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1 Abstract 

The respiratory chains of the gram-negative bacterium E. coli have a flexible composition that enables 

survival in various environments from aerobic to anaerobic conditions. The aerobic respiratory chain 

of E. coli consists of several primary dehydrogenases and terminal reductases. Energy-converting 

NADH: ubiquinone oxidoreductase, also called respiratory complex I is the largest enzyme of the 

respiratory chains and serves as a primary dehydrogenase. It has an L-shaped form and couples the 

transfer of two electrons from NADH to ubiquinone (Q) with translocation of four protons across the 

membrane. Complex I consists of a peripheral and a membrane arm, it contains nine iron-sulfur clusters 

and one flavin mononucleotide (FMN) as cofactors. All cofactors for the electron transfer reaction are 

located in the peripheral arm, while proton translocation takes place in the membrane arm. The 

coupling of both processes is still under debate. The membrane arm contains three antiporter-like 

subunits NuoL, NuoM, NuoN, each comprising a putative proton pathway. A fourth proton pathway is 

contributed by other subunits building the so-called E-channel. It is not clear how the four protons are 

translocated across the membrane. It was proposed that either the four protons are translocated by four 

pathways or just to the pathway of the distal subunit NuoL.  

Conformational changes play an important role in proton translocation. These movements need to be 

visualized to obtain a comprehensive understanding of a mechanism. Fourier-transform infrared 

(FTIR) spectroscopy is one of the most versatile techniques for the non-destructive characterization of 

proteins. Good-quality spectra are rapidly obtained with a high signal-to-noise ratio. However, 

detecting an intense absorption signal from a protein monolayer using FTIR spectroscopy is 

challenging. Surface-enhanced infrared absorption spectroscopy (SEIRAS) is applied to enhance the 

IR absorbance. An IR label is required to visualize conformational changes by means of IR 

spectroscopy. Nitrile labels are attractive IR labels as they can provide valuable information about the 

local environment of the probe in a defined protein environment. They appear in the clear region of IR 

spectra and do not overlap with protein signals. They are small and can be easily incorporated into a 

protein structure at distinct positions. Signals of nitrile labels are sensitive towards hydrogen bond 

interactions making it possible to follow reaction-induced conformational changes. 

To visualize a possible involvement of NuoM in proton translocation by complex I, a nitrile IR label 

was inserted in close proximity to its putative proton pathway. Individual residues were genetically 

changed to cysteine residues that were labelled with cyanides without blocking enzyme activity. 

Changes in the environment of the label were detected after addition of the substrates, NADH and Q 
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(ubiquinone). The pattern of conformational changes at the distinct positions in NuoM suggests that 

NuoM is taking part in proton translocation.  

Cytochrome bd-I oxidase belongs to terminal reductases of respiratory chains. They catalyze oxygen 

reduction to water. This process is coupled with ubiquinone oxidation to ubiquinol. bd-I oxidase 

consists of four subunits and contains three hems: b558, b595 and heme d that are all located in one 

subunit. Conserved glutamic acid residues are in close proximity of heme b595 and heme d. Previous 

biochemical and spectroscopical studies revealed the importance of these positions, which show 

untypically high pKa values. Here, these residues were mutated to aspartic acid and glutamine residues. 

The midpoint potential of the two hemes groups were drastically altered by the mutations. 

Unexpectedly, some of the mutants were still active. These findings are discussed in relation to the 

physiological role of the enzyme.  
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1 Zusammenfassung 

Die Atmungsketten des gramnegativen Bakteriums E. coli sind flexibel aufgebaut und ermöglichen ein 

Überleben bei verschiedenen Umgebungsbedingungen von aerob bis anaerob. Die aerobe 

Atmungskette von E. coli besteht aus einer Reihe primärer Dehydrogenasen und terminaler 

Reduktasen. Die NADH: Ubichinon Oxidoreduktase, der respiratorische Komplex I ist das größte 

Enzym der Atmungskette und dient als Eintrittsstelle für die Elektronen aus NADH. Komplex I besitzt 

eine L-Form und koppelt die Übertragung von zwei Elektronen von NADH auf Ubichinon (Q) mit der 

Translokation von vier Protonen über die Membran. Komplex I besteht aus einem peripheren Arm und 

einem Membranarm und enthält neun Eisen-Schwefel Zentren und ein Flavinmonokleotid als 

Kofaktoren. Alle Kofaktoren der Redoxreaktion befinden sich im peripheren Arm, während die 

Protonentranslokation im Membranarm stattfindet. Die Kopplung dieser Prozesse ist noch nicht 

geklärt. Der Membranarm enthält die drei antiporterähnlichen Untereinheiten NuoL, NuoM, NuoN, 

die jeweils einen Protonenweg enthalten. Ein weiterer Protonenweg, der sogenannte E-Kanal, wird von 

anderen Untereinheiten, gebildet. Es wird spekuliert, dass alle vier Protonen durch die vier 

Protonenwege transloziert werden. Eine andere Theorie sagt, dass vier Protonen durch den Weg auf 

der distalen Untereinheit NuoL transloziert werden. 

Konformationsänderungen spielen bei der Protonentranslokation eine wichtige Rolle. Diese 

Bewegungen müssen visualisiert werden, um ein umfassendes Verständnis für den Enzym-

Mechanismus zu erhalten. Die Fourier-Transformations-Infrarot-Spektroskopie (FTIR) ist eine der 

vielseitigsten Analysetechniken für die nicht destruktive Charakterisierung von Proteinen. Gute 

Spektren mit einem hohen Signal-Rausch-Verhältnis werden schnell gewonnen. Allerdings ist es 

schwierig, ein intensives Absorptionssignal von einer einzelnen Proteinschicht mit Hilfe der FTIR-

Spektroskopie zu erhalten. Die oberflächenverstärkte Infrarot-Absorptionsspektroskopie (SEIRAS) 

ermöglicht eine Verstärkung des Signals. Um Konformationsänderungen bei der IR-Spektroskopie 

sichtbar zu machen, wird ein IR-Label benötigt. Nitrilmarkierungen sind attraktive IR-Markierungen, 

da sie wertvolle Informationen über die lokale Umgebung der Sonde liefern können. Sie erscheinen im 

klaren Bereich der IR-Spektren und überschneiden sich nicht mit Proteinsignalen. Nitrile sind klein 

und können an spezifichen Positionen in das Protein eingebaut werden. Die Position ihrer Signale ist 

empfindlich gegenüber Änderungen des Wasserstoffbrückennetzwerks und ermöglichen es, 

reaktionsbedingte Konformationsänderungen zu verfolgen. 
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Um die mögliche Beteiligung von NuoM an der Protonentranslokation zu untersuchen, wurden 

verschiedenen Positionen in unmittelbarer Nähe eines der mutmaßlichen Protonenwege in NuoM mit 

Nitril-Gruppen markiert. Einzelne Reste wurden zu Cysteinreste mutiert, die mit Cyaniden markiert 

wurden. Änderungen in der Umgebung der Sonden nach Zugabe der Substrate NADH and Q wurden 

nachgewiesen. Das Muster der Änderungen deutet darauf ein, dass NuoM an der Protonentranslokation 

beteiligt ist. 

Die Cytochrom bd-I-Oxidase gehört zu den terminalen Reduktasen der Atmungsketten. Sie 

Katalysieren Sauerstoffreduktion zu Wasser. Hierfür wird Ubichinon zu Ubichinol oxidiert und vier 

Elektronen werden auf Sauerstoff übertragen. Die bd-I-Oxidase besteht aus vier Untereinheiten und 

enthält drei Häm-Gruppen: b558, b595 und Häm d, die sich alle auf einer Untereinheit befinden. In der 

Nähe der Häme b595 und Häm d befinden sich konservierte Glutaminsäurereste. Biochemische und 

spektroskopische Studien wiesen auf die Bedeutung dieser Positionen ein, die einen untypisch hohen 

pKa-Wert haben. In dieser Arbeit wurden diese Reste zu Asparaginsäure und Glutamin mutiert. Das 

Redoxpotential der beiden Häm Gruppen wurde durch die Mutationen dramatisch geändert. 

Gleichzeitig waren die Varianten aber enzymatisch aktiv. Diese Ergebnisse werden im Zusammenhang 

mit der physiologischen Rolle der bd-Oxidase diskutiert. 
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1 Résumé 

1) Introduction 

Les changements de conformation jouent un rôle important dans les études de la dynamique des 

protéines au cours des réactions catalytiques. Ces mouvements doivent être visualisés pour obtenir une 

compréhension globale du rôle fonctionnel des motifs structurels et des réarrangements. La 

spectroscopie infrarouge (IR) est une technique précieuse pour étudier les réactions des protéines car 

elle peut fournir des informations sur la structure des protéines, les réactions moléculaires, la 

dynamique et le repliement [1].  

La protéine étudiée est le complexe I (NADH: ubiquinone oxydoréductase). C'est la plus grande 

enzyme de la chaîne respiratoire et elle sert de point d'entrée dans la chaîne respiratoire. Elle catalyse 

le transfert de deux électrons du NADH à la (ubi)quinone couplé à la translocation de quatre protons à 

travers la membrane [2]. Elle a une structure en forme de L composée d'un bras périphérique et d'un 

bras membranaire. Le transfert d'électrons a lieu dans le bras périphérique, tandis que le bras 

membranaire catalyse la translocation des protons [3]. Le bras hydrophobe d'E. coli a été visualisé à 

basse résolution par cryo-microscopie électronique et à plus haute résolution par diffraction des rayons 

X, ce qui a permis d'identifier et de déterminer les sous-unités du bras membranaire. Le bras 

membranaire a la forme d'un haricot et mesure environ 180 Å de long. Il comprend les sous-unités 

NuoL, M et N, qui sont impliquées dans la translocation des protons et sont homologues aux sous-

unités de transport. Chacune des sous-unités contient 14 hélices transmembranaires (TM). La figure 1.1 

montre la structure cristalline du complexe I d’E. coli.  

Le complexe I bactérien est similaire au complexe I mitochondrial. Il peut servir de modèle pour étudier 

les maladies neurodégénératives associées à des mutations du complexe I. Une déficience en complexe 

I a été identifiée dans la maladie de Parkinson et la dystonie. Le complexe I est également considéré 

comme l'une des principales sources d’espèces réactives de l'oxygène conduisant à des lésions de 

l'ADN mitochondrial et au vieillissement [4]. 

La translocation de protons à travers la membrane est actuellement l'un des sujets les plus discutés dans 

le domaine de la recherche. Le mécanisme de translocation des protons par le complexe est encore 

débattu. Il existe de nombreuses théories et hypothèses. L'une d'entre elles, appelée ‘ND5-only’ (ND5 

est l'homologue mitochondrial de la sous-unité NuoL), postule que seule la sous-unité distale NuoL est 

impliquée dans la translocation des protons, et que tous les protons sont transférés par cette sous-

unité  [5]. D'autres théories suggèrent que la translocation des protons à travers la membrane se produit 
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dans toutes les sous-unités du bras membranaire du complexe I. L'hypothèse a été émise que les 

changements de conformation à longue portée déclenchés par l'énergie libérée par la reaction redox 

entraînent la translocation de protons à travers ces sous-unités de type antiporteur [6]. Pour mieux 

visualiser le mouvement du bras membranaire pendant le transfert d'électrons et en présence des 

substrats naturels (NADH, ubiquinone), des sondes infrarouges ont été utilisées pour marquer 

différents résidus dans la sous-unité NuoM du bras membranaire. Des positions individuelles ont été 

génétiquement modifiées par des résidus de cystéine qui ont été marqués avec des cyanures pour 

obtenir des thiocyanates. Les thiocyanates sont des marqueurs IR attrayants car ils apparaissent dans 

une région peu encombrée du spectre IR et ne se superposent pas aux signaux des protéines. Les 

signaux des thiocyanates sont sensibles aux liaisons hydrogène, ce qui permet de suivre les 

changements de conformation induits par la réaction. La vibration d'étirement du thiocyanate 

[ν(SC≡N)] se situe entre 2175 et 2120 cm-1 [7]. 

 

Fig.1.1 : Structure cristalline du complexe I d'E. coli à une résolution de 2,4 Å (entrée PDB : 7Z7S, Kravchuk et al., 
2022). Les sous-unités du bras membranaire en couleur ainsi que les réactions catalysées sont représentées. Les mutations 
créées dans la sous-unité NuoM sont indiquées. 
 

2) Résultats et discussion 

Les mutations insérées qui ont été marquées peuvent fournir des informations sur l'environnement 

local. La figure 1.2 montre les mutations créées dans la sous-unité NuoM. 
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Fig. 1.2 : Localisation des mutations étudiées dans les sous-unités NuoM dans le bras membranaire (PDB : 3RKO, 
Efremov et Sazanov, 2011). 
 
Les mutations ont été créées à proximité de l’un des chemins de protons putatifs dans du bras 

membranaire. La mutagenèse dirigée a été utilisée pour insérer des mutations dans des vecteurs 

d'expression déjà existants pBADnuo qui codent pour le complexe respiratoire I d'E. coli. Après la 

croissance de cellules bactériennes dans des milieux nutritifs à grande échelle, les cellules ont été lysées 

et les membranes préparées à l'aide de différentes méthodes de centrifugation. Les activités de transfert 

d'électrons ont été déterminées pour les variants isolés du complexe I. Les activités NADH/ferricyanure 

oxydoréductase des variants ont été comparées à celle du complexe I de type sauvage. Les valeurs des 

activités de la NADH oxydase membranaire des échantillons ne diffèrent pas beaucoup de celles du 

type sauvage. Les données de photométrie de masse des protéines fraîchement purifiées ont prouvé 

l'assemblage complet et la stabilité des échantillons. La caractérisation par SDS-PAGE a révélé que 

toutes les sous-unités du complexe I sont présentes dans les variants.  

Le marqueur thiocyanate (SCN) a été incorporé dans les protéines par modification chimique post-

traductionnelle d'un résidu cystéine qui peut être placé par mutagenèse dirigée. Toutes les variantes ont 

été totalement marquées. Les activités NADH:decyl-Q oxydoréductase avant et après le marquage ont 

été mesurées. L'analyse SDS-PAGE après le marquage n'a pas non plus révélé de changements par 

rapport aux échantillons avant le marquage. Les mutations et le marquage ont donné lieu à des variants 

entièrement assemblés dont l'activité est légèrement diminuée (tableau 1.1). 
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Tableau 1.1: Activités NADH:decyl-Q oxydoréductase des variants du complexe I marqués. 

Échantillon  Activités 
NADH:Décylubiquinone 

oxydoréductase 
(avant marquage) 

Activités NADH:Décylubiquinone 
oxydoréductase 

(après marquage) 

[U/mg] [U/mg] [%](par rapport 
aux produits non 

marqués) 

Type sauvage 24.7 ± 1.3 - - 

S105CM 17.8 ± 5.1 14.1 ± 2.2 79 

E108CM 19.9 ± 2.0 10.4 ± 0.8 52 

H117CM 13.4 ± 0.4 13.1 ± 0.7 98 

H159CM 18.9 ± 4.9 13.4 ± 1.8 71 

T332CM 15.7 ± 0.5 13.0 ± 1.9 83 

S414CM 12.3 ± 7.1 11.5 ± 1.2 94 

T422CM 13.7 ± 2.2 12.3 ± 2.8 90 

S425CM 23.1 ± 1.0 16.9 ± 1.8 73 

T178CM 19.6 ± 7.1 16.8 ± 0.7 85 
K234CM 3.4 ± 0.7 2.4 ± 0.2 71 
D258CM 8.8 ± 0.8 5.3 ± 0.3 64 

 

La spectroscopie IR exaltée de surface (SEIRAS) a été utilisée pour suivre les changements de 

conformation du complexe I. Il s'agit d'une variante de la spectroscopie infrarouge dans laquelle 

l'amélioration du signal a été obtenue grâce à une couche métallique fine nanostructurée [8]. Il est 

possible d'observer les groupes qui participent activement à une réaction catalytique en obtenant des 

informations sur la structure et l'environnement des chaînes latérales d'acides aminés, du squelette des 

protéines et autres. Grâce à l'effet SEIRAS obtenu sur la surface de l’or, le signal SCN peut être 

directement observé à partir des spectres d'absorbance entre 2200 et 2000 cm-1.  

La liaison du NADH et de l'ubiquinone a conduit à des décalages spectraux différents. Il est intéressant 

de noter qu'une tendance caractéristique a été observée pour les résidus marqués sur les côtés 

cytoplasmique et périplasmique du chemin de proton proposé. Des décalages spectraux ont été 

observés pour tous les variants. Les changements de conformation révèlent des mouvements vers 

l'hydrophobie (valeurs d'ondes inférieures) ou l'hydrophilie (valeurs d'ondes supérieures). L'incubation 

avec du NADH et de la quinone a été réalisée pour tous les variants créés. Cependant, seuls certains 

résultats, plus représentatifs, des décalages spectraux pour les variants du complexe I sont décrits ici. 

La figure 1.3 montre quelques résultats pour des variants situés dans différentes positions du 
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complexe I, y compris ceux situés sur les côtés cytoplasmiques, périplasmiques et dans la cavité du 

complexe I. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.3 : Position spectrale des bandes de thiocyanate de variants du complexe I (SCN). Le noir représente la bande 
SCN après marquage, le rouge après incubation avec du NADH et le bleu après incubation avec du NADH et de 
l'ubiquinone. A) Variant du complexe I NuoM H117C (côté cytoplasmique); B) Variant du complexe I NuoM S414C (côté 
périplasmique); C) Variant du complexe I NuoM T332C (côté périplasmique) ; D) Variant du complexe I NuoM T172C 
(côté périplasmique); E) Variant du complexe I NuoM S414C (côté périplasmique). variante du complexe I NuoM T178C 
(dans la cavité). 

Le signal du groupe thiocyanate du variant du complexe I du côté cytoplasmique NuoM H117C est 

situé à la même position que celui du variant NuoM S105C à 2127 cm-1. L'ajout de NADH a entraîné 

un léger déplacement de 2 cm-1 vers les nombres d’onde plus faibles, ce qui suggère un environnement 

légèrement plus hydrophobe. L'incubation avec l'ubiquinone a entraîné un déplacement de 6 cm-1 vers 

les nombres d’onde plus élevés (2131 cm-1), donc le thiocyanate est maintenant dans un environnement 

plus hydrophile. 
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Le variant du complexe I marqué avec la mutation NuoM S414C située sur le côté périplasmique a 

donné un signal à un nombre d’onde plus faible (2123 cm-1). L'ajout de NADH n'a pas produit de 

changement visible. Cependant, l'ajout d'ubiquinone a entraîné un déplacement de 4 cm-1 vers des 

nombres d'ondes plus élevés. En comparant la largeur des bandes, les bandes des protéines marquées 

et incubées avec du NADH ont une largeur plus petite que les bandes des protéines incubées avec de 

l'ubiquinone, car la bande peut contenir plusieurs conformères.  

Après marquage, le variant du complexe I du côté périplasmique NuoM T332C a également produit 

une bande à 2127 cm-1. Un petit épaulement autour de 2140 cm-1 peut être observé. L'incubation avec 

du NADH a déplacé la bande à 2123 cm-1. Le traitement à l'ubiquinone a entraîné un retour vers la 

position initiale à 2127 cm-1. Il y a également un épaulement visible autour de 2115 cm-1 qui est 

caractéristique d'une bande.  

La bande du thiocyanate du variant du complexe I situé dans la cavité NuoM T178C est apparue à des 

nombres d'ondes plus élevés (par rapport aux autres variants du complexe I), à 2133 cm-1. L'incubation 

avec du NADH a entraîné un déplacement significatif de 10 nombres d'ondes vers le bas (2123 cm-1), 

donc vers un environnement plus hydrophobe. La bande est apparue à 2123 cm-1. Le traitement à 

l'ubiquinone a entraîné un retour vers l'état initial de la protéine à 2123 cm-1. Pour ces variants, des 

changements plus significatifs ont été enregistrés. 

La fréquence de la liaison CN est déterminée par les molécules d'eau environnantes. Les déplacements 

SCN enregistrés peuvent indiquer des mouvements vers un environnement plus ou moins accessible 

au solvant [9]. Une modification de l'environnement des liaisons hydrogène, ou la présence ou l'absence 

de molécules d'eau après l'ajout d'ubiquinone peut également influencer la signature spectrale. Les 

déplacements observés des variants du complexe I lors de l'ajout de NADH et d'ubiquinone peuvent 

correspondre au mouvement du complexe I entre l'état ouvert et l'état fermé. Cela pourrait indiquer que 

la sous-unité NuoM du complexe I est impliquée dans la translocation des protons. 

3) Conclusion générale 

En conclusion, tous les variants créés et marqués dans cette étude sont entièrement assemblés avec des 

activités un peu réduites. La position de la bande SCN en IR varie selon les mutants, et l'analyse de 

déconvolution qui a été effectuée a révélé des pics multiples dans la plupart des cas. L'incubation avec 

du NADH et de l'ubiquinone a entraîné certains déplacements de la position de la bande ou de la 

distribution des pics. L'incubation avec le NADH a entraîné de plus petits déplacements vers 

l'environnement hydrophobe, tandis que le traitement avec l'ubiquinone a produit des changements 

plus importants vers l'environnement hydrophile. Dans l'ensemble, les études ont fourni des 
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informations précieuses sur la localisation et les changements du marqueur SCN dans les mutants du 

complexe I. 

Les résultats obtenus dans cette étude pourraient être un signe que la translocation des protons dans la 

sous-unité NuoM se produit et que les positions marquées pourraient faire partie du canal des protons. 
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2 Introduction  

2.1 The aerobic respiratory chain of E. coli 

Respiration is one of the essential energy transmission pathways in Escherichia coli and other 

bacteria that is realized via oxidative phosphorylation (OxPhos) [10]. It consists of a series of 

complexes transferring electrons from electron donors to electron acceptors, from organic 

substances to various terminal molecular acceptors [11]. This process is coupled to the generation 

of a proton gradient across the membrane. The power generated across the membrane is called the 

proton motive force [12]. It is used to produce the universal energy carrier adenosine triphosphate 

(ATP) [13]. Adenosine triphosphate is synthesized by the ATP-synthase [14]. In bacteria, such as 

E. coli, the enzymes of the respiratory chain are located in the cytoplasmic membrane [15]. For 

bacteria grown in neutral pH, the gradient is positive on the outside of the membrane and is usually 

about 100-180 mV [16].  

Like other bacteria, E. coli has a flexible composition of the respiratory chains that enables 

prokaryotes to live under various growth conditions, from aerobic to completely anaerobic [17]. 

E. coli has at least 15 dehydrogenases and 10 terminal oxidases linked by electron-transferring 

ubiquinone derivatives [18]. Depending on growth conditions, E. coli has the ability to use different 

electron donors such as NADH, succinate or lactate linked to the terminal quinol reductases by 

ubiquinone (Q). NADH and succinate are mainly produced in the citric acid cycle [19]. The aerobic 

respiratory chain of E. coli contains three primary dehydrogenases and three terminal oxidases. 

The enzymes involved in the aerobic oxidative phosphorylation of E. coli are depicted in 

Figure 2.1.  

 

Fig. 2.1: Composition of the E. coli oxidative phosphorylation under aerobic conditions. The NADH:ubiquinone 
oxidoreductase is shown (peripheral arm in cyan, membrane arm – orange, PDB: 7Z7S) [20], the NDH-2 in violet 
(PDB: 4G6H) [21], succinate:ubiquinone oxidoreductase in blue (PDB: 1NEK) [22], cytochrome bo3 oxidase in yellow 
(PDB: 7N9Z) [23], cytochrome bd-I oxidase in light green (PDB: 6RX4) [24], cytochrome bd-II oxidase in red (PDB: 
7OSE) [25] and ATP-synthase in pink (PDB: 6OQR) [26]. 
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Three primary dehydrogenases oxidize the substrate by using ubiquinol as an electron acceptor, 

namely NADH: quinone oxidoreductase (NDH-1), or complex I, NDH-2 (alternative 

dehydrogenase) and succinate: ubiquinone oxidoreductase (complex II). Terminal oxidases, such 

as cytochrome bo3, cytochrome bd-I and bd-II oxidases transfer electrons from ubiquinol to the 

final electron acceptor of aerobic respiration oxygen. 

Four of these enzymes from the E. coli respiratory chain contribute to a proton motive force: the 

proton-pumping complex I (NDH-1), cytochrome bo3, the proton-pumping oxygen reductase that 

is a member of the superfamily of heme-copper oxidoreductases, and the cytochrome bd-I and 

bd-II oxidases [14, 27]. Cytochrome bd oxidases cannot actively pump protons but contribute to 

the proton-motive force by transmembrane charge separation [27]. Complex I couples NADH 

oxidation and quinone reduction with translocation of four protons across the membrane [28]. It 

serves as the main electron entry point to the aerobic respiratory chain [29]. Complex I has an 

L-shape and consists of a peripheral and a membrane arm [30]. It contains nine iron-sulfur clusters 

and a flavine mononucleotide (FMN) as cofactors. All cofactors of electron transfer are located in 

the peripheral arm [3]. Translocation of four protons occurs in the membrane arm consisting of 

antiporter-like subunits [31]. Complex I is described in more detail in Chapter 2.2.  

E. coli also contains the alternative NADH dehydrogenase (NDH-2), which does not contribute to 

the proton gradient. It is much smaller, and its structure is much more simple compared to NDH-1 

[32]. It is a single-subunit monotopic membrane protein with a flavin cofactor [33]. NDH-2 has a 

mass of 47 kDa and most likely exists in homodimeric form. NDH-2 uses NADH as a substrate 

and catalyzes the electron transfer to ubiquinone [34]. However, in contrast to complex I, this 

process is not coupled with proton translocation across the membrane. Due to its metabolic 

prominent function NDH-2 serves as a promising antimicrobial drug target [33]. Kinetic analyses 

from the bacterial enzymes revealed that there is a ping-pong mechanism in which the substrates 

bind, react and dissociate sequentially [35].  

The reason why E. coli has two NADH dehydrogenases with similar functions, is their regulation 

in different growth conditions. Gene expression of nuo (NDH-1) and ndh (NDH-2) is regulated by 

oxygen concentration in the growing environment [36]. Under aerobic conditions, there is a 

tendency for E. coli to produce more NDH-1 (complex I). However, in anaerobic conditions, the 

expression of the ndh gene dominates [36, 37]. Having two NADH dehydrogenases allows to 

regulate the generation of the proton motive force and the reoxidation of NADH independently 
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from each other [37]. If the microbe lives in an environment with limited substrate availability, 

maximal growth yield can be a positive factor for survival. NDH-1 plays a significant role in 

electron transport. It was observed that a mutant of E. coli lacking NDH-1 showed diminished 

survival in the stationary phase. The activity of NDH-2 leads to a lower rate of energy generation, 

which could be detrimental under these circumstances [38]. The presence of two NADH 

dehydrogenases also helps to regulate the [NADH]/[NAD+] ratio in aerobic organisms [39].  

One more primary oxidoreductase is the succinate dehydrogenase (or succinate: ubiquinone 

oxidoreductase, complex II, Sdh), which does not generate a proton motive force across the 

membrane [40]. This enzyme is part of the Krebs cycle and of the respiratory chains, thus, 

connecting the citric acid cycle with respiration [22]. The function of complex II is to couple the 

oxidation of succinate to fumarate in bacterial cytoplasm with the reduction of ubiquinone [41]. 

Complex II comprises three iron-sulfur clusters and a covalently bound FAD [22]. It is mainly 

produced under aerobic conditions, and its production is suppressed under anaerobic 

conditions [42].   

Terminal oxidases reoxidize ubiquinone, which was reduced by the primary dehydrogenases. 

These integral membrane proteins catalyze the four-electron reduction of oxygen to water coupled 

with the generation of a proton motive force [43]. There are three ubiquinol oxidoreductases in 

E. coli: bo3, bd-I and bd-II.  

Cytochrome bo3 ubiquinol oxidase is the primary respiratory oxidase present in E. coli grown at 

high aeration [44]. This enzyme is a member of the heme-copper superfamily, which includes 

oxygen reductases and NO reductases [45]. The enzyme catalyzes the 2-electron oxidation of 

ubiquinol-8 and the 4-electron reduction of oxygen to water [46]. Four genes encode the bo3 

oxidase (cyoABCD). The redox groups heme b, heme o3 and CuB are located in the largest subunits 

CyoA and B [47].  

Cytochrome bd-type oxidases distinguish themselves from the other oxidases as having a high 

oxygen affinity and the reaction is insensitive to inhibitors like cyanide [36]. The content of bd 

oxidases increases not only in a low oxygen environment but also under some unfavorable 

conditions like alkaline pH and high temperatures [37]. Cytochrome bd oxidases do not contain 

copper in contrast to cytochrome bo3 oxidases [48]. Cytochrome bd-I oxidase are expressed under 

microaerobic conditions [49]. Cytochrome bd-I oxidase consists of two major subunits, CydA and 

CydB, and two small subunits CydX and CydY [24]. It has several specific functions apart from 
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energy conservation. Cytochrome bd-I serves as an oxygen scavenger and inhibits the degradation 

of O2-sensitive enzymes [50]. Cytochrome bd-I oxidase is described in Chapter 2.3 in more detail.  

The third terminal oxidase bd-II is expressed under anaerobic conditions, and upon entering the 

stationary phase and phosphate starvation [17, 51, 52]. Cytochrome bo3 and bd-I are well studied, 

but less is known about bd-II [53]. It comprises the three subunits AppCBX and shows an 

architecture homologous to bd-I. The arrangement of the cofactors is similar to that in bd-I 

oxidase [25]. Functional similarities to bd-I were also identified [54]. However, some differences 

were found. For example, bd-II lacks one subunit resulting in heme b595 being more accessible 

from the membrane and from the active site [25]. 

Different inhibitors can affect the activities of bo3- and bd-oxidases. Inhibitors are classified into 

two groups: heme ligands (cyanide, azide) that act at the oxygen-reducing site and compounds 

acting at the quinol-binding sites. For example, cytochrome bo3 is more sensitive to cyanide and 

azide than bd-oxidases which might be due to the presence of heme d [55]. In contrast, quinolone-

type compound aurachine D serves as an inhibitor of bd-oxidase but does not affect bo3-

oxidase [56].  

The redundancy of NADH dehydrogenases and oxygen reductases may provide robustness and 

flexibility for bacteria to adjust to environmental conditions (temperature, availability of carbon 

source and oxygen). Under aerobic conditions, mostly complex I and succinate dehydrogenase are 

produced to reduce the quinone pool [57]. Under these conditions, mainly cytochrome bo3 oxidase 

is the terminal oxidase that oxidizes quinol and reduces oxygen to water. On the other hand, in 

anaerobic environment, NDH-2 and bd-I are the dominant enzyme complexes [58].  

 

2.2 NADH: ubiquinone oxidoreductase, complex I 

2.2.1 Architecture of complex I 

NADH: ubiquinone oxidoreductase (complex I) is crucial for cell energy metabolism and serves 

as an electron entry point to the respiratory chains in most eukaryotes and many prokaryotes [32]. 

It is a redox-driven proton pump that is one of the mammalian cells’ largest and most complicated 

enzymes [59]. Mammalian complex I contains up to 45 subunits and has a molecular mass of 

1 MDa [60]. Fourteen of these subunits are core subunits that house the catalytic machinery and 

are conserved from humans to bacteria [61]. 31 supernumerary subunits have functional and 

regulatory tasks but are not involved in the main catalytic machinery. The role of each accessory 
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complex I subunit in regulation, stability and functions remains to be determined [62]. It is assumed 

that some of them are related to complex I protection from reactive oxygen species (ROS) [63]. 

Studies indicated these subunits are essential for complex I assembly [64]. The supernumerary 

subunits are central to structural stability, and some of them play independent metabolic roles [61].  

Mutations occurring in complex I are associated with human neurodegenerative diseases like 

Alzheimer’s and Leigh syndrome [65–68]. In addition, a complex I deficiency was identified in 

Parkinson’s disease, dystonia and Leber’s hereditary optic neuropathy [69–71]. Complex I is also 

considered a main source of reactive oxygen species that can lead to DNA damage and ageing [72, 

73]. Figure 2.2 shows the structure of mammalian complex I. 

 

Figure 2.2: Structure of the mitochondrial complex I from Homo sapiens (PDB: 5XTD) [74]. The core subunits 
are shown in color (peripheral arm – light blue, membrane arm – yellow, red, blue, orange). Supernumerary subunits 
are shown in grey. Binding sites of NADH and Q are shown with the black arrows. Translocation of four protons 
across the membrane is indicated by the black arrow. 

