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Résumé (for the doctoral school) 

Introduction 

Le catabolisme d’aliments nutritionnels résulte dans la formation de coenzymes 

réduites tel que le NADH (nicotinamide adénine dinucléotide). Ces coenzymes sont 

oxydées par le premier complexe de la chaîne respiratoire, la NADH:quinone 

oxydoréductase aussi appelée le complexe I. Il catalyse le transfert d’électron vers des 

quinones qui sont réduites en quinols. Ce transfert d’électron est couplé à un transfert de 

protons à travers la  membrane plasmique et contribue à mettre en place un gradient de 

protons. Les quinols sont oxidés par le complexe bc1 qui transfert aussi des protons à 

travers la membrane. Le cytochrome c transfère des électrons entre du complexe bc1 à la 

cytochrome c oxidase. La cytochrome c oxydase catalyse la réduction de l’oxygène en 

molécules d’eau tout en participant aussi à un transfert de protons à travers la membrane. 

Le gradient de proton est finalement utilisé par l’ATP synthéase pour synthétiser de l’ATP 

(adénosine triphosphate) qui est utilisée comme source d’énergie métabolique. 

 

La Na
+
-NADH:quinone réductase de l’organisme Vibrio cholerae 

Dans le cadre de cette travail, un analogue du complexe I est étudié, la Na
+
-

NADH:quinone réductase (Na
+
-NQR) de l’organisme Vibrio cholerae. Analogue par sa 

fonction d’entrée d’électrons dans la chaîne respiratoire, mais contrairement au complexe 

I, cette protéine transfert des cations Na
+
 à travers la membrane. L’activité catalytique de 

cet enzyme est stimulée 8 fois en présence de Na
+
, 3 fois en présence de Li

+
, insensible en 

présence de K
+
 et inhibée par les ions Rb

+
. En se basant sur ces mesures d’activité, un 

dosage redox des cofacteurs en UV-visible a permis de mettre en évidence une 

augmentation du potentiel redox d’un des cofacteurs le FMNC (Flavine mono nucléotide 

présent dans la sous-unité NqrC) de 100 mV en présence d’ions Na
+
 et Li

+
 par rapport aux 

échantillons contenant des ions K
+
 and Rb

+
. La dépendance d’ions était aussi étudiée en 

moyen IR (Figure I). Les résultats ont mis en évidence les modes d’élongation symétrique 

des liaisons de type COO
-
Na

+
 et COO

-
Li

+
 dans la forme oxydée ainsi que dans la forme 

réduite de l’enzyme. Ces types de liaisons peuvent être de type mono ou bi dentate. Pour 

définir le type de liaison, ces mêmes expériences ont été faites dans D2O. En connaissant 

la différence de nombre d’onde entre le mode symétrique et asymétrique de cette 
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élongation, on peut connaitre la coordination de ces ions. Par ailleurs, une bande observée 

dans la forme réduite uniquement en présence d’ion Rb
+
 suggère que cet inhibiteur se lie à 

la protéine dans sa forme réduite. Le changement conformationnel qui se fait entre les 

deux états redox, est similaire en présence de Na
+
 et Li

+
. Ce changement est bloqué en 

présence de Rb
+
. 
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Figure I: Spectre différentiel de la Na+-NQR, les signaux observés montrent les changements de conformation, 

des cofacteurs ainsi que l'implication de certains résidus dans la réaction redox. 

 

La spectroscopie IR différentielle couplée à l’électrochimie donne des informations 

sur le changement conformationnel local et les états de protonation des résidus après 

l’application d’un potentiel. Les changements de structure tertiaire par contre ne sont pas 

observés. Pour les visualiser, la cinétique d’échange hydrogène/deutérium en moyen IR 

est utilisée. Cette technique permet aussi de mettre en évidence des canaux de transfert 

transmembranaire. Les résultats montrent que le cinétique d’échange H/D est similaire en 

présence de Na
+
 et Li

+
, alors qu’en présence d’ions K

+
 et Rb

+
 la cinétique d’échange est 

plus lente et 4% des liaisons amides ne sont plus accessibles. Ces résultats suggèrent la 

présence d’un canal de transfert qui n’est accessible qu’en présence d’ions Na
+
 et Li

+
. 
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Des résidus acides (Figures II) ont été identifiés qui peuvent être les sites d’entrée 

et de sortie d’ions. L’acide aspartique en position 397 de la sous-unité NqrB a été 

remplacé par l’acide glutamique par mutagénèse dirigée. Les mesures d’activité 

enzymatiques de cette protéine mutée montrent que la réduction de la quinone est stimulée 

par la présence de Na
+
 mais pas en présence de Li

+
 et de K

+
. Comme pour la protéine 

sauvage, un dosage redox des cofacteurs montre qu’il n’y a plus de dépendance des 

potentiels de demi-vague des cofacteurs en fonction du type d’ions présents. La 

spectroscopie différentielle montre que le changement de conformation observé pour la 

protéine sauvage en présence de Na
+
 n’est plus observé par le mutant. Par ailleurs, les 

spectres différentiels obtenus en présence de Li
+
 et de K

+
 sont identiques. Ces résultats 

corroborent les analyses d’activité qui sont identiques en présence de Li
+
 et K

+
. La 

cinétique d’échange H/D montre que cette enzyme est moins accessible au solvant en 

comparaison avec la protéine sauvage. Par ailleurs les cinétiques d’échange sont similaires 

en présence de Li
+
, K

+
 et Rb

+
. De ces résultats l’importance de l’acide aspartique 397 est 

mise en évidence. Le rôle de ce résidu dans le transfert de Na
+
 est souligné. Une 

publication incluant la spectroscopie différentielle de la protéine sauvage et le mutant, 

ainsi que la cinétique d’échange H/D est en préparation. 

 

Figure II: Représentation schématique des résidus acides qui forment le site d’attache des ions Na+. 
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La Na
+
-NQR catalyse aussi la réduction à deux électrons de la quinone en quinol. 

Le site d’ancrage de la quinone est la cible d’inhibiteurs tels que le HQNO ou la 

korormicin. Les protéines résistant à ces inhibiteurs ont comme unique mutation la glycine 

140 de la sous-unité NqrB. Pour l’étude du site d’ancrage de la quinone, le mutant G140A 

a été étudié où la glycine est remplacée par l’alanine. Un dosage redox des cofacteurs a 

mis en évidence la dépendance du FMNC au type d’ions présents, comme pour la protéine 

sauvage. La spectroscopie IR différentielle du dernier cofacteur du chemin de transfert 

d’électron (la riboflavine) a été faite pour le mutant et pour la protéine sauvage. Ces 

analyses montrent clairement que la quinone n’est plus présente dans le mutant et 

confirme l’identification du site d’attache de la quinone. L’analyse du site quinone est 

encore en progression, notamment la spectroscopie différentielle en présence de 

l’inhibiteur HQNO. 

 

Le complexe [cytochrome c552-fragemnt CuA] du Thermus thermophilus 

Le cytochrome c transfère des électrons entre le complexe bc1 et la cytochrome c 

oxidase dans la mitochondrie. L’interaction entre ces molécules se fait par une 

reconnaissance à longue distance par des forces électrostatiques et un ajustement à courte 

distance par des interactions hydrophobes. Dans l’organisme Thermus thermophilus, 

l’interaction entre ces protéines se fait uniquement par des forces hydrophobes entre le 

cytochrome c552 et l’oxidase de type ba3. Cette adaptation est une conséquence de 

l’environnement thermophilique de l’organisme car à température élevée les interactions 

électrostatiques sont fragilisées tandis que les interactions hydrophobes deviennent plus 

conséquentes. D’un point de vue expérimentale ce phénomène nous donne la possibilité de 

réaliser des mesures électrochimiques sans perturber la formation du complexe. Par 

ailleurs, pour simplifier les expériences seulement la partie soluble de l’oxidase de type 

ba3, le fragment CuA a été étudié.  

Le potentiel redox de l’hème du cytochrome c552 et du centre bi nucléaire de cuivre 

du fragment CuA ont été déterminés à pH 7 et 9. Dans la forme complexée, une chute de 

90 mV du potentiel de l’hème de type c est observée. La spectroscopie différentielle en IR 

a permis de mettre en évidence que l’environnement des propionates de l’hème est 

perturbé dans la forme complexée. Précédemment la structure de ce complexe a été 

résolue par la spectroscopie RMN couplée à des techniques de modélisation moléculaire. 
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Ces analyses ont montré que les résidus qui sont les plus touchés par la formation du 

complexe sont ceux situés sur la surface d’interaction mais aussi Ala34 et His32 qui 

recouvre le groupement propionate A de l’hème à l’opposé de la surface de contact. Ces 

perturbations peuvent être à l’origine de cette différence de potentiel redox. Par ailleurs 

des analyses similaires réalisées sur le cytochrome c et le fragment CuA de l’organisme 

Parraccocus denitrificans, où l’interaction est de type électrostatique, ont aussi montré 

que des résidus situés à proximité du propionate A sont perturbés lors de la formation du 

complexe. Mais dans ce cas l’ajout de sel perturbera la formation de ce complexe.  

Le complexe bc1-aa3 de l’organisme Corynebacterium glutamicum 

Les éléments de la chaîne respiratoire forment des complexes intermoléculaires 

notamment pour faciliter le transfert d’électrons. Dans l’organisme Corynebacterium 

glutamicum un supercomplexe le bc1-aa3 existe naturellement. Au lieu d’avoir deux 

complexes séparés, le complexe bc1 et l’oxidase, il y a un super complexe où la navette 

cytochrome c est fusionnée directement dans le complexe. La caractérisation des 

potentiels redox des cofacteurs observables en UV-visible a été faite.  

  



VI 

 

Acknowledgements 

 

I am indebted to Prof. Petra Hellwig who accepted me as a trainee in her laboratory during 

my master’s degree five years ago. I am grateful for her patience, her kindness, her 

impeccable supervision and helpful advice. 

 

I am grateful to my colleagues for their support; Sébastien Kriegel for being the perfect 

office neighbor, Michelle Yegres and Batoul Srour for their kindness, Thomas Meyer for 

his friendship, Julien Gross for his presence. I am also thankful to Aurélien Trivella for his 

help and training sessions for laser and cryogenic experiments. Laurent Fresmond is 

acknowledged for giving me an introduction to laboratory software and his support. I am 

thankful to Youssef El Khoury for his friendship. Ruth Hielscher, Nesrine Oueslati, 

Mariana Voicesu are warmly acknowledged for their support. I am thankful to Najat 

Chahboun and Armaud Petrovich for their help. Lea Gisquet and Mireille Khalil are also 

acknowledged for their friendship. I am thankful to Martine Heinrich for an introduction 

to fluorescence spectroscopy and circular dichroism spectroscopy. Finally, I am indebted 

to Frédéric Melin for his words; most of the time full of wisdom, sometimes rich in 

fantasy.  

   

I am thankful to Prof. Blanca Barquera and Oscar Juárez for providing samples, for their 

support, their kindness and most important of all for their friendship. 

 

I would like to acknowledge thank Prof. Carola Hunte for accepting in her laboratory on a 

short training course. Thomas Kleinschroth and Christophe Wirth are thanked for their 

support, advice and friendship. I am grateful to Prof. Bernd Ludwig and Prof. James Fee 

for providing samples and valuable discussions. Unfortunately, Prof. James Fee left us 

after a long fight against disease. 

 

I would like to thank the University of Strasbourg. 

 

I am also indebted to my beloved wife Preeyam for her unconditional support each time I 

needed help. I am also thankful to my parents.  

