpha band 

at 551 nm, C) Absorbance values from alpha band at 558 nm, D) Gaussian fitting of the first 

derivative of the absorbance values from alpha band at 558 nm 
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Figure 28 Potentiometric titration of Y74S mutant at pH 7.5, A) Absorbance values from 

Soret band, B) Gaussian fitting of the first derivative of the absorbance values from Soret 

band 

 

Figure 29 Potentiometric titration of wild Y74S at pH 7.5, A) Absorbance values from alpha 

band at 551 nm, B) Gaussian fitting of the first derivative of the absorbance values from alpha 

band at 551 nm, C) Absorbance values from alpha band at 558 nm, D) Gaussian fitting of the 

first derivative of the absorbance values from alpha band at 558 nm 
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from the respiratory chain 
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Résumé 

Le présent travail porte sur l’étude de deux protéines de la famille des oxydases à 

hème-fer par des techniques de spectroscopie et d’électrochimie. Le premier chapitre 

décrit l’étude du cytochrome bo3 oxydase issue d’E. coli. Nous nous sommes 

intéressés à l’étude des interactions enzyme-quinone par l’utilisation de quinones 

avec des longueurs chaines isoprenyl différentes. Notre but est de mieux 

comprendre le rôle de la longueur de la chaine des quinones sur l’activité catalytique 

de l’enzyme et sur les propriétés redox des cofacteurs à hème. Dans l’étape 

suivante, on a étudié les résidues impliqués dans le site de liaison des quinones 

(haute affinité, QH). Plusieurs mutations de ces résidues sont étudiées pour mieux 

comprendre l’importance de chacun des résidues dans cette liaison. Dans la dernière 

partie de ce premier chapitre, la spectroscopie SEIRAS «spectroscopie d’absorption 

infrarouge exaltée de surface» est introduite comme une technique alternative pour 

l’étude des protéines membranaires. Dans le second chapitre, la protéine 

membranaire cNOR issue de P. denitrificans est étudiée. Nous nous sommes 

focalisés sur l’effet de différents environnements (pH, présence de protéo-liposomes) 

sur la stabilité de la cNOR. Pour ce faire, trois valeurs de pH (6.5, 7.5 et 8.5) sont 

choisies et quelques échantillons de cNOR sont reconstitués dans des protéo-

liposomes. Enfin, le donneur de proton terminal (au centre binucléaire) dans la 

protéine cNOR était étudié. De plus, nous avons étudié les ligands des ions Ca2+ 

puisqu’il est proposéque le donneur de proton est situé proche de cette région. 

 

Mots clés : spectroscopie infrarouge, électrochimie, titration potentiométrique, site de 

liaison de la quinone, bo3 oxydase, cNOR.  
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Résumé en anglais 

This thesis is focused on the study of two members of the heme-copper oxidase 

family by using spectroscopic and electrochemical techniques. In the first chapter 

cytochrome bo3 oxidase from E. coli was studied. We focused on the quinone-

enzyme interactions by using quinones with different isoprenyl chains. Our aim was 

to better understand the role of isoprenyl chain on the catalytic activity of the enzyme 

and the redox properties of the heme cofactors. In the next step we studied the 

residues that are suggested to be in the high-affinity (QH) quinone binding site. 

Several site-directed mutants of these residues were investigated in order to better 

understand the position of QH binding site and the importance of each residue. In the 

last part of this chapter surface-enhanced infrared absorption spectroscopy (SEIRAS) 

was introduced as an alternative technique to study the membrane proteins. In the 

second chapter cytochrome c dependent nitric oxide reducates (cNOR) from P. 

denitrificans was studied. We focused on the effect of different environment (pH, 

proteoliposomes) on the stability of cNOR. For that purpose three pH values (6.5, 7.5 

and 8.5) was selected and some of the cNOR samples were reconstituted in 

liposomes. Finally, the terminal proton donor (to the binuclear center) in cNOR was 

investigated. We studied the ligands of the Ca2+ site in cNOR since it was suggested 

that the proton donor may be close to this area. 

Keywords: Infrared spectroscopy, Electrochemistry, potentiometric titration, quinone 

binding site, bo3 oxidase, cNOR  

 

 

 

 