 
Bacterial complex I can serve as a minimal structural model to study different neurodegenerative 

diseases as it contains homologous core subunits that are essential for complex I catalysis. It 

catalyzes the same reaction and is inhibited by the same inhibitors [75]. In E. coli, complex I is 

encoded by 14 genes, nuoA-N [76, 77], derived from the enzyme terminology (NADH:ubiquinone 

oxidoreductase), building an 550 kDa enzyme consisting of 13 subunits as subunits NuoC and 

NuoD are fused. Complex I consists of a peripheral and a membrane arm. In the electron transfer 

reaction, two electrons are transferred from NADH to Q. This process is coupled with the 

translocation of four protons across the membrane. Electron transfer occurs in the peripheral arm, 
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and proton translocation across the membrane from the negative inner side (N-side) to the external 

positive side (P-side) takes place in the membrane arm [28]. This process can be described with 

the following equation 1 [29]: 

NADH + Q + H+ + 4H+
in → NAD+ + QH2 + 4Hout                                                    (1) 

Figure 2.3 shows the structure of bacterial complex I from E. coli. 

 

Figure 2.3: Complex I crystal structure from E. coli at 2.4 Å resolution (PDB-entry: 7Z7S) [20]. The core subunits 
are shown in color (peripheral arm – light blue, membrane arm – yellow, red, blue, orange). Binding sites of NADH 
and Q are shown with the black arrows. Translocation of four protons across the membrane is indicated by the black 
arrow.  

The peripheral arm has a length of 140 Å and comprises subunits NuoB, CD, E, F, G and NuoI [78]. 

All cofactors needed for electron transfer are located there [79]. It includes the flavin 

mononucleotide (FMN) and the iron-sulfur clusters [80]. The number of iron-sulfur clusters may 

vary according to the species, but only seven are involved in electron transfer from NADH to Q 

over a distance of 95 Å [81, 82]. 

 

2.2.2 Electron transfer in E. coli complex I 

Electrons are transported from NADH to the electron acceptor Q through the FMN and seven iron-

sulfur (Fe/S) clusters [83]. The electron transfer from NADH to Q proceeds via the FMN and 

clusters in the following way: FMN→N3→N1b→N4→N5→N6a→N6b→N2, here the clusters 

are named according to Ohnishi [84]. Seven Fe/S clusters are tetranuclear [4Fe/4S], and two are 
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binuclear [2Fe/2S]. Figure 2.4 shows the cofactor arrangement in the peripheral arm of E. coli 

complex I. 

 

Figure 2.4: Arrangement of cofactors in E. coli complex I (PDB: 7Z7S) [20]. The Fe/S clusters are shown as 
yellow/brown spheres, and FMN is in red. The electron pathway is shown with arrows. The edge-to-edge distances 
are indicated. 
 

The binuclear Fe/S cluster N1a, which is located in close proximity to FMN, is strictly conserved. 

It was supposed that it might regulate the reduction of flavosemiquinone, thus preventing the 

production of ROS [85]. It was shown to be important for the stability of the subunits NuoE, F 

and G [86]. N1a cluster is not reduced by NADH in many species [87], but might be involved in 

the regulation of NADH reduction [88]. The tetranuclear Fe/S cluster N7, present only in some 

species, is not involved in electron transfer. It is located 20.5 Å from the closest Fe/S cluster and 

thus is not within the electron transfer distance of 14 Å [89]. However, it is also essential for the 

stability and assembly of complex I [90]. Available data from microsecond freeze-hyper quenching 

electron paramagnetic resonance (EPR) showed a detailed picture of electron distribution after 

reduction by NADH according to the midpoint potentials of Fe/S [91, 92]. After the binding of 

NADH, FMN is reduced by hydride transfer, and the first electron is transferred to the tetranuclear 
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cluster N3. The second electron is “parked” on cluster N1a. The electron is transferred to the 

binuclear Fe/S cluster N1b and then through the tetranuclear Fe/S clusters N4, N5, N6a and N6b 

to the distal tetranuclear Fe/S cluster N2. After reoxidation of N3, the second electron from cluster 

N1a is transferred to the chain of clusters via the FMN. Reduction of N1a initiates structural 

rearrangements that prevents binding of NADH to the reduced complex I and keeps NAD+ in the 

binding pocket [93]. This might prevent ROS production.  

EPR studies revealed that after reduction by NADH, only five Fe/S clusters were detectable [84]. 

Upon the reduction of NADH, signals from N1a, N1b, N3, N4 and N2 clusters were identified 

[94]. Cluster N7 was detected only after reduction with dithionite as this cluster is located too far 

to be reduced by NADH. The EPR signal of the sixth cluster N5 was detected only at 3 K [95]. 

The Fe/S clusters are almost isopotential, and the values were around -250 mV [78, 84, 87]. 

However, more positive values were determined for N2 with -200 mV [96]. This cluster’s potential 

is also pH-dependent, contrary to most of the other Fe/S clusters [97]. One more salient feature of 

this cluster is the coordination with two adjacent cysteine residues as ligands, which is observed in 

very few Fe/S clusters. These specific features led to the assumption that N2 might play a role in 

coupling electron transfer with proton translocation [98]. There is a significant energetic drop of 

about +100 mV between the midpoint potential of the distal N2 cluster and the Q/QH2 couple [96]. 

Ultra-fast freeze quench experiments showed that N2 is reduced in around 90 µs, which is very 

close to the rate proposed by electron transfer theory [99, 100]. The high midpoint potential of N2 

assures that it has the maximum electron occupancy for further reacting with Q.  

 

2.2.3 Quinone binding site  

Molecular dynamics simulations suggest that the redox energy from NADH is almost completely 

transferred to Q, which was confirmed experimentally [96, 101]. The quinone binding site is 

located 25-30 Å above the membrane plane in a tight tunnel, at around 12 Å from the cluster N2 

[83, 102]. It is formed by the subunits NuoB and NuoCD from the peripheral arm and by subunits 

NuoH and NuoA from the membrane arm [103]. The quinone binding pocket is 25-40 Å long, has 

an L-shape, and offers at least five binding positions for Q according to quantum mechanical 

simulations and cryo-electron microscopy data [104, 105]. It is long and heterogeneously lined up, 

where the top and bottom are hydrophobic, while many charged residues were found in the central 

section of the cavity [106]. One feature of Q binding is that it is enclosed from solvents and has a 
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narrow entry site for Q [83]. Previous mutagenesis studies proved the importance of H224CD and 

Y273CD in the mitochondrial complex I for Q binding [107]. Head groups of Q coordinate to these 

amino acids [108] by hydrogen bonds [109, 110]. Figure 2.5 shows quinone binding site of 

complex I. 

 

Figure 2.5: Quinone binding site of T. thermophilus complex I (PDB: 6I0D) [111]. Fe/S cluster N2 is shown in 
yellow and brown. Decyl-ubiquinone and its electron density are shown in orange. Both coordinating amino acids are 
shown (E. coli nomenclature).   
 

The Q-binding tunnel is lined with the charged amino acids of the NuoH subunit. Reduction of Q 

occurs by the transfer of an electron from the distal N2 cluster and a putative protonation by the 

amino acid residues. A network of charged residues around the central region of the ubiquinone 

connected to the E-channel may therefore be functionally relevant in the mechanism by which 

ubiquinone reduction is coupled to proton translocation [106]. Reprotonation of both amino acids 

occurs probably by a water channel, which is directed to that position [112]. Conformational 

changes in the direction of conserved and charged amino acids [101] drive the movement of QH2, 

which might change dipolar interactions in the cavity and probably causes proton translocation in 

the membrane arm [113]. Area of charged amino acids connects the Q-binding site with the so-

called E-channel, the proton pathway located closest to the peripheral arm of complex I [101]. The 

name E-channel derives from the presence of several conserved glutamate residues [108]. It was 

proposed that the negative charge of the reduced Q might lay the foundation of the proton pumping 
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mechanism [94]. QH- might be produced as an intermediate [114]. There are two theories regarding 

the further way of QH2. According to one theory, reduced QH2 leaves complex I, and a new Q 

molecule enters to start a new catalysis cycle [113]. The other theory states that the quinone 

molecule stays inside the cavity and moves between two sites, transferring electrons to an 

additional Q molecule that do not fully enter the Q cavity [104]. The advantage of such a 

mechanism, as it is coupled to reoxidation of QH2, is that it can provide local protons in a controlled 

manner to annihilate the original negative charge that triggered the pump mechanism. To achieve 

the same coordination with the other model, undefined gating or timing mechanisms are 

required [115]. 

 

2.2.4 Structure of the membrane arm  

The membrane arm of complex I has a length of 180 Å and a height of 30 Å. It consists of the 

subunits NuoA, NuoH and NuoJ-N [82]. There is no cofactor found in the membrane arm of 

complex I [29]. NuoH is located between the peripheral and membrane arm of complex I. The 

structural arrangement of the membrane arm was visualized by X-ray diffraction. 

The distance between the NADH binding site and the distal subunit NuoL is around 300 Å. Proton 

pumping occurs over a distance of 200 Å to the Q binding site. So, proton-coupled electron transfer 

in complex I is catalyzed over a long distance. The difficulty of solving the coupling process is 

caused by its location at the junction of the peripheral and membrane arm, which is structurally the 

most complicated part of the enzyme [83]. It is generally accepted that per oxidation of one NADH, 

four protons are translocated across the membrane resulting in a stoichiometry of 4H+/2e- [116].  

The E-channel is the closest to the Q-cavity proton pathway that is made of the subunits NuoH, 

NuoJ and NuoK [90]. Subunits NuoL, M and N are homologous to each other and can be described 

as antiporters-like subunits [113, 117]. Each of the antiporter-like subunits has an internal 

symmetry and comprises five transmembrane helical bundle segments [118]. They contain two 

pseudo symmetrically located half-channels, where the N terminus is open to the N-side and the C 

terminus to the P-side [119]. Each of the antiporter subunits has a hydrophilic axis containing 

charged amino acid residues like conserved lysine/glutamate or lysine/aspartate residues that are 

located in the middle of the lipid bilayer. This charged polar axis is assumed to be essential for 

proton translocation [120, 121]. There is a conserved lysine residue in each of the antiporter subunit 

and a distal lysine (NuoL and NuoN) or glutamate (NuoM) residue [122]. The distribution of 
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conserved titratable amino acids is asymmetric as a central subunit NuoM contains a conserved 

distal glutamate. Molecular simulations suggest that the proton pathways are located around the 

broken helix motifs, and several mutagenesis experiments proved that suggestion [123]. Proton 

transfer starts from the negative N-side, which is connected to the membrane’s central axis, to the 

positive P-side.  

The structure of the complex I membrane arm indicated the location of putative proton pathways 

which can be found in each antiporter subunits. Figure 2.6 shows putative proton channels in 

antiporter-like subunits (A) and more specific in subunit NuoM (B). 

 

 

 

 

 

 

 

 

 

Figure 2.6: A) Putative proton-translocation channels in the antiporter-like subunits of complex I from 
T. thermophilus (PDB: 3M9C) [124]. Polar residues lining the channels are shown as sticks. Approximate proton-
translocation paths are indicated by blue arrows [83]. B) Putative proton channel in NuoM of E. coli membrane 
arm (PBD: 3RKO) [119]. Polar residues lining the channels are shown as sticks, with carbon in green and in orange 
for the connecting residues [119]. 
 
The coupling mechanism of electron transfer with the translocation of protons across the membrane 

is currently the most discussed topic in the research area of complex I [125–128]. There are several 

theories to explain how protons are translocated across the membrane and how this process is 

driven and coupled with electron transfer in the peripheral arm. Many theories were proposed to 

explain the coupling mechanism, comparing the function of complex I, for example, to a wave-

spring [129], a piston [130], a steam engine [131] and a semi-automatic shotgun [132]. There were 

many suggestions for coupling principles including direct (electrostatics), indirect 

(conformational) or a combination of both [6, 129, 133, 134]. 

 

B) B) 
A) 
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2.2.5 Proton translocation catalyzed by 1H+ per proton pathway 

According to this mechanism of proton translocation, one proton is translocated through each of 

the subunits NuoL, NuoM and NuoN and one through the E-channel [113, 135]. Charged amino 

acid residues located on the central axis form a wire on which an electrostatic wave caused by Q 

reduction propagates from the quinone binding site to the distal subunit NuoL in the membrane 

arm and is reflected back to the Q site [113, 135]. The propagation of the wave is based on 

conformational changes, electrostatic interactions and changes in the hydration state of channels 

along the membrane arm [129]. Subunits NuoL, M and N contain a conserved Lys/Glu ion pair at 

the interface to the next subunit. In the closed ion pair conformation, the protonated state of the 

central lysine is favorable. Opening of the ion pair triggers a proton transfer from the central lysine 

to the distal lysine and glutamate residues. Protonation of these residues leads to the opening of 

the ion pair in the next subunit [136]. The progression of the electrostatic wave, triggered by the 

movements of QH2-species in the Q-channel, induces protonation of residues of the E-channel, 

which leads to the opening of the central titratable ion pair in NuoN. MD simulations and pKa 

calculations showed that the protonated central Lys induces an electric field that pulls in water 

molecules along the broken helix from the N-side [118]. The protonated amino acid K247N 

transfers the proton to the distal K345N which leads to the opening of the ion pair in NuoM 

(E144M/K234M). Accordingly, the wave would pass further to NuoL and would propagate through 

the entire membrane arm. Stepwise opening of ion pairs and lateral proton transfer leads to the 

charge redistribution in the distal subunit NuoL. Accordingly, a proton is released to the P-side, 

which in turn stabilizes ion-pair formation in the distal subunit NuoL [137]. This leads to the 

deprotonation of distal Glu residue on NuoM and the transition of the NuoN ion pair to the closed 

state. Deprotonation induces the back wave that causes the closing of the ion pairs of the central 

axis and proton release on the P-side. This proposed mechanism involves opening and closing of 

the central ion pair and the proton redistribution from the N- to the P-side. The wave reaches the 

E-channel close to the Q-binding site, where the reduced Q-species moved to its second Q-binding 

site in contact with titratable amino acids of the E-channel. The formation of QH- from QH2 triggers 

proton pumping along the membrane arm [138]. The back wave initiates a protonation of QH- to 

QH2 that is either released or stays in the cavity in accordance with the Q-shuttle mechanism [11, 

104]. This theory of proton translocation was supported by experimental observations, as deletion 

of the distal subunit NuoL leads to a decrease in the stoichiometry of proton translocation [139].  
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The coupling of the ion-pairs between subunits of the membrane arm as proposed from molecular 

simulations is consistent with the forward/backward electrostatic wave-propagation model. The 

back wave arises from principles of microscopic reversibility, where the back-propagation is 

similar, as in Newton’s cradle device, initiated by a pulse from the terminal unit [138]. Figure 2.7 

shows a schematic representation of this kind of proton translocation mechanism. 

 

 
Figure 2.7: A) Structure of E. coli complex I (PDB: 7Z7S) [20]. The peripheral arm is shown in blue, Fe/S clusters 
as yellow and brown spheres, FMN is shown is red. Binding sites of NADH and Q indicated by the black arrows. 
Direction of electrons is indicated by the green arrow. Putative proton channels are indicated with the blue broken 
arrows. The central axis of charged amino acids is shown as the orange arrow. Three antiporter subunits and the E-
channel are shown. B) Structure of the membrane arm of E. coli complex I (PDB: 7Z7S) [20]. Three antiporter 
subunits and the E-channel are shown. Putative proton channels are indicated with the blue broken arrows. Polar 
residues building the central axis are indicated: central lysine residues are shown in red, the ion pairs are shown in 
green, distal lysine/glutamate residues are shown in magenta. Reproduced from [122]. 

B) 

A) 
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2.2.6 Proton translocation according to the “ND-5 only” theory  

Based on cryo-EM structures, another mechanism of proton translocation was suggested [5]. The 

mechanism described in 2.2.5 was criticized as the proposed conformational states of individual 

amino acid residues were not detected in cryo-EM experiments. However, it can be possible that 

the lifetime of the conformational states is too short to be detected by cryo-EM [122]. 

The “ND-5 only” theory proposes that two electrostatic forward waves propagate to the distal 

subunit [140, 141]. According to this mechanism, opening and closing movements of the entire 

complex I occur. Quinone can enter the cavity only in the open state of complex I. The proton 

pumping cycle is initiated by quinone binding, accompanied by the transition to the closed state 

with the reordering of NuoH into a so-called retraced conformation allowing quinone reduction. 

The distribution of charge is asymmetric, so the opening and closing of ion pairs happen 

asynchronically. Two forward electrostatic waves drive the proton pumping that occurs in the distal 

subunit NuoL. Structural cryo-EM investigations revealed that only the distal subunit NuoL is 

sufficiently hydrated among all antiporter-like subunits of the membrane arm, to allow proton exit 

from NuoL (ND-5 is mitochondrial homologue in mammalians) to the P-side [5]. The other 

antiporter subunits are not applicable for proton translocation according to these observations as 

they lack the appropriate hydrated channels. A ‘domino effect’ mechanism of complex I was 

proposed, where electrostatic interactions initiate a series of proton transfers along the central axis 

for ‘vacancy’ towards NuoL and ‘electrostatic pressure’ from the upcoming protons [20]. The 

forward wave ‘dominoes stacking’ is assumed to prime the pump, and the reverse wave ‘dominoes 

falling’ could results in the ejection of all pumped protons. As a result, all four protons are ejected 

from the distal subunit NuoL. This mechanism requires that all protons are transferred to the 

neighboring subunits and not to the periplasm, as otherwise the process will not be initiated, 

explaining the exit of all four protons via NuoL [20]. However, this theory does not agree with the 

observation that proton translocation is still observed when the distal subunit is removed [142]. It 

is also difficult to interfere with the directionality of electrostatic waves from structural data [138].  

 

2.3 Cytochrome bd-I oxidase 

Cytochrome bd oxidases belong to the superfamily of proteins that catalyze oxygen reduction to 

water [143]. They are found in prokaryotes, including several pathogens. Therefore, they can serve 

as a prospective drug target as their presence in mammalian cells was not observed [144]. Besides 
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energy conversion, they play an essential role in protection against oxidative stress, adaptability 

and bacterial virulence [145]. Usually, they are produced under low oxygen concentrations and 

oxidative stress [146, 147]. They couple (ubi)quinol (QH2) oxidation with proton uptake from the 

cytoplasmic side and proton release on the periplasmic side. Cytochrome bd oxidases are not 

proton pumps, but they contribute to the generation of proton motive force across the membrane 

by a vectorial charge transfer [148]. The electrons from QH2 are transferred via three heme groups 

to oxygen. Oxygen is reduced to water in a four-electron process. The reaction is expressed in the 

following equation [53]:  

2QH2 + O2 + 4Hin → 2Q + 2H2O + 4Hout                                                                        (2) 

Structures of bd-I oxidase are available from Geobacillus thermodenitrificans [149], E. coli [24] 

and some other organisms like Corynebacterium glutamicum  [150], Mycobacterium tuberculosis 

[151], Mycobacterium smegmatis [152]. The overall architecture is similar. However, slight 

differences are present, which results in subtle differences of mechanistic features [24]. 

E. coli bd-I oxidase consists of two major subunits CydA and CydB and two small subunits CydX 

and CydY [24, 153]. CydA and CydB have 9 transmembrane helices, each, comprising two four-

helix bundles and an additional cytoplasmic helix. The molecular mass of these subunits is 58.2 

and 42.5 kDa, respectively [143]. However, CydX and CydY contain only one transmembrane 

helix and have 37 and 26 residues, respectively [24]. The fourth subunit CydY is also called CydH 

and it is not encoded within the cyd operon [24, 154].CydA contains a globular domain located 

between helices 6 and 7, the ‘Q-loop’, which is expected to be involved in QH2 binding and 

oxidation [155]. Due to the presence of long (L) and short (S) domain loops, the family of bd 

oxidases is classified into S- and L-subfamilies.  

Cytochrome bd-I oxidase comprises three hemes: b595, b558 and heme d. All of them are located in 

subunit CydA. The low-spin heme b558 serves as an electron input device, and high-spin heme b595 

delivers electrons to high-spin heme d, which is located in the active site, where oxygen is reduced 

to water [156]. This assumption was supported by several experiments, including EPR and pulse 

radiolysis studies [157–159]. Hemes in CydA are arranged in the triangle [149]. Earlier, it was 

supposed that heme b595 and heme d could work as di-heme site [160], but the structures revealed 

that oxygen is reduced exclusively at heme d [149] and that the other hemes are located too far 

away [24]. The triangle of hemes with consistent distances between the central iron atoms shows 

the same orientation towards the membrane plane in all organisms [24]. The close interactions 
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between the three hemes in bd-I result in highly cooperative properties [161]. Heme b558 is 

hexacoordinated with the central iron by H186 and M193. Heme b595 and heme d, have glutamic 

acids as axial ligands E445 and E99, respectively. These positions are conserved. Figure 2.8 shows 

the structure of bd-I oxidase (A) and its heme arrangement (B). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: A) Structure of E. coli bd-I oxidase (PDB: 6RX4) [24]. CydA is shown in blue, CydB in green, CydX 
in orange and CydY in yellow. CydY is not visible in the projection of bd-I. Hemes are shown in the yellow and 
brown. B) Location of hemes in the subunit CydA. Heme ring is shown in the yellow, the iron atom in brown, nitrogen 
in blue, and oxygen in red.  
 

Two more residues, R448 and E107, that are not axial ligands of the hemes are located in close 

vicinity and appeared to be important for reactivity [162]. Figure 2.9 shows the position of essential 

residues near both hemes. 

Figure 2.9: Sketch of the essential residues located in the proximity of hemes b595 and d. Reproduced from [163]. 

A) B) 
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E445 is located at a 2.1 Å distance to heme b595 and E99 at a 2.7 Å distance to heme d [149]. 

Previous studies showed the functional importance of E445 as ligand of b595 [164]. The mutation 

E445A was characterized in detail, and the results show that IR-signals of heme b595 are essentially 

perturbed or missing in most preparations of the variant. The purified E445A variant was not 

functional [164]. The UV/vis spectrum showed the absence of the signal at 595 nm, which is 

associated with heme b595. The absorbance of the Soret band was strongly decreased [164]. 

However, the isolated variant was stable [161]. Later studies showed that the heme is not reduced 

by dithionite, thus, explaining the absence of its signals in Raman spectra. EPR spectroscopy 

revealed the presence of the heme b595 in the ferric state even after reduction with dithionite [148]. 

The role of b595 was controversially discussed due to the peculiar behaviour of E445 [165]. The 

structure finally revealed that E445 is one of the ligands of heme b595 [24]. Therefore, the presence 

of a titratable residue at position 445 of CydA is essential for the function of bd-I oxidase [166]. 

Mutations E445C, E445Q and E445H were generated to investigate the influence of a small 

(cysteine), isoelectronic (glutamine) or bulkier residue (histidine) at this position. It was shown 

that E445C and E445H appeared inactive, while E445Q variant retained 15% of specific activity. 

Variant E445C had less heme b595, E445H and E445Q had less heme d. However, variant E445H 

showed the lowest heme b595 content. The E445Q mutation affected the potential of heme b558 

[161].  

R448 was assumed to build a salt bridge with the E445 [161]. The R448A mutation diminished the 

level of heme d binding [164]. It was assumed that both residues, E445 and R448, are essential to 

stabilize the oxygenated state of heme d, by H-bond formation and electrostatic interaction [161]. 

Mutations around E99 can eliminate or severely reduce both hemes b595 and d contents [167]. 

Recent FTIR studies identified E107 as one of the protonated carboxylate residues which undergo 

environmental changes [168]. Mutations in these positions severely diminished the oxidase activity 

and eliminated heme d binding. Replacement of E99 and E107 with Asp resulted in nonfunctional 

enzymes [169]. Mutations E99A, E99Q and E99H resulted in variants containing heme d. 

However, only the E99A variant showed activity, although at diminished rates, while the other 

mutants appeared to be inactive [161]. Therefore, position E99 dramatically influences heme d 

stability and properties [168]. Figure 2.10 shows the positions of the residues described above. 
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Figure 2.10: A) Coordination of E445 and R448 with heme b595, B) Coordination of E107 and E99 with heme d 
of the E. coli bd-I oxidase. The heme ring is shown in the yellow, the iron atom in brown, nitrogen in blue, oxygen 
in red, and substituted amino acids are shown in green (PDB: 6RX4). 
 

2.4 Spectroscopic techniques 

2.4.1 Spectroscopy in general  

Spectroscopy is the study of matter interaction with electromagnetic radiation. Electromagnetic 

radiation can be described as a particle and as a wave. Maxwell’s law describes it as two oscillating 

fields perpendicular to each other. Planck’s equitation describes the relation between the energy 

(E) and frequency (ν): 

 � � ℎ� � ℎ �
�  (3) 

where c is the light speed, and h is Planck’s constant [170]. The electromagnetic spectrum is a 

broad and continuous spectrum, which can be divided into seven regions according to the energy 

level. The interaction with matter produces transitions to another energy levels. In the process of 

interaction with the matter, the photon energy has to move between two states:  

∆� � �� 	 �
 � ℎ�                                              (4) 

Figure 2.11 shows the electromagnetic spectrum. 

A) B) 
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Figure 2.11: Electromagnetic spectrum with different energy levels. Reproduced from [171]. 

Spectroscopy occupies a particular position in general sciences. Spectroscopic methods are helpful 

for solving different analytical problems and studying biological systems [172] as they are 

informative and can be applied to both qualitative and quantitative analyses [173]. Spectroscopic 

techniques can be classified into absorption, emission, scattering, and diffraction according to the 

nature of interaction between matter and radiation [174]. Other type of classification is based on a 

range of the light (from microwave to x-rays). Also, spectroscopy can be classified by the studied 

species (atomic or molecular). Spectroscopy techniques have found a wide application in studying 

different biological systems and samples as they can provide valuable information. 

 

2.4.2 UV/vis spectroscopy 

UV/visible spectroscopy (UV-vis or UV/vis) is related to spectroscopy which concerns the 

ultraviolet and visible part of the electromagnetic spectrum. The UV/vis range of the 

electromagnetic spectrum corresponds to the wavelength range of 800-200 nm. In this range, the 

light excites electrons from the ground to an excited state. Most molecules and ions absorb energy 

in the ultraviolet or visible range as they contain chromophores, the functional group in the 

molecule that is responsible for the absorption of UV/vis light. The absorbed photon excites an 

electron in the chromophore to a higher energy molecular orbital [175]. For organic molecules, 

four different types of energy transitions are observed: π–π*, n–π*, σ–σ*, and n–σ* [176]. 
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The Beer-Lambert law or Beer-Lambert-Bouguer law relates the attenuation of light with 

properties of matter through which the light is travelling and refers to the following equation:  


 � lg ���
� � � log � �  ���                                                   (5) 

where A is the absorbance, ε is the molecular attenuation coefficient (or molecular extinction 

coefficient), I is the transmitted intensity, Io is the incident intensity, l - path length in cm, c is the 

concentration of attenuated species. 

UV/vis spectroscopy is a standard tool for measuring various protein samples. Proteins absorb light 

in the region 260-280 nm of the UV spectrum, primarily due to tryptophan and tyrosine. Peptide 

bond also absorbs weakly at 210-220 nm [177]. Prosthetic groups (such as flavin and hemes) in 

proteins frequently have strong absorption bands [178]. The intense bands are produced due to π-

π* in conjugated systems and metal-to-ligand charge transfers in the coordination complexes [179].  

Heme is a coordination complex consisting of an iron ion coordinated to a porphyrin acting as a 

tetradentate ligand, and to one or two axial ligands. Hemoproteins have found wide applications 

and have a variety of biological functions, such as the transport of gaseous molecules [180]. Hemes 

found in bd-oxidases are studied with UV/vis spectroscopy as they act as chromophores and their 

absorption depends on the redox state of the central atom. In redox chemistry, the central iron 

serves as an electron source or sink. Hemes produce mainly three different bands: Soret-band (400-

450 nm), α-band (540-630 nm) and β-band (500-560 nm). Table 2.1 shows the UV/visible 

characteristic bands of bd-oxidase hemes. 

Table 2.1: UV/Visible characteristic bands of hemes in the reduced state observed in the cytochromes bd [181]. 

Type of heme Soret-band β-band α-band 

Heme b 426−430, 439 528−532 555−566, 595 

Heme d 430 - 620−630 

 

Figure 2.12 shows a reduced-minus-oxidized UV/vis difference spectrum of bd-oxidase in the α-

and β-bands regions. Signals for the b558 heme are detectable at 531.5 and 561.5 nm. The heme b595 

shows bands at 561.5 and 594 nm. The characteristic heme d band is found at 629 nm. 
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Figure 2.12: Reduced-minus-oxidized UV/vis difference spectra of isolated E. coli bd-oxidase. 

 

2.4.3 Infrared spectroscopy  

Infrared spectroscopy is a valuable technique for qualitative and quantitative analysis of different 

varieties of samples. Unlike UV/vis spectroscopy, which relies on larger energy absorptions, 

infrared (IR) spectroscopy uses much smaller energy absorbance, light, and concerns the 

vibrational and rotational states of the molecule. IR bands represent transitions between the 

vibrational ground state (ν=0) and vibrational first excited states (ν=1) or second excited state 

(ν=2). Molecules that undergo a net change in dipole moment can absorb IR light [182]. The range 

of infrared spectra is between 780 nm and 1 mm, corresponding to a frequency range from 

300 GHz to 400 THz [183]. The infrared portion of electromagnetic absorption is usually divided 

into three groups: near-infrared (14000-4000 cm-1), mid-IR (4000-400 cm-1) and far infrared (400-

10 cm-1). The mid-IR (MIR) is usually used to study vibrational and rotational structures [184].  

An IR spectrum can be visualized in a graph of infrared light absorbance (or transmittance) on the 

vertical axis vs wavenumber on the horizontal axis. Typical units of wavenumber used in IR spectra 

are reciprocal centimeters, with the symbol cm-1 [185]. 

Molecular vibrations can be classified as either stretching or bending modes. Stretching is a result 

of continuously changing distances in a bond between two atoms. Bending refers to a change in 

the angle between two bonds. Bending motions include scissoring, rocking, wagging, and 

twisting [186]. The various types of vibrations and rotations are excited at different frequencies 

within the infrared region, thus resulting in unique spectral properties for different molecular 
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species [187]. A molecule can vibrate in many ways, and each way is called a vibrational mode. 

For molecules with N number of atoms, geometrically linear molecules have 3N – 5 degrees of 

vibrational modes, whereas nonlinear molecules have 3N – 6 degrees of vibrational modes (also 

called vibrational degrees of freedom). Figure 2.13 shows the different types of stretching and 

bending vibrations. 

 

Figure 2.13: Normal mode vibrations observed in IR spectroscopy. Reproduced from [188]. 

For a diatomic molecule, the the frequency of the vibration is described with Hooke’s law for a 

periodic harmonic oscillator:  

� �  

�� � �

� ,        � � � ∙�"
� #�"                                               (6) 

where k is the force constant, m1 and m2 represent the mass of each atom participating to the 

interaction of diatomic molecules, and M is the reduced mass of the atoms.  

Infrared spectroscopy can provide various amounts of information, including the chemical 

structure of the vibrating group, redox state, bond parameters, conformational states, hydrogen 

bonds and electric fields. Infrared spectroscopy has shown to be a powerful tool for the study of 

biological molecules, including proteins, lipids, carbohydrates, and nucleic acids [189]. 

spectroscopic approach enables such molecules to be identified and changes to their chemical 

structures to be characterized [177]. 
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2.4.4 Infrared spectroscopy of proteins 

The high information content from infrared spectrum can be applied to biological systems [190]. 

It makes infrared spectroscopy a valuable tool for studying protein structure, reactions and 

functions [191]. The quantity of obtained information can be applied from small to large proteins. 

Further advantages of using infrared spectroscopy are a high time resolution, short measuring 

times, low amount of required sample and relatively low costs [192]. Figure 2.14 shows a typical 

spectrum of a protein in MIR range.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14: Typical spectrum of a protein in a buffer in IR range.   

Proteins possess a complex chemical structure, so in the infrared spectrum combination of many 

overlapping bands is visible. Proteins are studied in mid-IR as this part of the spectrum contains 

the most valuable information about amino acids side chains and protein backbone [193]. 