 



VII 

 

Abbreviations and Nomenclature 

 

vas  Asymmetric stretching vibrational mode 

vs  Symmetric stretching vibrational mode 

δ  Bending vibrational mode 

ABC  ATP binding cassette 
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ATP   Adenosine triphosphate 
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Da   Dalton 
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Fl
●─

  Anionic flavosemiquinone 

FlH
─
  Anionic form of reduced flavin 

FlH
●
  Neutral flavosemiquinone 

FlH2  Neutral form of reduced flavin 

FT   Fourier transform 

Glut  Glucose transporter 

H
+
-NQR  H

+ 
translocating NADH:ubiquinone oxidoreductase, complex I 

HDX   Hydrogen-Deuterium exchange 

IR   Infrared 

KM  Michaelis constant 

MCT   Mercury Cadmium Telluride 

Na
+
-NQR Na

+
-pumping NADH:ubiquinone oxidoreductase 

NAD
+
   Oxidized nicotinamide adenine dinucleotide  

NADH   Reduced nicotinamide adenine dinucleotide 

NDH-2  Type 2 NADH dehydrogenase 

NMR   Nuclear magnetic resonance 

Pi  Inorganic phosphate 

PDB   Protein database 

RNF  Rhodobacter nitrogen fixation proteins 

Rf  Riboflavin 

SHE   Standard hydrogen electrode 

Tm   mid-point temperature  
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Tris  Tris(hydroxymethyl)aminomethane 

UV   Ultraviolet 

ε      Molar extinction coefficient 

�      Wavelength 

 

 

The 20 common amino acids 

 

 



IX 

 

List of figures 

 

Figure 1.1 Passive transport involves channel proteins and carrier proteins that translocate 

chemicals across the membrane following a concentration gradient. No energy is used 

for this mode of transport. 

4 

Figure 1.2 Active transport involves proteins that transport chemicals against a concentration 

gradient. The energy required for this mode of transport is obtained by either ATP or free 

energy released from electron transfer. 

5 

Figure 1.3 Schematic representation of a eukaryotic cell. 7 

Figure 1.4 Brief representation of a prokaryotic cell. 7 

Figure 1.5 Model of the respiratory chain 8 

Figure 1.6 Proposed model for proton pumping in the respiratory complex I reproduced from (14). 9 

Figure 1.7 2e
-
 2H

+
 reduction of CoQ8 11 

Figure 1.8 Vibrio cholerae possesses a single flagellum which is used for movement of the 

bacterium 

14 

Figure 1.9 The four main proteins involved in Na
+
 transport across the membrane. Na

+
-NQR and 

Na
+
/H

+
 antiporter eject Na

+
 from the cytoplasm resulting in a Na

+
 gradient across the 

membrane. The Na
+
 gradient is used by symporters for intake of amino acids. The 

rotational movement of the flagellum is also powered by the Na
+
 gradient. 

15 

Figure 1.10 Schematic representation of the 6 sub-units (NqrA-F), the cofactors and the electron 

pathway in the Na
+
-NQR. Na

+
 uptake occurs when electrons move from the 2Fe-2S 

center to the FMNC while Na
+
 is released when electrons move from the riboflavin to 

ubiquinone. 

18 

Figure 1.11 The three types of flavins and atomic numbering. 19 

Figure 1.12 The different redox transitions of flavins, reproduced from (108) 20 

Figure 1.13 The redox transition of the flavins cofactors in the Na
+
-NQR with the pH dependence of 

the transitions 

21 

Figure 1.14 The electron pathway of the Na
+
-NQR 22 

Figure 1.15  Quinone reduction activity measurements of the Na
+
-NQR in the presence of Na

+
, Li

+
, 

K
+
 and Rb

+
 at different ionic concentration, figure reproduced from (112) 

23 

Figure 1.16 Schematic representation of acidic residues on the cytosolic and periplasmic side of the 

membrane, and also spanning across the membrane. These residues are suggested to play 

an important role in Na
+
 transfer across the membrane, figure reproduced from (89) 

24 

Figure 1.17 Suggested supercomplex from bovine respiratory chain including complex I (yellow), the 

dimeric complex III (red), cytochrome c (yellow) and complex IV (green), figure 

reproduced from (118). 

25 

Figure 1.18 Depending on oxygen availability, Thermus thermophilus can express two different 

terminal oxidases providing two alternatives for oxygen reduction 

27 

Figure 1.19 Structure of the ba3 oxidase depicting the cofactors present (PDB 1EHK) (18) 28 



X 

 

Figure 1.20 Crystallographic structure of the CuA fragment, the polypeptide consists mainly of anti-

parallel β-sheets and random structures (PDB 2CUA). The binuclear Cu center is 

represented in blue (136). 

29 

Figure 1.21 Schematic representation of the coordination of the binuclear CuA center, reproduced 

from (136). 

30 

Figure 1.22 Structure of cytochrome c552 centered by the c type heme (PBD 1C52) (17) 30 

Figure 1.23 Structure of the complex [cytochrome c552-CuA fragment] obtained by a combined NMR 

spectroscopic computational method (PDB 2FWL) (120) 

32 

Figure 1.24 The rod-shaped Corynebacterium glutamicum (145) 33 

Figure 1.25 Schematic representation of the subunits and cofactors present in the bc1-aa3 

supercomplex, reproduced from (144). 

35 

   

Figure 2.1 Electromagnetic spectrum represented in terms of wavelength, frequency and energy. 

The changes induced at the molecular or atomic level. The expanded region is of interest 

in this work (154) 

38 

Figure 2.2 Representation of UV-visible interaction with a sample of a given concentration (C) and 

a molar absorption coefficient ε. Io is the incident radiation, and I is the radiation that is 

not absorbed by the sample. 

39 

Figure 2.3 Simplified spring ball model to represent the harmonic oscillator. 40 

Figure 2.4 Different uncoupled normal vibrational modes 41 

Figure 2.5 Schematic representation of a Michelson interferometer (left). The interferogram of a 

monochromatic source (right) is a simple cosine curve (158). 

42 

Figure 2.6 The interferrogram (left) is Fourier-transformed to obtain an absorption spectrum in 

terms of wavenumber (right). 

43 

Figure 2.7 Representation of the cytochrome c in an aqueous environment. In IR spectroscopy, 

contributions from the cofactor, the polypeptide backbone, the side chains and the 

buffer/solvent can be observed. 

44 

Figure 2.8 Absorption spectrum of a protein in solution in the mid-IR region depicting contributions 

of the amide bands and contribution from water. 

45 

Figure 2.9 Left panel depict a sample in H2O, with the water molecules in grey. Upon HDX, H on 

the surface of the molecule is exchanged to D (stick model cyan); whereas H located in 

the hydrophobic core are not exchanged (stick model blue). 

47 

Figure 2.10 Representation of a 3 electrode setup 49 

Figure 2.11 The absorption spectra of the oxidized and reduced form are similar. The difference 

spectrum is obtained by subtraction the spectrum of the reduced form of the enzyme 

from the spectrum of the oxidized enzyme. 

50 

   

Figure 3.1 Schematic representation of the electrochemical cell. The blue arrow shows the optical 

axis. 

54 

Figure 3.2 Schematic representation of the gold surface modified by cysteamine and 

mercaptopropionic acid 

55 



XI 

 

Figure 3.3 On the left panel, the difference spectra of cytochrome c552 from -400 mV to +200 mV 

for a reductive titration. On the right panel, the plot of ∆absorbance recorded at 552 nm 

against the applied potential, a Nernst equation is fitted (black curve). 

57 

Figure 3.4 Schematic representation of the Bruker Bio ATR 2 dialysis system 60 

Figure 3.5 Integration of signals arising from the v(O-H) 3800-2750 cm
-1

, the v(O-D) 2750-2000 

cm
-1

 and the v(C-H) 3000-2750 cm
-1

 with baseline correction. 

62 

Figure 3.6 Fraction of H2O, D2O and HOD present in the sample at a given time t. 63 

Figure 3.7 Buffer subtraction from the recorded data, and the normalization step with respect to the 

amide I band. 

64 

Figure 3.8 Integration of the amide I and amide II band. 64 

Figure 3.9 3D plot of the amide I and amide II band after buffer subtraction and normalization 65 

Figure 3.10 Baseline correction is performed by subtracting a straight line between 1710 and 1595 

cm
-1

 

66 

Figure 3.11 The second derivative of the amide I band gives minima that correspond to the 

components present. Band separation is performed on the amide I signature by fitting 

multi Gaussian curves. The relative area of each component correspond to the % of a 

secondary structure in the protein. 

67 

   

Figure 4.1.1 Evolution of the spectral contribution of the cofactors from the Na
+
-NQR upon reduction 69 

Figure 4.1.2 Absorbance change upon reduction monitored at 460 nm (left). Plot of the first derivative 

of ∆Abs vs. applied potential for each 5 nm from 350-650 nm (right). 

70 

Figure 4.1.3 Redox titration of the Na
+
-NQR monitored at 560, 460 and 380 nm. Samples were 

studied in the presence of Li
+
, Na

+
, K

+
, Rb

+
 and NH4

+
 (from top to bottom). 

72 

Figure 4.1.4 The plot of the first derivative of the difference in absorbance vs. applied potential from 

350 to 650 nm for each 5 nm in the presence of Na
+
 ions (red) and in the presence of K

+
 

ions (blue). 

74 

Figure 4.1.5 The difference spectra for the potential range -275 mV to -50 mV, -400 mV to -275 mV 

and -620 mV to -400 mV, in the presence of Na
+
 ions (red) and K

+
 ions (blue) 

74 

Figure 4.1.6 Redox mid-point potential of the cofactors involved in electron transfer in the Na
+
-NQR 75 

Figure 4.1.7 Oxidized-reduced difference spectra of FAD, FMN and riboflavin. 78 

Figure 4.1.8 Oxidized-reduced difference spectrum for the potential range -620 to +200 mV of the 

Na
+
-NQR (red) in the presence of Na

+
 ions and FAD (black) in H2O buffer. 

79 

Figure 4.1.9 Oxidized-reduced difference spectrum for the potential range -620 to +200 mV of the 

Na
+
-NQR (blue) in the presence of Na

+
 ions and FAD (black) in D2O buffer 

79 

Figure 4.1.10 Oxidized-reduced difference spectra for the potential range -620 to +200 mV of the Na
+
-

NQR in H2O buffer in the presence of Li
+
 (red), K

+
 (blue) and Rb

+
 (green)  ions. The 

overlaid spectrum was obtained in the presence of Na
+
 ions. 

82 

Figure 4.1.11 Oxidized-reduced difference spectra for the potential range -620 to +200 mV of the Na
+
-

NQR in D2O buffer in the presence of Li
+
 (red), K

+
 (blue) and Rb

+
 (green)  ions. The 

82 



XII 

 

overlaid spectrum was obtained in the presence of Na
+
 ions. 

Figure 4.1.12 Double difference spectra in H2O buffer obtained by interactive subtraction. 84 

Figure 4.1.13 Double difference spectra in D2O buffer obtained by interactive subtraction 84 

Figure 4.1.14 Double difference spectra Li
+
-K

+
 and Na

+
-K

+
 in the spectral region between 1500 and 

1300 cm
-1

 for samples in H2O and D2O buffer depicting the ion dependency of signals 

attributed to vs(COO
-
M

+
). 

86 

Figure 

4.1.15  

HDX of the Na
+
-NQR in the presence of Na

+
 and phospholipids monitored by probing 

the decrease of the amide II contribution. 

89 

Figure 4.1.16 : HDX of the Na
+
-NQR in the presence of Na

+
 ions, phospholipids and either 1mM 

NADH (red) or 1 mM Na2SO4 (blue). 

90 

Figure 4.1.17 Figure 4.1.17 : HDX of the Na
+
-NQR in the presence of phospholipids and either Li

+
 

(red), Na
+
 (blue) , K

+
 (black) and Rb

+
 (green) ions. 

92 

Figure 4.1.18 Band deconvolution of the amide I signature in the presence of Na
+
 and K

+
, and after 

addition of phospholipids to the sample 

93 

Figure 4.1.19 CD spectra of the Na
+
-NQR in the presence of Na

+
 and K

+
 ions and with/without 

phospholipids. 

94 

   

Figure 4.2.1 Redox titration of the NqrB D397E mutant protein monitored at 560, 460 and 380 nm. 

Samples were studied in the presence of Na
+
, Li

+
, K

+
 and Rb

+
 ions (from top to bottom). 

98 

Figure 4.2.2 Redox induced FTIR difference spectra of the NqrB D397E mutant enzyme in the 

presence of Na
+
 ions (red) and FAD (black) for the potential range between -620 mV to 

+200 mV 

100 

Figure 4.2.3 Redox induced FTIR difference spectra of the NqrB D397E mutant enzyme in the 

presence of Li
+
 ions (red), K

+
 ions (blue), Rb

+
 ions (green) and in the presence of Na

+
 

ions (black) for the potential range between -620 mV to +200 mV. 

100 

Figure 4.2.4 Double difference spectra of the NqrB D397E mutant enzyme prepared with the different 

salts. 

102 

Figure 4.2.5 Double difference spectra Li
+
-K

+
 and Na

+
-K

+
 in the spectral region between 1500 and 

1300 cm
-1

 of the NqrB D397E mutant enzyme and the wild type protein 

103 

Figure 4.2.6 NqrB D397E mutant – wild type double difference spectra of samples prepared in the 

presence of Na
+
, Li

+
, K

+
 and Rb

+
 ions 

105 

Figure 4.2.7  HDX kinetics of the NqrB D397E mutant enzyme in the presence of Li
+
, Na

+
, K

+
 and 

Rb
+
 ions. 

107 

Figure 4.2.8  Redox titration of the NqrE E95Q mutant enzyme monitored at 560, 460 and 380 nm in 

the presence of Li
+
, Na

+
 and K

+
 ions 

109 

Figure 4.2.9 Reduced minus oxidized difference spectra of the D397S mutant enzyme after 2 washes 

and 3 washes through centrifugal membranes. 

110 



XIII 

 

Figure 4.2.10 Absorption spectra of the air oxidized form (blue) and the Na2SO4 reduced state of the 

wild type enzyme, and the oxidized minus reduced difference spectrum (black). 

111 

Figure 4.2.11 Absorption spectra of the air oxidized form (blue) and the Na2SO4 reduced state of the 

NqrE E95A enzyme, and the oxidized minus reduced difference spectrum (black). 

111 

   

Figure 4.3.1 Redox titration of the NqrB G140A mutant enzyme monitored at 560, 460 and 380 nm in 

the presence of Na
+
 and K

+
 ions 

113 

Figure 4.3.2 Redox induced difference spectra of the NqrB G140A mutant enzyme (red) and the wild 

type (blue) for the potential range from -620 to +200 mV in the presence of Na
+
 ions 

115 

Figure 4.3.3 Wild type – G140A double difference spectrum for the potential range between -620 mV 

to +200 mV 

115 

Figure 4.3.4 Redox induced difference spectra of the wild type protein (red) and the NqrB G140A 

mutant enzyme (blue) for the potential step between -280 mV to +200 mV in H2O buffer 

117 

Figure 4.3.5 Redox induced difference spectra of the wild type protein (red) and the NqrB G140A 

mutant enzyme (blue) for the potential step between -280 mV to +200 mV in D2O buffer 

117 

Figure 4.3.6 Wild type – NqrB G140A double difference spectra for the potential step between -280 

mV to +200 mV in H2O (red) and D2O (blue). 

120 

Figure 4.3.7 Redox induced difference spectra of the wild type enzyme (red) and the NqrB G140A 

mutant (blue) in the presence of HQNO for the potential range between -280 mV to +200 

mV 

121 

Figure 4.3.8 Amide I deconvolution of the wild type protein and the NqrB G140A mutant enzyme 122 

   

Figure 4.4.1 Titration of cytochrome c552 from -250 mV to +300mV (left). The difference in 

absorbance observed at 552 nm is plotted against the applied potential (right). 

124 

Figure 4.4.2 Crystallographic structure of cytochrome c552 from Thermus thermophillus (PDB 1C52) 

depicts the absence of water molecules in the inner core compared to horse heart 

cytochrome c, PDB 1HRC (18, 48) 

125 

Figure 4.4.3 Redox titration monitored from +200 mV to -150 mV for the CuA fragment (left). The 

difference in absorbance at 530 nm was plotted against the applied potential to determine 

the mid-point potential 

126 

Figure 4.4.4 Reduced minus oxidized difference spectra (bold) in the UV-visible spectral domain for 

the potential range between -300 mV to +300 mV of the CuA fragment (black), 

cytochrome c552 (blue) and the complex [cyt.c552-CuA fragment] (red). 

127 

Figure 4.4.5 A -90 mV shift is observed in the mid-point potential of cytochrome c552 in the complex. 127 

Figure 4.4.6 Oxidized minus reduced difference spectra of cytochrome c552 at pH 7 (bleu) and pH 9 

(red) for the potential step between -300 mV to +300 mV 

128 

Figure 4.4.7 Oxidized minus reduced difference spectra of the CuA fragment at pH 7 (blue) and 9 

(red) for the potential range between -300 mV to +300 mV 

129 



XIV 

 

Figure 4.4.8 Oxidized minus reduced difference spectra of the complex [cytochrome c552-CuA 

fragment] at pH 7 (blue) and pH 9 (red) for the potential range between -300 mV to +300 

mV 

131 

Figure 4.4.9 Double difference spectra obtained by interactive subtraction of the spectrum of the CuA 

fragment from the spectrum of the complex, at pH 7 (blue) and pH 9 (red). Data in black 

are the corresponding difference spectra of cytochrome c552. 

131 

Figure 4.4.10 3-dimensional structure of the complex (PDB 2FWL) depicting His
32

 and Arg
125

 which 

are suggested to form a hydrogen bonding network with the propionate A (69). 

133 

   

   

Figure 4.5.1 Redox induced difference spectrum of the bc1-aa3 supercomplex in the UV-visible 

domain for the potential range between -650 mV to +250 mV 

135 

Figure 4.5.2 Reductive titration of the bc1-aa3 supercomplex from +250 mV to -650 mV 136 

Figure 4.5.3 Evolution of the difference spectrum in the UV-visible depicting the appearance of 

signals attributed to the a (600 nm), b (565 nm) and c (550 nm) type hemes 

136 

Figure 4.5.4 Reductive (left) and oxidative (right) titration of the a hemes in the bc1-aa3 supercomplex 

monitored at 600 nm. 

137 

Figure 4.5.5 Reductive (left) and oxidative (right) titration of the c hemes in the bc1-aa3 supercomplex 

monitored at 550 nm 

138 

Figure 4.5.6 Reductive (left) and oxidative (right) titration of the b hemes in the bc1-aa3 

supercomplex monitored at 565 nm. 

139 

 

List of tables 

Table 1.1 Summary of the redox cofactors present in the Na
+
-NQR 21 

   

Table 2.1 Amide contribution of the polypeptide backbone in the mid-IR region 44 

Table 2.2 Protein secondary structure is probed by band separation of the amide I band. Each 

element can be observed at specific wavenumbers. 

45 

Table 2.3  Band shift observed upon hydrogen/deuterium exchange. 48 

   

Table 3.1 19 mediators used for electrochemical measurements and their corresponding mid-point 

potential (60) 

56 

Table 3.2 The potential range, the potential step and equilibration time used for each sample 

studied. 

57 

Table 3.3 The potential applied for oxidation and reduction, and equilibration time for each sample 

studied 

59 

   

Table 4.1.1 Molar extinction coefficients of all the cofactors of the Na
+
-NQR at 380, 460 and 560 nm 

(130) 

71 



XV 

 

Table 4.1.2 Summary of the redox mid-point potentials of the cofactors present in the Na
+
-NQR in 

the presence of Li
+
, Na

+
, K

+
, Rb

+
 and NH4

+
 ions. 

73 

Table 4.1.3 HDX kinetics of the Na
+
-NQR with and without phospholipids 88 

Table 4.1.4 HDX kinetics of the Na
+
-NQR in the air oxidized state, the Na2SO4 reduced state and the 

NADH reduced state 

90 

Table 4.1.5 HDX constants of the Na
+
-NQR obtained in the presence of Li

+
, Na

+
, K

+
 and Rb

+
 ions. 92 

Table 4.1.6  Secondary structure composition of the Na
+
-NQR in the presence of Na

+
 and K

+
 ions and 

the effect of phospholipids. 

93 

Table 4.1.7 Band deconvolution of the CD data gives an estimation of the secondary structure of the 

Na
+
-NQR 

94 

   

Table 4.2.1  Midpoint potential of the cofactors present in the D397E mutant enzyme in the presence 

of Li
+
, Na

+
, K

+
 and Rb

+
 ions. 

97 

Table 4.2.2 HDX constants of the NqrB D397E mutant enzyme and the wild type protein obtained in 

the presence of Li
+
, Na

+
, K

+
 and Rb

+
 ions. 

107 

Table 4.2.3  Midpoint potentials of the cofactors in the NqrE E95Q mutant enzyme in the presence of 

Li
+
, Na

+
 and K

+
 ions. 

108 

   

Table 4.3.1 Mid-point potentials of the redox cofactors present in the NqrB G140A mutant enzyme in 

the presence of Na
+
 and K

+
 ions. 

114 

Table 4.3.2 Secondary structure of the wild type protein and the NqrB G140A mutant enzyme 

determined by deconvolution of the amide I band. 

122 

   

Table 4.5.1 The mid-point potentials of the hemes present in the bc1-aa3 supercomplex from 

Corynebacterium glutamicum. 

139 

Table 4.5.2  Comparison of the redox potential of the hemes from the bc1-aa3 supercomplex from 

Corynebacterium glutamicum with analogues from Paracoccus denitrificans 

140 

 

 

 

 

 

 

 

Publications 

Published Articles 



XVI 

 

1. Thermodynamic contribution to the regulation of electron transfer in the Na
+
-

pumping NADH:quinone oxidoreductase from Vibrio cholerae, Biochemistry 

(2012) 51, 4072-4077 

Yashvin Neehaul, Oscar Juárez, Blanca Barquera and Petra Hellwig 

 

2. Electrochemical and infrared spectroscopic analysis of the interaction of the 

CuA domain and cytochrome c552 from Thermus thermophilus, Biochimica et 

Biophysica Acta (BBA) Bioenergetics (2012) 

 http://dx.doi.org/10.1016/j.bbabio.2012.02.027 

Yashvin Neehaul, Ying Chen, Carolin Werner, James A. Fee, Bernd Ludwig, Petra 

Hellwig 

 

3. The role of glycine residues 140 and 141 of subunit B in the functional ubiquinone 

binding site of the Na
+
-pumping NADH:quinone oxidoreductase from Vibrio 

cholerae, Journal of Biological Chemistry (2012) 287, 25678-25685. 

Oscar Juárez, Yashvin Neehaul, Erin Turk, Najat Chaboun, Petra Hellwig, Blanca 

Barquera
 

 

Articles in preparation: 

1. “IR spectroscopic evidence on the role of D397 in the ion pumping in the Na
+
 

pumping NADH:quinone oxidoreductase from V. cholerae”  

Yashvin Neehaul Oscar Juárez, Blanca Barquera, Petra Hellwig 

 

2. “Purification and characterization of the bc1-aa3 super complex from 

Corynebacterium glutamicum” 

 



Chapter I: Introduction 

1 
 

 

 

 

 

 

 

 

 

Chapter I: Introduction 

 

 

 

 

 

 

 

 

  



Chapter I: Introduction 

2 
 

1.0     Abstract 

 

The field of molecular bioenergetics deals with the energy transduction in 

biological cells. Biochemical, spectroscopic and crystallographic studies gave insight into 

enzymes structure and mechanism. Important questions are open on the interaction of 

these enzymes, their diversity and their role in metabolism. 