Amide A, amide I and amide II regions characterize the spectrum of proteins. Amide stretching 

vibrations give rise to the amide A band between 3310 and 3270 cm-1. The amide I vibrations can 

be observed from 1600 to 1700 cm-1 and arise mainly from C=O stretching modes [194]. Amide I 

band is sensitive to the structure of protein backbone mainly due to the coupling between transition 

dipoles [195]. The amide II band is located at 1550 cm-1, it is an out-of-phase combination of NH 

in plane bending and CN vibrations with smaller contributions from CO in-plane bending and CC 

and NC stretching vibrations [192]. 
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Table 2.2 shows the location of the amide bands in the IR spectrum. ν describes stretching 

vibrations and δ describes bending vibrations. 

Table 2.2: Location of the amide bands and their contribution to the IR spectrum [192]. 

Region Frequency, cm-1 Vibrational mode 

Amide A 3310-3270 ν(N-H) 

Amide B 3100-3030 ν(N-H) resonance with Amide II overtone 
Amide I 1610-1695 ν(C=O) 80%, ν(C-N) 10%, δ(CCN),  

δ(N-H) 10% 
Amide II 1480-1575 ν(C-N), δ(N-H) (60%), δ(C=O), ν(C-C), 

ν(C-N) (40%) 
Amide III 1220-1320 ν(C-N), δ(C=O), ν(C-C), δ(N-H), 

  

As amide I frequencies depend on polypeptide bonds and are hardly affected by the chemical nature 

of side-chain, they can provide information about the secondary structure of the protein. Proteins 

usually fold into complex three-dimensional structures consisting of various domains containing 

polypeptides folded into different types of secondary structure [196]. The secondary structure 

elements absorb at different positions of the amide I band. Each of conformational components is 

assigned to different structural components: α-helices, β-sheet, turns and non-ordered structures. 

The fundamental difficulty in detecting secondary structure is that the width of the bands is usually 

more significant than the separation between maxima of peaks [196]. It leads to a considerable 

overlap of the individual components, making the identification problematic. The extraction of 

structural information from experimentally obtained spectra requires mathematical manipulation. 

The most common procedure to identify the amount of the various secondary structures is 

deconvolution analysis with Gaussian fitting [197]. The position, amplitude and width at the half-

height of each component are optimized for each band. Afterwards, the area under the individual 

bands is calculated to determine the contribution of each secondary structure component to the 

amide I band's total surface. Finally, bands of individual components are assigned to the secondary 

structure. Table 2.3 shows assignments of amide I positions to secondary structure of 

proteins [198]. 
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Table 2.3: Frequencies for secondary structure assigned from amide I band [199].   

Secondary 

structure 

Band position in 1H2O, cm-1 Band position in 2H2O, cm-1 

Average Extremes Average Extremes 

α-helix 1654 1648-1657 1652 1642–1660 

Parallel β-sheet 1633 1623-1641 1630 1615–1638 

Antiparallel β-sheet 1684 1674-1695 1679 1672–1694 

Turns 1672 1662-1686 1671 1653–1691 

Disordered 1654 1642-1657 1645 1639–1654 

 

The α-helical structure appears in the 1648-1657 cm-1 range, β-sheets have peaks at 1623-1641 and 

1674-1695 cm-1. Random coil structure has an average at around 1654 cm-1 (in 1H2O). A 

fundamental problem of the assignment of secondary structure is that it is not straightforward 

[196]. α-helices overlap with random coils in 1H2O. It can lead to mistakes for proteins with high 

α-helical content [200]. The major problem is that in an aqueous solution individual bands of 

protein secondary structure bands overlap with the H2O bending mode. By using D2O this problem 

can be solved. However, this might also have an effect on protein secondary structure [201]. 

Modern Fourier transform spectrometers include a function for water subtraction. However, this 

procedure should be performed carefully to avoid signal over-subtraction and not lose valuable 

information in the amide I band [198]. Despite all the advantages of infrared spectroscopy to study 

proteins, it is challenging to assign correctly obtained bands due to interaction with lipids, protein 

buffers, other molecules and water contributions. It is possible to overcome these problems by 

introducing deuterated solvents, infrared labelling and working with infrared difference spectra. 

 

2.4.5 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy (FTIR) is a common form of infrared spectroscopy. An 

FTIR spectrometer collects spectral data of high resolution over a wide spectral range. The term 

originates from the mathematical operation Fourier transform that allows the transfer of raw 

spectrum to the actual spectrum [202]. Fourier Transform spectrometer uses a polychromatic beam 

of light containing many frequencies. The core of an FTIR spectrometer is a Michelson 

interferometer which consists of two perpendicular mirrors and a beam splitter [203]. One mirror 

is stationary, and another one is moving. The beam splitter splits the beam into two parts: one goes 
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to the movable mirror, and the other is reflected in a fixed mirror. The two beams reflected from 

the mirrors are recombined at the beam splitter, generating an interference pattern that is 

transmitted to the detector. The signal is subjected to the the Fourier Transformation function, and 

a spectrum is generated [204]. Fourier transform infrared spectroscopy has three main advantages 

over dispersive infrared spectroscopy:  

1. Fellgett’s advantage - all the resolution elements are measured at all times during the 

measurements. It takes less time to collect a spectrum. 

2. Jacquinot’s advantage - the increase of throughtput of FTIR devices compared to traditional 

spectrometers that need slits to achieve resolution. 

3. Conne’s advantage - the resolution is more extensive, enabling spectral subtraction [205]. 

The advantages of FTIR spectroscopy are the quality of spectra that can be rapidly obtained with 

a high signal-to-noise ratio. Some minor disadvantage of using FTIR spectrometers is sensitivity 

to changes in atmospheric conditions [206]. Modern spectrometers are purged with dry gas to 

reduce the contribution of water molecules from the environment. 

In FTIR spectrometers, different radiation sources and beam splitters are used depending on the 

range of infrared needed. However, FTIR has found a wide application in mid-IR. Figure 2.15 

show the schematic representation of a FTIR spectrometer. 

 

Figure 2.15: Schematic representation of a FTIR spectrometer. Reproduced from [207]. 
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Attenuated Total Reflectance (ATR) in FTIR spectroscopy has become the primary sampling 

method for FTIR spectroscopy. It uses the phenomenon of total internal reflection. The angle of 

incidence of an interface between the sample and the crystal is bigger than the critical angle, so all 

incidents rays go through total internal reflection. This reflection forms an evanescent wave which 

extends into the sample. The depth of penetration is calculated according to the following equation:  

$% � �
���& " '()" *+ &""

                                                   (7) 

where dp is the penetration depth, n2 is the crystal’s refractive index, ϴ is the angle of incident 

radiation, n1 is the sample’s refractive index, λ is the function of wavelength. 

Figure 2.16 shows a schematic representation of the ATR principle. 

 

Figure 2.16: Schematic representation of the ATR principle. Reproduced from [208]. 

In ATR, crystals with a high refractive index are used. The most common crystals are diamond, 

zinc selenide, silicon and germanium. Attenuated Total Reflection Fourier Transform Infrared 

(ATR-FTIR) is a non-destructive technique that can be used to determine protein content and 

protein secondary structure composition [209]. 
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2.4.6 Surface Enhanced Infrared Absorption Spectroscopy (SEIRAS)  

Surface Enhanced Infrared Absorption Spectroscopy (SEIRAS) represents a variation of infrared 

spectroscopy. Detecting the signal from the protein monolayer using FTIR is challenging as the 

signal strength is low. The absorption of light by molecules, however, can be enhanced when they 

are located near the rough nanostructured metal surface [210]. The metal film structure is designed 

to show broad and intense absorption in the mid-IR enhanced at specific frequencies resonant with 

the transition dipole moments of vibrations from the nearby molecules. Typically, gold is used for 

SEIRAS experiments. Using SEIRAS, the adsorbed monolayer on nanostructured metal film 

provides a signal enhancement factor of 100-500 [211]. The absorption enhancement is restricted 

to the molecules near the metal surface [212], and it arises from a local electromagnetic field 

enhancement, due to the excitation of plasmons at the surface of the metal [213]. The short range 

of the enhancement is particularly beneficial for studying protein monolayers in contact with bulk 

water as the absorption of proteins and not the one of bulk water is enhanced [214]. An essential 

feature of SEIRAS is the surface selection rule. Bands that arise from vibrations with a transition 

dipole moment perpendicular to the metal surface are the most enhanced, while those parallel to 

the surface are not enhanced at all [215]. SEIRAS is commonly used in combination with ATR. A 

silicon crystal is mainly used because of its refractive index and stability. The gold nanostructured 

surface morphology deposited on silicon critically affects the enhancement and reproducibility of 

protein signals in the infrared spectra [216]. Generally, a gold film with a thickness of 10-200 nm 

is formed on the surface of silicon crystal after gold deposition. Afterwards, the gold surface can 

be chemically modified to allow the binding of proteins [214]. The immobilization of membrane 

proteins on the surface is more complex than that of soluble proteins. Proteins can adsorb on the 

surface through different interactions, such as electrostatic, hydrogen bonds and hydrophobic 

interactions [217]. One major challenge is controlling the protein orientation on the surface [218]. 

Figure 2.17 shows a complex I immobilization approach. 
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Figure 2.17: Complex I immobilization on SAM (self assembled monolayer). 

Complex I can be successfully immobilized on the Au layer using the Ni-NTA-SAM approach and 

studied by SEIRAS [219]. The most common strategy for protein immobilization is a genetic 

introduction of a His-tag on the protein surface that selectively binds to a nickel chelating 

nitrilotriacetic acid Ni-NTA self-assembled monolayer (SAM) created on a gold-modified surface 

[204]. An immobilizing agent can be synthesized directly on the surface. Protein immobilization 

based on this technique is highly versatile [205]. The modified surface is produced by immersing 

the metal surface in the solution that contains a cross-linker molecule. The SAM of the cross-linker 

is formed spontaneously, based on the quasi-covalent binding of the sulfur atom to the metal 

surface [202]. After the linker with Ni2+ is formed, a protein with the His-tag can be attached to 

the surface through its His-tag [220]. His-tags are usually used for protein purification, which 

makes them accessible for this kind of interaction [206]. The His-tag immobilization with Ni-NTA 

has the advantage of directing the protein orientation on the surface [221]. The affinity of His-tag 

to Ni-NTA is usually low. However, due to the high density of immobilized Ni-NTA, multiple 

linkages can provide higher affinity [207]. 

 

2.4.7 SCN labelling 

A spectroscopic reporter that can monitor conformational changes, binding and folding in proteins 

is very important in complex protein studies. There is an interest in non-natural functional groups 

that can provide structural specificity, and that react to the local environmental changes. 
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Fluorophores, such as dyes, that have been used for these purposes are large relative to the size of 

amino acids [222]. As a result, attachment of the fluorophores to the protein molecules can cause 

undesirable perturbations leading to changes in the native structure. The SCN- group is an attractive 

infrared probe due to its smaller size, compared to other site-directed probes, such as, for example, 

nitroxide spin label. Thiocyanates have been shown as attractive IR probes as they can be easily 

incorporated into proteins without perturbing their structure [223]. The nitrile group can serve as 

an atomic substitution within an amino acid side chain [224]. The nitrile group has a polarity 

between the amide group and methylene, so it can be introduced in the hydrophobic interior of the 

protein as well as on the hydrophilic surface of water-soluble protein [223].  

The frequency of the stretching mode appears in a region of the IR spectrum 

(ν(C≡N) ~ 2100-2240 cm-1) that is not prone to overlap with other signals [225]. Experiments 

indicated that the C≡N stretching mode of an aliphatic thiocyanate is quite sensitive to particular 

dynamics, solvent polarity and H-bond properties [209]. Its stretching frequency is influenced by 

hydrogen-bonding interactions, σ-bonding and π-bonding of water [9]. The frequency of the SCN 

band depends on the character of the hydrogen bond in the local environment, the frequency 

undergoes a blue shift upon accepting a hydrogen bond (or σ-bond from the water molecule) at the 

nitrogen [7]. The interaction of water molecules with π-bond from SCN will lead to a red shift [7]. 

Studies have proved that nitriles are good candidates for studying various types of interactions 

regarding environmental changes. It is well-known that acetonitrile stretching vibration C≡N is 

sensitive to the solvent [226]. It was found that the CN stretching mode of the acetonitrile vibration 

had a maximum of 2260 cm-1 in water and 2252 cm-1 in THF [227].  

Cyanoalanine and cyanophenylalanine are useful reporters to monitor electrostatic changes in the 

environment [223, 228, 229]. These C≡N modified amino acids showed bands at different spectral 

positions according to the solvent. PheCN has a band with the center at 2237 cm-1, whereas in THF 

it shifts to 2228.5 cm-1. Similar spectral behavior was recorded for AlaCN [223]. Methyl thiocyanate 

was dissolved in different solvents, and the resulting IR spectra were compared. Figure 2.18 shows 

the different IR absorbances of KSCN towards different solvents. 
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Figure 2.18: IR absorbance spectrum of KSCN dissolved in methanol (black), ethanol (red), DMSO (blue), THF 
(violet) and MOPS buffer (green) (pH 7.0) Reproduced from [9]. 
 
Depending on the solvent, experimental line widths of SCN bands varied from 8.5 to 13.2 cm-1. A 

clear dependence of CN line shape on solvent dynamics was observed [207]. The line width of the 

signal depends on the structural heterogeneity of the probe’s environment and fluctuations in the 

time scale of that environment. For the solvent-exposed group, it depends only on solvent dipolar 

fluctuations [230]. The line width of the groups that are not solvent-exposed is evidence of the 

local distribution of the probe environment [231]. It has been shown that local helical secondary 

structure leads to a broadening of SCN signal due to faster water motions around the structure 

[232]. The Stark effect was found to influence signal’s line width. The full width at half maximum 

(fwhm) is the parameter that can characterize changes in line width of the shape. The vibrational 

lifetime of the SCN group is quite long [233]. It must be admitted that the signal strength of these 

bands is weak. 

Nitrile probes found a wide application not only applied to IR spectroscopy or 2D IR but also as 

probes of electric field used in vibrational Stark effect spectroscopy (VSE) [230]. VSE refers to 

the position of the peak in the IR spectrum caused by an external electric field.  

In biologically relevant environments the signal of SC≡N appears in the IR spectrum at around 

2153-2164 cm-1 [7]. Relatively few functional groups naturally present in proteins or DNA can 

absorb in this region of the IR spectrum [231].  

Environment Frequency, 
cm-1 

Methanol 2066 

Ethanol 2061 

DMSO 2057 

THF 2044 

MOPS buffer, pH 7.0 2064 
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Nitrile probes have found application in studies of ligand binding. They showed sensitivity to the 

nature of bound ligands and changes in the local electric field [232]. Nitrile-derivatized amino 

acids can be used to provide detailed information about peptide-membrane interaction, hydration 

state and orientation of individual side chains [233]. Nitrile groups found an application in various 

kinds of studies applied to biological molecules [234–236], as, for example, they were used to 

probe the structure of amyloid fibers [237], to examine the binding of anesthetic halothane to a 

protein [238] or probe the dynamics of an HIV-1 reverse transcriptase inhibitor [239]. They can be 

used to study DNA structural changes and site-specificity. It was demonstrated by labelling model 

DNA oligomers that the coupling between two nitrile groups is strong [240].   

Nitriles must be either incorporated into proteins synthetically or through novel expression 

approaches. One of the approaches is by using a post-translational chemical modification of 

cysteines that can be placed into protein by site-directed mutagenesis [241]. It was reported that 

cysteine residues can be cyanylated directly and selectively under very mild conditions [242, 243]. 

The conversion of cysteines to thiocyanates occurs in reaction with Ellman’s reagent (DTNB) 

where the mixed protein nitrobenzoic acid disulfide (PS-TNB) is being formed. It is displaced by 

cyanide (CN-) to form thiocyanate [241]. The electronic absorbance of (TNB) anion byproduct is 

monitored at 412 nm and its molar extinction coefficient is 13’600 M-1cm-1 [244].  

The versatility and scope of this method were checked using different systems. Cyanylated cysteine 

derivatives were obtained, for example, in the S-peptide bound to ribonuclease S-protein 

(RNase S), the human aldose reductase (hALR2), which has multiple cysteine residues and a multi-

subunit, integral membrane protein, and the bacterial photosynthetic reaction center (RC) [241]. It 

was observed that some obtained PS-CN samples were stable while stored at 4°C for 4 days at 

pH 7 [245].  

The S-peptide was synthesized, modified with a nitrile label and attached to S-protein to form 

labeled RNase S complex. This process was visualized by recording a shift of the SCN band from 

2161 cm-1 (for a labelled peptide) to 2155 cm-1 for the obtained complex. For human aldose 

reductase (hALR2), it was possible to reach the selective nitrile labelling on the active site, which 

appeared at 2159 cm-1 in the FTIR spectrum, producing a narrow peak. Further reaction over a 

longer time with an excess of reagents resulted in the appearance of an additional peak at 

2151 cm-1, the area under the initial peak increased, and the absorbance was higher [241]. The final 

test was conducted with the RC where the native cysteines were removed, a single cysteine was 
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introduced and labelled with two isotopic labels –S13CN and –S12CN, appearing at different 

wavenumbers at 2110 and 2159 cm-1, respectively, with the equal intensity [241]. This is an 

example of selective isotopic labelling of cysteines in a protein.  

In one of the studies, dynamics of CN- ligated cytochrome c (CytCN) was followed in D2O and 

two bands (one main band (82%) at 2122 cm-1 with a 23cm-1 fwhm and the other (18% at 2116 cm-1 

with a 7 cm-1 fwhm) were recorded [246]. Frequency shifts of the SC≡N stretching mode indicated 

changes in water exposure at specific protein sites bound to membranes and other proteins and in 

a dynamically opening enzymatic active site [247, 248].  

The absorbance of nitrile is narrow and intense, and nitrile groups are also chemically stable [212]. 

Thus, nitrile-derivated amino acids have become valuable infrared environmental probes due to 

the sensitivity of vibrations.   

 

2.5 Aim of research 

Complex I from E. coli belongs to one of the functionally well-characterized enzymes that couples 

the transfer of two electrons with the translocation of four protons across the membrane. However, 

the exact coupling of these two processes is still under debate. The membrane arm of complex I 

comprises a central axis of conserved titratable amino acids that are assumed to play an important 

role in proton translocation. One theory proposes the presence of four proton pathways, each 

translocating one proton across the membrane. This process is driven by an electric wave that 

propagates along the membrane arm causing conformational changes that enable proton 

translocation. Another theory, the so called “ND-5 only”, states that all four protons are 

translocated only by the distal subunit NuoL, while the other subunits of the membrane arm e.g. 

NuoM are not participating in this process.  

This research aims to study conformational changes occurring in NuoM that might be involved in 

proton translocation. To indirectly detect these changes, an infrared nitrile should be inserted at 

distinct positions in close proximity of the putative proton pathway. Nitrile labels are attractive IR 

probes as they do not overlap with protein signals. These labels are sensitive towards hydrogen 

bond interactions making it possible to follow reaction-induced conformational changes. Cysteine 

residues were introduced at individual positions in NuoM that were activated and labelled with 

cyanides. IR spectra of the labelled variants should be obtained by surface-enhanced IR absorption 

spectroscopy (SEIRAS). Reduction of complex I with NADH and subsequent re-oxidation of the 
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same sample with ubiquinone should indicate possible conformational changes around mutated 

positions. Conformational changes along the putative proton pathway should help to clarify 

whether NuoM is involved in proton translocation. 

In a second project, the role of two conserved amino acid residues for activity of cytochrome bd-I 

oxidase should be determined. Cytochrome bd-I has a heterotetrameric structure, build up by two 

major subunits, CydA and CydB, and two small subunits, CydX and CydY. Subunit CydA contains 

heme b558, heme b595 and heme d cofactors. The ligands of these heme groups were identified by 

biochemical, spectroscopic, and structural studies. They play a crucial role for the redox potential 

of the hemes and their reactivity towards oxygen. Based on reaction-induced FTIR difference 

spectroscopy, it was shown that these residues have unusually high pKa values. Various mutations 

should be generated to determine the role of two acidic amino acids that are ligands to hemes. The 

generated mutations should be characterized by biochemical methods and an electrochemical 

characterization should be performed. The pKa value of these acidic residues might reveal 

important informations about the reaction mechanism and the physiological role of cytochrome 

bd-I.  
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3 Material and Methods 

3.1 Chemicals 

All chemicals used in this work are listed in Table 3.1.  

Table 3.1: Index of chemicals. 

Chemical Manufacturer 

Acetic acid, 100% VWR 

Acetone (technical) Institute’s stocks 

Acrylamide/Bisacrylamide (29:1; w/w) Serva 

Agar for bacteriology BioFroxx 

Agarose low EEO BioFroxx 

9-Amino-6-chloro-2-methoxyacridine (ACMA) Sigma Aldrich 

Ammonium chloride (NH4Cl) Acros Organics 

Ammonium fluoride (NH4F) Acros Organics 

Ammonium persulfate (APS) Merck 

Ampicillin, sodium salt AppliChem 

L-(+)-Arabinose Roth 

Bovine serum albumin (BSA) Sigma 

Calcium chloride dihydrate (CaCl2 ∙ 2 H2O) Fluka 

Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) Sigma Aldrich 

Nα,Nα-bis(carboxymethyl)-L-lysine (ANTA) Merck 

Casein (hydrolyzed) Roth 

Chloramphenicol Roth 

Chloroform J.T. Baker 

Coomassie Brilliant Blue R250 (CBB R-250) Serva  

Copper sulfate pentahydrate (CuSO4 ∙ 5 H2O) Grüssing 

L-Cysteine Applichem 

Dimethyl sulfoxide (DMSO) Carlo Erba Reagents 

Deoxynucleoside triphosphate mix (dNTPs) ThermoScientific 

5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) Sigma 

3,3-dithiodipropionic acid di-(N-hydroxysuccinimide ester) (DTSP) Sigma 
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Table 3.1; continued.  

DNase I AppliChem 

n-Dodecyl-β-D-maltopyranoside (DDM) AppliChem 

Dithiothreitol (DTT) Gerbu 

E. coli polar lipids (powder or chloroform extract, 25 mg/mL) Avanti Polar Lipids 

Ethanol, abs. (EtOH) VWR 

Ferric ammonium citrate (Fe-NH4-citrate, 14.5-16% (w/w) Fe) Sigma-Aldrich 

GeneRuler 1 kB Plus DNA Ladder Thermo Scientific 

Glucose monohydrate Roth 

Glycerol, 98%, p.a. Roth 

Hexanoic acid (C6) Sigma-Aldrich 

Hydrochloric acid (36%; v/v) VWR 

Hydrofluoric acid (HF) Sigma-Aldrich 

4-(2-Hydroxyethyl)-1-piperizineethanesulfonic acid (HEPES) Gerbu 

Imidazole AppliChem 

Isopropanol VWR 

Isopropyl-β-D-thiogalactopyranoside (IPTG) Roth 

Kanamycin sulfate Roth 

Lauryl-maltose-neopentyl-glycol (LMNG) 

(2,2-didecylpropane-1,3-bis-ß-D-maltoside) 

Anatrace 

Loading Dye 6× Thermo Scientific 

Magnesium dichloride hexahydrate (MgCl2 ∙ 6 H2O) Sigma-Aldrich 

Magnesium sulfate heptahydrate (MgSO4 ∙ 7 H2O) VWR 

2-Mercaptoethanol (EtSH) Roth 

Methanol (MeOH) Carlo Erba Reagents 

MilliQ (deionized (dd) H2O) Institute’s stock 

2-N-(Morpholino)ethanesulfonic acid (MES) BioFroxx 

3-N-(Morpholino)propanesulfonic acid (MOPS) BioFroxx 

Nickel(Ⅱ) perchlorate hexahydrate (Ni(ClO4)2 · 6 H2O) Sigma Aldrich 

Nicotinamide adenine dinucleotide, di-sodium salt (NADH) Roth 

n-Octylglucoside (Octyl-ß-D-Glucopyranoside) Sigma-Aldrich 
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Table 3.1; continued.  

Peptone from Casein (pancreatic digest) Roth 

Phenylmethanesulfonic fluoride (PMSF) Roth 

L-α-Phosphatidylcholine Sigma 

Potassium carbonate (K2CO3) VWR 

Potassium chloride (KCl) Merck 

Potassium cyanide (KCN) Merck/Sigma 

Potassium dihydrogenphosphate (KH2PO4 ∙ 2H2O) Fisher Chemicals 

Potassium hexacyanoferrate(III)  (K3[Fe(CN)6]) AppliChem 

Potassium hydroxide (KOH) Sigma-Aldrich 

Potassium iodide (KI) Merck 

Riboflavin (Vitamin B2) BioFroxx 

RNase A AppliChem 

D-(+)-Saccharose Roth 

Sephadex G-50 Sigma-Aldrich 

Serdolit MB Roth 

Sodium chloride (NaCl) VWR 

Sodium cholate  Sigma-Aldrich 

Sodium dithionite (Na2S2O4) Merck 

Sodium dodecyl sulfate (SDS) Serva 

di-Sodium hydrogenphosphate dihydrate (Na2HPO4 ∙ 2 H2O) Roth 

Sodium hydroxide (NaOH) Serva 

Sodium potassium tartrate tetrahydrate (Seignette salt) Grüssig 

Sodium sulfate (Na2SO4) Roth 

Sodium sulfite (Na2SO3) Sigma-Aldrich 

Sodium tetrachloroaurate(III) (NaAuCl4 ∙ 2 H2O) Merck 

Sodium thiosulfate-5-hydrate Riedel-de Haën 

SYBR Green Sigma 

Tetramethylethyldiamine (TEMED) Sigma 

Trichloroacetic acid (TCA) Riedel de Haën 

Tris(hydroxymethyl)-aminomethane (Tris) Roth 
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Table 3.1; continued.  

N-Tris-(hydroxymethyl)-methyl-glycine (Tricine) Roth 

L-Tryptophan Merck 

Unstained Protein Molecular Weight Marker Thermo Scientific 

Ubiquinone 0 (Q0) Sigma-Aldrich 

Ubiquinone 2 (Q2) Sigma-Aldrich 

Ubiquinone 10 (Q10) Sigma-Aldrich 

Yeast extract AppliChem 

 

3.2 Oligonucleotides 

DNA oligonucleotides that were used in this work are listed in Tables 3.2-3.5. All oligonucleotides 

were ordered from Merck, formerly Sigma-Aldrich.  

Table 3.2: DNA-oligonucleotide sequence for the site-directed mutagenesis of nuoM. Newly generated codons are 
depicted in bold and exchanged bases are shown in red. To prove the newly generated mutation by restriction analysis, 
silent mutations were introduced. The restriction sites are underlined and exchanged bases are shown in red. The 
corresponding restriction enzymes are listed, but not the complementary reverse oligonucleotides. The 
oligonucleotides were HPLC purified.  

Oligonucleotide Sequence Restriction 
enzyme 

nuoM_D258C_fwd 5’-CGACCGCCGGTTCCGTTTGCCTCGCGGGAATTC
TGCTGAAAACTGCCGC-3’ 

EcoRI 

nuoM_E108C_fwd 5’-GTACTATGTTCGTGGAAATGCATCGAAAAATAT
CAGGGC-3’ 

NsiI 

nuoM_H117C_fwd 5’-GAAAAATATCAGGGCTTCTTCTGTTTAAACCTG
ATGTGGATCCTG-3’ 

DraI 

nuoM_H159C_fwd 5‘-CTGATCGCACTGTGGGGGTGTAAAGCTTCTGAC
GGTAAAACGCG-3’ 

HindIII 

nuoM_K234C_fwd 5‘-CTTCTTCATCGCCTTCGCAGTCTGTATGCCGGT
GGTACCGCTGCATGG-3’ 

KpnI 

nuoM_S105C_ fwd 5‘-CGGTGTGCTAGCGGTACTATGTTGCTGGAAAGA
GATCGAAAAATATC-3’ 

NheI 

nuoM_S414C_ fwd 5‘-GAATTTATGATTCTGTTCGGCTGCTTCCAGGTG
GTACCGGTGATTACCGTTATC-3’ 

KpnI 

nuoM_S425C_fwd 5‘-GTACCGGTGATTACCGTCATATGTACCTTTGGG
CTGGTCTTTGC-3’ 

NdeI 

nuoM_T178C_fwd 5‘-GCAACCAAGTTCTTCATTTACTGCCAAGCTTCT
GGCCTGGTGATGTTGATTG-3’ 

HindIII 

nuoM_T332C_fwd 5‘-GTTTCCCACATGGGCTTCGTATTAATTGCTATCT
ACTGCGGCAGCCAGTTGGCCTAC-3’ 

VspI 
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Table 3.2; continued. 
nuoM_T422C_fwd 5‘-CTTCCAGGTTGTACCGGTCATATGCGTTATCTC

TACCTTTGGGCTG-3’ 
NdeI 

 

Table 3.3: DNA-oligonucleotide sequence for the site-directed mutagenesis of other nuo-genes. Newly generated 
codons are depicted in bold and exchanged bases are shown in red. The restriction sites are underlined and exchanged 
bases are shown in red. The corresponding restriction enzymes are listed; oligonucleotides were HPLC purified.  

Oligonucleotide Sequence Restriction 
enzyme 

nuoCD_H355A_fwd 5’-GTGGAAGCAATCACTGGTTTTCGAATGGCG
CCGGCGTGGTTCCGTATTGG-3’ 

- 

nuoCD_H355M_fwd 5’- GAAGCAATCACTGGTTTCCGTATGATGCCG
GCGTGGTTCCGTATTGG -3’ 

- 

nuoI_C74A_fwd 5’- CGCGGTAGCCTGCCCGGTCGGCGCCATCTC
GCTGCAAAAAGCAGAAAC -3’ 

EheI 

nuoI_C74S_fwd 5‘-GTAGCCTGCCCGGTCGGCTCTATAAGCTTG
CAAAAAGCAGAAACCAAAGACGG-3’ 

HindIII 

nuoG_A582C_fwd 5‘-CGCTTCTGCTATCCGCGTGAATTGCGCGCT
AGCTAAAGCACCGCTGGTGATGG-3’ 

NheI 

 

Table 3.4: DNA-oligonucleotide sequence for the site-directed mutagenesis on the plasmid of cydA. Newly 
generated codons are depicted in bold and exchanged bases are shown in red. The restriction sites are underlined and 
exchanged bases are shown in red. The oligonucleotides were HPLC purified. 

Oligonucleotide Sequence Restriction 
enzyme 

cydA_E99D_fwd 5’-CTTCGGTGCGCCGCTGGCGATCGACGGTCTGAT
GGCCTTCTTC-3’ 

PvuI 

cydA_E99Q_fwd 5’-CTTCGGTGCGCCGCTGGCAATCCAAGGATTAAT
GGCCTTCTTCCTCGAATC-3’ 

VspI 

cydA_E107D_fwd 5’-GGTCTGATGGCCTTCTTTCTAGACTCCACCTTTG
TAGGTCTGTTC-3’ 

XbaI 

cydA_E107Q_fwd 5‘-GGTCTGATGGCCTTCTTCCTCCAGTCGACCTTTG
TAGGTCTGTTC-3’ 

SalI 

cydA_E445D_fwd 5‘-GAAGCGGGCTGGTTCGTGGCTGATTATGGGCGC
CAACCGTGGGCTATC-3’ 

EheI 

cydA_E445Q_fwd 5‘-GAAGCGGGCTGGTTCGTGGCTCAATATGGGCGC
CAACCGTGGGCTATC-3’ 

EheI 

cydA_R448N_fwd 5‘-CTGGTTCGTGGCTGAATATGGCAACCAACCATG
GGCTATCGGTGAAGTG-3’ 

NcoI 

 

Table 3.5: DNA-oligonucleotide sequence to sequence the pBADnuo plasmid. Oligonucleotides were purified by 
desalting. 

Oligonucleotide Mutations Sequence 
Seq-pBAD-25 nuoM_E108, S105 5‘-GAGAACGGCTATCTGCGCTG-3’ 
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Table 3.5; continued. 
Seq-pBAD-25a nuoM_H159, H117, T178, 

D258, K234 
5‘-GCTGGATCGCGCTGATCAC-3’ 

Seq-pBAD-26 nuoM_S414, T332, T422, 
S425 

5‘-CGATGTACTTCCTGATCGCAC-3’ 

Seq-pBAD-10 nuoCD_H355A, H355M 5‘-TCTATCGATCGTAACCGCGAC-3’ 
Seq-pBAD-16a nuoG_A582 5‘-CAGGCTGTGAAAGGTAAAGC-3’ 
Seq-pBAD-19a nuoI_C74A, C74S 5‘-GTTGCCGACCTGAACATCGG-3’ 

 

3.3 Plasmids 

Plasmids used in this work, their characteristics and references are listed in tables 3.6 and 3.7.  

Table 3.6: pBAD plasmids, characteristics, and references. 

Plasmids Genotype Reference 
pBADnuo HisnuoF camR, orip15a, araC, ParaBAD, nuoA-N, his6-nuoF [249] 
pBADnuo HisnuoF nuoCD 

H355A  
pBADnuo nuoFHis, nuoCD H355A This work 

pBADnuo HisnuoF nuoCD 

H355M 
pBADnuo nuoFHis, nuoCD H355M 
 

This work  

pBADnuo HisnuoF nuoG 

A582C 
pBADnuo nuoFHis, nuoG A582C 
 

This work  

pBADnuo HisnuoF nuoI 

C74A 
pBADnuo nuoFHis, nuoI C74A 
 

This work 

pBADnuo HisnuoF nuoI 

C74S 
pBADnuo nuoFHis, nuoI C74S 
 

This work 

pBADnuo HisnuoF nuoM 

E108C 
pBADnuo nuoFHis, nuoM E108C 
 

This work 

pBADnuo HisnuoF nuoM 

H117C 
pBADnuo nuoFHis, nuoM H117C 
 

This work 

pBADnuo HisnuoF nuoM 

H159C 
pBADnuo nuoFHis, nuoM H159C 
 

This work 

pBADnuo HisnuoF nuoM 

K234C 
pBADnuo nuoFHis, nuoM K234C 
 

This work 

pBADnuo HisnuoF nuoM 

S105C 
pBADnuo nuoFHis, nuoM S105C 
 

This work 

pBADnuo HisnuoF nuoM 

S414C 
pBADnuo nuoFHis, nuoM S414C 
 

This work 

pBADnuo HisnuoF nuoM 

S425C 
pBADnuo nuoFHis, nuoM S425C 
 

This work 

pBADnuo HisnuoF nuoM 

T178C 
pBADnuo nuoFHis, nuoM T178C 
 

This work 

pBADnuo HisnuoF nuoM 

T332C 
pBADnuo nuoFHis, nuoM T332C 
 

This work 
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Table 3.6; continued. 

pBADnuo HisnuoF nuoM 

T422C 
pBADnuo nuoFHis, nuoM T422C 
 

This work 

 

Table 3.7: pET plasmids, characteristics, and references. 

Plasmids Genotype Reference 
pET28b(+) Ec_cydAhBX PT7 oripBR322 Kanr Ec_cydAhis 

Ec_cydB Ec_cydX 
[153] 

pET28b(+) Ec_cydAhBX cydA E99D pETcydABX This work 
pET28b(+) Ec_cydAhBX cydA E99Q pETcydABX This work 
pET28b(+) Ec_cydAhBX cydA E107D pETcydABX  This work  

pET28b(+) Ec_cydAhBX cydA E107Q pETcydABX  This work  
pET28b(+) Ec_cydAhBX cydA E445D pETcydABX  This work 
pET28b(+) Ec_cydAhBX cydA E445Q pETcydABX  This work 
pET28b(+) Ec_cydAhBX cydA R448N pETcydABX  This work 

 

3.4 Bacterial strains 

E. coli strains, their characteristics and references are listed in Table 3.8. 

Table 3.8: E. coli strains, genotypes, and references. 

Strain Genotype Reference 
BW25113 Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) λ- rph-1 

Δ(rhaD-rhaB)568 hsdR514 
[249] 

BW Δndh nuo::nptII_FRT  
(abbreviated as BWΔΔ in 
this work) 

BW25113, Δndh, nuo::nptII_FRT [250] 

DH5α F- Φ80lacZΔM15 Δ(lacZY A-argF) U169 
recA1 endA1 hsdR17 (rk- mk+) gal- phoA 
supE44 λ- thi-1 gyrA96 relA1 

Invitrogen 

DH5α Δnuo DH5α, Δnuo [90] 
CBO F- ompT hsdSB (rB-mB-) gal dcm λ(DE3)Δ(cyd-

app) + unknown mutations 
[153] 

BL21*(DE3) ΔcyoA-D F- ompT hsdSB (rB-mB-) gal dcm rne131 (DE3) 
ΔcyoA-D 

S. Oppermann, 
unpubl. data 
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3.5 Enzymes, media, solutions, buffers and columns 

Enzymes, media, solutions and buffers used in this work are listed in tables 3.9-3.17. 
Table 3.9: Restriction enzymes, their working temperatures, concentrations and manufacturer. The enzymes 
were all used in concentration of 10 U/µL at 37°C optimal temperature. They were all from Thermo Fischer Scientific. 

Enzyme Buffer Manufacturer 
DpnI  Tango Thermo Fischer Scientific 
DraI Tango Thermo Fischer Scientific 
EcoRI EcoRI  Thermo Fischer Scientific 
EheI Tango Thermo Fischer Scientific 
HindIII R Thermo Fischer Scientific 
KpnI KpnI Thermo Fischer Scientific 
NcoI Tango Thermo Fischer Scientific 
NdeI O Thermo Fischer Scientific 
NheI Tango Thermo Fischer Scientific 
NsiI R Thermo Fischer Scientific 
PvuI R Thermo Fischer Scientific 
SalI O Thermo Fischer Scientific 
VspI O Thermo Fischer Scientific 
XbaI Tango Thermo Fischer Scientific 

 

Table 3.10: Media for bacterial cultivation and their components. 

Medium Components Concentration 
LB medium Yeast extract 

Peptone 
NaCl 

0.5% (w/v) 

1% (w/v) 

1% (w/v) 

LB agar plates LB medium with agar 2% (w/v) 
eM9 medium Na2HPO4 

KH2PO4 
NaCl 
NH4Cl 

0.6% (w/v) 

0.3% (w/v) 
0.05% (w/v) 
0.1% (w/v) 

eM9 medium additives CaCl2 
MgSO4 
Caseine 
Tryptophane 
Glycerol  
Thiamine hydrocloride 

0.1 mM 
1 mM 
0.1% (w/v) 
5‰ (w/v) 
25 mM 
100 µg/mL 

SOC medium  Yeast extract 
Peptone 
NaCl 
KCl 
MgSO4 
MgCl2 
Glucose 
 

0.5% (w/v) 
2% (w/v) 
10 mM 
2.5 mM 
10 mM 
10 mM 
20 mM 
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Table 3.10; continued. 
Autoinduction medium Yeast extract 

Peptone 
Glycerol  
Glucose 
L-Arabinose 
KH2PO4 
Na2HPO4 
NH4Cl 

0.5% (w/v) 

1% (w/v) 

0.4% (w/v) 

0.05% (w/v) 
0.2% (w/v) 
25 mM 
25 mM 
50 mM 

 Na2SO4 
MgSO4 
Fe(NH4) citrate 
L-Cysteine 
Riboflavine 

5 mM 
2 mM 
30 mg/mL 
0.5 mM 
50 mg/mL 

 

Table 3.11. Antibiotics stock solutions and their final concentration in media. 

Antibiotics Stock solution Final concentration  
Kanamycin 50 mg/mL, in H2O 50 µg/mL 
Chloramphenicol 34 mg/mL, in EtOH 34 µg/mL in liquid medium 

20 µg/mL in solid medium 
 

Table 3.12: Buffers for agarose gel electrophoresis und their compositions. During this work, the TBE buffer 
was switched to a TAE buffer due to potentially health-endangering ingredients. 

Buffer Components Concentration  
TBE-buffer Tris/borate 89 mM, pH 8.3 

EDTA 1 mM 
TAE-buffer Tris 40 mM 

EDTA 1 mM 
Acetic acid 20 mM 

 

Table 3.13: Buffers, solutions and gel compositions for SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
according to Schägger and Jagow [251]. 

 Components Concentration 
Schägger sample buffer (4x) Tris/HCl 150 mM, pH 7.0 
 SDS 12% (w/v) 
 Glycerol  30% (w/v) 
 Coomassie Brilliant Blue R250 0.05% (w/v) 
 2-Mercaptoethanol 6% (v/v) 
Schägger gel buffer Tris/HCl  3 M, pH 8.45 
 SDS  0.3% (w/v) 
Schägger separating gel Acrylamide/bisacrylamide (29:1, w/v) 34% (v/v) 
 Schägger gel buffer 34% (v/v) 
 Glycerol  11% (v/v) 
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Table 3.13; continued. 
Schägger separating gel TEMED 0.1% (v/v) 
 APS 0.1% (w/v) 
Schägger stacking gel Acrylamide/bisacrylamide (29:1, w/v) 13% (v/v) 
 Schägger gel buffer 23% (v/v) 
 TEMED 0.2% (v/v) 
 APS 0.1% (w/v) 
Cathode buffer Tris 100 mM 
 Tricine 100 mM 
 SDS 0.1% (w/v) 
Anode buffer Tris/HCl 200 mM, pH 8.9 
Staining solution  EtOH 40% (v/v) 
 Acetic acid 10% (v/v) 
 Coomassie Brilliant Blue R250 0.02% (w/v 
Destaining solution EtOH 20% (v/v) 
 Acetic acid 10% (v/v) 

 

Table 3.14: Buffers for membrane preparation and complex I purification. 

Buffer Composition Concentration  
AKI-buffer MES/NaOH 50 mM, pH 6.0 
 NaCl 50 mM 
AKI*-buffer MES/NaOH 50 mM, pH 6.0 
 NaCl 50 mM 
 MgCl2 5 mM 
A*pH 6.8 -buffer MES/NaOH 50 mM, pH 6.8 
 NaCl 50 mM 
 MgCl2 5 mM 
 Glycerol  10% (v/v) 
Binding buffer (KI) MES/NaOH 50 mM, pH 6.8 
 NaCl 50 mM 
 MgCl2 5 mM 
 Imidazole 20 mM 
 Glycerol 10% (v/v) 
 LMNG 0.005% (w/v) 

Elution buffer (KI) MES/NaOH 50 mM, pH 6.8 
 NaCl 50 mM 
 MgCl2 5 mM 
 Imidazole 500 mM 
 Glycerol 10% (v/v) 
 LMNG 0.005% (w/v) 
A*LMNG-buffer MES/NaOH 50 mM, pH 6.0 
 NaCl 50 mM 
 MgCl2 5 mM 
 Glycerol  10% (v/v) 
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Table 3.14; continued. 
A*LMNG-buffer LMNG 0.005% (w/v) 

 

Table 3.15: Buffers for membrane preparation and bd-I oxidase purification. 

Buffer Components Concentration  
Abd-buffer MOPS/NaOH 20 mM, pH 7.0 
 NaCl 20 mM 
B-buffer MOPS/NaOH 20 mM, pH 7.0 
 NaCl 350 mM 
Binding buffer (bd) MOPS/NaOH 50 mM, pH 7.0 
 NaCl 500 mM 
 Imidazole 20 mM 
 LMNG 0.003% (w/v) 

Elution buffer (bd) MOPS/NaOH 50 mM, pH 7.0 
 NaCl 500 mM 
 Imidazole 500 mM 
 LMNG 0.003% (w/v) 
A*LMNG-buffer (bd) MOPS/NaOH 20 mM, pH 7.0 
 NaCl 20 mM 
 LMNG 0.003% (w/v) 

 

Table 3.16: Chromatography columns for protein purification.  

Type of chromatography Column material Column volume, 
[mL] 

Manufacturer 

Affinity chromatography Probond (Ni2+-IDA) 35 Life Technologies 
 HisTrap FF (Ni2+ 

Sepharose 6 Fast 
Flow) 

20 GE Healthcare 

Size exclusion 
chromatography 

Superose 6 297  GE Healthcare 

 HiPrep 16/60 
(Sephacryl S-300 
High Resolution) 

120 GE Healthcare 

Desalting chromatography HiTrap Desalting 
(Sephadex G-25) 

55  Life Technologies 

Anion-exchange 
chromatography 

ResourceQ 
(SOURCE 15Q) 

6  GE Healthcare 

 

Table 3.17: Buffers and solutions for protein analytical methods.  

Buffer Components Concentration  
Liposome-buffer MES/NaOH 5 mM, pH 7.0 
 NaCl 50 mM 
ACMA-buffer KH2PO4/KOH 5 mM, pH 7.5 
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Table 3.17; continued. 
ACMA-buffer KCl 50 mM 
 MgCl2 5 mM 
Reconstitution buffer HEPES  20 mM, pH 7.5 
 KCl  200 mM 
 Saccharose  73 mM 
 MgSO4  5 mM 
 L-α-Phosphatidylcholine  0.05% (w/v) 
 n-Octylglucosid  1.1% (w/v) 
Biuret-reagent Na/K tartrate  0.5% (w/v) 
 CuSO4  0.3% (w/v) 
 KI  0.5% (w/v) 
 NaOH  0.2 mM 

 

Table 3.18: Solutions for gold layer creation.  

Solution Components Concentration 
A NaAuCl4∙2H2O 15 mM 
B Na2SO3 150 mM 
 Na2S2O3 50 mM 
 NH4Cl 50 mM 
 HF 2% (w/v) 
C NH4F 40% (w/v) 

 

Table 3.19: Solutions for gold layer modification.  

Solution Components Concentration Solvent 
DTSP  3,3' – Dithiodipropionic acid 

di(N-hydroxysuccinimide ester) 
10 mM DMSO 

Lysine Nα, Nα-Bis (carboxymethyl)-L-
lysine hydrate 

10 mM, pH 9.8 H2O 

K2CO3 500 mM 
Nickel Nickel(Ⅱ) perchlorate hexa-

hydrate 
50 mM H2O 

 

3.6 Molecular biology methods 

3.6.1 Preparation of plasmid DNA 

For the isolation of plasmid DNA, the Wizard Plus SV Minipreps DNA Purification System 

(Promega) was used and the purification procedure was performed following the manufacturer’s 

protocol. The spin columns were incubated with 30-50 µL MilliQ before DNA was eluted (55°C, 

2 min, 750 rpm, Thermomixer compact, Eppendorf). Isolated DNA was stored at -20°C. 
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3.6.2 Purification of DNA 

DNA fragments from agarose gels or PCR products were purified using Wizard SV Gel and PCR 

Clean up System (Promega) according to the manufacturer’s instructions. Spin columns were 

incubated with 30 µL MilliQ before DNA was eluted (55°C, 2 min, 750 rpm, Thermomixer 

compact, Eppendorf). 

 

3.6.3 Determination of DNA concentration 

DNA concentration was determined in 1:10 (v/v) dilutions using the Qubit Fluorometer High 

Sensitivity Assay Kit (Invitrogen) according to the manufacturer’s instructions. 

 

3.6.4 Restriction analysis 

150-250 ng of the isolated plasmid DNA was incubated at 37°C for 1.5 h (Thermomixer compact, 

Eppendorf) with 2-5 U of the appropriate restriction enzyme in the corresponding buffer (1×) in a 

total volume of 20 µL (MilliQ was added to reach the final volume). The fragments were analyzed 

by agarose gel electrophoresis. To digest the methylated template DNA after a PCR, the PCR 

mixture was covered with 1× Tango buffer and DpnI (excess, 1 µL) was added. The restriction 

mixture was incubated at 37°C for 1.5 h and the DNA was purified using agarose gel extraction or 

electrophoresis. 

 

3.6.5 Agarose gel electrophoresis  

DNA fragments obtained by PCR or restriction analysis were analyzed using agarose gel (0.8% 

(w/v) in TAE-buffer) electrophoresis. The samples were mixed with 1× Loading Dye (Thermo 

Fisher Scientific) and 0.5 µL SYBR Green (SYBR Green 1:1000 (v/v) in DMSO). The Gene Ruler 

1 kB Plus DNA Ladder (Thermo Fisher Scientific) was used as a reference. The fragments were 

separated with 10 V/cm (EPS 601, Amersham Pharmacia Biotech) and visualized on a LED 

Illuminator (470 nm, UltraSlim LED Illuminator, Maestrogen). The results were documented using 

Bio-1000F, Microtek, Serva. When agarose gel electrophoresis was used for preparative purposes, 

the DNA was isolated after separation by gel extraction. For this purpose, the fluorescence of the 

DNA/SYBR Green complex was excited at 470 nm on an LED screen (Maestrogen), the desired 

band was cut out of the agarose gel and the DNA was purified with the Wizard SV Gel and PCR 

Clean-Up Kit (Promega) (see 3.6.2). 
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3.6.6 Sequencing of DNA  

Purified DNA (20 µL, ≥ 20 ng/µL) and corresponding oligonucleotides (20 µL, 10 µM) were sent 

to Eurofins Genomic (Konstanz, Germany) or Genewiz (Leipzig, Germany) for DNA sequencing. 

 

3.6.7 Polymerase Chain Reaction  

The polymerase chain reaction (PCR) was performed in 0.2 mL PCR tubes (Biozym) in the volume 

of 10, 25 or 50 µL. MilliQ H2O was added to reach the desired volume. The mixture was cooled 

on ice before the DNA polymerase was added. Temperature gradients were run in a thermocycler 

(LifeTouch, Biozym). For site-directed mutagenesis, the Quick-Change protocol from Agilent 

Technologies was used. For this, the PCR mixture was prepared in a 50 µL volume. 70-100 ng 

template DNA, 0.2 µM DNA-oligonucleotides, 20 µM dNTPs-mix, 1 x KOD Hot start buffer, 

2.25 mM MgSO4, 0.02 U/µL KOD Hot start DNA-polymerase were mixed together. The optimal 

annealing temperature for the oligonucleotides was determined via screening PCR.  

For screening PCR, different gradient temperatures were applied to find out optimal conditions. 

For this purpose, 10 µL of a PCR mixture with or without DMSO was applied to a temperature 

program with annealing temperatures between 50 to 72°C at the annealing step (Tab. 3.20). To 

estimate the successful amplification, 5 µL of the whole reaction was analyzed or purified by 

agarose gel electrophoresis. For this, 2 µL 1× Loading dye (Thermo Fischer Scientific) and 0.5 µL 

SYBR-Green was added. The rest of the PCR mixture was then treated with 1 U DpnI in 1× Tango 

buffer at 37°C for 1.5 h to digest the template DNA. The mixture was purified with Wizard SV Gel 

and PCR Clean-Up Kit (Promega). The concentration of the purified DNA was determined 

(see 3.6.2) and the sample was stored at -20°C until further use. 

Table 3.20: Temperature programs used in PCR for site-directed mutagenesis via the Quick change protocol. 

 Temperature [°C] Time Cycles 

Initial denaturation 95 2 min 1 

Denaturation 95 20 s  

Annealing 50-72 10 s 25 

Elongation 

Storage 

70 

4 

20 s/kb 

- 
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3.6.8 Transformation by electroporation  

For transformation by electroporation, 50 µL of electro-competent cells that were freshly prepared 

or thawed on ice were mixed with 10-30 ng DNA. The suspension was transferred into an 

electroporation cuvette (d=0.1 cm, Biozyme) that was cooled on the ice beforehand and a voltage 

pulse of 1700 V (Electroporator 2510, Eppendorf) was applied for transformation. The mixture 

was immediately resuspended in 1 mL SOC-medium, transferred to a sterile 2 mL Eppendorf tube 

and incubated for 1-2 h (37°C, 750 rpm, Eppendorf Thermomixer compact). 50-100 µL or the 

whole cell suspension was plated on agar plates with the corresponding antibiotics. The plate was 

incubated for 16-18 h at 37°C.  

 

3.7. Microbiological methods 

3.7.1 Bacterial cultivation  

Precultures were made in a 4 mL or 400 mL scale. LB medium, autoinduction medium or eM9 

minimal medium, containing the appropriate antibiotics and additives, were inoculated with a 

preculture, a culture stored in glycerol (1:1000, v/v) or a single colony picked from an agar plate. 

The preculture was grown aerobically while shaking (Innova 44, Incubator Shaker Series, New 

Brunswick Scientific) for 16-18 h at 37°C. 

 

3.7.2 Determination of optical density 

Bacterial growth was followed by measuring the optical density at 600 nm (Greiner, Ultrospec 

1100 pro, Amersham; OD600). 1 ml of cell culture was transferred into a cuvette with a light path 

of 1 cm (d= 1 cm, 1.5 mL halfmicro, Brand; Ultrospec 1000, Pharmacia Biotech). The appropriate 

medium was used as a reference. To measure OD600 values above 0.5, the samples were diluted 

1:10 with the medium. 

 

3.7.3 Bacterial cell growth 

For the preparation of complex I, autoinduction medium (12×800 mL) was prepared the day before 

the cell growth and sterilized in the autoclave. Chloramphenicol (1:2000 (w/v)) was added and the 

medium was inoculated with a preculture (60 mL added to each flask, 1:14 (v/v)). Cultures were 

grown aerobically while shaking (Innova 44, Incubator Shaker Series, New Brunswick Scientific) 

at 37°C at 180 rpm. Bacterial growth was followed by measuring the OD600 every 60 min. At an 
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optical density of 3.5-3.8, cells were harvested by centrifugation (4ºC, 4800 rpm, 15 min, Rotor 

JLA 81000, Avanti J-26 XP, Beckman Coulter). The sediment was frozen in liquid nitrogen and 

stored at -80°C. 

For preparation of bd-I oxidase, LB medium (12×800 mL) was prepared and sterilized. On the day 

of bacterial cultivation, kanamycin (1:2000 (w/v)) was added. 60 mL of preculture (1:13 (v/v)) was 

added to each flask. Cultures were grown aerobically while shaking (Innova 44, Incubator Shaker 

Series, New Brunswick Scientific) at 37°C and 180 rpm. Bacterial growth was followed by 

measuring the OD600 every 60 min. At an optical density of around 2.0 IPTG (0.4 M) was added to 

each flask in a ratio of 1:1000. The cells were incubated for 2 h. Afterwards, the cells were 

harvested by centrifugation (4ºC, 4800 rpm, 15 min, Rotor JLA 81000, Avanti J-26 XP, Beckman 

Coulter). The sediment was frozen in liquid nitrogen and stored at -80°C. 

 

3.7.4 Bacterial glycerol stocks 

To produce bacterial glycerol stocks, 150 µL of glycerol (80%; v/v) were mixed with 250 μL of a 

fresh 4 mL preculture. The mixture was mixed on a vortex and shock frozen immediately in liquid 

nitrogen. The bacterial glycerol stocks were stored at -80°C. 

 

3.7.5 Generation of electro-competent cells 

All steps for electro-competent cells production were carried out sterile and on ice. For the 

production of electro-competent cells, 50 or 100 mL of LB medium were, if necessary, mixed with 

the appropriate antibiotics and inoculated with a preculture in a ratio of 1:100 (v/v). Cells were 

grown at 37°C while shaking (180 rpm, New Brunswick Innova 44, Incubator Shaker Series, 

Eppendorf) and cell growth was followed by measuring OD600. At an OD600 of 0.5-0.7, cells were 

placed on ice for 15 min to slow down growth. Afterwards, centrifugation (4°C, 10 min, 3800×g, 

Rotor A-4-44, Eppendorf centrifuge 5804 R) was performed to sediment the cells. The supernatant 

was discarded and the sediment was resuspended in 50 mL MilliQ. This step was repeated twice 

with 50 mL glycerol (10%, v/v). The sediment was resuspended in 150 or 300 μL glycerol (15%, 

v/v). The cell suspension was aliquoted to 50 μL, shock-frozen in liquid nitrogen and stored 

at -80°C. 



3 Material and Methods  

77 
 

3.8. Protein chemical methods 

3.8.1 Preparation of E. coli cytoplasmic membranes 

All steps were carried out on ice or at 4°C. 30-70 g of frozen cells (wet weight) were mixed with 

4-5 fold (w/v) of A-buffer, 0.1 mM PMSF (0.1 M stock solution in 2-propanol) and a few grains of 

DNAse I. The suspension was homogenized with a teflon-in-glas homogenizer and cells were 

disrupted in three rounds with an HPL-6 (Maximator, 1000-1500 bar). The lysate was centrifuged 

(4°C, 20 min, 9500 × g, Rotor JA25.50, Beckman, Avanti J-26S XP, Beckman) to separate non-

disrupted cells. The sediment was discarded, and the supernatant was centrifuged at a higher speed 

(4°C, 70 min, 257’000 ×g, Rotor 60Ti, Beckman, Optima LE80-K, Beckman). The supernatant 

was retained and the sedimented membranes were homogenized in A*-buffer (pH 6.0 for 

complex I and pH 7.0 for bd-I (1:1, w/v) and 0.1 mM PMSF. For complex I preparations, 

membranes were suspended in A*-pH 6.8-buffer if further chromatographic purification was 

planned. For bd-I oxidase preparations, membranes were suspended in Abd-buffer (pH 7.0). 

Sedimented membranes were homogenized with teflon-in-glas homogenizer. Membranes were 

aliquoted, shock frozen in liquid nitrogen and kept in the freezer at -80°C. 100 µL samples from 

cytoplasmic membranes containing overproduced complex I were frozen separately to determine 

the NADH oxidase activity and determine protein concentration. 

 

3.8.2 Preparation of respiratory complex I from E. coli  

Complex I produced from pBADnuo was prepared according to the following procedure. All 

chromatographic steps were performed at 4°C or on ice. Buffers used for the chromatographic 

system are listed in Table 3.14 and chromatographic columns in Table 3.16. PMSF (30 µM) was 

added to all the buffers right before usage. All buffers used for chromatographic purification were 

degassed for at least 20 min before usage. The chromatography systems NGC Quest 10 Plus 

(BioRad) and ÄKTA Go (Cytiva) were used for the preparations. 

Frozen membranes were kept on ice till they were thawed, A*-pH 6.8- buffer (1:5, (v/v)) was added 

to dilute the membranes. 5% (v/v) LMNG (final concentration 2%) was slowly added while 

stirring. The extract was left stirring slowly for 1 h at room temperature. The suspension was 

diluted with approximately 100 mL A*-pH6.8-buffer, centrifuged (4°C, 15 min, 50’000 rpm, 

257’000 × g, Rotor 60Ti, L8-M Ultrafuge, Beckman) and filtrated (0.45 µm pore size; Filtropur S 

0.45, Sarstedt) to remove remaining particles. The cleared extract was mixed with imidazole to a 
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final concentration of 20 mM and loaded on an affinity chromatography column (35 mL, 

Ni2+-IDA), equilibrated in binding buffer at pH 6.8, with a flow rate of 2 mL/min. The column was 

run at a rate of 3 mL/min. Weakly bound proteins were eluted at an imidazole concentration of 

116 mM (20% elution buffer). Bound proteins were eluted with 60% elution buffer corresponding 

to an imidazole concentration of 308 mM. The eluate was collected in 4 mL fractions and the 

NADH/ferricyanide oxidoreductase activity of every fraction was determined. Fractions with the 

highest activity were pooled and concentrated (4°C, 3800 × g, Amicon Ultra-15, MWCO: 100 kDa, 

Millipore; Rotor 4-44, Centrifuge 5804 R, Eppendorf) to a volume of less than 1 mL.  

400-800 µL of the concentrated protein was centrifuged (17’500×g, 10 min, 4°C, Rotor 

F-45-30-11, Centrifuge 5417 R, Eppendorf) to remove aggregated proteins. The supernatant was 

loaded on a size exclusion column (297 mL, Superose 6 10/300 GL), equilibrated in A*MNG –buffer 

(pH 6.0), with a flow rate of 0.3 mL/min and eluted in the same buffer. Fractions were collected at 

a retention volume from 80 to 240 mL. The peak was collected, and the NADH/ferricyanide 

oxidoreductase activity of fractions was determined. Fractions with the highest activity were 

concentrated (4°C, 3800 × g, Amicon Ultra-15, MWCO: 100 kDa, Rotor-4-44, Eppendorf 

Centrifuge 5804R) to a concentration higher than 20 mg/mL. The NADH/ferricyanide 

oxidoreductase activity as well as the protein concentration of the concentrated sample was 

determined. The protein sample was aliquoted, shock frozen in liquid nitrogen and stored at -80°C 

till further usage.  

 

3.8.3 Preparation of E. coli bd-I oxidase  

All steps were carried out at 4°C using the chromatography systems NGC Quest 10 Plus (BioRad) 

and Äkta Go (Cytiva). Buffers and solutions are listed in Table 3.15 and all columns used for 

chromatography are listed in Table 3.16. PMSF (30 µM) was added to all the buffers just before 

usage. All buffers used for chromatographic purification were degassed for at least 20 min before 

usage.  

The membrane suspension was diluted with Abd-buffer (pH 7.0) in a ratio of 1:6 (w/v), PMSF 

(1:200 (w/v)) and 5% (v/v) LMNG (final concentration 1%) were added. The extract was stirred 

for 75 min at 4°C. Protein aggregates were removed by centrifugation (4°C, 50’000 rpm, 

257’000 × g, 15 min, Rotor 60Ti, L8-M Ultrafuge, Beckman). The extracted membrane proteins 

were mixed with elution buffer to a final imidazole concentration of 68 mM. The mixture was 
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loaded onto a HisTrapFF (20 mL, Ni2+ Sepharose 6 Fast Flow) affinity chromatography column 

pre-equilibrated in binding buffer (pH 7.0) at a flow rate of 3 mL/min. The column was washed 

with 68 mM imidazole binding buffer until absorption at 280 nm reached the baseline level. Bound 

proteins were eluted by applying a gradient from 68 to 500 mM imidazole within two column 

volumes. The eluate was collected in 3 mL fractions, and bd-I oxidase containing fractions were 

pooled and concentrated (Amicon Ultra - 15, 100,000 MWCO, Merck) to 2 mL by centrifugation 

at 3800 rpm (4°C, Centrifuge 5804 R, rotor A-4-44, Eppendorf). The concentrated fractions were 

loaded on a HiTrap Desalting chromatography column that was pre-equilibrated in Abd-buffer at a 

flow rate of 3 mL/min. The eluate was collected in 2 mL portions, peak fractions of absorbance 

were pooled and concentrated (Amicon Ultra - 15, 100,000 MWCO, Merck) to 2 mL by 

centrifugation at 3800 rpm (Centrifuge 5804 R, rotor A-4-44, Eppendorf, 4°C). The concentrated 

solution was loaded on a MonoQ 10/100 GL ion exchange chromatography column pre-

equilibrated in Abd-buffer (pH 7.0) at a flow rate of 2 mL/min. The column was washed with A- 

buffer until the absorption at 280 nm reached the baseline level. Bound proteins were eluted by 

applying a gradient from 20 to 350 mM NaCl within 15 column volumes at a flow rate of 2 mL/min 

and the eluate was fractionated in 2 mL portions. Fractions containing bd-I oxidase were pooled 

and concentrated (Amicon Ultra - 15, 100’000 MWCO, Merck) to approximately 0.5 mL by 

centrifugation at 3800 rpm (4°C, centrifuge 5804 R, rotor A4-44, Eppendorf). To remove 

aggregated proteins, the concentrated protein solution was centrifuged (4°C, 10 min, 17’500×g, 

Rotor F-45-30-11, centrifuge 5417 R, Eppendorf) and applied to size-exclusion chromatography 

and Superose 6 Increase 10/300 GL (120 mL) size exclusion chromatography column. The column 

was pre-equilibrated in A*MNG-buffer and the protein were eluted at a flow rate of 0.3 mL/min. 

The eluate was collected in 0.5 mL portions, peak fractions were pooled and concentrated (Amicon 

Ultra - 15, 100’000 MWCO, Merck) by centrifugation at 3800 rpm (4°C, Centrifuge 5804 R, rotor 

A-4-44, Eppendorf,). Protein concentration was determined and a redox-difference spectrum was 

recorded. The preparation was aliquoted, frozen in liquid nitrogen and stored at -80°C. 