In this project, respiration and more specifically proton and sodium pumping 

enzymes have been in focus. Three main axes can be distinguished in this thesis report.  

First we have been interested in the Na+-pumping NADH:quinone reductase which 

is the entry site of electrons in the respiratory chain of several pathogens. The role of 

specific flavin cofactors and amino acids involved in Na+ transfer has been shown.  

Then the interaction between proteins, namely the cytochrome c552 and the CuA 

fragment from the terminal ba3 oxidase from the organism Thermus thermophilus was 

investigated. Structural reorganization during electron transfer was revealed. 

Finally, in the third part of the project the interaction within the bc1-aa3 

supercomplex from the respiratory chain from Corynebacterium glutamicum was 

analyzed. 

All these enzymes are membrane proteins and part of the large family of transport 

systems that rule life. 
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1.1   Ion transport across membranes 

The cell is the basic unit structure in living organisms. A simplified representation 

of a cell is a compartment of chemicals capable of surviving and of replicating itself. 

Without a barrier separating the inner compartment from the outer environment, vital 

molecules will diffuse freely, life will not exist. The barrier, known as the cell membrane, 

is a phospholipid bilayer, with hydrophilic phosphate head groups on both aqueous sides 

of the membrane and hydrophobic tails in the middle of the membrane. Proteins are also 

present as integral membrane proteins or partially embedded in the membrane. The 

general model accepted for the phospholipid membrane is the ‘fluid mosaic model’ 

proposed by Singer and Nicolson in 1972 (1). In this model, the proteins freely float in the 

membrane. Recent studies suggested that the phospholipid membrane is more mosaic than 

fluid; with certain areas rich in proteins, others rich in glycolipids and with variable 

thickness (2). All these properties are related to the function of the cell.  

The membrane is impermeable to polar molecules such as glucose, ions and water. 

However, transport across the membrane is important to obtain nutrients, to excrete 

wastes, to maintain a suitable pH for the cell and also to secrete useful substances. Bulk 

transport, such as endocytosis and exocytosis involving formation of phospholipid 

vacuoles, participate in chemical communication with the outside of the cell. Other 

transport mechanisms involving transmembrane proteins also control the entry and exit of 

polar chemicals.   

Transport across the membrane involving proteins is classified into two categories, 

passive transport and active transport. In the former mechanism, transport is based on 

diffusion (and facilitated diffusion) that is the movement of molecules and ions from a 

region of high concentration to a region of lower concentration (figure 1.1). The higher the 

difference in concentration, the faster is the process. Two different groups of proteins are 

involved in passive transport; channel proteins and carrier proteins. Channel proteins are 

considered as gates with free entrance and/or exit of molecules and ions. Nevertheless, 

these channel proteins are selective for specific chemicals. For example the K+ channel 

from Streptomyces lividans is 10,000 times less permeable for small cations such as Li+ 

and Na+ as compared to K+ ions (3). The structure of the K+ channel also revealed that the 

K+ ions are aligned in the protein across the membrane and up to 3 ions can be present at 

the same time. Channel proteins are classified according to the stoichiometry of transport 
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(4, 5). Uniport involves the transfer of one molecule at a time whereas symport involves 

the simultaneous transfer of two different molecules across the membrane in the same 

direction. The last group of channel proteins involves transporters which transfer two 

molecules in the opposite direction of the membrane. They are called antiport channel 

proteins and are also known as exchangers. The most studied are the Na+/H+ antiporter 

and the K+/H+ antiporter from the mitochondrion. During function, H+ is removed from 

the inner compartment as K+ and Na+ enter (6). 

Channel proteins Carrier proteins

 

Figure 1.1: Passive transport involves channel proteins and carrier proteins that translocate chemicals across the 

membrane following a concentration gradient. No energy is used for this mode of transport. 

Channel proteins remain in a unique conformation whereas the other proteins 

involved in transport like carrier proteins undergo conformational changes in order to 

translocate molecules across the membrane. The most studied carrier protein studied is the 

glucose transporter (Glut) (7). Glut is present in multicellular organisms and at a lesser 

level in unicellular organisms. This integral membrane protein is of great interest as 

insulin stimulates the production and excretion by exocytosis of Glut which increases the 

rate of glucose entry in muscle cells and adipocytes (8).  

Active transport is another possibility by which polar molecules move across 

biological membranes. Here, the molecules or ions are transported against a concentration 

gradient and energy is required (figure 1.2). Several proteins use active transport, for 

example the ATP Binding Cassette (ABC) transporter family that includes more than 50 

proteins. ABC transporters are involved both in import and export of molecules across the 

membrane, and the energy required is obtained from dephosphorylation of adenosine tri-

phosphate (ATP) (9). Present in eukaryotes and prokaryotes, these proteins are specific to 

the molecule transported, which can be ions such as Fe3+ and Cl-, polysaccharides, 
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peptides,  vitamins and a wide variety of toxins (10). 5% of the genetic material from 

Escherichia coli codes for such transporters, reflecting the importance of ABC 

transporters (11). Proteins involved in transport across membrane are encoded by almost 

20% of the genes from Escherichia coli (11). 

Free energy released by electron transfer is also used for translocation. For 

example in the respiratory complex I, electrons are funneled from reduced nicotinamide 

adenine dinucleotide (NADH) to quinone. The free energy released in the process is used 

to transfer H+ ions across the membrane and to form a proton gradient which is the 

primary event in energy conservation of the cell. This pH gradient is used for a variety of 

processes, the most important being the synthesis of ATP. 

ATP

ADP + P

NADH

NAD- + H+

Q

QH2

ATP based transport Transport based on free energy

released from electron transfer

 

Figure 1.2: Active transport involves proteins that transport chemicals against a concentration gradient. The 

energy required for this mode of transport is obtained by either ATP or free energy released from electron 

transfer. 

The proton gradient is part of the bioenergetics studies that made a turning point in 

1961 when Mitchell proposed the chemiosmotic hypothesis of energy conservation (12). 

In 1978, he was awarded the Nobel prize for his work which was later summarized in 4 

postulates (13): 

1/ ATPase systems are hydro-dehydration proteins specific to water and ATP that 

couple the reversible flow of H+ across the membrane to the synthesis of ATP from 

ADP and Pi.  
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2/ The respiratory chain located in the membrane couples electron-flow between 

substrates of different redox potentials to H+-translocation across the membrane. 

These membrane bound enzymes contribute to the H+-gradient across the membrane 

that is then used by the ATP synthase. 

3/ Exchange proteins transport anions against an OH- gradient and cations against a 

H+ gradient in order to maintain the osmotic difference across the membrane. These 

proteins also allow the entrance of metabolites without collapsing the membrane 

potential. 

4/ The enzymes involved in postulates 1, 2 and 3 are located in membranes with low 

permeability to ions and H+.  

In this work, enzymes from the respiratory chain of different organisms are 

studied. Notably we focus on Na+ and H+ pumps. 

 

1.2   Cellular respiration 

Eukaryotic cells have different cytoplasmic compartments, such as the nucleus, 

endoplasmic reticulum, the golgi apparatus and the mitochondrion (Figure 1.3). All these 

compartments are separated from the cytosol by phospholipids membranes. Prior to the 

respiratory chain, nutrients are catabolised through the glycolysis process that occurs in 

the cytoplasm. For example glucose is broken down to pyruvate molecules. The latter 

enter the matrix of the mitochondrion and are transformed into acetyl coenzyme A 

molecules. These small molecules enter the Krebs cycle. This cycle was described by 

Hans Krebs who was awarded the Nobel Prize in 1953 for his discovery. This step occurs 

in the matrix of the mitochondrion. From this cycle, small reduced coenzymes such as the 

NADH are formed. The small molecules are the electron source for the respiratory chain 

located on the inner membrane of the mitochondrion. The respiratory chain is formed by a 

group of membrane proteins that couples electron transfer from reduced coenzymes to the 

last electron acceptor, oxygen to proton transfer across the membrane.  
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Figure 1.3: Schematic representation of a eukaryotic cell. 

Prokaryotic cells are simpler and smaller compared to eukaryotes (Figure 1.4). 

Although the same processes are involved in energy production, glycolysis and the Krebs 

cycle occur in the cytoplasm. The respiratory chain is located on the cytoplasmic 

membrane.  

 

Figure 1.4: Brief representation of a prokaryotic cell. 

 

1.2.1   The respiratory chain 

The respiratory chain consists of membrane proteins that funnel electron transfer to 

oxygen; the free energy released is used to pump protons across the membrane hence 

participating in setting up the proton gradient. Enzymes are proteins with specific catalytic 

activity. The cofactors found in the respiratory complexes are iron sulfur clusters, flavins, 

hemes, copper centers and quinones. 

Figure 1.5 shows a schematic representation of a model bacterial respiratory chain. 

The reduced coenzyme NADH is the electron donor to the respiratory chain. These 

electrons are transferred to the different enzymes in the respiratory chain as the potential 

of the redox active cofactors increase. The final electron acceptor is oxygen which is 

reduced to water. The electron transfer is coupled to proton transfer across the membrane, 

setting up a proton gradient. Finally ATP synthase uses this proton gradient to synthesize 

ATP from ADP and inorganic phosphate.  
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Figure 1.5: Model of the respiratory chain. From left to right: NADH:quinone oxidoreductase from T. 

thermophilus (pdb 3M9S) (14), succinate dehydrogenase from E. coli (pdb 1NEK) (15), bc1 complex from chicken 

(pdb 1BCC) (16), cytochrome c552 from T.thermophilus (pdb 1C52) (17), ba3 oxidase from T. thermophilus (pdb 

1EHK) (18), ATP synthase from yeast mitochondrion (pdb 1QO1) (19). 

 

1.2.1.1   NADH dehydrogenase superfamily 

NADH dehydrogenase enzymes form a superfamily consisting of three groups 

(20). These enzymes form one of the major entry sites of electrons in the respiratory chain. 

The H+ translocating NADH:ubiquinone oxidoreductase (H+-NQR) also termed as the 

respiratory complex I, links the oxidation of NADH (Em = -320 mV) to the reduction of 

ubiquinone (Em = +90 mV). The free energy released couples translocation of 4H+ across 

the membrane (21, 22). 

The H+-NQR remains the largest enzymatic complex of the respiratory chain. The 

mitochondrial H+-NQR has an approximate mass of 1MDa for 41 subunits. The 

prokaryotic analogue is much smaller with only 14 subunits and a mass around 530 kDa 

(23). These 14 subunits are considered as the minimal structure of the complex I. The 

protein has an L-shaped structure, with a hydrophobic membrane bound part and a 

hydrophilic cytosolic domain. The latter contains all known redox active cofactors.  

The hydrophilic domain of the complex I from the bacterial organism Thermus 

thermophilus (pdb 319V) shows that the cofactors involved are 9 iron sulphur clusters and 
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one flavin mono nucleotide (FMN) molecule (24). The NADH binding site is located in 

the cytosolic soluble part. NADH binding is known to induce conformational changes in 

the protein (25). Recently, the structure of the hydrophobic membrane bound part of the 

protein has been established (PDB 3M9S)(14). As expected the structure consists mainly 

of transmembrane helices, but what was not expected is a helical element stretched on the 

surface of the membrane (purple in figure 1.6). Furthermore, three distinct winked 

transmembrane helices were also identified. Similar winked helical structures are found in 

many transmembrane transporters and are suggested to play a crucial role for ion transport 

(red in figure 1.6).    

Two electrons are donated by NADH to the fully oxidized FMN cofactor which is 

reduced to FMNH2. The electrons go through the different iron-sulfur clusters which have 

increasing redox potential. The last electron accepter is the so called N2 iron-sulfur 

cluster. At this point it is suggested that a conformational change occurs involving four 

helices (green in figure 1.6). This conformational change is induced in the hydrophobic 

domain of the complex through the helical structure lying on the surface which in turn 

induces a tilt in the broken transmembrane helices that results in the proton transfer. The 

final electron acceptor is the ubiquinone which is located at the interface of the membrane 

domain and the hydrophilic domain (14). The reduced quinol is then released in the 

quinone pool in the membrane. The mechanism is still highly discussed. 

 

Figure 1.6: Proposed model for proton pumping in the respiratory complex I reproduced from (14). 

 

The second group of NADH dehydrogenases is the NDH-2-type dehydrogenase 

(NDH-2) found mostly in bacteria. The enzymes are not membrane bound but remain 

associated to the membrane in the cytoplasm. Typically, the NDH-2 has an average mass 
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of 50-60 kDa and consists of a single chain(26). Another particularity of the NDH-2 is that 

it does not pump protons across the membrane, nevertheless the enzyme catalyses the 

oxidation of NADH and the reduction of ubiquinone (27). The isoprenoid tail of 

ubiquinone is hydrophobic, however the head group can diffuse freely in the 

phosphodiester surface of the membrane and interact with the NDH-2. Usually a unique 

cofactor is present in the NDH-2 which can either be FAD or FMN (26, 28). The third 

group of NADH dehydrogenases is the Na+-pumping NADH:ubiquinone oxidoreductase 

(Na+-NQR). A detailed description of this enzyme is given in section 1.3.      

 

1.2.1.2   Succinate:ubiquinone oxidoreductase 

Also known as the complex II, succinate:ubiquinone oxidoreductase catalyses 

electron transfer from succinate which is reduced to pyruvate, to ubiquinone (29, 30). 

Complex II is the second entry site of electrons in the respiratory chain and also 

participates to the Krebs cycle. Typically, it includes iron-sulfur clusters, FAD and a 

b-type heme (30). However the exact composition varies in function of the organism. This 

protein is the only respiratory complex that does not pump H+ across the membrane. 

Ubiquinone is reduced to ubiquinol and is delivered in the membrane quinone pool. In 

anaerobic respiration, a homologous enzyme fumarate reductase accepts electrons from 

the quinone pool and catalyses the reduction of fumarate which is the last electron 

acceptor into succinate (31, 32).  

 

1.2.1.3   Quinone pool 

Ubiquinone is reduced to ubiquinol by the respiratory complexes I, II and IV. In 

some organisms, complex IV can also reduced ubiquinone. Also known as the coenzyme 

Q (CoQ), ubiquinone consists of a 2,3-dimethoxy-5-methylpara-benzoquinone ring (33, 

34). On the 6th position of the ring, a long isoprenoid tail is present. If there are ten 

isoprenoid group present, the coenzyme is denominated CoQ10. The longer the isoprenoid 

tail, the more hydrophobic is the molecule. Due to its high hydrophobicity, quinones are 

mainly found in the membrane. Generally, the head group of ubiquinone is attached by 

hydrogen bonding interactions of the C=O. The long isoprenoid tail interacts with the 

hydrophobic domain of proteins that are generally transmembrane helices.     
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Figure 1.7: 2e- 2H+ reduction of CoQ8 

In an aqueous environment, reduction of ubiquinone leads to ubiquinol. In the 

absence of H+, the unstable semiquinoid radical form can also be produced (35). These 

semiquinones can be stabilized when anchored to specific binding-sites of respiratory 

enzymes. Quinones bind to proteins mainly by hydrophobic interaction of the isoprenoid 

tail and by hydrogen bonds of the oxygen atoms present on the head group. A wide variety 

of quinone binding sites with little similarity are reported (36-38). Reduced and released 

by the respiratory complex I and II, ubiquinol transfers electrons to the bc1 complex (34).   

 

1.2.1.4   Cytochrome bc1 complex 

The bc1 complex is the third complex of the respiratory chain. The first structure 

resolved for this enzyme was from chicken and consists of 11 sub-units, 3 of which 

contain the redox active cofactors (16). The Rieske protein contains a 2Fe-2S cluster. 

Cytochrome b contains two b types hemes, heme bL and heme bH, and cytochrome c1 

contains a c type heme. Biochemical, spectroscopic and crystallographic studies 

contributed to the comprehension of the mechanism of electron transfer in this enzyme 

(39-45). 

Proton and electron transfer occurs via the quinone-cycle as originally proposed by 

Peter Mitchell (46). Further investigation revealed two quinone sites are present, Q0 is 

located near the intermembrane espace, whereas Qi is located near the cytosolic side (47). 

Oxidation of ubiquinol at Q0 results in release of two protons into the inter-membrane 

space (periplasm for prokaryotes). Simultaneously, the 2Fe-2S cluster and heme bL are 

reduced. The reduced heme bL gives its electron to the Qi site via heme bH. The bound 

ubiquinone is reduced to ubiquinol in a two step reduction while an uptake of 2 H+ from 

the cytosol occurs. The reduced 2Fe-2S center delivers its electron to heme c1. Electrons 

are donated to the soluble redox partner, cytochrome c. Overall, 4 H+ are taken from the 
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cytoplasm, 2 H+ are translocated across the membrane and two are used for reduction of 

ubiquinone, while two electrons are donated one at a time to cytochrome  c (47-49).  

 

1.2.1.5   Cytochrome c 

Cytochrome c is a small soluble protein centered by a c-type heme. The crystal 

structure of this protein is available from a wide variety of organism and show that the 

protein consists mainly of α-helices and random structures (50, 51). The function of the 

cytochrome c is to transport electrons one from the bc1 complex to the cytochrome c 

oxidase. The interaction between cytochrome c and its redox partners is governed by long 

range electrostatic forces. Short range hydrophobic refinements help in maintaining a 

proper conformation of the redox partners for electron transfer. Cytochrome c also plays a 

crucial role in cellular death, the so called apoptosis (52, 53). 

 

1.2.1.6   Cytochrome c oxidase 

Cytochrome c oxidase is the fourth complex of the respiratory chain. It catalyses 

the oxidation of cytochrome c and the reduction of oxygen to water (54). The mechanism 

couples electron transfer and proton transfer across the membrane with an e-/H+ transfer 

ratio of 1. Originally, the structures of the cytochrome c oxidase from Paraccocus 

denitrificans and bovine heart were resolved (55, 56). Since then structures from various 

organisms have been described (18, 57, 58). Electrons enter the enzyme via the 

periplasmic soluble CuA fragment containing the binuclear copper center. The electron is 

then delivered to heme a, and to the binuclear site formed by heme a3 and the CuB center. 

This bimetallic site is the oxygen binding site and catalyses the reduction of oxygen to 

water. Oxygen enters the enzyme via the membrane. The protons required for the 

reduction of oxygen enters the oxidase via the two conserved D and K channel (59). The 

free energy released is used to pump H+ across the membrane. The structure of the enzyme 

from various species has been resolved and studies of site-directed mutants as well as 

studies of inhibitors contributed to the understanding of the mechanism (58, 60, 61). 

Redox induced FT-IR difference spectroscopy also contributed to the understanding of the 

enzyme in the identification of acidic residues involved in proton transfer (62-64). 

 



Chapter I: Introduction 

13 
 

1.2.1.7   ATP synthase 

Complexes I, II and IV contribute to the proton gradient across the membrane 

which is used by the ATP synthase (complex V) to synthesize ATP from ADP and Pi. The 

multisubunit enzyme consists of a membrane bound part (F0) and a large soluble 

cytoplasmic part (F1) (65). H+ enters the protein via channels to a central ring system made 

up of c subunits. Subsequent protonation of aspartate residues lead to a rotational 

movement of a part of the membrane bound enzyme (66-68). This process is coupled with 

the formation of ATP from ADP and inorganic phosphate.  
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1.3   The Na
+
-translocating NADH:quinone oxidoreductase from Vibrio 

cholerae 

 In marine and pathogenic organisms, Na+ is used together with H+ in chemiosmotic 

regulation. The Na+-translocating NADH:quinone oxidoreductase is analogue to the 

complex I in its function, but instead of H+, Na+ ions are pumped across the membrane. 

The Na+-NQR is present in many pathogenic organisms including Vibrio cholerae, 

Yersinia pestis and Vibrio harveyi (69). This membrane protein is also found in air-borne 

pathogens such as Haemophilus influenzae and Klebsiella pneumonia.   

1.3.1   Vibrio cholerae and the sodium cycle 

Vibrio cholerae is suggested to cause the potentially lethal disease cholera (Figure 

1.8). The symptom of the disease is acute diarrhea accompanied by severe fever. Without 

treatment, the infection may lead to dehydration and death follows. The first identification 

of the agent responsible for cholera was done in 1854 by Pacini who observed comma-

shaped organisms in the intestine of cholera victims, which he named Vibrio cholerae 

(70). This halotolerant organism thrives in polluted rivers and coastal waters and is 

nowadays found in developing countries. Transmission occurs by ingestion of 

contaminated water or food, the bacterium anchors itself in the small intestine and 

produces the toxin responsible for the diarrheal symptoms. The bacteria are then released 

back in the environment through stool (71).   

All strains of Vibrio cholerae are not considered as dangerous. Indeed only 

organisms belonging to the O1 and O139 serogroup produce the cholera enterotoxin, and 

are responsible for the epidemic spread. It is important to point out that other strains are 

more resistant to environmental change (71). The conditions necessary for the growth of 

this organism and pandemic spread is high salinity and high temperature. The epidemic 

end usually coincides with monsoon season, where the salinity of water decreases.  

 

Figure 1.8: Vibrio cholerae possesses a single flagellum which is used for movement of the bacterium. 
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The thriving of this eu-bacterium is closely related to the salinity of its habitat, and 

more precisely the presence of Na+ ions. On a metabolic level, the organism is highly 

dependent on the Na+ cycle (72). The two major molecules involved in Na+ ejection from 

the organism are Na+/H+ antiporters and the Na+-translocating NADH:quinone 

oxidoreductase (Na+-NQR) (Figure 1.9).  

nH+

Na+

Na+

Na+

Amino acid
uptake with Na+

Na+-NQR

Na+/H+

antiporter

Flagellum

Na+ dependent
symporters

Cytoplasm Periplasm
NADH

NAD+

 

Figure 1.9: The four main proteins involved in Na+ transport across the membrane. Na+-NQR and Na+/H+ 

antiporter eject Na+ from the cytoplasm resulting in a Na+ gradient across the membrane. The Na+ gradient is 

used by symporters for intake of amino acids. The rotational movement of the flagellum is also powered by the 

Na+ gradient. 

The Na+-gradient set up across the plasmic membrane, known as the ‘sodium 

motive force’ is the used for various vital processes, for example amino acid uptake 

through symporters by co-transport of Na+ and amino acids (5). The rotational movement 

of the single flagellum is also dependent on the sodium motive force (73). This 

Na+-gradient also participates in energy conservation and directly involved in Na+ 

dependent ATP synthesis (74). The main proteins involved in the Na+ cycle are shown in 

figure 1.9. 
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1.3.2   The Na
+
-NQR 

The Na+-NQR is a 200 kDa membrane protein analogous to the complex I. 

Discovered initially in the 1980’s by the groups of Unemoto and Dimroth in Vibrio 

alginolyticus, the Na+-NQR is more widespread than expected (75, 76). It was found to be 

present in many pathogenic water-borne organisms (69). This membrane protein is also 

found in air-borne pathogens such as Haemophilus influenzae and Klebsiella pneumonia 

(76, 77).  Preliminary studies on membrane extracts from Vibrio alginolyticus showed that 

the activation of NADH oxidase is dependent on the presence of Na+ ions (78). Later it 

was found that Na+ is translocated across the membrane of Na+-NQR reconstituted in 

vesicles (79). The genes coding for the Na+-NQR are found in a single operon (nqr) and 

produce six sub-units NqrA-F (80, 81). 

 

 

1.3.3   Subunit composition 

The NqrA subunit is the most hydrophilic domain and does not present any 

transmembrane helix. Furthermore, no redox active cofactors were observed in this 48 

kDa large subunit. Although it is the largest subunit, the role of this subunit is still 

unknown. Membrane topology mapping of the protein showed that this domain is located 

in the cytosolic part of the protein (82).  