 

3.8.4 Reconstitution of complex I into liposomes 

Purified complex I was reconstituted into preformed E. coli liposomes to produce proteoliposomes 

for proton pumping experiments. To obtain E. coli liposomes, 1 mL of dissolved lipids in 

chloroform (E. coli polar lipids, Avanti) were evaporated under a stream of N2 and the lipid layer 
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was then dissolved in the 5-fold volume of liposome buffer (Tab. 3.17). To obtain vesicles, the 

suspension was frozen seven times in liquid nitrogen and thawed again at 29°C (750 rpm; 

Thermomixer compact, Eppendorf). 250 µL liposomes were extruded through at least 21 passes 

with an extruder (0.1 µm polycarbonate membrane, mini extruder; Avanti) and brought to a 

uniform size. To this mixture 8 µL sodium cholate solution (20%, w/v) was added. For 

reconstitution, 0.5 mg of complex I (20 mg/mL) was mixed 1:3 (v/v) with reconstitution buffer 

(table 3.17) and incubated on ice for 5 min. The freshly extruded liposomes were mixed with 

complex I in reconstitution buffer and incubated for 20 min at room temperature. Liposomes were 

suspended to size exclusion chromatography column (PD-10 Desalting Column, 8.3 mL; Sephadex 

G-25, GE Healthcare) equilibrated in liposome buffer. The coloured eluate was collected and 

centrifuged (4°C, 2 bar compressed air, 150,000×g, 30 min; Rotor, A-100, Airfuge, Beckman). 

The sedimented proteoliposomes were resuspended in 500 µL liposome buffer and stored on ice 

for further use. The orientation and amount of reconstituted complex I in the proteoliposomes were 

determined by NADH/ferricyanide oxidoreductase activity (see 3.9.2). Membranes are 

impermeable to NADH. In the liposomes only complex I with an outward facing peripheral arm 

contributes to activity. The liposomes were dissolved by adding 0.04% DDM (w/v). Thus, the 

NADH/ferricyanide oxidoreductase activity of the total amount of reconstituted complex I was 

determined due to the now resulting unrestricted availability of NADH. The NADH/ferricyanide 

oxidoreductase activity was determined in both intact and solubilized liposomes. A comparison of 

both activities provides information about the complex I orientation in intact liposomes.  

 

3.9. Protein analytical methods 

3.9.1 Determination of protein concentration  

The concentration of isolated complex I was determined by the UV/vis absorbance at 280 nm 

(precision cuvette, Helma QS, d = 1cm; TIDAS S, J&M Analytik AG). The corresponding buffer 

(A*MNG-buffer, pH 6.0) was used as a reference and measured at the same wavelength. To correct 

light scattering by lipids and detergent micelles, the absorbance at 310 nm was subtracted from the 

value at 280 nm. The protein concentration was calculated according to Lambert-Beer’s  law with 

the molar extinction coefficient of complex I calculated from the amino acid sequence 

ε280=781 mM-1cm-1 [252] assuming a molecular mass of Mr = 535 kDa. 
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Biuret method was applied to determine protein content in membranes, detergent extracts or 

protein eluates after affinity chromatography. 10, 15 and 20 µL of protein samples or membrane 

suspensions were mixed with 1 mL trichloroacetic acid (TCA, 6%, w/v) and centrifuged (room 

temperature, 16’100×g, 1 min, Rotor F45-24-11, Eppendorf centrifuge 5415D, Eppendorf). 20 µL 

MilliQ water was used as blank and treated the same way. The supernatant was discarded, the 

sediment was dried shortly and 1 mL biuret-reagent was added. Samples were incubated at 37°C 

for 30 min while shaking (1400 rpm, 30 min, Eppendorf Thermomixer compact). The absorbance 

was measured at 546 nm (Ultrospec 1100 pro, Amersham Biosciences) before and after destaining 

the solution with a few grains of KCN. The difference was calculated to correct the influence of 

lipids and detergents on the absorbance. The protein concentration was calculated by comparison 

to a standard curve, obtained from bovine serum albumin (BSA, 0.1-1 mg).  

Protein concentration of the bd-I oxidase was determined after chromatographic purification. The 

absorbance of a bd-I oxidase sample was measured by a diode array spectrometer in UV cuvettes 

(precision cuvette, Helma QS, d = 1cm; TIDAS S, J&M Analytik AG) according to [252]. The 

corresponding buffer (A-MNG buffer, pH 7.0) was used as a reference. 3 µL bd-I oxidase was diluted 

with 297 µL A-MNG buffer (pH 7.0). The absorptions at 278, 279, 280 and 282 were measured and 

the extinction coefficient was calculated using the Protein Calculator v3.4 (Scripps Research 

Institute) (Tab. 3.21). The protein concentration was calculated according to Lamber Beer´s law. 

Table 3.21: Calculated molar extinction coefficients for the E. coli cytochrome bd-I oxidase [252]. 

Wavelength [nm] Molar extinction coefficient ε [M-1 cm-1] 

278 219.800 

279 219.845 

280 218.630 

282 213.200 

 

3.9.2 Activity measurements 

The NADH/ferricyanide oxidoreductase activity was determined by electron transfer from NADH 

to K3[Fe(CN)6] and measured as a decrease in K3[Fe(CN)6] concentration at 410 nm (Ultrospec 

1100 pro, Amersham Bioscience). To 1 mL K3[Fe(CN)6] solution (1 mM in A*-buffer) 0.2 µM 

NADH was added and the enzymatic reaction was started by the addition of 0.1-5 µL protein. For 

the activity calculation according to the Lambert-Beer’s law, a molar extinction coefficient of ε410 
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(K3[Fe(CN)6]) = 1 mM-1 cm-1 was used [253]. Alternatively, this value was determined with a diode 

array spectrometer (UV cuvette, Macro QS, Hellma, d=1 cm; TIDAS S, J&M Analytik AG). To 

979 µL K3[Fe(CN)6] (1 mM in A* buffer, 30°C) 1 µL of protein sample (diluted with A*MNG-buffer, 

1:10 (v/v)) was added and incubated while stirring for approximately 1 min. 0.2 µM NADH 

solution was added to activate the electron transfer. The decrease in absorbance was recorded over 

time before and after sample addition and the value of the enzymatically catalyzed reaction was 

corrected for the value of the non-enzymatic reaction. 

 

The NADH oxidase activity of cytoplasmic membranes was determined as the decrease of the 

oxygen concentration using a Clark-type electrode (Oxygraph+, DW 1, Hansatech Instruments). 

The electrode was calibrated by filling 2 mL H2O at 30°C in the chamber. A few grains of sodium 

dithionite were added to fully reduce the dissolved oxygen in the chamber. The signal was recorded 

and the difference between the oxidized and reduced state corresponds to an oxygen concentration 

of 237 μM [254]. For the NADH oxidase measurement, 2 mL A*-buffer (pH 6.0) at 30°C was used 

and 5 µL membrane suspension was incubated until the signal was stable. The reaction was started 

with the addition of 5 µL (d-) NADH (0.5 M stock solution, 1.25 mM final concentration). The 

activity of bo3 was inhibited by adding 10 µM KCN (0.5 mM stock solution). 

 

The activity of bd-I oxidase was measured as decrease of oxygen concentration by a Clark-type 

electrode. The electrode was calibrated in the same way as for NADH oxidase activity 

measurements. 10 µL of a 1 M DTT solution was added into 2 mL A-MNG-buffer (pH 7.0) at 30°C. 

5 µL of 1 M duroquinone (freshly prepared solution) was added and the solution was incubated for 

1 min. The reaction was started by the addition of 10 µL bd-I oxidase (2 mg/mL).  

 

The physiological NADH:decyl-ubiquinone oxidoreductase activity (NADH:decyl-Q 

oxidoreductase activity) of complex I was determined spectroscopically at 340 nm by electron 

transfer from NADH to decyl-Q and the resulting decrease in the NADH concentration was 

recorded over time  (macro cuvette QS, d = 1 cm, Hellma Analytics; TIDAS S, J&M Analytik 

AG). The activity was calculated using the Lambert-Beer law with a molar extinction coefficient 

for NADH of ε340(NADH) = 6.178 mM-1cm-1 [255]. 
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The NADH:decyl-Q oxidoreductase activity of complex I in lipids was measured according to the 

following method. Complex I sample (10 mg/mL) was incubated with polar lipids (in 

lipidLMNG-buffer, c = 10 mg/mL) in an equal mass ratio (5 µg complex I + 5 µg polar lipids) for 

30 min on ice. For the measurement, 981 µL of A*-buffer (pH 6.0, 30°C) was placed in the cuvette, 

3 µL of decyl-Q (60 µM, 20 mM stock solution in EtOH) 1 µL of complex I (5 µg) incubated with 

lipids was added. The decrease in absorbance at 340 nm was recorded for 1 min and 15 µL NADH 

(150 µM, 10 mM stock solution in H2O) was added to start the reaction.  

The NADH:decyl-Q oxidoreductase activity of complex I in the presence of terminal oxidases was 

performed by adding an excess of bo3 oxidase. The terminal oxidase ensures that the QH2 generated 

by complex I is reoxidized and is available to the complex as a substrate. Complex I was diluted 

with A*MNG buffer to a concentration of 1 mg/mL. Protein was incubated on ice for approximately 

30 min. For the measurement 981 µL of the A*-buffer (pH 6.0, 30°C) was placed in the cuvette, 

3 µL of decyl-Q (60 µM, 20 mM stock solution in EtOH) was added, 0.3 µL bo3 oxidase (4 µg) and 

1 µL of complex I (2 µg, 1 mg/mL) were mixed in the cuvette. After 60 sec incubation under 

stirring, the reaction was initiated with the addition of 15 µL NADH (150 µM, 10 mM stock solution 

in H2O). 

 

The proton translocation activity of complex I in proteoliposomes was determined by fluorescence 

spectroscopy via the decrease in fluorescence of the pH-sensitive dye ACMA [256]. For proton 

translocation measurements, liposomes were obtained as described in 3.8.4, the measurements 

were performed on the same day. The build-up of a proton gradient (ΔpH) across the membrane 

was monitored via the decrease in ACMA fluorescence. The excitation wavelength was set to 

430 nm and the emission wavelength to 480 nm (macro cuvette Spezial OS, d = 1 cm, Hellma 

Analytics; 2.5 nm slid width, LS 45 Luminescence Spectrometer, Perkin Elmer). ACMA was 

diluted in absolute EtOH to the concentration of 20 µM. Test measurements for the right amount 

of ACMA were conducted (985 µL ACMA buffer + 15 µL ACMA). To 1 mL ACMA-buffer  

(30°C; 5 mM KH2PO4/KOH, pH 7.5, 50 mM KCl and 1 mM MgCl2) 0.2 µM ACMA, decylQ 

(60 µM, 20 mM stock solution in EtOH) were added and 50 µL proteoliposomes. The compounds 

were incubated for 2 minutes, and the reaction was started by adding NADH (150 µM, 10 mM stock 

solution in H2O). To stop the reaction, 3 µL of the uncoupler CCCP (100 µM, 10 mM stock solution 

in EtOH) were added to dissipate the ∆pH. 
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 3.9.3 UV/vis redox-difference spectroscopy  

UV/vis spectra were recorded with a diode array spectrometer (UV cuvette Halbmicro QS, Hellma, 

d=1 cm, TIDAS S, J&M Analytik AG). To calculate the dithionite-reduced-minus-air-oxidized 

UV/vis difference spectra, a spectrum of a protein sample oxidized by atmospheric oxygen was 

subtracted from the spectrum of a sample reduced by sodium dithionite. For this, 20 µL of bd-I 

oxidase (20 mg/mL) was diluted with 280 µL of A-buffer (pH 7.0) and an UV/vis spectrum of the 

oxidized sample was recorded. The solution was then reduced by a few grains of dithionite and an 

UV/vis spectrum of the reduced sample was recorded. The absorbances of the heme-groups in the 

redox UV/vis-difference spectrum were determined and compared to the ones described in the 

literature [181]. 

 

3.9.4 SDS-PAGE (SDS-polyacrylamide gel electrophoresis) 

The purities of the preparations were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-

PAGE). A discontinuous gel system with a 3.9% stacking gel and a 10% separation gel was used 

[251]. 50 µg protein were mixed with sample buffer and incubated while shaking (37°C, 750 rpm, 

30 min, Eppendorf Thermomixer compact). The samples and 10 µL unstained protein marker were 

loaded on the gel and proteins were separated at 30 mA (EPS 600, Pharmacia Biotech) for 2 h. The 

protein bands were stained with staining solution and visualized by destaining the background with 

a destaining solution. 

 

3.9.5 Mass photometry 

Mass photometric measurements were performed on a OneMP mass photometer (Refeyn Ltd, 

Oxford, UK) [257]. A new, freshly cleaned glass slide was used and a new flow chamber was used 

for each measurement. To fix the focus, 15 µL of A*KI-buffer (pH 6.0) were pipetted in drops into 

a flow chamber and the focus position was identified. The focus position for the subsequent 

measurement was fixed with an autofocus system based on total internal reflection. Immediately 

before the measurement, the protein sample was diluted to 500 nM with A*buffer (pH 6.0), added 

directly to the droplet in the flow chamber at a ratio of 1:10 (v/v) and, after autofocus stabilization, 

a film of 60 seconds length was recorded. To improve the signal-to-noise ratio of the measurement, 

a buffer without the appropriate detergent was used, since background signals from the detergent 

micelles are bypassed here. Data collection was done with AcquireMP (Refeyn Ltd, v1.2.1). 
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3.10 Nitrile labelling of complex I variants  

3.10.1 Cyanide labelling 

50 µL of complex I (10 mM) was incubated on ice with 0.5 µL dithiothreitol (0.5 µM, 1 M DTT 

stock solution in H2O) for 30 min to reduce cysteine residues, followed by removal of DTT excess 

by consecutive size exclusion chromatography on Sephadex G50 (2.5 min, 1600 rpm, Centrifuge 

5804 R, Eppendorf). Columns were prepared by dissolving 3.33 g Sephadex G-50 in 50 mL H2O. 

Before usage, the columns were centrifuged (2 min, 1200 rpm, Centrifuge 5804 R, Eppendorf). 

After the protein was incubated at 4°C with a 44-fold molar excess of DTNB (30 mM stock solution 

in DMSO) for 1 hour and the excess of DTNB was removed with Sephadex G50 medium as 

described above. Finally, 6 mM potassium cyanide (30 mM stock solution of KCN in H2O) was 

added to the protein and incubated for 2 h on ice.  

 

3.10.2 Determination of label efficiency 

The labelling efficiency of KCN was determined by UV/vis spectroscopy by following the 

absorption band of TNB2- release at 412 nm after the addition of KCN. Absorbance spectra of the 

samples were recorded (1 cm path-length quartz cuvette, UV/Vis spectrometer Varian Cary 300). 

To determine the labelling efficiency, 50 µL labelled complex I were mixed with 400 µL buffer 

(50 mM MES, 50 mM NaCl, 5 mM MgCl2, 0.05% MNG) and an UV/vis spectrum was recorded. 

The spectrum of the buffer was subtracted from the sample spectrum.  

 

3.11 SEIRAS measurements  

3.11.1 Gold layer formation 

A silicon crystal was polished with 0.3 µm alumina and rinsed with distilled water. The crystal 

was dried under an argon stream and immersed with 40% NH4F solution (v/w) for 1 min to remove 

the silicon oxide layer. The surface was rinsed with water and dried with argon. The gold solution 

was prepared from equal volumes of 15 mM NaAuCl4, 150 mM Na2SO3, 50 mM Na2S2O3, 50mM 

NH4Cl, and 2% HF (w/v) solutions. The crystal and the solution were heated at 65°C for 10 min. 

The silicon surface was covered with the preheated solution for 40 s. The reaction was stopped by 

washing the crystal surface with water. The surface was dried in an argon stream.  
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3.11.2 Surface modification with Ni-NTA SAM and protein immobilization 

The experimental procedure for the nickel nitrilotriacetic acid self-assembled monolayer (Ni-NTA 

SAM) was adapted from [219, 258]. 1 mg/mL of 3,3-dithiodipropionic acid di(N-

hydroxysuccinimide) ester (DTSP) in dimethyl sulfoxide (DMSO) was allowed to self-assemble 

on the gold surface for 1 h. After the monolayer was formed, excess DTSP was washed away with 

DMSO and the crystal was dried under an argon stream. The modified surface was immersed in a 

solution of 100 mM Nα, Nα-bis (carboxymethyl)-L-lysine (ANTA) in 0.5 M K2CO3 at pH 9.8 for 

3 h and then rinsed with water. Finally, the surface was incubated in 50 mM nickel(II) perchlorate 

hexahydrate (Ni(ClO4)2) for 1 h. After washing with water, 3 µL complex I (2-5 mg/mL) labelled 

wirh CN- was dropped on the modified surface. 

 

3.11.3 IR spectra  

Infrared (IR) spectra were measured with a Vertex 70 FTIR spectrometer (Bruker, Karlsruhe, 

Germany; Globar source, potassium bromide (KBr) beamsplitter, mercury cadmium telluride 

detector (LN-MCT)) with 40-kHz scanner velocity, 256 scans and 4 cm-1 resolution). The 

spectrometer was purged with dried air to avoid the humidity. All experiments were performed in 

the MID IR range (400-4000 cm-1).  Typically, 50 spectra were recorded. The first 10 spectra were 

averaged for cyanide band analysis. For the amide I band analysis the last spectrum was taken to 

avoid the water contribution. A baseline correction was performed.  

 

3.11.4 Incubation with NADH 

5 µL labelled complex I (2-5 mg/mL) was mixed with 100 µM NADH and incubated for 5 min on 

ice. The absorbance spectra of the protein immobilized on the Ni-NTA surface were recorded.   

 

3.11.5 Incubation with Q-2 

10 µL labelled complex I (2-5 mg/mL) residue that was incubated with 100 µM NADH was mixed 

with 150 µM ubiquinone for 10 min on ice. The absorbance spectra of the protein immobilized on 

the Ni-NTA surface were recorded.   
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4 Results 

4.1 Proton translocation by complex I  

Proton translocation across the membrane is a highly discussed topic in the field [96, 113, 122, 

259]. The mechanism of proton translocation by respiratory complex I is still under debate. One 

theory, the so called “ND5-only” mechanism (ND5 is mitochondrial homologue of E. coli NuoL) 

postulates that only the distal subunit NuoL is involved in proton translocation to the periplasm, 

and all the protons to be pumped are transfered via the central hydrophilic axis to this subunit [5]. 

Other theories suggest that proton translocation across the membrane occurs in all antiporter-like 

subunits of the membrane arm. It was hypothesized that long-range conformational changes 

triggered by Q chemistry, drives proton translocation through these antiporter-like subunits [6]. To 

indirectly visualize the movement of individual residues in the membrane arm in the presence of 

substrates, infrared probes were used to label different residues in NuoM subunit in the membrane 

arm. Individual positions were genetically changed to cysteine residues that were labelled with 

cyanide to obtain thiocyanates. Thiocyanates are attractive IR labels as their signals appear in the 

clear region of IR spectra and do not overlap with protein signals. These labels are sensitive 

towards hydrogen bond interactions and the hydrophobicity of the environment, enabling to follow 

reaction-induced conformational changes. The stretching vibration of thiocyanate [ν(SC≡N)] 

appears between 2175- 2120 cm-1 [7]. 

 
Fig. 4.1: Complex I crystal structure from E. coli at 2.4 Å resolution (PDB: 7Z7S) [20]. Membrane arm subunits 
are shown in color and the catalyzed reactions are shown. Mutations generated in the subunit NuoM are indicated. 
 



4 Results 
 

88 

 

4.1.1 Position of NuoM mutations  

All mutations generated in this project were designed for the E. coli strain BW∆ndh nuo::nptII on 

the plasmid pBADnuohisnuoF. NuoM, the central subunit in the membrane arm, was selected as 

the target for mutagenesis to test if it takes part in proton translocation to the periplasm for a better 

understanding of the mechanism. All selected positions were mutated to cysteines. 11 mutations 

were generated in NuoM to visualize possible helix movements. The mutated positions in NuoM 

are shown in Figure 4.2. Four mutations are located on the cytoplasmic side (E108, S105, H117 

and H159), another four were generated on the periplasmic side (S425, T332, T422, S414) and 

three in the central part of the membrane (D258, T178 and K234).  

 
Figure 4.2: Location of NuoM mutations for labelling. PDB: 3RKO [119]. Mutated positions are shown in colour.  

These positions were selected due to their location close to the membrane surface, but also in 

proximity to the putative proton pathway that is split into two half-channels [119]. It was assumed 

that proton translocation in NuoM involves these positions, resulting in local conformational 

changes or a change in the hydrophobicity of their environment, that would give a spectral shift of 

the label. All mutations were generated by site-directed mutagenesis. 
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4.1.2 Generation of NuoM mutations   

Point mutations on NuoM were introduced into the pBADnuo expression plasmid via site-directed 

mutagenesis. The plasmid encodes the complete E. coli nuo operon. A hexahistidine tag (hisnuoF) 

is added to the N-terminus of NuoF that allows protein purification by affinity chromatography. 

Corresponding oligonucleotides were used for mutagenesis (Tab. 3.2) by PCR. Different annealing 

temperatures from 50° to 72°C were tested. PCR was performed using KOD polymerase. 

Figure 4.3 shows the results of the PCR to introduce the E108C, H159C and S414C mutations. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Gel of the PCR to generate the plasmids pBADnuo hisnuoF E108CM (lane 1, 2), H159CM (lane 3, 4) 
and S414CM (lane 5, 6). Lanes 1 to 3 and 5, 6 show expected bands at 21´326 bps of the parential plasmid. Lanes 1, 3 
and 5 shows the band of the product obtained at 50° and lanes 2, 4 and 6 that of the product obtained at 72°C. The 
GeneRuler 1 kb Plus DNA Ladder (M) was used as a reference. 

The band with the expected product (21´326 bps) was cut out, purified and transformed into 

electrocompetent BW∆ndh nuo::nptII cells. Colonies were picked and cultivated, the plasmids 

were isolated. The variants carried the desired point mutation and also a silent mutation generating 

a new cleavage site, so the isolated plasmids were analyzed by restriction analysis (see 3.6.3). DNA 

sequencing (Eurofins or Genewiz) with the corresponding oligonucleotides (listed in Tab. 3.5) 

confirmed the success of site-directed mutagenesis. Figures 4.4 to 4.6 show the results of 

restriction analysis for all the generated mutations.  
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Figure 4.4: Restriction analysis of the mutations. The GeneRuler 1 kb Plus DNA Ladder (M) was used as reference. 
Lane 1: nuoM E108C (expected bands at 13761 and 7559 bps with NsiI), lane 2: nuoM S414C (expected bands at 
8978, 7942 and 4400 bps with KpnI), lane 3: nuoM T332C (expected bands at 7232, 6396, 3588, 3147 and 957 bps 
with VspI), lane 4: nuoM H159C (expected bands at 7541, 6549, 3397, 2758 and 1075 bps with HindIII), lane 5: nuoM 
H117C (expected bands at 5619, 4959, 3453, 3212, 1662, 1335, 741 and 339 bps with DraI). 

 

Figure 4.5: Restriction analysis for the mutations. The GeneRuler 1 kb Plus DNA Ladder (M) was used as reference. 
Lane 1: nuoM T178C (expected bands at 7598, 6549, 3340, 2758 and 1075 bps with HindIII), lane 2: nuoM S105 
(expected bands at 12442, 6953 and 2285 bps with NheI), lane 3: nuoM T422C (expected bands at 18759 and 2561 
bps with NdeI), lane 4: nuoM S425C (expected bands at 18768 and 2562 bps with NdeI). 

 

 

 

 

 

Figure 4.6: Restriction analysis for the mutations. The GeneRuler 1 kb Plus DNA Ladder (M) was used as a 
reference. Lane 1: nuoM K234C (expected bands at 8978, 8482, 3860, 2758 bps with KpnI), lane 2: nuoM D258C 
(expected bands at 7527, 5526, 2873, 2743, 1816, 586, 229 and 20 bps with EcoRI).  
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Positive clones identified by DNA sequencing were used to prepare bacterial glycerol stocks and 

cultures were stored at -80°C.   

 

4.1.3 Cell growth  

Cell growth of mutants was performed in auto-induction medium at a volume of 9.6 L. The OD600 

was measured every hour. Cells were harvested at an OD600 between 3.5 and 3.8. Figures 4.7 and 

4.8 show the growth curves of the mutant strains and that of the parental strain. 
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Figure 4.7: Growth of BW∆ndhnuo::npt//pBADnuohisnuoF (wild type, black); E108CM (red); H117CM (blue); 
H159CM (green); S105CM (magenta), and S425CM (gold) in auto-induction medium. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Growth of BW∆ndhnuo::npt//pBADnuohisnuoF (black); T332CM (red); T422CM (blue); T178CM 
(green); S414CM (orange); K234CM (magenta) and D258CM (brown) in auto-induction medium. 
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Growth of all mutant strains did not differ from that of the parental strain, thus, the mutations did 

not have any effect on complex I functions. The growth in 9.6 L medium yielded 50 to 75 g (wet 

weight) E. coli cells. 

 

4.1.4 NADH oxidase activity of cytoplasmic membranes from nuoM mutants  

Cytoplasmic membranes were prepared from the mutant strains. As a reference, the parental strain 

was grown and cytoplasmic membranes were prepared. The NADH oxidase activity of membranes 

was measured with a Clark-type oxygen electrode. 5 µL of membrane suspension was mixed with 

2 mL AKI-buffer (pH 6.0) and the reaction was started by the addition of 125 µM NADH. NADH 

oxidase activities are listed in Table 4.1. The activity of the parental strain was set to 100%. Its 

value (0.42 U/mg) was in accordance with the one described in the literature [260]. The NADH 

oxidase activity of the H117CM, S105CM, S425CM, D258CM mutant were similar to that of the 

parental strain. Two mutants, T422CM and T178CM, showed higher activity.  

Table 4.1: NADH oxidase activity of cytoplasmic membranes from NuoM mutants. The data were 
acquired in triplicate measurements of each sample. The average was calculated, and the standard deviation 
is given. The parental strain was used as reference; its value was set to 100%.  
Membranes from strain 
BWΔΔ/pBADnuohisnuoF  

Location NADH oxidase activity 

[U/mg] [%] 

without changes - 0.420 ± 0.029 100 ± 7 

S105CM cytoplasmic 

side 

0.404 ± 0.011 96 ± 3 

E108CM 0.226 ± 0.027 54 ± 12 

H117CM 0.396 ± 0.032 94 ± 8 

H159CM 0.328 ± 0.016 78 ± 5 

T332CM periplasmic 

side 

0.256 ± 0.029 61 ± 11 

S414CM 0.218 ± 0.004 52 ± 2 

T422CM 0.598 ± 0.026 142 ± 4 

S425CM 0.427 ± 0.034 101 ± 8 

T178CM central part 0.626 ± 0.072 149 ± 12 

K234CM 0.075 ± 0.020 18 ± 27 

D258CM 0.436 ± 0.023 104 ± 5 
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The NADH oxidase activity of the E108CM, H159CM, S414CM and T332CM mutants were lower 

than that of the parental strain. The K234CM mutant showed only 18% of complex I activity. The 

NADH oxidase activity of the H117CM mutant is shown in Figure 4.9 and compared with that of 

the parental strain. Both activities run parallel indicating no change in the mutant due to the 

mutation. 
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Figure 4.9: NADH oxidase activity of the parental strain (black) and the H117CM mutant (red). The addition of 
NADH is marked with the arrow.  

 

4.1.5 NADH/ferricyanide oxidoreductase activity of cytoplasmic membranes  

The amount of complex I produced in the mutant membranes was determined by measuring the 

NADH/ferricyanide oxidoreductase activity. This activity is conferred by NuoF that carries the 

FMN cofactor (see chapter 2.2.1). It does not depend on participation of Fe/S clusters [261]. 2 µL 

of membranes were applied and protein concentration was determined using the biuret method. 

Membranes of the parental strain served as reference. The NADH/ferricyanide oxidoreductase 

activity of membranes are listed in Table 4.2. This activity is not linked with energy conversion 

and is commonly used to determine the complex I content in cytoplasmic membranes. 
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Table 4.2: NADH/ferricyanide oxidoreductase activities of cytoplasmic membranes from NuoM 
variants. The data were acquired in triplicate measurements of each sample. The average was calculated 
and standard deviation is given.  

Membranes from strain 
BWΔΔ/pBADnuohisnuoF 
containing 

Location NADH/ferricyanide 
oxidoreductase activity 

[%] 

[U/mg] 

without changes  - 1.82 ± 0.19 100 ± 10 

S105CM cytoplasmic side 3.36 ± 1.33 185 ± 40 

E108CM 0.59 ± 0.16 32 ± 27 

H117CM 1.34 ± 0.59 74 ± 44 

H159CM 0.62 ± 0.45 34 ± 73 

T332CM periplasmic side 1.86 ± 1.31 102 ± 70 

S414CM 1.90 ± 0.94 104 ± 49 

T422CM 5.39 ± 2.93 296 ± 54 

S425CM 0.95 ± 0.50 52 ± 53 

T178CM central part 3.17 ± 1.36 174 ± 75 

K234CM 1.11 ± 0.73 61 ± 66 

D258CM 4.20 ± 2.56 231 ± 61 

The NADH/ferricyanide oxidoreductase activity of mutant membranes show that the complex I 

variants were produced in the mutants. 

 

4.1.6 Preparation of NuoM variants  

The parental and the nuoM mutant strains were cultivated in 9.6 L autoinduction medium and 

harvested at an OD600 between 3.5 and 3.8. 50-75 g cells (wet weight) were obtained and shock 

frozen. Membranes were obtained by differential centrifugation and cytoplasmic membranes were 

homogenized in AKI-buffer (pH 6.8). Complex I and its variants were purified by two 

chromatographic steps. All complex I variants were obtained by the same procedure described in 

3.8.1. Table 4.3 shows the yields of the preparations that varied from 4.7 to 18 mg.  
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Table 4.3. Yields of the performed steps to obtain proteins.  

Residue 

(mutation) 

Location Cell mass, g Membrane mass, 

g 

Protein mass, 

mg 

without changes - 66.48 14.04 6.06 

S105CM cytoplasmic 

side 

62.94 16.10 18.00 

E108CM 66.78 13.91 4.72 

H117CM 68.08 18.50 7.51 

H159CM 73.53 16.35 6.49 

S414CM periplasmic 

side 

63.98 13.54 8.83 

T332CM 58.71 14.03 8.31 

T422CM 63.68 17.00 14.64 

S425CM 61.88 14.45 4.53 

T178CM central part 59.34 17.01 13.00 

K234CM 56.47 13.84 6.60 

D258CM 52.90 12.03 7.40 

Figures 4.10 and 4.11 show typical elution profiles obtained for the chromatographic steps of 

complex I.  

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Elution profile of the Ni2+ affinity chromatography. The absorbance at 280 nm is shown in blue; the 
imidazole concentration in green. The NADH/ferricyanide activity is shown in red. Fractions that were pooled and 
concentrated are shown in grey.  
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Figure 4.11: Elution profile of the size exclusion chromatography. The absorbance at 280 nm is shown in blue. 
NADH/ferricyanide activity is shown in red.   

Table 4.4 shows the yields of individual purification steps for complex I. The table shows that the 

NADH/ferricyanide activity value is strongly increased after affinity chromatography. The yield 

of the complex I purification equals 25%, which corresponds to the literature value [260].  

Table 4.4: Preparation of complex I from 68.5 g cells (wet weight). 

Preparation step Volume Protein NADH/ferricyanide 

activity 

Yield 

 

[mL] 

 

[mg] 

total specific  

[%] [U] [U/mg] 

Membrane suspension 13.64 1009.08 1839.90 1.82 100 

Detergent extraction  125.00 1578.75 4376.25 2.77 238 

Probond Ni2+-IDA 0.80 20.15 2095.94 104.01 114 

Superose 6 0.278 4.85 464.21 96.65 25 

 
Preparation of the complex I variants resulted in similar values (data not shown). 
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4.1.7 SDS-PAGE of the NuoM variant preparations 

The purity of the preparations of complex I and the NuoM variants was analyzed by SDS-PAGE 

(Figs. 4.12-4.14). 

 

Figure 4.12: SDS-PAGE of preparations of complex I and its variants. The lane M shows the unstained protein 

marker (Thermo Fischer Scientific). The bands are assigned to individual complex I subunits according to their 
molecular mass. The faint band below NuoG at about 82 kDa corresponds to a proteolytic degradation product of 
NuoG [262].  
 

 

Figure 4.13: SDS-PAGE of preparations of complex I and its variants. The lane M belongs to the unstained protein 

marker (Thermo Fischer Scientific). Lanes are assigned as follows: complex I (1), NuoM S105C (2), NuoM H117C 
(3), NuoM T422C (4), NuoM S425C (5), NuoM T178C (6), NuoM K234C (7) and NuoM D258C (8), complex I (9, 
in higher concentration).  
 