 

On the contrary, the so-called NqrB subunit is very hydrophobic with 8 

transmembrane helices. SDS-PAGE gel studies were performed on the Na+-NQR. In this 

technique the protein is in an unfolded state and since the FMN identified under UV 

illumination comigrate with the subunit, it could be deduced that the FMN was covalently 

attached (80). Conserved threonine (serine) residues were identified for covalent 

phosphoester linkage of FMN (83). It was the first time such an attachment for a FMN 

molecule was observed. When expressed in Escherichia coli, the Na+-NQR lacked the 

covalently attached FMN suggesting that the anchoring requires another enzymatic 

reaction (84, 85). The phosphoester linkage of the FMN is the only mode of attachment of 

an FMN molecule that does not involve the perturbation of the isoalloxazine moiety (86). 

Furthermore, studies of individual subunit composition suggested that riboflavin is 

attached to the NqrB (87). In mutant enzymes lacking the FMNB, the EPR signal 

attributed to the riboflavin is also detected (88). Acidic residues both in the cytosolic and 
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periplasmic side were observed and are suggested to play a critical role in Na+ transfer 

(89). 

 Korormicin and HQNO (2-n-Heptyl-4-hydroxyquinoline N-oxide) are two 

inhibitors that mimic the binding of ubiquinone to the Na+-NQR. Korormicin is an 

antibiotic that works at subnanomolar concentrations (Ki=82 pM), while HQNO inhibits 

the Na+-NQR at micromolar range (Ki=300 nM) (90, 91).  Hayashi et al. isolated mutants 

resistant to these inhibitors and observed a single mutation of G140 on the NqrB subunit 

in the Na+-NQR from Vibrio alginolyticus (92). Interestingly, two contiguous glycine 

residues G139 and G140 (G140 and G141 in Vibrio cholerae) are suggested to be part of 

the quinone binding site. 

 

More recently, biotinylated quinone derivatives were used to identify the binding 

site of the quinone by photo cross linking. The results showed that the quinone binds to 

the NqrA subunit (93). It is not excluded that the quinone binding site is located at the 

interface of the hydrophilic NqrA and the hydrophobic NqrB domain. 

 

NqrC is a smaller subunit and has a molecular weight of approximately 27 kD. 

Two transmembrane helices are present and similarly to NqrB, a conservative threonine 

(serine) residue involved in covalent FMN binding to the protein (83). Mutants where the 

threonine residue is replaced by tyrosine lack the covalently bound FMN (94).  

 

NqrB and NqrC are homologous to the subunits RnfD and RnfG from RNFs 

proteins (Rhodobacter nitrogen fixation proteins) with covalent attachment of FMN (95). 

Nevertheless, membrane topology mapping showed that those FMN molecules are located 

in the cytosolic side in the Na+-NQR and in the periplasmic side of the membrane in RNF 

proteins. Furthermore, NqrB and NqrC have opposoite orientation in the membrane and is 

suggested to play an important role in Na+ transfer (96). 

 

NqrD and NqrE subunits have molecular mass of 23 kD and 22 kD respectively. 

Both have 6 transmembrane helices and do not contain redox active cofactors. These 

subunits are homologous to sub-units from the so-called Rnf complex (95). Furthermore, 

NqrD and NqrE have an opposite orientation in the membrane, and it was suggested that 

the resulting topology is an almost symmetric transmembrane structure with a specific 

functional role; ion transfer (96). These subunits also have acidic residues in the cytosolic 
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and periplasmic ends of the helices. Mutation of these residues induces a large decrease in 

activity (89).   

 

NqrF has one transmembrane helix and a large cytosolic soluble domain. This 

subunit has a molecular weight of 45 kD and contains the first electron acceptors in the 

Na+-NQR. Binding motifs for NADH, FAD and [2Fe-2S] center were determined by 

homology compared to other proteins (97). Sequence alignment of this subunit with other 

organisms identified cysteine residues 70, 76, 79 and 111 as the iron-sulphur cluster 

binding site at the N-terminal half (97). Arginine 210, tyrosine 212 and serine 246 form 

the binding motif for FAD. Mutagenesis studies confirmed the role of theses residues, as 

substitution resulted in mutant enzymes lacking either the FAD or the [2Fe-2S] (98). 

Although the crystallization of this subunit was successful, the structure is so far not 

available for Vibrio cholerae (99). The PDB file of a crystal structure obtained from X-ray 

diffraction of an homologue from Porphyromonas gingivalis was deposited in 2007 by 

Kim et al, but the results are not yet published. Structural prediction of the NqrF 

performed on the basis of high-resolution crystallographic structure of the benzoate1,2-

dioxygenase reductase from Acinetobacter sp. strain ADP1 gave a rough model of this 

sub-unit however with only 23% sequence identity between the two polypeptides (100).    

A schematic representation of the 6 subunits (NqrA-F), the cofactors and the 

electron pathway in the Na+-NQR is given in figure 1.10. 
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Figure 1.10: Schematic representation of the Na+-NQR.  
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1.3.4   Chemical versatility of flavins 

The cofactors present in the Na+-NQR are one FAD, two covalently bound FMN, 

one riboflavin and one [2Fe-2S] center. Compared to the cofactors involved in the electron 

pathway of the complex I where mainly iron-sulphur centers are involved, the Na+-NQR 

presents a unique mechanism involving four flavins and several radical intermediaries. 

Flavins are known for their chemical and biological versatility. 

Riboflavin, vitamin B2, is a tri-cycle aromatic molecule with a ribityl side chain. 

Phosphorylation of the side chain leads to the formation of FMN, a further adenylation 

results in the FAD (Figure 1.11). FAD and FMN are well known redox cofactors involved 

in electron transfer and present in a wide variety of proteins. For long, riboflavin was 

considered as a precursor for the insertion and biosynthesis of FMN and FAD in 

flavoproteins (101). But riboflavin is also an integral cofactor.  

Isoalloxazine ring system

Ribityl
side chain

Phosphate linkage

Adenosine
monophosphate

Flavin Adenine Dinucleotide

Flavin Mono Nucleotide

Riboflavin

Adenylylation

Phosphorylation

 

Figure 1.11: The three types of flavins and atomic numbering. 

Flavins exhibit a wide range of redox forms (Figure 1.12) and are capable of 

transferring either one or two electrons.  

The first macroscopic observation of a reaction involving flavins found in literature 

can be found in the accounts of the HMS Challenger expedition in 1874 (102). Sir Charles 
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Wyville Thompson reported luminescence of the sea surface when mechanically 

perturbed. It was later found that this reaction involves FAD bound to bacterial luciferase. 

Light is emitted when FMN C4a peroxide (an intermediate) reacts with oxygen and 

aldehyde long chains, the resulting products are FMN and the corresponding fatty acid 

together with light emission (103).  

In 1879, A.W. Blyth observed a bright yellow pigment as component of cow milk, 

which he named lactochrome (104). Afterwards in the early 1930’s, the similar bright 

yellow pigments were isolated from different sources and different names such as 

lactoflavin or ovoflavin were given to the pigment (105). In 1935, the groups of R. Kuhn 

and P. Karrer both determined the structure of the yellow pigment and the name riboflavin 

was given (106, 107). Since then, riboflavin, FMN and FAD have been discovered in a 

variety of sources.   

The versatility of flavin in redox reaction is described in Figure 1.12 and shows the 

different forms present in aqueous solution, although the radical forms are not stable 

(108). In proteins and in aprotic solvents these radical forms or ionic forms are stabilized.  

 

Figure 1.12: The different redox transitions of flavins, reproduced from (108). 

In the Na+-NQR, all three naturally occurring flavins are present: riboflavin, FMN 

and FAD. They all participate in the electron transfer from NADH to quinone. The redox 

transition of the cofactors and the number of electrons involved are presented in table 1.1 

and figure 1.13. 
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Cofactor Localisation Redox transition 
Number of 
electrons 

FAD NqrF FlH
─
 ↔ Fl 2 

[2Fe-2S] NqrF [2Fe-2S]
+
 ↔ [2Fe-2S]

2+
 1 

FMNC/B NqrC/B Fl
●─

 ↔ Fl 1 

FMNC NqrC FlH
─
 ↔ Fl

●─
 1 

Riboflavin NqrB FlH
●
 ↔ FlH2 1 

 

Table 1.1: Summary of the redox cofactors present in the Na+-NQR 
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Figure 1.13: The redox transition of the flavins cofactors in the Na+-NQR with the pH dependence of the 

transitions. 

 

1.3.5   Electron pathway in the Na
+
-NQR 

The electron pathway was determined on the basis of studies where the enzyme 

lacked specific cofactors (94). Initially two electrons are donated to the non-covalently 

bound oxidized FAD in NqrF. The latter is reduced to the anionic form of the reduced 

flavin. This step has a pH dependence of 30mV. The [2Fe2S]2+ accepts one electron to 
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form reduced [2Fe2S]+. Simultaneously, FAD is oxidized to the unstable 

flavosemiquinone form that has been observed by ultra-fast freeze-quench experiments 

only (109). The next step is the reduction of fully oxidized FMNC to form the anionic 

flavosemiquinone form. Afterwards, the FMNB accepts the electron and also forms the 

flavosemiquinone. The neutral flavosemiquinone form of riboflavin accepts the electron 

and is reduced to the neutral form of reduced flavin (110). Redox titration showed that the 

redox transition involved is pH independent. The conclusion was that the neutral 

flavosemiquinone form was reduced to the anionic form of reduced flavin. EPR 

measurements later showed that this transition results in the formation of the neutral form 

of reduced flavin which is supposed to be pH dependent (88). But due to the stabilization 

of the neutral flavosemiquinone in the oxidized form of the enzyme, it was suggested that 

pH independence observed is mainly due to the fact that this flavin is well protected and 

encapsulated in the hydrophobic part of the protein. And may well explain the pH 

independence observed as protons are not accessible. The last electron acceptor, 

ubiquinone8 is reduced to form the ubiquinol. The electron pathway is summarized in 

Figure 1.23.  

NADH FAD 2Fe-2S FMNC

Fl Fl

Fl•- Fl•-

FMNB Rf

FlH•

FlH2

CoQ

CoQH2

Na+

Na+

 

Figure 1.14: The electron pathway of the Na+-NQR. 

Na+ uptake occurs when electrons move from the 2Fe-2S center to the FMNC, 

whereas Na+ release occurs when electrons move from FMNB to riboflavin. Interestingly 

no single cofactor cofactor is involved in uptake/release of Na+ (111).  

1.3.6   Ion dependence 

In 1977, membrane extracts from both Vibrio alginolyticus and Vibrio costicolus 

showed NADH reduction were stimulated by Na+ (75). Addition of CCCP protonophore, 

did not perturb the NADH reduction, and subsequently led to the finding that the 

Na+-NQR is in fact a Na+ pump.  
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The quinone reduction activity measurements of the wild type enzyme, expressed 

in turnover rate is 65.4 s-1 without Na+ ions and 521.4 s-1 with Na+ ions (89). These 

measurements clearly show the Na+ dependence. Activity was also stimulated by Li+ ions 

as shown in Figure 1.15 (112) and is found to be only 30% as efficient as in the presence 

of Na+ ions. Although K+ ions do not stimulate enzymatic activity, in the presence of Na+ 

ions, the activity is slightly increased. K+ is described as a nonessential activator for the 

Na+-NQR. Furthermore K+ ions also increase the apparent affinity of the enzyme for Na+ 

ions. On the contrary, Rb+ ions act as an inhibitor for the enzyme and decrease its apparent 

affinity for Na+ ions. Furthermore Rb+ ions are suggested to have the same binding site as 

K+ ions. Interestingly reactivation of the enzyme is observed when K+ ions are added to 

samples in the presence of Rb+ ions. These results strongly suggest that both K+ and Rb+ 

have the same binding site (112).     