Several NuoM variants were purified a second time. The purity of the preparations obtained in a 

second round is shown in Figure 4.14. As in the first round, all complex I subunits are contained 

in the preparations of the NuoM variants. 
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Figure 4.14: SDS-PAGE of preparations of complex I and its NuoM variants. The lane M shows the unstained 

protein marker (Thermo Fischer Scientific). Lanes are assigned as follows: NuoM E108C (1), NuoM H159C (2), 
NuoM T332C (3), NuoM S414C (4), NuoM T422C (5), NuoM S105C (6), NuoM H117C (7) and complex I (8).  
 

4.1.8 Mass photometry of the preparations 

Mass photometry was conducted to determine the stability of the variants preparations. Protein 

samples were diluted into a detergent-free buffer. The results are shown in Figures 4.15-4.18.  

 

 

Figure 4.15: Mass distribution of the T332CM variant. Scatter plots of the binding events with corresponding 
Gaussian adjustments are shown. The protein sample was diluted to 50 nM. The mass is given in kDa, binding events 
and percentages are given.  
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Figure 4.16: Mass distribution S414CM variant. Scatter plots of the binding events with corresponding Gaussian 
adjustments are shown. Protein sample was diluted to 50 nM. The mass is given in kDa, binding events and percentages 
are given. 

 

 

Figure 4.17: Mass distribution of H159CM variant measured directly (A) and 5 min after dilution in detergent-
free buffer (B). Scatter plots of the binding events with corresponding Gaussian adjustments are shown. Protein 
sample was diluted to 50 nM. The mass is given in kDa, binding events and percentages are given. 

A) 

B) 
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Figure 4.18: Mass distribution S414CM variant. Scatter plots of the binding events with corresponding Gaussian 
adjustments are shown. Protein sample was diluted to 50 nM. The mass is given in kDa, binding events and percentages 
are given. 
 
It was proven that the variant preparations were stable and appeared in a main peak around 

827-1036 kDa. The mass of the peak may vary depending on the number of detergent molecules 

bound to the protein. The additional peak at around 185-314 kDa can be assigned to a soluble 

fragment of complex I containing subunits NuoEFG [257]. Complex I variants are not stable in the 

detergent-free buffer in which the measurements are performed. This was proven by mass 

photometric analysis 5 min after dilution of the sample (Fig. 4.17B). After 5 min in detergent-free 

buffer the major part of the complex I variant disassembled.  

 

4.2. Activity of the preparations 

4.2.1 NADH/ferricyanide oxidoreductase activity 

The specific NADH/ferricyanide oxidoreductase activity of the variants were determined as 

described in 3.9.2. NADH/ferricyanide oxidoreductase activities were recorded at 410 nm as a 

decrease of K3[Fe(CN)6] concentration. Table 4.5 shows NADH/ferricyanide activity of the 

preparations, complex I activity was set to 100%.   

The NADH/ferricyanide oxidoreductase activity of the H117CM, S414CM and T332CM variants 

was similar to or even higher (S105CM) than that of the complex I. The E108CM, T422CM, T178CM 

and D258CM variants showed a slightly decreased activity (61-84%). The H159CM, S425CM and 

K234CM variants showed an approximately halved activity. 
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Table 4.5: Specific NADH/ferricyanide activity of preparations of complex I NuoM variants. 

Complex I variant Location NADH/ferricyanide oxidoreductase activity 

- [U/mg] [%] 

without changes  98.6 ± 5.3 100 

S105CM cytoplasmic side 109.0 ± 5.6 111 

E108CM 59.8 ± 9.4 61 

H117CM 98.0 ± 15.6 99 

H159CM 50.7 ± 5.4 51 

T332CM periplasmic side 93.0 ± 7.5 94 

S414CM 93.9 ± 5.2 95 

T422CM 68.2 ± 15.3 69 

S425CM 51.7 ± 2.9 52 

T178CM central part 67.8 ± 0.8 69 

K234CM 49.4 ± 1.7 50 

D258CM 83.5 ± 13.5 84 

  

 

4.2.2 NADH:decyl-Q oxidoreductase activity  

NADH:decyl-Q oxidoreductase activities were measured for all NuoM variants to study the effect 

of the mutations on electron transfer. Table 4.6 shows NADH:decyl-Q oxidoreductase activities 

for all purified cysteine variants. The activity of complex I was set to 100%. Most variants showed 

a slightly decreased activity compared to complex I. The NADH:decyl-Q oxidoreductase activity 

of the H117CM variant was identical to that of the complex I. For the other variants, the 

NADH:decyl-Q oxidoreductase activity was 64-94% of that of the complex I. Two mutations 

located in the central part of NuoM K234CM, D258CM had a noticeable effect on the 

NADH:decyl-Q oxidoreductase activity and decreased it to 14 and 36%, respectively. Thus, all 

variants with the exception of K234CM and D258CM exhibited a NADH:decyl-Q oxidoreductase 

activity similar to that of the parental complex I. 
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Table 4.6: NADH:decyl-Q oxidoreductase activity for complex I and NuoM variants. Measurements were 
performed in triplicates, mean value ± SEM is provided. 
 

Complex I variant Location NADH:decyl-Q oxidoreductase activity 

[U/mg] [%] 

without changes - 24.7 ± 1.3 100 

S105CM cytoplasmic side 19.7 ± 7.7 80 

E108CM 19.9 ± 2.0 81 

H117CM 25.0 ± 4.8 101 

H159CM 18.9 ± 4.9 77 

T332CM periplasmic side 15.7 ± 0.5 64 

S414CM 17.1 ± 7.1 69 

T422CM 16.0 ± 3.7 65 

S425CM 23.1 ± 1.0 94 

T178CM central part 19.6 ± 7.1 79 

K234CM 3.4 ± 0.7 14 

D258CM 8.8 ± 0.8 36 

Figures 4.19-4.21 show the time course of the reaction.  
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Figure 4.19: NADH:decyl-Q oxidoreductase activity of complex I and NuoM variants with mutations on the 
cytoplasmic side. The addition of NADH is marked with an arrow. Complex I (black), E108CM (red), H117CM (blue), 
H159CM (green) and S105CM (magenta) are shown. 
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Figure 4.20: NADH:decyl-Q oxidoreductase activity of complex I and  NuoM variants with mutations on the 
periplasmic side. The addition of NADH is marked with an arrow. Complex I (black), S414CM (red), S425CM (blue), 
T332CM (green) and T422CM (magenta) are shown. 
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Figure 4.21: NADH:decyl-Q oxidoreductase activity of complex I and NuoM variants in the central part of 
NuoM. The addition of NADH is marked with an arrow. Complex I (black), T178CM (red), K234CM (blue) and 
D258CM (green) are shown. 

The K234CM variant lost 86% of the wild-type NADH:decyl-Q oxidoreductase activity. This 

specific variant also had the lowest NADH oxidase activity in the membrane (50% compared to 

complex I).  
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4.2.3 Proton translocation activity 

The proton translocation activity was determined to see if the mutations influenced proton 

translocation. The proton translocation activity was measured using ACMA fluorescence as an 

indicator of a pH gradient across the membrane. To perform the measurements, the variants were 

reconstituted into E. coli polar lipids, and proteoliposomes were obtained. The NADH/ferricyanide 

activity was determined for each proteoliposome to calculate the amount of reconstituted 

complex I. DDM was added to the proteoliposomes to open them, and NADH/ferricyanide activity 

was measured again. The ratio of activities before and after DDM addition describes the orientation 

of complex I in the proteoliposomes. Only complex I orientated with the peripheral arm outwards 

contributes to the activity as the membrane is not permeable for NADH. It was found that 30-60% 

of reconstituted complex I variants is located with its peripheral arm outwards. For the ACMA 

fluorescence measurements, proteoliposomes were mixed with ACMA buffer, and the reaction 

was started with the addition of NADH. The proton gradient was dissipated by adding CCCP. The 

kinetics shows generation of proton gradient upon addition of NADH. Quench of ACMA serves 

an indicator of proton translocation. Figure 4.22 shows the ACMA fluorescence for some of the 

variants. 

 

Figure 4.22: ACMA quench due to proton translocation by complex I and NuoM variants after reconstitution 
into liposomes. Quench of ACMA fluorescence was measured at an excitation wavelength of 430 nm and emission 
wavelength 480 nm for complex I (black), E108CM (blue), H159CM (green), S414CM (magenta) and T332CM (red). 
The addition of NADH and CCCP accordingly is indicated with arrows. 
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Results obtained for several complex I variants (E108CM, S414CM, H159CM and T332CM) 

revealed that all variant preparations were capable to perform proton translocation type complex I 

value. Table 4.7 shows the obtained values for ACMA fluorescence quench. 

Table 4.7: ACMA fluorescence quench. 

Sample Quench, % 
WT 74 
E108CM 77 
T332CM 69 
H159CM 71 
S414CM 70 

 

4.3. Labelling of the variants  

To perform IR-spectroscopic measurements, all variants were labelled with nitrile probes. The 

newly introduced cysteine residues were labelled according to the procedure as described in 3.10.1. 

The individual reaction steps are shown in Figure 4.23. 

 

Figure 4.23: The procedure to attach cyanide residue to cysteine [211]. 

 

4.3.1 Label efficiency  

The label efficiency of the preparations of the NuoM variants was calculated to determine whether 

the targeted cysteine residue was labelled with the nitrile group. Labelling efficiency was 

determined with UV/vis spectroscopy. Labelled variants showed a characteristic peak at 412 nm 

that was assigned to the release of TNB- from the cysteines (Fig. 4.24). Table 4.8 shows label 
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efficiency of the individual variants. 

 

Fig. 4.24: UV/vis spectrum of labeled complex I E108CM variant. The peak at 278 nm is assigned to complex I, the 
one at 412 nm belongs to the released TNB- which is produced after treating complex I with KCN. 
  

Example on label efficiency calculation in presented in Appendix 7.3. 
 
Table 4.8: Label efficiency of the NuoM variants. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variant Location Protein 

concentration, µM 

[TNB-], µM Label 

efficiency, % 

S105C
M

 cytoplasmic side 5.87 5.7 ~97 

E108C
M

 4.60 3.25 ~71 

H117C
M

 4.99 5.02 ~100 

H159C
M

 1.99 1.85 ~ 93 

T332C
M

 periplasmic side 1.48 2.22 ~100 

S414C
M

 1.70 3.72 ~100 

T422C
M

 8.19 7.13 ~ 87 

S425C
M

 11.86 16.21 ~100 

T178C
M

 central part 9.40 9.52 ~100 

K234C
M

 7.6 4.07 ~ 77 

D258C
M

 7.92 7.39 ~93 
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It was found that all variants were labelled with 71 to 100%  efficiency.  

 

4.3.2 NADH:Q oxidoreductase activities for labelled variants 

To determine whether the label attached to a cysteine residue affected activity, NADH:decyl-Q 

oxidoreductase activity was determined for the variants after cyanide labelling. Table 4.9 shows 

the NADH:decyl-Q oxidoreductase activities of labelled variants compared to the non-labelled 

ones. Labelling of the variants resulted in a decreased NADH:decyl-Q oxidoreductase activity. The 

activities were diminished approximately by 30% due to the labelling. The loss of activity could 

partly also be explained by the fact that samples were frozen and thawed for this procedure. The 

loss of activity can also be also due to the loss of S-H bond. The E108CM resulted in 52% activity, 

revealing the sensitivity of the mutated position to the changes introduced by insertion of the label. 

Attachment of the label causes structural changes that can result in diminished activity. 

 

Table 4.9: NADH:decyl-Q oxidoreductase activity of labelled complex I variants. 

 

4.3.3 SDS-PAGE of the labelled variants 

SDS-PAGE of the labelled NuoM variants revealed that the labelling procedure had no influence 

on the subunit composition of the variants. Figure 4.25 shows the SDS-PAGE of the labelled 

Sample Location NADH:decyl-Q 
oxidoreductase activity 

(before labelling) 

NADH: decyl-Q 
 oxidoreductase activity 

(after labelling) 
[U/mg] [U/mg] [%] 

(compared to 
non-labelled) 

S105CM cytoplasmic 
side 

17.8 ± 5.1 14.1 ± 2.2 79 

E108CM 19.9 ± 2.0 10.4 ± 0.8 52 

H117CM 13.4 ± 0.4 13.1 ± 0.7 98 

H159CM 18.9 ± 4.9 13.4 ± 1.8 71 

T332CM periplasmic 
side 

15.7 ± 0.5 13.0 ± 1.9 83 

S414CM 12.3 ± 7.1 11.5 ± 1.2 94 

T422CM 13.7 ± 2.2 12.3 ± 2.8 90 

S425CM 23.1 ± 1.0 16.9 ± 1.8 73 

T178CM  
central part 

19.6 ± 7.1 16.8 ± 0.7 85 
K234CM 3.4 ± 0.7 2.4 ± 0.2 71 
D258CM 8.8 ± 0.8 5.3 ± 0.3 64 
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variants. All labelled variants comprised the same subunits than complex I. The label itself cannot 

be detected by SDS-PAGE due to its small size. 

 

Figure 4.25: SDS-PAGE of the labelled NuoM variants. The lane M shows the pattern of the unstained protein 

marker (Thermo Fischer Scientific). Lanes are assigned as follows: E108CM-CN (1) T332CM-CN (2), S414CM-CN (3), 
S105CM-CN (4), H117C-CNM (5), T422CM-CN (6), T178CM-CN (7), K234CM-CN (8) and complex I (9).  

 

4.3.4 Mass photometry of the labelled variants 

Mass photometry was used to test the stability of the labelled variants. Figure 4.26 shows the results 

of mass photometry measurements for the T422CM-CN variant.  

 

Figure 4.26: Mass distribution of the T422CM-CN variant. Scatter plots of the binding events with corresponding 
Gaussian adjustments are shown. Protein sample was diluted to 50 nM. The mass is given in kDa, binding events and 
percentage are given.  
 
Figure 4.26 was compared to Figures 4.15-4.18 showing the mass distribution of the variant 

preparations before the labelling and it turned out that labelling did not change mass distribution 

profile. This indicated that nitrile labelling did not influence the variants’ stability.  
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4.4 IR-spectroscopic characterization of the NuoM variants 

Changes in the molecular environment of the nitrile labels attached to the NuoM variants were 

followed by SEIRAS techniques. The infrared absorbance spectra were recorded for the labelled 

variants in the absence and presence of substrates NADH and Q-2. Spectroscopic shifts of the 

nitrile absorbances were analyzed.  

 
4.4.1 Gold layer formation  

A gold layer was formed on the silicon ATR crystal surface according to the following reaction:  

  3 Si (s) + 18 F- (aq) + 4 AuCl4 - (aq) → 3 SiF6 
2- (aq) + 4 Au (s) + 16 Cl- (aq)                    (8) 

The procedure of obtaining a gold surface is described in 3.11.1. NH4F is used in the first step for 

the activation of the surface. 

 

4.4.2 Ni-NTA surface modification 

Applying a protein sample on the gold surface of the crystal leads to protein denaturation by the 

metal. To prevent denaturation, a linker is inserted between the protein and the gold surface. Here, 

the Ni-NTA immobilization procedure was applied as it has the advantage of attaching complex I 

variant to the Ni-NTA immobilized surface by the His-tag fused to NuoF. Moreover, the Ni-NTA 

immobilization procedure has the advantage of orientating the complex towards the crystal. 

Figure 4.27 depicts the immobilization steps. 
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Figure 4.27: Reactions to build the Ni-NTA-SAM surface. A) Self-assembly of TSP on the gold monolayer; B) 
reaction of ANTA with TSP on the gold layer; C) complexation of Ni2+ on ANTA-TSP gold layer [263].  

 
In the first step, di-N-hydroxysuccinimide ester (DTSP) was added to the gold surface and 

incubated for 1 hour. Typical DTSP bands were observed by IR-spectroscopy at 1811, 1782 and 

1738 cm-1 (Fig. 4.28A). These bands are characteristic of the succinimidyl group after S-S bond 

cleavage. The excess DTSP was removed, the surface was covered with Nα,Nα-bis 

(carboxymethyl)-L-lysine (ANTA), and spectra were recorded for 3 hours. The reaction of lysine 

with the TSP moiety formed an amide bond. The formation of this bond was proved by the amide I 

peak at 1616 cm-1 (Fig. 4.28B). The peak at 1397 cm-1 corresponds to the symmetric stretching of 

υ(COO-). In the end, the surface was covered with 50 mM nickel(II) perchlorate hexahydrate 

(Ni(ClO4)2) solution for 1 h. This process was visualized by the appearance of two bands at 

1616 and 1402 cm-1 (Fig. 4.28C). These bands were assigned to the symmetric and asymmetric 

stretches of the ANTA carboxylate group that was deprotonated after complexation with 

Ni2+ [258]. 
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Figure 4.28: ATR-FTIR spectra following of the crystal surface modification steps. A) Self-assembly of the TSP 
monolayer on the bare Au surface (reference spectrum: gold layer covered with DMSO), B) cross-linking of ANTA 
with TSP monolayer (reference spectrum: DTSP SAM in water), C) complexation of Ni2+ by NTA (TSP-NTA SAM 
covered with water). 

 

4.4.3 Amide I band 

The amide I band is located between 1600 and 1700 cm-1. It can be used to control the integrity of 

the protein after labelling and immobilization. The amide I band can also be used for secondary 

structure analysis. Figure 4.29 shows the amide I deconvolution band for the various complex I 

variants. 
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Figure 4.29. Deconvolution of the amide I band as observed in several NuoM variants. A) Labelled T332CM; B) 
Labelled T332CM incubated with NADH; C) Labelled H159CM; D) Labelled H159CM incubated with NADH; E) 
Labelled S414CM; F) Labelled NuoM S414CM incubated with NADH. 

The amide I band is a characteristic peak in the FTIR spectra of proteins that reflects the secondary 

structure of the protein. In the case of complex I variants described above, the amide I band appears 

at around 1644 cm-1, which is consistent with a predominant α-helical secondary structure, as 

observed in complex I. Deconvolution analysis was performed to further compare the amount of 
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distinct secondary structure elements of the NuoM variants before and after incubation with 

substrates. The data show that the peak positions of absorbances typical for secondary structure 

elements are found at the same wavenumbers for all variants after incubation with NADH and 

ubiquinone, indicating no significant changes in the secondary structure. The relative amount of 

the individual secondary structure elements did not also change significantly (Tab. 4.10-4.12). 

Overall, the results suggest that the mutations in the complex I variants do not significantly affect 

the secondary structure of the protein, and that the binding of NADH and ubiquinone does not 

cause major structural changes in the protein. It can be an evidence of the sample’s stability and 

its structural integrity. This information is valuable for understanding the mechanism of complex I. 

 

Table 4.10. Deconvolution distribution for the E108CM variant before and after incubation with NADH and 

ubiquinone. 

Conformation Labelled NADH Q-2 
α-helices 1643 

(44%) 
1640 

(40%) 
1644 

(50%) 
Antiparallel 

β-sheet 
1626/1681 

(21%) 
1625/1682 

(16%) 
1627/1680 

(25%) 
β-turns 1664 

(28%) 
1663 

(39%) 
1665 

(17%) 
Intermolecular 

(aggregated 
β-sheets) 

1615 
(7%) 

1615 
(5%) 

1617 
(8%) 

 

Table 4.11. Deconvolution distribution for the H159CM variant before and after incubation with NADH and 
ubiquinone. 

Conformation Labelled NADH Q-2 
α-helices 1644 

(44%) 
1645 

(47%) 
1646 

(48%) 
Antiparallel 

β-sheet 
1628/1681 

(21%) 
1628/1682 

(22%) 
1628/1682 

(22%) 
β-turns 1665 

(28%) 
1666 

(24%) 
1667 

(23%) 
Intermolecular 

(aggregated 
β-sheets) 

1616 
(7%) 

1617 
(7%) 

1617 
(7%) 
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Table 4.12. Deconvolution distribution for the T332CM variant before and after incubation with NADH and 
ubiquinone. 

Conformation Labelled NADH Q-2 
α-helices 1641 

(42%) 
1643 

(47%) 
1639 

(42%) 
Antiparallel 

β-sheet 
1626/1680 

(20%) 
1625/1682 

(19%) 
1623/1680 

(18%) 
β-turns 1662 

(31%) 
1665 

(29%) 
1660 

(33%) 
Intermolecular 

(aggregated 
β-sheets) 

1615 
(7%) 

1615 
(5%) 

1612 
(7%) 

 

4.4.4 Technical problems while performing spectroscopy measurements 

The challenges encountered in performing spectroscopy measurements on the complex I variants 

can be attributed to the intrinsic variability of the biological system and the sensitivity the 

technique. Moreover, the differences observed in the data after incubation with NADH or Q may 

be attributed to the complex biochemical interactions induced by the addition of the substrates. 

These interactions may be influenced by factors such as the stability of the variants, the presence 

of other cofactors, the presence of oxygen during sample preparation, the concentration and timing 

of the added substrates. The enhancement of the signal is achieved by immobilization on a 

nanostructured gold layer. However, it is hard to achieve a consistent and reproducible gold layer 

as slight variations in experimental conditions affect the thickness of the layer. Usage of the same 

protocol and maintenance of experimental conditions was important factor. Another challenge in 

this protocol is the difficulty in obtaining a consistent and reproducible signal from the thiocyanate 

band of the labelled variants directly after labelling. This variability may be due to the inherent 

heterogeneity of the protein sample (presence of conformers), as well as the sensitivity of the 

technique to small changes in the structure of the protein. Overall, these challenges highlight the 

importance of a careful experimental design and optimization in order to obtain reliable and 

meaningful results from spectroscopy measurements of complex biological systems. It is necessary 

to perform various experiments, find the average of the obtained signals, look at the specific region 

of the IR-spectrum and shorten the incubation times with substrates. Stability of the NuoM variants 

can also be an important factor. Figure 4.30 shows examples. 
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Figure 4.30: Positions of the nitrile band observed with the S105CM variant after incubation on ice within 3 h 
(red); 4 h (blue) and 5 h (black).  

The results from the experiments performed with the S105CM variant suggest that the protocol 

used for labelling and incubation has a significant impact on the spectral position of the thiocyanate 

band. In this case, leaving the labelled sample on ice overnight resulted in a shift of 4 cm-1 towards 

a higher wavenumber (Fig. 4.31). Freezing the sample in liquid nitrogen and thawing on ice did 

not produce any significant change in the spectral position of the band. Incubation with NADH 

resulted in a shift towards a hydrophilic environment, but the shift was only 2 cm-1. These results 

indicate that the labelling and incubation protocol need to be carefully optimized and consistently 

applied to obtain reproducible results. The slight shift (2 cm-1) of the spectral position during the 

incubation process further highlights the need for careful and exact following of the protocol to 

ensure the reliability of the results. 
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Figure 4.31: Position of the nitrile band observed with the S105CM variant after immediate labelling (black); 
after leaving the labelled sample overnight (red), after freezing and thawing the sample (green), and after 
addition of a higher substrate concentration (blue). 

 

Figure 4.32: Position of the amide I band of the S105CM variant directly after labelling (black) and after one 
night on ice (red).  

The variability in the spectral positions of the thiocyanate bands of the different variants can be 

attributed to several factors, including differences in the local microenvironment of the labelled 

cysteine residue, stability of the protein, and variations in the experimental conditions. It is also 
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possible that the labelling specificity might vary for different cysteine positions, leading to 

differences in the position of the thiocyanate band. 

The observed small difference in the amide I band for obtained with S105CM after leaving it on ice 

overnight (Fig. 4.32) could indicate that a portion of the protein might have undergone structural 

changes, while the rest protein remained intact. Such changes could be due to conformational 

changes induced by labelling or variations in the local microenvironment around the labelled 

cysteine residue. 

The variability in the position of the thiocyanate band for the T332CM variant could be due to 

several factors, including variations in the local microenvironment around the labelled cysteine 

residue, differences in the stability of the protein, and variations in labelling efficiency and 

specificity. It is also possible that differences in the experimental conditions could have contributed 

to the observed variability in the position of the thiocyanate band (Fig. 4.33). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.33: Position of the thiocyanate band after labelling the T332CM variant several times. 1st labelling (red), 
2nd labelling (blue), 3rd labelling (black).  

Obtaining reproducible results is critical, and in this case, the variability of the data obtained in the 

experiments with complex I variants was a significant challenge. The shifts in the thiocyanate band 

position after incubation with NADH and Q are expected to provide insight into the conformational 

changes in the variants, but the irreproducible results made it difficult to interpret the data. 

The long time required to obtain the labelled sample further complicated the measurements, as it 

may be affected by factors such as temperature, pH, and exposure to air, leading to variability in 
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the results. To overcome these challenges, it was necessary to perform multiple experiments to 

obtain reproducible data. The average values of the spectra were calculated, and comparisons were 

made to ensure the consistency of the results. In addition, it was necessary to optimize the 

experimental conditions, such as the concentration of the labeled protein, the concentration of 

NADH and ubiquinone, and the time required for incubation, to reduce the variability in the results. 

In conclusion, obtaining reproducible results is crucial and the variability in the data obtained for 

the NuoM variants presented significant challenges in this study. However, by performing multiple 

experiments, calculating average values, and optimizing experimental conditions, it was possible 

to obtain reproducible results and gain insights into conformational changes of the NuoM variants.  

 

4.4.5 SCN bands analysis 

The band of the SCN label appears in the infrared spectrum, between 2100 and 2240 cm-1 [241]. 

Absorbance spectra were recorded for each labelled NuoM variant before after incubation with 

NADH, and Q-2. For each variant, the procedure was repeated 3 to 5 times to obtain a clear 

reproducibility of the method. Figures 4.34 to 4.52 show the spectra of the NuoM variants 

including deconvolution of the thiocyanate bands. Deconvolution analysis was employed to 

analyze the thiocyanate bands of the NuoM variants after incubation with NADH and Q-2. It was 

used as a tool to identify various bands in the nitrile signal, which can be helpful to distinguish the 

conformers in the thiocyanate signal. It was performed by obtaining the second derivatives of the 

absorbances to detect and distinguish the different spectral populations. The most complex 

thiocyanate bands were observed for variants incubated with ubiquinone. 

Complex I has no accessible cysteine residues on its surface [264], so that the ones generated at 

different positions in NuoM subunit can be used to follow conformational changes upon the 

addition of NADH and ubiquinone. Labelling the S105CM, position on the cytoplasmic side variant 

located close to the surface, resulted in a band with a peak at 2127 cm-1 (Fig. 4.34). When NADH 

was added to the sample, the peak shifted towards lower wavenumbers, resulting in a peak at 

2123 cm-1. This shift may indicate a change in the hydrogen bonding or electrostatic interactions 

between the labeled residue and its environment. The addition of ubiquinone further affected the 

vibrational mode, resulting in a shift of 6 cm-1 towards higher wavenumbers, with the peak 

appearing at 2129 cm-1. The broad shape of the thiocyanate band after treatment with ubiquinone 

may indicate that the labeled residue is involved in interactions with multiple components within 
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the complex, or that it is in a dynamic position where it can rapidly switch between multiple 

conformations. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 4.34. Spectra of the SCN bands of oxidized S105CM (A, black), after reduction with 100 µM NADH (B, 
red) and re-oxidation with 150 µM Q-2 (C, blue). D) Position of the S105CM residue in the NuoM structure. 

The deconvolution analysis of the thiocyanate band of the S105CM variant reveals interesting 

information about the distribution of thiocyanate bands at different redox states of the protein 

(Fig.4.35). In the oxidized sample, the majority of the signal appeared at 2125 cm-1. After reduction 

by NADH, the band distribution shifted towards 2123 cm-1, with 63% of the total signal appearing 
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at this wavenumber. The remaining 37% of the signal appeared at 2136 cm-1, indicating that a 

fraction of the SCN-groups was experiencing a different environment. The deconvolution analysis 

for the reoxidized S105CM variant could not be performed due to the absence of significant peaks 

in the band. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.35: Deconvolution of the nitrile band obtained for the NuoM S105CM variant (A); after reduction by 
NADH (B). 

E108CM located close to the surface of the cytoplasmic side, shows a characteristic thiocyanate 

signal appearing at 2125 cm-1 (Fig. 4.36). Incubation with NADH did not result in any changes of 

the spectral position. However, the band became narrower. Treating the sample with Q caused a 

shift towards a more hydrophilic environment, and the signal appeared at 2127 cm-1.  
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Figure 4.36: Spectra of the SCN bands of oxidized E108CM (A, black), after reduction with 100 µM NADH (B, 
red) and after re-oxidation with 150 µM Q-2 (C, blue). D) Position of the E108CM residue in the NuoM structure. 

After deconvolution of the the band obtained for the reoxidized E108CM variant two major peaks 

were always observed around 2136 and 2124 cm-1 (Fig. 4.37), which are likely indicative of 

specific structural features of the positions investigated on NuoM. They reflect the presence of 

different conformers. 
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Figure 4.37: Deconvolution of the nitrile band of the E108CM variant incubated with NADH and Q-2.  

Another variant with a mutation on the cytoplasmic side, H117CM, (Fig. 4.38) has the same 

thiocyanate band position as S105CM at 2127 cm-1. This suggests that the labeled residue in the 

H117CM mutant may be in a similar local environment as in the S105CM variant.  

When NADH was added to the sample, there was a slight shift of the peak towards lower 

wavenumbers with a peak at 2125 cm-1. This may suggest that the probe in the H117CM variant is 

exposed to a more hydrophobic environment in the presence of NADH. The addition of ubiquinone 

resulted in a shift of 6 cm-1 towards higher wavenumbers, with the peak appearing at 2131 cm-1. 

This shift is similar to the shift observed in S105CM variant, and may indicate that the labeled 

residue in the H117CM variant is also exposed to a more hydrophilic environment in the presence 

of Q. 
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Figure 4.38: Spectra of the SCN bands of oxidized H117CM (A, black), after reduction with 100 µM NADH (B, 
red) and re-oxidation with 150 µM Q-2 (C, blue). D) Position of the H117CM residue in the NuoM structure. 

The deconvolution of the band obtained with the H117CM variant (Fig. 4.39) shows a band 

distribution between two peak located at 2125 and 2138 cm-1. The majority of the band (72%) is 

located at the position 2125 cm-1, which could indicate that this position is more favorable. Several 

conformers are present in the sample. However, deconvolution of the oxidized and reoxidized 

variants could not be performed due to their appearance as homogenous bands in the spectra. 

 

2180 2160 2140 2120 2100 2080 2060

wavenumbers (cm-1)

21
27

H117C

Abs

2.3 x 10-4

A)

2180 2160 2140 2120 2100 2080 2060

wavenumbers (cm-1)

21
25

H117C + NADH

Abs

2.5 x 10-4

B)

2180 2160 2140 2120 2100 2080 2060

wavenumbers (cm-1)

21
31

H117C + NADH + Q-2

Abs

1.4 x 10-4

C) D) 



4 Results 
 

124 

 

 

 

 

 

 

 

 

 
Figure 4.39: Deconvolution of the nitrile band of the H117CM variant. 

Labelling of H159CM, a position that is located on the cytoplasmic side gave a band around 

2123 cm-1 (Fig. 4.40). This variant is located close to the entrance to the putative proton channel. 

A shoulder is visible at around 2140 cm-1 for the labelled residue. The addition of NADH gave a 

slight shift of 2 cm-1 towards higher wavenumbers. The shape of the band remained the same, and 

the shoulder at 2140 cm-1 was still visible. However, the shoulder became smoother and its 

intensity decreased. The addition of Q resulted in a spectral position at 2129 cm-1. The band moved 

towards higher wavenumbers. It indicated the change to a more hydrophilic environment. The 

width of the band became broader. The presence of different conformers of the label could be a 

possible explanation of the asymmetry of the signal. The increase of the width was significant, and 

further deconvolution of the bands revealed the presence of multiple peaks. It can be suggested 

that only a part reacted with NADH and Q-2. Another assumption would the presence of two 

substructures.  

The deconvolution analysis of the SCN band of the H159CM and that one incubated with NADH 

showed that the majority of the band (72%) appeared around 2122-2123 cm-1, while the remaining 

28% appeared around 2136-2138 cm-1 (Fig. 4.41). H159CM and that one reduced by NADH look 

similar, showing 72% of absorbance around 2122-2123 cm-1, while 28% appear around 2136-

2138 cm-1. 
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Figure 4.40: Spectra of the SCN bands of oxidized H159CM (A, black), after reduction with 100 µM NADH (B, 
red) and after re-oxidation with 150 µM Q-2 (C, blue). D) Position of the H159CM residue in the NuoM structure. 