Na+

Li+

K+

Rb+

 

Figure 1.15 : Quinone reduction activity measurements of the Na+-NQR in the presence of Na+, Li+, K+ and Rb+ 

at different ionic concentration, figure reproduced from (112). 

 

1.3.7   Na
+
-binding to the Na

+
-NQR 

Residues involved in Na+ binding are often carboxylic side chains from aspartic 

acid or glutamic acid residues. Nevertheless, C=O from the polypeptide backbone can also 

participate in Na+-binding. Na+-binding motifs are difficult to identify, mainly because the 

residues involved are separated in the primary structure by segments of variable length. 

Furthermore, in protein crystallographic structures, water molecules and Na+ ions have a 
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similar electron density. Na+-binding site include six oxygen atoms from carboxylic 

groups which are organized in an octahedral geometry (113).  

In the Na+-NQR, topology mapping has identified acidic residues spanning across 

the membrane helices (89). Usually in transmembrane proteins, charged residues are 

located in segments on either side of the membrane. To integrate charged residues in the 

hydrophobic membrane requires high energy. Those located in the membrane have 

specific functions such as protein-protein interaction in formation of dimeric protein. 

Acidic residues are also found in channels present in proton pump proteins such as the 

cytochrome c oxidase (55).  

 

Figure 1.16: Schematic representation of acidic residues on the cytosolic and periplasmic side of the membrane, 

and also spanning across the membrane. These residues are suggested to play an important role in Na+ transfer 

across the membrane, figure reproduced from (89). 

In the cytosolic side of the Na+-NQR, acidic residues D397, E95 and D133 from NqrB, 

NqrE and NqrD sub-units were identified as the first Na+ binding site (Figure 1.16). In 

mutant enzymes where these acidic residues were replaced by alanine, the Na+ affinity of 

the protein decreased considerably and when reconstituted in proteoliposomes, these 

mutant enzymes lost Na+ pumping activity.  
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1.4   Protein-protein interaction  

Protein-protein interaction in the respiratory chain is governed by long range 

electrostatic recognition between acidic side chains. At a shorter distance, hydrophobic 

refinements rearrange the conformation of both redox partners for an optimal electron 

transfer (114).  

Moreover, although the fluid mosaic model suggests that the membrane bound 

enzymes move freely in the phospholipid bilayer, there are areas of the membrane where 

the proteins are in higher concentration and organized in supramolecular structures (1). 

These molecular organizations consequently optimize electron transfer between the 

different components of the respiratory chain (115). In 1978, it was shown that electron 

transfer rates in respiratory complexes are optimized if different components were present 

at specific stoichiometry (116). A 3D model of the organization of respiratory complexes 

show that the interaction surfaces on complex I and III for quinone face each other. 

Instead of going through a pool like system, quinol is channeled to the dimeric bc1 

complex (Figure 1.17) (115). Similarly, the interaction surfaces for cytochrome c both in 

the complex III and complex IV face each other in this model, thus optimizing electron 

transfer. 

 

 
Figure 1.17: Suggested supercomplex from bovine respiratory chain including complex I (yellow), the dimeric 

complex III (red), cytochrome c (yellow) and complex IV (green), figure reproduced from (115). 
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Protein-protein interaction is governed by long range electrostatic recognition and 

at a shorter distance by hydrophobic refinements. In the organism Thermus thermophilus, 

the interaction is mainly hydrophobic between the cytochrome c552 and the CuA fragment 

from the ba3 oxidase (117). This property provides a unique window of opportunity to 

study the complex formed by the two partner proteins by electrochemistry. 

 

1.4.1   Thermophiles and thermozymes 

Organisms that thrive in extreme conditions are known as extremophiles. 

Temperature is used to classify organisms into three groups. Mesophiles live and grow at 

normal temperature. Psychrophile organisms are those who have an optimal growth below 

15°C and thermophiles are those who grow and live at 50°C and above. Thermus 

thermophilus, as its name suggests, is a thermophile organism that has for habitat hot 

water springs or the surroundings of submarine thermal chimneys.  

In order to increase the Tm (mid-point temperature between the denatured form and 

the functional form of proteins), thermophiles have adopted different strategies which are 

reflected in the structure of the thermozymes. Starting with the primary structure, an 

increase in non-polar and hydrophobic residues is observed in the inner core compared to 

mesophilic analogous proteins. Moreover, an increase in arginine and glutamine residues 

on the surface which contribute to better ionic interactions is also observed (118). On the 

opposite a net decrease of uncharged polar amino acids is observed (119).    

A study of 16 protein families from thermophiles and their analogues in 

mesophiles showed a recurrent pattern of increasing length of the main chain and also an 

increase in hydrogen bonding in the main chain. As for secondary structure analysis, the 

relative percentage of α-helices, 310-helices and β-strand structures increases in 

thermophiles while the relative contribution of β-turn and random coils decreases. The 

increase in α-helical structures in thermozymes is usually accompanied by an increase in 

the interaction of intra-helices. (120). All these adaptations result in an increased 

hydrophobicity and a better packing of the inner core of the proteins (121).  
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1.4.2   Protein-protein interaction and oxygen reduction in Thermus thermophilus 

Depending on the availability of oxygen in the growth environment, Thermus 

thermophilus can express two different terminal oxidases (122). At high oxygen 

concentration, the caa3 oxidase is preferably expressed. On the contrary, at low oxygen 

concentration, the ba3 oxidase is expressed (123). Electrons from the complex III are 

donated to the terminal oxidase. Electron transfer to the caa3 oxidase is suggested to occur 

with complex formation between the two enzymes, with an equilibrium constant of 250-

300 (124). For the ba3 terminal oxidase, electrons are transported via the cytochrome c522. 

The equilibrium constant for the formation of the complex between the bc1 complex and 

the cytochrome c552 is 1.1, but the equilibrium constant for the formation of the 

cytochrome c552 to the ba3 oxidase is 4.8 (124). Nevertheless, cytochrome c552 was also 

found to be a very efficient electron donor to the caa3 oxidase. This step is not clear as 

contradictory results have been reported (125, 126). The general scheme of electron 

transfer is summarized in figure 1.18.  
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Figure 1.18: Depending on oxygen availability, Thermus thermophilus can express two different terminal oxidases 

providing two alternatives for oxygen reduction. 
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1.4.3   The ba3 oxidase 

The ba3 oxidase couples the reduction of oxygen to water with proton pumping 

across the membrane similar to the cytochrome 
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Figure 1.19: Structure of the 
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nit fragments for biophysical studies of electron transfer

was shown to be successful (114, 127, 128). Experimental setups are 

simple in the absence of detergents. In this work, the complex formed by the cytochrome 

fragment of the ba3 oxidase has been studied. 

oxidase couples the reduction of oxygen to water with proton pumping 

similar to the cytochrome c oxidase described in 

is the smallest known terminal oxidase and has 3 subunits, subunit I is 

the largest and consists of 13 transmembrane helices (18). Three cofactors are present in 

this subunit and are located in the middle of the membrane, one b-type heme, one 

heme and a mononuclear CuB center. Oxygen enters the enzyme through a y

parallel to the membrane on the level of the CuB center (130). Oxygen fixation and 

reduction occurs on the bimetallic center formed by the CuB and the 

enzyme via the periplasmic subunit II, which contains a binuclear Cu

This subunit is anchored to the membrane and the subunit I by a transmembrane helix. 

The structure of the enzyme showing the cofactors is presented in figure 1.

: Structure of the ba3 oxidase depicting the cofactors present (PDB 1EHK) 
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has a molecular mass of 85 kDa. The structure was 
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Electrons are donated by the cytochrome c552 and enter the ba3

first electron acceptor, the binuclear CuA center in the periplasmic sub

fragment consists mainly of antiparallel β-sheets and random structures. A transmembrane 

helix is also present which keeps the subunit anchored to the membrane 

fragment and abolish from the constraints of working with detergents, the 

removed from the CuA fragment (132). The crystallographic structure of 

the fragment was determined by Williams at al. in 1999 (Figure 1.20) (
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Figure 1.21: Schematic representation of the coordination of the binuclear Cu

1.4.5  Cytochrome c552 

Cytochrome c552 accepts electron from the 

fragment. This perisplasmic soluble molecule is made up of 131 residues for a molecular

weight of 14158 Da (126, 136

appellation of cytochrome 

enzyme at 552 nm. Comparing the cytochrome 
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the secondary structure of cytochrome 

Figure 1.22: Structure of cytochrome 
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: Schematic representation of the coordination of the binuclear CuA center, reproduced from 

accepts electron from the bc1 complex and delivers it to the Cu

fragment. This perisplasmic soluble molecule is made up of 131 residues for a molecular

126, 136). The enzyme is centered by a c 

appellation of cytochrome c552 results from the α band observed in the reduced form of the 

enzyme at 552 nm. Comparing the cytochrome c552 from Thermus thermophilus

from mesophiles, the first striking observation is the presence of 

f cytochrome c552 (Figure 1.22) (17).  

 

: Structure of cytochrome c552 centered by the c type heme (PBD 1C52)
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center, reproduced from (133). 

complex and delivers it to the CuA 

fragment. This perisplasmic soluble molecule is made up of 131 residues for a molecular 
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 band observed in the reduced form of the 

Thermus thermophilus to 

from mesophiles, the first striking observation is the presence of β-strands in 

(PBD 1C52) (17). 
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Furthermore, no water molecules have been observed in the inner core of the 

protein. Indeed, a more hydrophobic core increases thermal stability. Electrochemical 

analysis of the cytochrome c552 on a modified gold electrode previously reported a mid-

point potential of 200 mV vs SHE’ (137).  

 

1.4.6  [Cytochrome c552-CuA fragment] complex 

The interaction between cytochrome c and the cytochrome c oxidase is described 

in a two step model (114, 128, 138). The interaction surface in the aa3 terminal oxidase in 

Paracoccus denitrificans and in Rhodobacter sphaeroides is surrounded by acidic residues 

that play an essential role in the protein docking dynamics. Cytochrome c itself has 

positively charged residues surrounding the heme cleft. The first step consists of the 

recognition and the pre-orientation of the redox partners by long range electrostatic forces. 

For aa3 oxidase from Paracoccus denitrificans, the plot turnover numbers (s-1) against 

ionic strength is described by a bell shape curve with a maximum at 56 mM, increasing 

the ionic strength progressively shields the interaction surface (139). Mutation of these 

acidic residues resulted in a shift to lower ionic strength dependency to lower values and 

an increase in the KM values. The second step consists of the fine tuning of the interaction 

where the two redox partners are placed in an optimal conformation for electron transfer. 

Mutation of these residues exposed on the surface of the of the aa3 oxidase from 

Paracoccus denitrificans does not affect the values of KM, but kcat values are decreased 

(139).     

In the respiratory chain of Thermus thermophilus, there is a completely different 

scenario; the interaction between the proteins is mainly hydrophobic with less than one 

charged residue present on the interaction surface (117). In a Brønsted plot, the logarithm 

of bimolecular rate constants is presented against the square root of the ionic strength of 

the medium. For the interaction between the cytochrome c552 and the CuA fragment from 

Thermus thermophilus, the plot shows a very low dependency with a slope of less 0.57. 

Less than one charged residue is involved on the interaction surface (114). This is 

suggested to favor complex formation in thermophiles; as at high temperatures 

electrostatic interactions are weakened and hydrophobic interactions become stronger.  
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he structure of the complex formed by the cytochrome c552 and the Cu

Thermus thermophilus has been obtained by a combined NMR spectroscopic and 

figure 1.14, PDB 2FWL). Both proteins were studied in the 

ced form. 15N enriched samples were analyzed, thus defining the 

residues that play an important role in inter-protein interaction and as well as electron 

transfer. In the complex form, residues in cytochrome c552 that have the highest chemical 

bation are those located directly on the surface of interaction that is the region 

surrounding the heme cleft. Furthermore Ala34 and His32 located at the back of the heme 

cleft also exhibit high chemical shift perturbation (117).  