The shift in the distribution of SCN bands for the re-oxidized H159CM variant compared to the 

reduced variant suggests that the addition of Q-2 has a major effect on the conformational freedom 

of the thiocyanate ligand. The shift towards lower wavenumbers (2119 cm-1) suggests that Q-2 

may alter the polarity of the microenvironment surrounding the ligand or alter the conformation of 

the protein. The band at 2132 cm-1 in the higher wavenumber region supports this assumption. 
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Figure 4.41: Deconvolution of the nitrile band of the H159CM variant (A), after reduction with NADH (B) and 
after re-oxidation with Q-2 (C). 
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After labelling, the T332CM variant with the mutation on the periplasmic side NuoM showed a 

band at 2127 cm-1. A small shoulder at around 2140 cm-1 can be observed. Incubation with NADH 

changed the position of the band to 2123 cm-1. Treatment with Q resulted in a shift towards higher 

wavenumbers to the initial state of the protein at 2127 cm-1. There is also a shoulder visible around 

2115 cm-1 that is characteristic of a band (Fig. 4.42).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.42: Spectra of the SCN bands of oxidized T332CM (A, black), after reduction with 100 µM NADH (B, 
red) and after re-oxidation with 150 µM Q-2 (C, blue). D) Position of the T332CM residue in the NuoM structure. 

The deconvolution analysis of the band from the thiocyanate bound to the T332CM variant shows 

that the majority of the peak appeared at 2128 cm-1, pointing towards a homogenous environment 
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of this variant. Only a small fraction of the peak (8%) was found at higher wavenumbers 

(2141 cm-1), indicating some conformational heterogeneity.  
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Figure 4.43: Deconvolution of the nitrile band of the T332CM variant (A), after reduction by NADH (B) and 
after re-oxidation by Q-2 (C). 

Upon incubation with NADH, there was an increase in the percentage of the peak at higher 

wavenumbers (now at 2134 cm-1), indicating a change in the conformation around the label and a 

2180 2160 2140 2120 2100 2080 2060

wavenumbers (cm-1)

T332C + NADH + Q-2

Abs

1.4 x 10-4

2129
96%

2114
4%

C)



4 Results  

129 
 

different distribution between the conformers. Incubation with ubiquinone resulted in a main peak 

located at 2129 cm-1, showing a different conformational change upon re-oxidation by ubiquinone. 

Only a small fraction of the peak was located at lower wavenumbers, pointing out that the label 

adopts a similar stable position in the oxidized and the re-oxidized state.  

The band in the S414CM variant (Fig. 4.44) appeared at a lower wavenumber of 2123 cm-1, 

indicating that the labeled residue is in a different local environment than in the previous mutant 

H159CM located on the periplasmic side. This residue (S414CM) is located on the periplasmic side 

of the membrane close to the putative proton exit.  

Interestingly, the addition of NADH did not result in any visible changes in the vibrational mode 

of the labeled residue, suggesting that NADH does not induce conformational changes at this 

position. The band remained at the same position of 2123 cm-1. However, the addition of 

ubiquinone resulted in a shift of 4 cm-1 towards higher wavenumbers, indicating that the labeled 

residue is exposed to a more hydrophilic environment in the presence of ubiquinone. This shift is 

in the opposite direction compared to the shifts observed in the previous mutants, may indicate the 

same effect on the local environment of S414CM, where the label moves to a more hydrophilic 

environment upon addition of ubiquinone. 

It is also worth mentioning that the half-band width of the signal in the S414CM mutant is broader 

than those observed in the previous mutants indicating that the labeled residue may exist in multiple 

conformations or may be involved in interactions with multiple components within the complex. 

The deconvolution for the S414CM nitrile signal after incubation with both NADH and ubiquinone 

showed two peaks with approximately equal distribution. Peaks at the same position are also 

detected with the oxidized and reduced variant (Fig. 4.45), while the relative amount of both 

contributions differs in different redox states. Thus, the label is present in two favorite positions, 

with the more stable one depending on the redox state of the complex. 
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Figure 4.44: Spectra of the SCN bands of oxidized S414CM (A, black), after reduction with 100 µM NADH (B, 
red) and re-oxidization with 150 µM Q2 (C, blue). D) Position of the S414CM residue in the NuoM structure. 
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Figure 4.45: Deconvolution of the nitrile band of the S414CM variant (A), after reduction with NADH (B) and 
after re-oxidation with Q-2 (C). 
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The T422CM variant with the labelled residue on the periplasmic side shows a spectral position at 

2123 cm-1 (Fig. 4.46). The shoulder at around 2140 cm-1 suggests that the probe may take several 

distinct conformations. The lack of significant changes upon treatment with NADH suggests that 

the position does not undergo a conformational change upon addition of NADH. The band 

remained at the same position of 2123 cm-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.46: Spectra of the SCN bands of oxidized T422CM (A, black), after reduction with 100 µM NADH (B, 
red) and incubation with 150 µM Q-2 (blue line). D) Position of the T422CM residue in the NuoM structure. 

In contrast, incubation with ubiquinone resulted in a significant shift of 6 cm-1 towards higher 

wavenumbers. This shift is consistent with the shifts observed with other variants with the probe 
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close to the periplasmic side. The lack of visible shoulders in the band suggests that the labelled 

T422CM may not be involved in interactions with multiple conformations or components, as 

observed in the S414CM mutant. 

The observed changes in distribution of the thiocyanate signal of the T422CM variant (Fig. 4.47) 

before and after incubation with NADH indicate that there are two major conformations taken by 

the label. Reduction with NADH only shifts the distribution of the label between these two 

positions. The slight increase in the the peak at 2121 cm-1 could suggest that the microenvironment 

of the cysteine residue has become less polar or hydrophobic. These changes could have an effect 

on the position of the thiocyanate band by altering the electron density around the sulfur atom of 

the thiocyanate group.  
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Figure 4.47: Deconvolution of the nitrile band T422CM variant (A) and after reduction with NADH (B). 
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The spectral changes observed with the S425CM variant suggest that the conformation and/or 

environment of the thiocyanate label is different in this mutant (Fig. 4.48). The higher wavenumber 

position of the thiocyanate band at 2129 cm-1 suggests that the label is in a more hydrophilic 

environment. The shift towards lower wavenumbers upon incubation with NADH suggests that 

the label is becoming more shielded from the solvent upon reduction. This could indicate a 

conformational change in NuoM that occurs upon NADH binding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.48: Spectra of the SCN band of oxidized S425CM (A, black), after reduction with 100 µM NADH (B, 
red) and re-oxidation with 150 µM Q-2 (C, blue). D) Position of the S425CM residue in the NuoM structure.  

The shift towards a higher wavenumber upon incubation with Q suggests that the label is now in a 

more hydrophilic environment. This could indicate a conformational change in the protein that 
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occurs upon ubiquinone binding, leading to a different orientation of the label relative to the 

solvent.  

The variant S425CM variant shows a homogenous peak after labelling and incubation with NADH 

(Fig. 4.48A and B). However, the deconvolution analysis after incubation with ubiquinone shows 

that 92% of the peak appeared at 2131 cm-1, and 8% was located at lower wavenumbers 

(2115 cm-1) (Fig. 4.49). This could indicate the presence of a small fraction of the protein in a 

slightly different conformation or environment compared to the majority of the protein. 
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Figure 4.49: Deconvolution of the nitrile band of S425CM variant incubated with NADH and Q-2. 

The thiocyanate band of the T178CM variant with a label in the central part of the protein appeared 

at higher wavenumbers compared to the other variants, at 2133 cm-1. Incubation with NADH 

resulted in a significant shift of 10 cm-1 towards the lower wavenumbers, at 2123 cm-1. Treatment 

with ubiquinone produced a shift towards the initial state of the protein at 2133 cm-1. For this 

variant, more significant changes were recorded.  

The data suggest that the labeled residue is exposed to a more hydrophobic environment in the 

presence of NADH. This shift is much larger than those observed with the other mutants, 

suggesting that position T178CM is particularly sensitive to changes in the local environment 

induced by reduction of the complex.  

The shift back to 2133 cm-1 upon treatment with ubiquinone indicates that position T178CM returns 

to its original environment when ubiquinone is present. The shift to higher wavanumbers upon re-

oxidation indicated that position T178CM is similarly sensitive to changes in the local environment 

induced by Q binding. 
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Figure 4.50: Spectra of the SCN bands of oxidized T178CM (A, black), after reduction with 100 µM NADH (B, 
red) and re-oxidation with 150 µM Q-2 (C, blue). D) Position of the T178CM residue in the NuoM structure. 

Position K234CM is also located in the central part of the protein. The NADH:decyl-Q 

oxidoreductase activity of this variant was less than 20% of that of complex I independent from 

labelling. The thiocyanate band of the labelled variant was observed at higher wavenumbers of 

2131 cm-1 (Fig. 4.51). The addition of NADH resulted in a small shift of 2 cm-1 towards a more 

hydrophobic environment. Treatment with ubiquinone resulted in a signal at 2131 cm-1 that 

corresponds to the initial state of the thiocyanate signal directly after labelling. 
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Figure 4.51: Spectra of the SCN bands of oxidized K234CM (A, black), after reduction with 100 µM NADH (B, 
red) and re-oxidation with 150 µM Q-2 (C, blue). D) Position of the K234CM residue in the NuoM structure. 

The D258CM variant is also mutated in the central part of the protein, and its NADH:decyl-Q 

oxidoreductase activity was significantly lower than that of the parent complex I. In the IR spectra, 

the thiocyanate signal appeared at 2125 cm-1 (Fig. 4.52), which is similar to the position of the 

signal of other variants with mutations located in the central part of NuoM. However, the reduction 

by NADH resulted in a small and insignificant shift of only 2 cm-1 towards higher wavenumbers, 

indicating that reduction did not significantly affect the environment around the labelled cysteine 

residue. The lack of significant changes in the spectral position of the label after re-oxidation with 
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ubiquinone also suggests that the environment of this position may not significantly be affected by 

redox reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.52: Spectra of the SCN bands of the oxidized D258CM (A, black), after reduction with 100 µM NADH 
(B, red) and re-oxidation with 150 µM Q-2 (C, blue). D) Position of the D258CM residue in the NuoM structure. 

The results for the variants located in the central part of NuoM (except for T178C) D258C and 

K234C indicate that the thiocyanate band is not significantly affected by the reduction and 

reoxidation of the variants. Variant T178CM resulted in a more significant shift. Deconvolution 

analysis was not performed for these mutants, because the peaks looked homogeneous and 

symmetric. It suggests that the surrounding environment does not provide conformational 

flexibility. It is possible that these residues do not directly interact with the thiocyanate molecule 
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and therefore do not cause any significant changes in the band distribution. Alternatively, the 

interactions between the thiocyanate molecule and these residues may be offset by interactions 

with other nearby residues or the solvent environment, resulting in a homogenous peak in the 

deconvolution analysis. Overall, the deconvolution analysis provides insight into the 

conformational changes of the complex I variants upon binding of substrates, which is useful for 

understanding the molecular mechanisms of complex I. 

Table 4.13 summarizes all the spectral positions of label attached to newly inserted cysteine 

residues in the NuoM variants. All bands appeared in the range from 2123 to 2133 cm-1. Bands 

after incubation with NADH tend to appear at lower wavenumbers and after incubation with Q at 

higher wavenumbers. 

Table 4.13: Spectral positions of labelled complex I variants incubated with NADH and ubiquinone. 

Variant Location CN (cm-1) +NADH 
(cm-1) 

∆(NADH-
CN), 
cm-1 

+Q-2 

(cm-1) 
∆(Q-2-

CN) 
cm-1 

∆(Q-2-
NADH) 

cm-1 
S105CM  cytoplasmatic 

side 
2127 2123 -4 2129 +2 +6 

E108CM 2125 2125 0 2127 +2 +2 
H117CM 2127 2125 -2 2131 +4 +6 
H159CM 2123 2125 +2 2129 +6 +4 
T332CM periplasmatic 

side 
2127 2123 -4 2127 0 +4 

S414CM 2123 2123 0 2127 +4 +4 
T422CM 2123 2123 0 2129 +6 +6 
S425CM 2129 2126 -3 2131 +2 +5 
T178CM central part 2133 2123 -10 2133 0 +10 
K234CM 2131 2129 -2 2131 0 +2 
D258CM 2125 2127 +2 2127 +2 0 

 

Table 4.14 shows a summary of all the conformers after deconvolution analysis. It was revealed 

that the band could be split into two peaks, where one of the contribution appeared at lower 

wavenumbers around 2125 cm-1 and another part was observed around 2140 cm-1. It was found out 

that the contribution at higher wavenumbers increased for the re-oxidized variants. However, the 

presence of peaks at lower wavenumbers was still observed. This could be a sign that the variant 

was partially reoxidized, and some part of it remained reduced.  
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Table 4.14: Summary on the conformers after deconvolution analysis. 

Variant Location CN  
(cm-1) 

% +NADH 
(cm-1) 

% +Q-2 

(cm-1) 
% 

S105CM cytoplasmatic 
side 

2125 80 2123 63 - - 
2140 20 2136 37 

E108CM - - - - 2124 68 
2136 32 

H117CM 2125 72 - - - - 
2138 28 

H159CM 2123 72 2122 72 2119 29 
2138 28 2136 28 2132 71 

T332CM periplasmic 
side 

2128 92 2122 61 2114 4 
2141 8 2134 39 2129 96 

S414CM 2121 67 2121 72 2121 49 
2134 33 2135 28 2135 51 

T442CM 2121 55 2121 59 - - 
2133 45 2134 41 

S425CM - - - - 2115 8 
2131 92 

 

Table 4.15 shows the half-band widths of the nitrile label signals of the variants. The bands after 

incubation with Q were broader compared to those obtained directly after labelling or after 

reduction by NADH. 

Table 4.15: FWHM of the variants. 

Variant Location CN (cm-1) +NADH (cm-1) +Q-2 (cm-1) 
S105CM cytoplasmatic 

side 
27 23 26 

E108CM 23 18 25 
H117CM 23 24 27 
H159CM 20 19 28 
T332CM periplasmic 

side 
25 22 26 

S414CM 17 16 28 
T442CM 22 20 25 
S425CM 22 22 22 
T178CM central part 22 21 23 
K234CM 22 24 25 
D258CM 22 25 22 

 

4.4.4 Addition of ubiquinone 

The spectra presented in Figure 4.53 demonstrate the importance of NADH in inducing a 

significant shift in the spectral position of the thiocyanate band after incubation with Q. 
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Specifically, incubation of the H117CM variant, with Q directly after labelling resulted in a small 

shift of 2 cm-1, suggesting a conformational change within NuoM. In contrast, treatment with 

NADH prior to incubation with Q led to a more substantial shift of 6 cm-1, which is 4 cm-1 higher 

than the shift observed in the absence of NADH. These results suggest that electrotransfer to Q 

plays a crucial role in transmitting conformational changer to the membrane arm, leading to a more 

pronounced shift in the thiocyanate band's spectral position. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.53: Spectra of the SCN bands of H117CM (black), incubated with 150 µM Q-2 (orange) and first after 
reduction with 100 µM NADH and then re-oxidation with 150 µM Q-2 (blue). 
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4.5 Relevance of conserved amino acid residues for the mechanism of bd oxidase 

Cytochrome bd-I oxidase contains three non-covalently bound heme groups in a 1:1:1 ratio, and 

catalyzes the reduction of oxygen to water with the help of hemes b558, b595 and heme d [22]. Apart 

from contributing to energy conservation, cytochrome bd endows E. coli with several specific 

functions by acting as an oxygen scavenger and inhibiting the degradation of O2-sensitive enzymes 

[23]. Cytochrome bd-I cryo-EM studies revealed that cytochrome bd-I is made up of two major 

subunits, CydA and CydB and the enzyme from some species contain additionally one or two 

accessory subunits called CydH (CydY) and CydX [24]. All heme groups are located in the 

catalytic subunit CydA. 

Previous biochemical, spectroscopic, and structural studies revealed the presence of acidic amino 

acid residues as ligands to these heme cofactors, playing crucial roles in determining the redox 

potentials of the hemes, as well as their reactivity towards oxygen [25]. These studies 

demonstrated, based on reaction induced FTIR difference spectroscopy, that these residues have 

an untypically high pKa value. Determining the exact pKa value of these acidic residues can reveal 

important information about the reaction mechanism and physiological role of cytochrome bd-I 

oxidases. This work focusses on the four subunit bd-I oxidase from E. coli. 

Mutations in CydA were generated in the proximity of the hemes. The mutated positions either 

serve as heme ligands or are found in close proximity to these residues (Fig. 4.54). The mutations 

E99D, E99Q, E107D, E107Q, E445D, E445Q, R448N were generated to study their influence on 

the bd-I oxidase activity and stability.  

Fig. 4.54: Position of the mutated residues on CydA of E. coli bd-I oxidase. (PDB: 6RX4) [24].  
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4.5.1 Generation of mutations on CydA   

All point mutations were generated on CydA via site-directed mutagenesis. To generate the 

mutations, polymerase chain reactions were applied. Mutations were introduced into the 

pET28b(+)cydAhBX plasmid. Figures 4.55 to 4.57 show the products of the PCR reactions. 

 

Figure 4.55: Agarose gel to identify the PCR products to generate the plasmid pET28b(+)cydAhBX with  
mutations in cydA. Lane 1 and 2 show the pattern of the product E99DA at 50° and 72°C, respectively. Lanes 3 and 
4 show the pattern of the product E99QA at 50° and 72°C, respectively. Lanes 5 and 6 show the pattern of the reaction 
to generate E107DA at temperatures 50° and 72°C, respectively.  The GeneRuler 1 kb Plus DNA Ladder (M) was used 
as a reference. Lanes 1, 4, 5 and 6 show the expected bands at 8000 bps. 

 

Figure 4.56: Agarose gel to identify the PCR products to generate the plasmid pET28b(+)cydAhBX with 
mutations in cydA. Lane 1 and 2 show the pattern of the reaction to generate E107QA at 50° and 72°C, respectively. 
Lanes 3 and 4 show the pattern of the product E445DA at 50° and 72°C, respectively. Lanes 5 and 6 show the pattern 
of the reaction to generate E445QA at temperatures 50° and 72°C, respectively. The GeneRuler 1 kb Plus DNA Ladder 
(M) was used as a reference. Lanes 2, 4 and 6 show the expected bands at 8000 bps. 
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Figure 4.57: Agarose gel to identify the PCR products to generate the plasmid pET28b(+)cydAhBX with a 
mutation in cydA. Lane 1 and 2 show the pattern of the reaction to generate R448NA at 50° and 72°C, respectively. 
The GeneRuler 1 kb Plus DNA Ladder (M) was used as a reference. Lanes 2 shows the expected bands at 8000 bps. 

For each mutation a band of the expected size around 8000 bps was obtained on the agarose gel. 

The bands were cut out, purified and strain CBO was individually transformed with the plasmid. 

Colonies were picked and cultivated, and their plasmids were isolated. The silent mutation was 

introduced into the plasmid in addition to the desired mutation to generate additional cleavage 

sites, so that successful mutagenesis could be tested by restriction analysis.  DNA sequencing 

confirmed the success of site-directed mutagenesis. Figures 4.58 and 4.59 show the results of 

restriction analysis.  

 

Figure 4.58: Agarose gels of restriction analysis to verify mutations on cydA. The GeneRuler 1 kb Plus DNA 
Ladder (M) was used as a reference. Lane 1: E99DA (expected bands at 4420, 3663 bps with PvuI), lane 2: E99QA 
(expected bands at 3263, 2758, 1424, 390, 189 and 59 bps with VspI), lane 3: E107DA (expected bands at 7726 and 
357 bps with XbaI), lane 4: E107QA (expected bands at 8083 bps with SalI). 
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Figure 4.59: Restriction analysis to verify mutations on cydA. The GeneRuler 1 kb Plus DNA Ladder (M) was used 
as a reference. Lane 1: E445DA (expected bands at 5274, 1492, 1182, 114, 21 bps with EheI), lane 2: E445QA (expected 
bands at 5274, 1492, 1182, 114, 21 bps with EheI), lane 3: R448NA (expected bands at 6950 and 1133 bps with NcoI). 

Positive clones were identified with DNA sequencing, bacterial glycerol stocks were produced and 

stored at -80°C.  

4.5.2 Comparison of CBO and BL21*∆cydAhBXγ 

To find out, which strain produces more bd-I oxidase, growth of CBO and BL21*∆cydABXγ were 

compared. This procedure was performed with the strains transformed with the plasmid encoding 

bd-I oxidase. Both strains were grown in LB medium (Fig. 4.60). Membranes were extracted from 

cells of both strains, and membrane proteins were extracted and purified in parallel.  
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Figure 4.60: Growth of strains BL21*∆cydABXγ (black) and CBO (red) in LB-medium.  

At OD600 2.0, IPTG was added to the cultures to induce the gene expression, and after 2 h cells 

were harvested. Membranes were purified from the cells, the membrane proteins were extracted, 
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and the bd-I oxidase was purified in a 4-step chromatography process. The obtained yields are 

depicted in Table 4.16.  

Table 4.16: Protein yield of the preparations. 

Strain Cells, g Membranes, g Protein, mg 
BL21*∆cydABXγ 18.12 3.24 0.5 
CBO  26.27 4.85 5.8 

 

Strain CBO strain clearly produces more protein, so the mutated plasmids were used to transform 

strain CBO. Bacterial glycerol stocks were grown and kept at -80°C.   

 

4.5.3 Bacterial cell growth 

The strain CBO transformed with the plasmids containing a mutation in CydA were grown in LB 

medium to an OD600 of around 2.0, induced with IPTG (0.8 M), and cells were grown for 2 h more 

and then harvested. Figures 4.61 and 4.62 show the growth of the corresponding strains. All strains 

grew similar to the parental strain. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.61: Growth of CBO//pETcydAhBX (black); E99DA (red); E99QA (blue); E107DA (green), E107QA 
(magenta). 
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Fig. 4.62: Growth of CBO//pETcyd (black); E445DA (red); E445QA (blue); cydA R448NA (green). 

 

4.5.4 Oxidase activity of cytoplasmic membranes 

The NADH oxidase activity of the membranes was determined with a Clark-type electrode. 5 µL 

of membranes were incubated with 2 mL buffer (Abd-buffer, pH 7.0). The reaction was started with 

the addition of 5 µL NADH (0.5 M). To inhibit the activity of bo3, 1 mM KCN was added to the 

buffer.  

Table 4.17: NADH oxidase activity of cytoplasmic membranes from CydA mutants. The data were 
acquired in triplicate measurements of each sample. The average and standard deviation was calculated. 
The parental strain was used as a reference and its value was set to 100%. 

Membranes of 
CBOpETcydAhBX variants 

NADH oxidase activity 
[U/mg] [%] 

no change 0.21 ± 0.025 100 ± 12 
E99DA 0.040 ± 0.001 18 ± 3 
E445DA 0.088 ± 0.003 41 ± 2 
R448NA 0.043 ± 0.002 20 ± 4 

 

NADH oxidase activities of membranes from mutants with modifications on CydA were compared 

to the NADH oxidase activity of the parental strain that was set to 100%. The NADH oxidase 

activities of membranes from all variants were lower than the one measured for the parental strain. 

The NADH oxidase activity of the membrane carrying E99DA variant resulted in 18% activity, 
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that carrying the R448NA mutation had approximately the same value (20%) and that of the variant 

E445DA variant had 41% of the activity of the parental strain.  

 

4.5.5 Preparation of cydA variants  

Cells were harvested, disrupted, and membranes isolated. Membrane proteins were solubilized 

with LMNG, and the extract was loaded on an affinity chromatography column. Weakly bound 

proteins were eluted with imidazole-containing buffer. The imidazole gradient was applied, and 

bound proteins were eluted. The eluate was collected, concentrated to 2 mL or less and loaded on 

a desalting column to remove the residual imidazole and salt before being subjected to ion 

exchange chromatography. The results of affinity and desalting chromatography are shown in 

Figure 4.63.  

 

 

 

 

Figure 4.63: Elution profile of HisTrap affinity chromatography (A) and HiTrap Desalting column (B). A) 
Absorbance at 280 nm is shown in blue, concentration of imidazole in red. B) Absorbance at 280 nm is depicted in 
blue, conductivity is shown in red. The pooled fractions are indicated by the grey area. 

The concentrated peak after desalting was subjected to MonoQ 10/100 GL anion exchange 

chromatography. The column was washed with buffer, and a gradient was applied with 20 to 

350 mM NaCl. The eluate was collected, concentrated and applied to size exclusion 

chromatography. The eluate was collected and fractions containing cytochromes concentrated. The 

protein concentration was determined and the protein was stored at -80°C. Figure 4.64 shows the 

chromatograms of the anion exchange and size exchange chromatography.  
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Figure 4.64: Elution profile of MonoQion exchange chromatography (A) and S300 size exclusion column (B). 
A) Absorbance at 280 nm is shown in blue, concentration of NaCl in red. B) Absorbance at 280 nm [mAu] is depicted 
in blue. The pooled fractions are indicated by the grey area. 

This procedure was applied to all bd-I oxidase variants. Three variants were obtained successfully 

(E99DA, E445DA and R448NA) according to this procedure. For the variant E99QA all the 

purification steps were performed and the elution profiles looked like the ones shown in 

Figures 4.63 and 4.64. However, the preparation was not stable, and the signals of the heme groups 

were lacking in the redox-difference spectrum. The variants E107DA and E107QA were also not 

stable. The membrane proteins extracted from these variants were loaded on to affinity 

chromatography column, but both variants did not bind to the Ni2+ material. Figure 4.65 shows the 

elution profile of this purification step. 
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Figure 4.65: Elution profile of HisTrap affinity chromatography to purify the E107DA variant. Absorbance at 
280 nm is shown in blue, concentration of imidazole in red. The fractions that normally include the oxidase are shown 
in grey area.  
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The E445QA variant also appeared not stable, and purification was stopped after affinity 

chromatography.  

Table 4.18: Yields of the preparations of the CydA variants.  

Variant Cells, g Membranes, g Protein, mg 
E99DA 57.68 10.12 5.96 
E99QA 48.66 11.10 - 
E107DA 50.22 8.09 - 
E107QA 50.72 8.91 - 
E445DA 40.19 6.91 3.00 
E445QA 43.79 10.22 - 
R448NA 32.15 7.61 5.57 

 

4.5.6 SDS-PAGE of the bd-I oxidase variant preparations 

The SDS-PAGE analysis was performed for bd-I oxidase characterization to find out if all subunits 

were present in the mutated variants (Figure 4.66).  

 

Figure 4.66: SDS-PAGE of the preparations of the bd-I oxidase variants. Lane M was loaded with the unstained 

protein marker (Thermo Fischer Scientific). Lanes are loaded with: bd-I oxidase (1), E99DA (2), E445D A (3), 
R448NA (4). The two major subunits were attributed according to their molecular mass. 

The preparations of the variants are similar to that of the bd-I oxidase and the main subunits are 

visible on the SDS-PAGE gel (CydA, CydB).  

4.5.7 Redox difference spectra of the preparations 

The presence of the hemes b558, b595 and heme d in the preparations was analyzed by recording 

UV/vis spectra of the reduced and oxidized state. The figure 4.67 shows the characteristic UV/vis 
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redox-difference spectrum of the wild type bd-I oxidase. The characteristic peaks were assigned to 

the heme groups. Heme b558 gives bands at 531 and 561.5 nm. For heme b595, the peaks are visible 

at 561.5 and 595 nm. The characteristic peak for heme d was recorded at 628 nm. All characteristic 

peaks for hemes are present for the wild type.  

 

 

 

 

 

 

 

 

 

 

Figure 4.67: Reduced-minus-oxidized UV/vis difference spectra of bd-I oxidase. The wavelengths of the typical 
absorbances are indicated. 

Figure 4.68 shows reduced-minus-oxidized difference spectra of the E99QA (A), E107DA (B) 

E107QA (C) and E445QA (D) variants. In the spectrum of the E99QA variant the peak related to 

heme d at 628 nm is absent. Spectra of the E107DA and E107QA variants also show only two peaks 

typical for heme b558. The characteristic peak for b595 located at 595 nm is missing. Typical heme d 

peaks are absent from the spectra (Fig. 4.68A and B). The spectrum of the E445QA variant 

(Fig. 4.68D) show peaks at 531.5 and 561.5 nm. Other characteristic bands for the hemes are 

missing, this indicates that the hemes are absent from the sample. 
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Figure 4.68: Reduced-minus-oxidized UV/vis difference spectra of the preparations of bd-I oxidase variants. A) 
E99QA, B) E107DA, C) E107QA

 and D) E445DA. 

Further electrochemical and spectroscopical experiments were performed for the obtained bd-I 

oxidase variants to study to impact of inserted mutations on enzyme functions. These 

measurements were performed by Iryna Makarchuk, University Strasbourg. The redox properties 

of the heme groups in the mutated variants. The effect of the mutations on the catalytic dioxygen 

reduction by means of the electrocatalytic approach was examined to investigate the role of heme 

b595 [166]. UV-vis titration was performed to determine the redox potential groups. Table 4.19 

shows the results of these measurements.  
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Table 4.19. Redox potentials of the bd-I heme groups determined by UV–vis titration [166].  

Mutants of bd-I 
oxidase 

Potential vs SHE, mV 
heme b558 heme b595 heme d 

WT 176 168 258 
E445D 124 276 310 
R448N 174 -86 446 

 

The redox potential of heme b595 in the E445D variant, was up-shifted by 100 mV and that of 

heme d by 50 mV. R448N variant showed that the redox potential of heme b595 was down-shifted 

by 254 mV and that of heme d was up-shifted by 188 mV [166]. 

Cyclic voltammetry using a gold electrode was performed to check the ability of the preparations 

to reduce dioxygen. Figure 4.69 shows the results of these measurements.  

 

Fig. 4.69: Cyclic voltammograms of the bd-I wild-type (black) and the E445D (blue) and R448N (red) 
variants [166]. 
The cyclic voltammogram of wild-type bd-I showed a sigmoidal shape, while the curves obtained 

for both mutants were altered in shape and magnitude. 
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5 Discussion 

5.1 Proton translocation by complex I 

Complex I is functionally well-characterized. In addition, several structures of complex I from 

various species from 2.3 to 4.5 Å resolution were obtained. Complex I couples the electron transfer 

of two electrons to Q with the translocation of four protons across the membrane. The mechanism 

of electron transfer is reasonably well characterized. However, the mechanism of proton 

translocation across the membrane is still under discussion. The Q binding site is located in 200 Å 

distance from the distal subunit NuoL that comprises the proton pathway. The mechanism of proton 

translocation driven by the redox chemistry along such a long distance is still under debate.  

The membrane arm of complex I comprises the three antiporter-like subunits NuoL, NuoM and 

NuoN that are homologous to each other. It was suggested that three protons go through each of 

the homologous subunits and the fourth proton is transported via E-channel. Due to the lack of 

cofactors, proton translocation is based on conformational changes within the membrane arm. The 

central axis of the membrane arm contains several conserved charged amino acids. Along this axis, 

an electrostatic forward and backward wave could propagate, allowing the opening and closing of 

proton pathway enabling proton translocation from the N-side to the P-side. There is another theory 

of proton translocation across the membrane, the so-called “ND-5 theory”, according to which all 

four protons are ejected through the distal subunit NuoL (ND-5 in mammals), by two electrostatic 

waves propagating in one direction along the central axis. 

The idea of this study was to observe conformational changes that occur during protons 

translocation. As method to detect conformational changes, IR spectroscopy of complex I 

decorated with an IR label was chosen. Subunit NuoM the central antiporter subunit in the 

membrane arm was selected as target to introduce the label. Mutations were generated at the 

positions close to the putative proton pathway as postulated in [119]. NuoM shows a structural 

arrangement of two symmetrical parts along the central axis with a broken helix that could build 

up the proton channel, which comprises two half-channels. According to the structural data, NuoM 

as the other antiporter-like subunits connects the cytoplasmic and periplasmic side by this putative 

proton pathway.  

It was experimentally found that complex I has no surface accessible cysteine residues [265]. 

Crucial positions of NuoM that were assumed to be part of the proton pathway and to be involved 

in proton translocation were mutated to cysteines for further labelling to cyanides by site-directed 
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mutagenesis. Cyanides are good candidates for infrared labelling as they are sensitive to changes 

of the local environment such as H-bonds and the electric field. Cyanides are small, can be easily 

incorporated into proteins and do not significantly perturb their structure. The signal appears in a 

spectroscopically clear region of the IR spectrum around 2120 cm-1 where signals of proteins are 

absent. To the complex bound to SAM, NADH and Q were added to monitor spectral changes in 

the absorbance of the infrared label. This might provide insights into transient structural changes 

occurring in NuoM during turnover.  

It was stated that the SCN absorbance changes according to solvent exposure and can detect local 

changes in the environment. The frequency mode of the thiocyanate moiety experiences a blue 

shift in a polar environment compared to an aprotic solvent [7]. Quantum chemistry calculations 

showed that the peak frequencies of the SCN labels are not strongly affected by the side groups in 

proteins [7]. Thus, it is believed that frequencies depend mainly on the local environmental 

changes. The line width can describe also environmental fluctuation and give an idea of how fast 

the group would move between several conformational states.  

 

5.2 Characterization of the NuoM variants 

Mutations on subunit NuoM were generated by site-directed mutagenesis with the target amino 

acid substituted by cysteine. Mutations on the cytoplasmic side (E108, S105, H117, H159), on the 

periplasmic side (S414, T332, S425, T422) and in the cavity (K234, T178, D258) were designed 

and generated. These positions were assumed to be involved in building a putative proton pathway 

in NuoM [119]. Residues K234 and T178 are located in the center of the main cavity. Position 

D258 leads to the cytoplasmic half of the channels that comprises S105, H117, E108 and H159. 

Residues S414, S425, T422, and T332 are located in the periplasmic half channel of NuoM. 

Figure 5.1 shows the position of the mutated residues on NuoM. Figure 5.2 shows the environment 

of individual residues.  

 

 

 

 

 

 

 



5 Discussion 
 

156 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Position of mutated residues of NuoM (PDB:7Z7S) [20]. Mutated positions are shown in blue. The 
putative proton channel is indicated by the red broken arrow.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.2: Position of individual residues of NuoM (PDB:7Z7S) [20].  
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All mutations were successfully introduced into the pBADnuohisnuoF plasmid. The success of 

mutagenesis was proven by sequence analysis. A strain lacking both membraneous NADH 

dehydrogenases were transformed with the respective plasmids. Mutant strains were grown, 

membranes were isolated and the complex I variants were isolated. Proteins were purified in yields 

of 4.7 to 18 mg. The NADH:decyl-Q oxidoreductase activity of the variants similar to that of the 

parental enzyme (Tab. 4.6). However, two variants showed a clearly diminished activity. The 

K234C variant had only 14% of the activity. Position K234C variant is conserved and it is located 

in the central part of the cavity that is assumed to be involved in charge transport according to all 

postulated mechanisms. The D258C variant had only 36% of the activity of the complex I. This 

loss of activity indicates that this residue might be essential for proton translocation. Other 

complex I isolated variants showed high NADH:decyl-Q oxidoreductase activity with ranging 

from 65 to 101% of that of complex I. The importance of position K234 is proved by 

NADH oxidase measurements (Tab. 4.1). The variant K234C showed 18% of the NADH oxidase 

activity of the complex I activity in the membrane. Membranes from the mutant strain K234CM 

showed by far the lowest activity compared to the other mutants. Thus, the loss of activity was due 

to the mutation, which confirms the importance of this position. This data confirmed the ones 

described in the literature, where mutation of position K234M resulted in an inactive 

complex I [121, 266]. Nevertheless, all variants were stable and fully assembled, active, and the 

mutations did not induce any significant changes, enabling their use for spectroscopic studies.  

All cysteine residues were labelled with cyanide with high labelling efficiency. These data were 

acquired from UV/vis spectroscopy where the signal at 412 nm from TNB- anion was followed as 

it was replaced by CN- (Tab. 4.8). Based on the fact that complex I does not have any surface 

accessible cysteine residues, targeted and specific labelling of the variant residues was successful. 

Further biochemical characterization of the variants revealed that the activity of the variants was 

slightly diminished due to the labelling process (Tab. 4.9). However, the loss of activity was not 

significant. Mass photometry and SDS-PAGE showed that labelling did not affect complex I 

assembly and subunit composition. The SCN label size is too small to be detected by this kind of 

analysis. The SCN signal can be detected in the IR spectrum, due to its interaction with the protein 

structure, which is different from the band of free KCN that appears at position 2058 cm-1 [267]. 

The results show that the SCN label was successfully introduced into the complex I variants at the 

specific positions without perturbing protein structure. Its insertion affected complex I assembly 
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and activities to a minor extent. Each complex I variant had newly incorporated a cysteine labelled 

to SCN appearing in a unique local environment. Addition of substrates to the protein bound to the 

SAM (self-assembled monolayer) helped to obtain mechanistic insights on catalytic changes in 

complex I.   

  

5.3 IR-spectroscopic characterization of the variants 

Labelling of complex I variants resulted in the appearance of a specific band located at around 

2123 cm-1, that was not observed in the spectrum of the complex I. In biological systems, 

thiocyanate band is described to give a signal at around 2153-2164 cm-1. However, there were 

peaks for labeled photoactive yellow protein (PYP) appearing at 2080 cm-1 [268]. For 

ribonuclease S a peak was observed at 2233 cm-1 that could be a sign of its location in the 

hydrophobic environment [269].  

The significance of the shifts was proved by other studies. Shifts below 5 cm-1 appeared to be 

relevant [233]. In the literature, membrane-binding peptide, mastoparan x (MPx peptide), was 

studied by the IR spectroscopy using a PheCN probe. In water, the peptide showed a CN stretching 

vibration at 2235 cm-1. However, attachment to the phospholipid bilayer caused a shift of 6 cm-1, 

and the SCN band appeared at 2229 cm-1, indicating a more hydrophobic or a less solvent-

accessible environment [233]. 

In previous studies, complex I variants K551CL and Y590CL located in the horizontal helix were 

successfully labeled with cyanide and incubated with NADH [9]. It is the first time that such a big 

membrane protein as complex I acquired a cyanide label and movements were visualized with the 

help of an IR spectrum. It was observed that the initial position of the signal of each labelled residue 

is different from each other. That is due to the fact that all mutated positions are located in a unique 

local environment. They are located in different parts of NuoM, either at the entrance, in the middle 

of or at the exit of the putative proton pathway, experiencing a different local hydrophobicity and 

H-bond network structure. 

SCN bands are sensitive to H-bond and their local environment. The changes in solvent exposure 

in the environment and the presence of water have an effect on the position of the band in the IR 

spectrum. The appearance of the signal at higher wavenumbers reflects a more hydrophilic 

environment or better solvent accessible environment. On the contrary, bands that show up at lower 

wavenumbers suggest that the label is located in less solvent exposed or hydrophobic environment. 
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Initial positions of the label at residues close to the cytoplasmic side (S105C and H117C) appeared 

at 2127 cm-1 (Fig. 4.34A and 4.38A), which could mean more hydrophilic or more solvent-

accessible environment. Both residues are facing each other (Fig. 5.3), indicating a similar local 

environment. Position H159C is found in a more hydrophobic environment at 2123 cm-1 

(Fig. 4.40A). The position of the glutamic residue E108C is observed at 2125 cm-1 (Fig. 4.36A). 

Both positions belong to different helices, although they are located at the same level in the 

membrane, in close proximity to each other (Fig. 5.3). This could explain the similar absorbances 

with a 2 cm-1 difference. 

 

Figure 5.3: Positions used for labelling NuoM (PDB: 7Z7S) [20]. The side chain of the mutated residues is shown 
in different colours (green or silver). Nitrogen atoms are shown in blue, oxygen atoms are shown in red. HL helix is 
shown in yellow, helices of NuoM are shown in red.  
 

On the periplasmic side, the signals of two residues (S414C and T422C) were observed at the same 

wavenumbers (2123 cm-1) (Fig. 4.44A and 4.46A), in agreement with their location in a more 

hydrophobic or less solvent-accessible environment. Both residues are located at different sides of 

the exit of the putative proton channel (Fig. 5.3). The other two residues appeared at higher 

wavenumbers 2127 and 2129 cm-1 indicating a more hydrophilic environment (T332C and S425C), 

accordingly (Fig. 4.42A and 4.48A). Residue T332C is located closer to the periplasmic surface of 

complex I, where the proton exit site is expected to be located. Residue S425C is located in the 

inner part of the putative exit half-channel (Fig. 5.1).  
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Residues located in the centre of NuoM (T178C and K234C) tended to appear in a more 

hydrophilic environment at 2133 and 2131 cm-1, respectively (Fig. 4.50A and 4.51A). Both 

residues are located in close proximity to each other (Fig. 5.3) as expected from the similar 

hydrophobicity of their environment. Residue D258C the signal of which appeared at 2125 cm-1 

(Fig. 4.52A) is located at the inner end of the putative entry half-channel explaining its absorbance 

indicative for a rather hydrophilic environment. The presence of the water molecules within the 

half-channels will affect the local environment of these residues.  

The study aimed to determine the position of the SCN label on various cysteine variants of 

complex I, as well as its changes upon incubation with NADH and ubiquinone. It turned out that 

the position of the SCN label varied among the variants as expected, and deconvolution analysis 

revealed the presence of multiple peaks in most cases, indicating the presence of several 

conformers.  

Position S105CM had two peaks at 2125 cm-1 (80%) and 2140 cm-1 (20%) before incubation 

(Fig. 4.35A). After incubation with NADH, the position of the label signal shifted to 2123 cm-1 

(63%) and 2136 cm-1 (37%) (Fig. 4.35B). Deconvolution of the second derivative of the signal of 

S105CM incubated with Q showed a mostly homogenous peak at 2127 cm-1 (Fig. 4.34C). 

Position E108CM is located at the cytoplasmic side close to the entrance of the putative proton half-

channel and showed a peak at 2125 cm-1 (Fig. 4.36A and D). Incubation with NADH did not lead 

to any significant changes of the peak position, however, the broadness of the band became 

narrower (Fig. 4.36B). Further treatment with Q resulted in a shift to 2127 cm-1 (Fig. 4.36C). 

Deconvolution revealed the presence of two overlapping peaks with 68% at 2124 cm-1 and 32% at 

2136 cm-1 (Fig. 4.37).  

The label at H117CM appeared at 2125 cm-1 (72%) and 2138 cm-1 (28%) (Fig. 4.39). Incubation 

with NADH produced a shift of 2 cm-1 towards lower wavenumbers and addition of Q resulted in 

a more significant shift of 6 cm-1 towards higher wavenumbers (Fig. 4.38). 

The SCN label at position H159CM appeared around 2122-2123 cm-1, with a small shoulder at 

2136-2138 cm-1 (Fig. 4.40A). Reduction with NADH did not change the position of the label 

significantly (Fig. 4.40B). Re-oxidation by Q-2 led to a broad peak with a center around 2129 cm-1 

(Fig. 4.40C).  

The label of the T332CM variant, appeared mostly at 2128 cm-1 (92%), with a smaller portion at 

2140 cm-1 (8%) (Fig. 4.43A). Incubation with NADH shifted the absorbance towards higher 
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wavenumbers, with a peak at 2134 cm-1 (Fig. 4.42B). Incubation with Q resulted in a peak located 

around 2129 cm-1, with a small contribution at 2114 cm-1 (4%) (Fig. 4.43C). 

For S414CM at 2121 cm-1 (67-72%) and 2134-2135 cm-1 (28-35%) (Fig. 4.45A). After incubation 

with NADH, the distribution of the signal shifted slightly towards higher wavenumbers. Incubation 

with Q resulted in two peaks located at 2121 cm-1 (49% contribution) and 2135 cm-1 (51% 

contribution) (Fig. 4.45C).  

Deconvolution of the signal of the label at T422C showed two peaks at 2133 and 2121 cm-1 (45% 

and 55% respectively) (Fig. 4.47A). After incubation with NADH, the distribution shifted slightly 

towards the peak at 2121 cm-1 (Fig. 4.46B), while an addition of Q resulted in a backshift of the 

signal at around 2129 cm-1 (Fig. 4.46C). 

The label at S425C showed a homogeneous absorbance before and after incubation with NADH. 

However, after incubation with ubiquinone, the label appeared mainly at 2131 cm-1, with a small 

portion at 2115 cm-1 (Fig. 4.49). 

Residues located in the cavity (T178C, D258C, K234C) resulted in homogenous peaks, for which 

deconvolution analysis was not performed.  

Both variants with mutations located at the cytoplasmic side (E108C and H159C) showed a signal 

indicative of a more hydrophilic environment (2125 and 2123 cm-1, respectively) (Fig. 4.36 and 

4.40). After incubation with NADH, the signal appeared at 2125 cm-1. Thus, a small shift towards 

a hydrophobic environment was observed for the label attached to H159C, while no significant 

change in its position was recorded when attached to E108C. For the other two residues on the 

cytoplasmic side (S105C and H117C) addition of NADH led to small shifts to lower wavenumbers 

(2 and 4 cm-1, respectively) (Fig. 4.34 and 4.38), indicative of a movement to an environment with 

weaker hydrogen bonds, which is less solvent accessible.  

The absorbances of residues located in the central part of NuoM were shifted towards 

wavenunumbers indicating a hydrophobic environment after treatment with NADH. For residue 

K234C a small shift (2 cm-1) of the label absorbance towards the hydrophobic environment was 

observed (Fig. 4.51). Residue D258C showed the same shift of 2 cm-1 towards a more hydrophilic 

environment (Fig. 4.52). The addition of Q did not result in any spectral changes with the label 

attached to D258C. However, when bound to K234C, a small shift to its initial absorbance 

(2131 cm-1) was observed (Fig. 4.51B). Both mutations showed a significant impact on complex I 

activity. However, the position of the label at T178C was significantly shifted by 10 cm-1 towards 
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the hydrophobic environment upon reduction with NADH (Fig. 4.50B). The addition of Q also 

resulted in a bigger shift, this time towards the hydrophilic environment and initial position of 

absorbance (Fig. 4.50C). Being located in the central axis of the protein, T178 could participate in 

conformational changes caused by quinone reduction that might be in accordance with the 

mechanism proposed by Kaila [113].  

Interestingly, the absorbance of the label attached to residues at the periplasmic side (S414C and 

T422C) appeared at the same wavenumbers after labelling (2123 cm-1), and the addition of NADH 

did not result in any spectral changes (Fig. 4.44 and 4.46). This could indicate that the local 

environment around these positions did not change, and there was no movement towards a 

more/less solvent-accessible environment. For the other two residues located at the periplasmic 

side (T332C and S425C), shifts of 3 and 4 cm-1 were observed indicating a local change towards a 

less solvent accessible environment (Fig. 4.42 and 4.48). Incubation with Q did not change the 

position of the peak for T332 label (Fig. 4.42C) and gave a small shift of 2 cm-1 towards hydrophilic 

environment for the position with the label at S425 (Fig. 4.48C). 

Incubation with Q shifted the absorbances of the label bound to E108C and H159C, which are 

located at the cytoplasmic side by 2 and 4 cm-1, towards higher wavenumbers or a hydrophilic 

environment respectively (Fig. 4.36 and 4.40). The other two residues at the cytoplasmic side 

(S105C and H117C) showed bigger absorbance shifts of 6 cm-1 indicating a more solvent 

accessible environment (Fig. 4.34 and 4.38).  

The absorbances of the label bound to residues at the periplasmic side which did not move upon 

treatment with NADH (S414C and T422C), was shifted by the addition of Q produced by 4 and 

6 cm-1, respectively (Fig. 4.44 and 4.46). When bound to the other residues of the same 

environment (T332C and S425C), the treatment with ubiquinone resulted in shifts of 4 and 5 cm-1, 

respectively (Fig. 4.42 and 4.48). In all cases, movements towards a more solvent accessible 

environment were detected. The label bound to the residue T332C, which is located in the 

proximity of the periplasmic side close to the exit of the putative proton channel, had an absorbance 

at its initial spectral position upon addition of Q (Fig. 4.42C). This could be explained by the 

opening and closure of the proton channel on the periplasmic side.  

It was observed that labelling of two residues at the cytoplasmic (S105C and H117C) and two 

residues at the periplasmic side (T332C and S425C) the signal of the label appeared at higher 

wavenumbers (2127-2129 cm-1). Signals of the label attached to residues on the cytoplasmic 
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(E108C and H159C) and on the periplasmic side (S414C and T422C) appeared at lower 

wavenumbers. Thus, there is pairing of residues, which are located as the entrance and exit for the 

putative proton channel. The absorbances of the label attached to residues in the cavity (K234C, 

T178C, D258C) appear mostly in a hydrophilic environment (2125-2133 cm-1). The addition of 

NADH resulted in a tendency of the absorbance to move to lower wavenumbers (hydrophobic 

environment). Incubation with Q revealed the tendency of the residues to appear at higher 

wavenumbers or in a more hydrophilic environment. The spectroscopic shifts after treatment with 

Q were more significant than ones after the incubation with NADH, which could lead to the 

conclusion that Q plays an important role in the proton translocation. The observed spectral 

movements of the label described here are in line with the assumption that water channels are 

opening or closing. The opening of the channel enables water influt into the channel. The closing 

of the channel pushes water out.  

The line width of the label’s absorbance depends on the heterogeneity of the environment and 

fluctuation occurring in the environment [270]. Thus, line widths describe the dynamics of the 

local environment. The helical structure of NuoM leads to the broadening of the SCN signals [271]. 

Here, line widths of the labelled residues were found in the range of 17 to 27 cm-1 (Tab. 4.15). The 

values are higher than the ones described in the literature, where 7 to 16 cm-1 are described. The 

majority of the labels’ line widths were here calculated to be 22 cm-1. The broadest band was 

obtained for S105C (27 cm-1), which is located on the cytoplasmic side, close to the entrance to 

the putative proton channel. It could indicate a high degree of conformational freedom around this 

position, enabling the residues to move between several states. The addition of substrates 

influenced the line widths of the residues. Incubation with NADH had only a small effect on the 

line widths of the obtained peaks. In most cases the bands were narrower. However, line widths 

upon the addition of Q showed more significant changes, giving broader peaks in most cases. This 

could be explained by the existence of several conformers, where changes in the local environment 

can cause equilibrium between several states of the residues. One example is the absorbance of the 

label found to S414C that is located at the periplasmic side of complex I. Its line width after 

labelling comprised 16 cm-1. The addition of NADH did not have a significant effect on its line 

width. However, treatment with quinone increased its line width up to 28 cm-1. Such a significant 

change of almost doubling the line width can give a hint on this specific residue existing in several 

states simultaneously. 
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Deconvolution analysis of the absorbances revealed multiple peaks that could indicate that the 

residues move between several states, and the existence of several conformers is predicted. It was 

observed that multiple inhomogeneous peaks were obtained for the label bound to residues at the 

surface E108C, H159C, S105C, H117C on the cytoplasmic side and S414C, T332C, T422C on 

periplasmic side. Residues located in the central part of the subunit resulted in more homogenous 

peaks. The peak of the residue S425C was almost homogenous (92%). These data indicate that the 

residues located closer to the surface have a higher conformational degree of freedom than the ones 

located in the cavity. 

In conclusion, the position of the SCN label varied among the variants, and deconvolution analysis 

revealed multiple peaks in most cases. Incubation with NADH and ubiquinone caused some shifts 

in the label's position or distribution. Some labels, such as those bound to K234C and T178C 

(located in the central part of the membrane arm), showed homogenous peaks in the deconvolution 

analysis. Overall, the studies provided valuable insights into the dynamics of individual positions 

of NuoM.  

 

5.4 Conclusions on the proposed mechanisms 

Significant conformational changes occurred at the labelled positions. The spectral shifts describe 

the conformational flexibility of the individual residues in different redox states of the protein. 

They are indicators of movements towards a more hydrophobic or hydrophilic environment. Proton 

translocation involves proton entrance from the cytoplasmic side and exit to the periplasmic side. 

SCN shifts can be used as an indicator of H-bond networks and shifts towards more or less solvent 

accessible environment. However, to conclude on the mechanism of proton translocation based on 

the spectral changes observed in this study is rather hard due to limited information.  

The observed local changes in the environment of the NuoM residues in question describe 

conformational and H-bond network changes as well as different degrees of hydratisation. The 

most likely explanation of the experiments is that the movements occurring at the specific labelled 

positions are due to structural rearrangements of the protein upon substrate binding. It supports the 

importance of conformational changes for the mechanism of complex I. The observed changes are 

in line with a mechanism, where NuoM is involved in proton translocation. The data support the 

mechanism, according to which all subunits of the membrane arm are taking part in the proton 

translocation including the presence of a proton channel in NuoM. Conformational changes 
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occurring upon the reaction of complex I with Q may be the indication for the opening and closing 

of a proton channel, proton uptake from the cytoplasmic and ejection towards the periplasmic side. 

Movements of helices and environmental changes in the subunit NuoM are likely during the 

reaction. 

According to the “ND5-only” mechanism all four protons translocated by the oxidation of one 

NADH exit the membrane arm through the distal complex I subunit NuoL. The other homologous 

antiporter-like subunits NuoM and NuoN do not have a hydratized proton pathway to the 

periplasm. The conformational changes in NuoM indirectly observed by IR absorbance of the label 

render this mechanism unlikely. According to this mechanism, only the central axis of the 

membrane arm passes the protons to the distal subunit NuoL. The membrane subunits of the 

complex contain many conserved titratable amino acids that participate in this process. According 

to this mechanism, NuoM is not involved in proton translocation. However, if this would be the 

case, no conformational changes would be observed in the periplasmic half-channel of NuoM as it 

would not take part in proton ejection. However, all residues building the putative channel are 

involved in conformational changes during Q reduction. If protons were translocated across the 

membrane only by the distal subunit as it is according to the “ND-5 only” theory, there would not 

be any movements of the residues located close to the periplasm. The observations reported here 

are not in the agreement with the “ND-5 only” mechanism. This study can be useful in deciphering 

the mechanism of proton translocation and can be extended to studying the different positions of 

complex I that are likely to take part in proton translocation and Q reduction.  

 

5.5 bd-I oxidase 

Cytochrome bd-I oxidases belong to the terminal oxidases of respiration, reducing dioxygen to 

water and oxidizing ubiquinol to ubiquinone, thus, contributing to proton motive force (pmf) by 

this vectorial process. bd-I has three hemes: b595, b558 and heme d, arranged in a triangle, enabling 

electron transfer through the enzyme. Previous biochemical and spectroscopic studies revealed the 

importance of acidic amino acids ligands situated in the proximity of the hemes [161, 164, 167–

169]. These glutamic acid residues are conserved, underlying their importance for enzyme stability 

and functionality. Therefore, position R448 is important for bd-I oxidase functions. E445 and R448 

are located in the proximity of the heme b595 and according to the structure build a salt bridge. 
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Previous studies revealed that mutations generated at position E445 resulted either in a stable, but 

non-functional enzyme (E445A) or in a variant with diminished activity (E445C) [161, 164]. Here, 

two different mutations were generated at this specific position: E445D and E445Q. Variant 

E445D was fully assembled and could be isolated. The redox-difference spectrum of the 

preparation revealed the presence of all hemes. It was described in the literature that this mutation 

resulted in a diminished activity of the variant [161]. However, here, the variant E445Q showed a 

loss of activity and resulted in a preparation where signals for heme b595 were absent. These data 

could confirm the importance of titratable amino acid’s presence at position E445. Glutamic and 

aspartic acids share a similar structure, and both belong to polar amino acids that are negatively 

charged. However, glutamine is a neutral amino acid, and its insertion at this position results in the 

enzyme’s instability. Keeping the acid group proved its importance. This result emphasizes the 

importance of the salt bridge between E445 and R448. Furthermore, this arginine was mutated to 

asparagine. In the literature, a R448A mutation is described, which resulted in a diminished level 

of oxygen binding [164]. The reduced-oxidized UV/vis difference spectrum revealed the presence 

of all hemes in the preparation. Variants E445D and R448N were isolated and purified. Activities 

of the E445D and R448N variants in the membrane were measured and compared to those of the 

wild-type. Cytochrome bd-I E445D had 20±4%, and R448N 41±2% activity compared to the wild-

type. The diminished activity can be explained by a slow intramolecular electron transfer rate via 

b595 [166].  

Electrochemical investigations and redox-potential titration performed by I. Makarchuk, 

University Strasbourg, revealed a 200 mV shift of the redox potential of b595 caused by the 

mutations compared to the wild-type. In the E445D variant, the redox potential of the heme b595 is 

up-shifted by 100 mV and that of the heme d by 50 mV. In the R448N variant, the heme b595 shifted 

by 250 mV and that of heme d by 190 mV [166]. However, both mutations did not block electron 

transfer. Previous studies revealed that H-bonds have an effect on the hemes’ redox potential [272, 

273]. The significant differences obtained with the R448N variant led to the assumption that this 

variant significantly slows down electron transfer to heme d. The ability of both variants to reduce 

oxygen, although the redox potential shifts decelerates the reaction, shows that heme b595 is 

involved in intramolecular electron transfer but does not contribute to oxygen binding. For these 

variants, the NADH oxidase activities were high, although both mutations are located in the close 

vicinity of heme b595.   
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Four other mutations were designed in the CydA near heme d at positions E99 and E107. These 

glutamic acid residues were described in the literature as essential for enzyme stability and activity 

[161, 168, 169]. Mutations E99D and E99Q were generated. However, it was only possible to 

isolate the variant E99D, as the variant E99Q did not properly assembled as indicated by the 

mutants’ cell growth. Position E99 is an axial ligand to heme d. Thus, mutating this glutamate can 

cause instability of the enzyme as the glutamate has a polar uncharged side chain. Substitution of 

the glutamate with aspartic acid residue was successful, as both amino acids are polar charged 

residues with an acid group. The redox-difference spectrum of the E99Q preparation revealed the 

absence of heme d. In the literature, this mutation was described as lacking heme d and heme b595, 

and this mutant appeared inactive [168]. The mutation E99D resulted in a fully assembled protein, 

with all hemes groups. The variant had 18 ± 1% of the activity of the wild-type. This direct ligand 

to the heme d is thus essential in electron transfer.  

Two mutations at position E107 were designed: E107D and E107Q. Both mutations resulted in 

slower cell growth, and the protein could not be isolated from the mutants. Redox-difference 

spectra revealed the absence of heme b595 and heme d. In the literature, both mutations were 

characterized as inactive, but the E107Q variant was assembled, and its UV/vis spectrum directly 

obtained after preparation was similar to the one obtained from the wild-type. However, the content 

of heme d was about 50%, and the heme b595 and d appeared labile upon storage. The isolated 

E107D lacked heme b595 and d and did not have any oxidase activity [168]. The data obtained here 

are in agreement with the ones described in the literature. E107 is not a direct ligand to heme d, 

and not involved in electron transfer. The absence of two hemes proves its structural importance. 

E107 seems to have essential functions and might be relevant for oxygen reduction [163].  
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7 Appendix 

7.1 Nomenclature 

Table 7.1: List of homologous subunits of complex I in E. coli, T. Thermophilus, Y. lipolytica and H. sapiens. 

E. coli T. thermophilus Y. lipolitica H. sapiens 
NuoA Nqo7 NU3M ND3 
NuoB Nqo6 NUKM NDUFS7 

NuoCD 
 

Nqo4 NUCM NDUFS2 
Nqo5 NUGM NDUFS3 

NuoE Nqo2 NUHM NDUFV2 
NuoF Nqo1 NUBM NDUFV1 
NuoG Nqo3 NUAM NDUFS1 
NuoH Nqo8 NU1M ND1 
NuoI Nqo9 NUIM NDUFS8 
NuoJ Nqo10 NU6M ND6 
NuoK Nqo11 NULM ND4L 
NuoL Nqo12 NU5M ND5 
NuoM Nqo13 NU4M ND4 
NuoN Nqo14 NU2M ND2 

 

Table 7.2: Location of cofactors and functions of complex I. 

Location Module E. coli subunit Cofactor/function 
Peripheral arm  NADH binding NuoF FMN 

N3 
NuoE N1a 
NuoG N1b 

N4 
N5 
N7 

Quinone binding NuoI N6a 
N6b 

NuoCD Quinone binding 
NuoB N2 

Membrane arm  Antiporter-like NuoL Proton pathways 
NuoM 
NuoN 

E-channel NuoH Coupling mechanism/ 
proton pathways NuoA 

NuoJ 
NuoK 
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7.2 Structures of 20 amino acids 

 

Figure 7.1: 20 amino acids [274]. 

7.3 Labelling efficiency calculation example 

To calculate label efficiency, absorbance of the peak at 278 nm is compared with the one at 412 

nm. An example of calculation for one the Complex I variant is presented: 


�,- � 0.18 
2
� � 0.023 

 

5�678 �  
2
��9:; �  0.023 < => 
14150 < 10A � 3.25 B� 
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5�108C8 �  5
�,-8
�D� �  0.18 < =>

781 < 10A � 4.60 B� 

%HIJKHL&M KNNL�LK&�O � P 5�678
5�108C8Q < 100% � R3.25

4.60S < 100 ≈ 71 % 

 

 

7.4. Spectral shifts of NuoM variants 

Table 7.3. Behaviour of the spectral changes compared to the initial state.  

Variant Location CN (cm-1) +NADH  +Q2 
E108C cytoplasmatic 2125 - hydrophilic 

H159C cytoplasmatic 2123 hydrophobic hydrophilic 
S105C  cytoplasmatic 2127 hydrophobic hydrophilic 

H117C  cytoplasmatic 2127 hydrophobic hydrophilic 

S414C periplasmatic 2123 - hydrophilic 

T332C periplasmatic 2127 hydrophobic - 

T442C periplasmatic 2123 - hydrophilic 

S425C periplasmatic 2129 hydrophobic hydrophilic 
T178C cavity 2133 hydrophobic - 

K234C cavity 2131 hydrophobic - 

D258C cavity 2125 hydrophilic hydrophilic 
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7.5. Orientation of complex I variant on Ni-NTA modified gold surface 

 

Figure 7.2: MID IR spectrum of complex I A582CG variant recorded with polarization 0° (red), 90° (blue) and 
without polarization (black). 
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Décryptage des mécanismes des complexes de la chaîne 
respiratoire par marquage IR et approches exaltées de surface 

Résumé 

La chaîne respiratoire aérobie d'E. coli se compose de plusieurs déshydrogénases primaires et de 
réductases terminales. Le complexe I est la plus grande enzyme de la chaîne respiratoire qui catalyse le 
transfert de deux électrons du NADH à la quinone, couplé à la translocation de quatre protons à travers 
la membrane. Il a une structure en forme de L composée d'un bras périphérique et d'un bras 
membranaire. Le couplage des deux processus fait encore l'objet de débats. Un marqueur nitrile a été 
inséré à proximité de l'une des voies protoniques putatives dans NuoM du complexe I. Des positions 
individuelles ont été génétiquement changées en cystéines et marquées avec des cyanures. Les 
marqueurs nitrile sont des marqueurs IR intéressantes car elles peuvent fournir des informations 
précieuses sur l'environnement local de la sonde dans un environnement protéique défini. Les 
changements de conformation dans ces positions ont été visualisés avec SEIRAS lors de l'ajout de 
substrats.  

La cytochrome bd-I oxydase appartient aux réductases terminales des chaînes respiratoires. Les résidus 
d'acide glutamique conservés à proximité des hèmes sont importants pour les fonctions de la bd-I 
oxydase. Ces résidus sont discutés en relation avec le rôle physiologique de l'enzyme. 

Mot-clés: complexe I, SEIRAS, marqueur nitrile, spectroscopie infrarouge, bd-I oxydase 

Résumé en anglais 

The aerobic respiratory chain of E. coli consists of several primary dehydrogenases and terminal 
reductases. Complex I is the largest enzyme in the respiratory chain that catalyzes the transfer of two 
electrons from NADH to quinone coupled with the translocation of four protons across the membrane. It 
has an L-shape structure consisting of a peripheral and a membrane arm. The coupling of both processes 
is still under debate. A nitrile label was inserted in the proximity of one of the putative proton pathways in 
NuoM of complex I. Individual positions were genetically changed to cysteines and labelled with cyanides. 
Nitrile labels are attractive IR labels as they can provide valuable information about the local environment 
of the probe in a defined protein environment. Conformational changes in these positions were visualized 
with SEIRAS upon addition of substrates.  

Cytochrome bd-I oxidase belongs to terminal reductases of respiratory chains. Conserved glutamic acid 
residues in proximity of hemes are important for functions of bd-I oxidase. These findings are discussed 
in relation to the physiological role of the enzyme. 

Keywords: complex I, SEIRAS, nitrile label, infrared spectroscopy, bd-I oxidase 
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