 

: Structure of the complex [cytochrome c552-CuA fragment] obtained by a combined NMR 

spectroscopic computational method (PDB 2FWL) (117). 
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1.5   Cytochrome bc1-aa3 supercomplex from C. glutamicum 

 Another type of interaction can be observed in supercomplexes. The respiratory 

chain of Corynebacteriumm glutamicum includes a supercomplex formed by the dimeric 

bc1 complex, cytochrome c and the aa3 oxidase.  

 

1.5.1   The Corynebacterium glutamicum 

The rod-shaped Corynebacterium glutamicum is very resistant to mechanical stress 

and is adapted to varying environmental conditions (figure 1.24). First isolated in 1957, 

this gram-positive bacterium has since then been of great interest (140). Corynebacterium 

glutamicum is a biotion-auxotrophic bacterium that utilizes glucose as carbon source to 

synthetise L-glutamate under aerobic conditions and biotin limitation. Optimal production 

strains of the organism have been used industrially for the production of L-glutamate at a 

scale of one million tons per year. The latter is used as a flavor enhancer in industrial food 

production (141, 142). Other genetically modified and metabolic engineered strains have 

also been used for the industrial production of L-lysine, which is used as food additive. 

Nevertheless, 0.5 million tons are produced annually (141).   

 

Figure 1.24: The rod-shaped Corynebacterium glutamicum (142). 

For long the study of this organism was limited and related to amino acid 

synthesis. These mainly included metabolic engineering for optimization of industrial 

production. But it soon became evident to have an optimal strain for amino acid 

production, it was important to have a better knowledge of the metabolism of the 

bacterium as a whole. On a medical level, Corynebacterium glutamicum is also used as a 

non-pathogenic model to study related pathogens such as Corynebacterium diphtheria and 
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Mycobacterium tuberculosis. More recently, the organism has been of interest in the 

treatment of phenol-contaminated soil. More than 94% degradatrion of phenol within 3 

days was observed reflecting the effectiveness of this organism in biodegradation (143).    

1.5.2   Respiration based on menaquinone 

Although the quinone pool involved in the electron transfer mainly consists of 

ubiquinone, some organisms have adopted other forms of quinone as membrane electron 

shuttle. In Escherichia coli for example, cells grown under anoxic conditions shifted the 

quinone pool from ubiquinone to menaquinone (144). Other organisms including the 

Corynebacterium glutamicum exclusively use menaquinone. One particularity of 

menaquinone is the redox potential that is much lower than the ubiquinone. Ubiquinone 

and menaquinone have a midpoint potential of 102 mV and -61 mV (vs SHE’) 

respectively, in other words approximately 150 mV lower for menaquinone (145-148).   

The second group includes of enzymes that oxidize menaquinol to menaquinone. 

Reduced minus oxidized UV-visible difference spectra membrane extracts from 

Corynebacterium glutamicum exhibit bands at 600, 562 and 552 nm which are typical of 

a, b and c type hemes. When cells are grown in a copper limited medium or a cyanide 

enriched medium, there iss less a-type and c-type hemes whereas a new signal attributed 

to d-type hemes were observed (149, 150). These results demonstrate that there are two 

different type of terminal oxidase present (151).  

  

 

1.4.3   Cytochrome bc1-aa3 oxidase supercomplex. 

The enzyme of interest in this project is the naturally occurring bc1-aa3 

supercomplex from Corynebacterium glutamicum. The bc1 unit of the super complex 

shows some notable differences when compared to analogues from other organisms 

although three subunits are present. In the N-terminus of the Rieske protein, three putative 

transmembrane helices are observed instead of one. In the C-terminal region of 

cytochrome b, a 120 amino acid extension is observed. Another particularity in the 

cytochrome c1 is the presence of two motifs for covalent heme binding, indicating that the 

enzyme has two c type hemes (141). 
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The aa3 oxidase part also shows some differences when compared to analogues. 

Although sub-unit I is similar to other aa3 terminal oxidases, the main difference is in the 

sub-unit II where an extension of 30 residues is observed. It was proposed that this 

extension plays an important role in attachment to the bc1 unit (152). Figure 1.25 shows a 

schematic simplified model of the bc1-aa3 supercomplex.  

Periplasm

Cytoplasm

 

Figure 1.25: Schematic representation of the subunits and cofactors present in the bc1-aa3 supercomplex, 

reproduced from (141). 

The cofactors present are two b-type hemes in the QcrB subunit, one heme bL and 

one heme bH. QcrA, the Rieske protein sub-unit contains one [2Fe-2S] center. The QcrC 

contains two c-type hemes. In the terminal oxidase part, a binuclear CuA center is present 

in CtaC. Finally, the CtaD sub-unit contains one a type heme, one a3-type heme and a 

mononuclear CuB center are present.  
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1.6 Aim of work 

One of the important questions in the field of molecular bioenergetics is on the interaction 

of the enzymes with ions and ligands, with lipids and with other proteins. Within these 

lines the following systems will be studied. 

1. Role of the ions for Na+-NQR transport and interaction with the cofactors. 

Determination of the redox mid-point potential of the cofactors present in the Na+-

NQR wild type in the presence of Li+, Na+, K+, Rb+ and NH4
+ ions. Redox induced 

FT-IR spectroscopic studies will show this interaction on a molecular level. HDX 

kinetics measurements monitor the solvent accessibility of the protein in the 

presence of the different salts. 

 

The same experiments will also apply to the study on the role of specific residues 

involved in Na+-transport. Mutant enzymes NqrB D397E and NqrE E95Q forming 

the first Na+ binding site of the protein will be studied. 

 

The interaction of Na+-NQR with quinone and inhibitors will be analyzed with the 

help of NqrB G140A mutant enzyme. 

  

2. The interaction between complexes from the respiratory chain of Thermus 

thermophilus are studied as a model for protein-protein interaction during electron 

transfer as well as the supercomplex from Corynebacterium glutamicum. In both 

cases, the influences of electrochemical and spectroscopic properties are analyzed.  
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2.0   Spectroscopy 

Spectroscopy deals with the interaction of atoms and molecules with 

electromagnetic radiation. These interactions can be absorption, emission or scattering. 

Electromagnetic radiation is described by Maxwell’s law consists of two oscillating fields 

perpendicular to each other on a unique plane. These components are represented by 

simple sinusoidal functions at a constant velocity (c), the speed of light. The energy (E) 

and the frequency (ν) associated to the radiation is give by the following equations where 

h is the Planck’s constant: 

    � = �.�
�      � = �

�   Equation 1 

 

Figure 2.1: The electromagnetic spectrum represented in terms of wavelength, frequency and energy. The 

changes induced at the molecular or atomic level. The expanded region is of interest in this work (153). 

The interaction of electromagnetic radiation with matter can induce different 

phenomena depending on the energy of the radiation. Low energy radio waves will only 

change the spin orientation, whereas at the opposite extreme gamma rays will change the 

nuclear configuration of matter. Figure 2.1 summarizes the different types of radiation, 

their energy levels and their interaction with matter. Probing the interaction of matter with 

a specific radiation summarizes the principle of spectroscopy.  
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In the present study, two spectral regions are of interest and are represented in the 

expanded region of figure 2.1: the infrared domain and the UV-visible region.  

 

2.1   UV-visible: electronic spectroscopy 

The absorption of UV-visible radiation corresponds to the energy required for 

electronic transition; the electrons get to a more energetic orbital, the excited state. The 

plot of absorbance against the wavelength gives the absorbance spectrum. Absorbance is 

the difference between the logarithm of the incident beam and the transmitted beam 

(Figure 2.2). Lambert-Beer’s law also defines absorbance as a being proportional to molar 

extinction coefficient (ε) given in mol-1.cm-1.L, the concentration of the sample (C) in 

mol.L-1 and the path length of the sample (l) in cm. The equations defining absorbance are 

given as follows: 

 � = 	
�� ��
� = �. 	. �    Equation 2 

Io I

ε.C

 

Figure 2.2: Representation of UV-visible interaction with a sample of a given concentration (C) and a molar 

absorption coefficient ε. Io is the incident radiation, and I is the radiation that is not absorbed by the sample. 

In the study of proteins of the respiratory chain, UV-visible spectroscopy has been 

very useful in studying proteins containing hemes. The typical spectrum of a heme 

includes a large signal in the region around 400 nm, the so-called Soret band (γ-band) that 

induces the electronic transition of the porphyrin aromatic system. At higher wavelength, 

smaller signals, the q-bands are observed. These bands are sensible to the redox state, spin 

state and ligation of the heme. Coupled to an electrochemical setup, the evolution of these 

signals is used to determine the redox potential of heme cofactors in proteins (154). The 

oxidation of NADH and reduction of quinone can also be monitored in UV, and have been 

used to measure the activity of complex I and the Na+-NQR (81, 155). Similar 

measurements were performed to measure the activity of the bc1 complex and the 
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cytochrome c oxidase (156, 157). UV-visible spectroscopy has also been used to probe the 

kinetic of reduction or oxidation of these molecules. Stop-flow techniques have also been 

used to characterize formation or dissociation constants in the study of protein-protein 

interaction (124).  

2.2   Infrared: vibrational spectroscopy 

Absorption of less energetic (10-3-1 eV) IR radiation results in changes in 

vibrational and rotational modes of atomic bonds. The absorption of IR radiation is 

dictated by a selection rule that requests a change in the dipole moment of the molecule 

during vibration (158). For non-linear molecules of N atoms, the number of vibrational 

modes is 3N-6. In classical mechanics, the simplest description of the chemical bond 

formed between two atoms, A and B with corresponding masses in vibration is the 

harmonic oscillator (Figure 2.3). For the stretching mode, d represents the displacement of 

the spring (cm), k is the force constant (N.cm-1) and F is the force required for the spring 

to get back in its initial state (N). The reduced mass µ of the two atoms is used.  

A B

mA mB

 

Figure 2.3: Simplified spring ball model to represent the harmonic oscillator. 

  � = �. �           � = ��.��
�����   Equation 3 

The system possesses both kinetic and potential energies (Ek and Ep respectively).  

 

�� = �
� ������� +������     Equation 4 

�! = �
� "��� − ���$²      Equation 5 

Using the Lagrange’s set of equations to solve the energy of this vibration, a 

simple equation relating the frequency to the reduced mass and the force constant of the 

spring is obtained. 
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  � = �
�.&'�

(     Equation 6 

In IR spectroscopy, the wavenumber (cm-1) obtained by dividing the ν by c the 

speed of light, is commonly used instead of the frequency. From this equation, we can see 

that molecules with a higher reduced mass will absorb at lower frequencies.  

This equation gives a good description of the stretching mode vibration. Other 

modes represented in figure 2.4, are defined by more complicated equations as the system 

is placed in a Cartesian reference with 3 dimensions.  

Symmetric stretching Asymmetric stretching Bending

Deformation Rocking

Wagging Twisting

Out-of-plane bending In-plane bending

 

Figure 2.4: Different uncoupled normal vibrational modes. 

2.2.1   IR spectrometer 

In an IR spectrometer, the radiation source for the mid-IR region is most of the 

time a globar. For far IR measurements, although a globar can also be used, best signals 

are obtained with a high pressure mercury source. Synchrotron light source is another 

alternative. The IR radiation goes through the interferometer, the main instrument of all 

FT-IR spectrometers.  
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The most important component of a FT-IR spectrometer is the Michelson 

interferometer. The setup consists of two mirrors perpendicular to each other with respect 

to the plane, one is fixed and one has a controlled back and forth movement (Figure 2.5). 

IR radiation from the source strikes a beamsplitter resulting in 50% of reflection on the 

movable mirror (ray 1) and 50% transmission on the fixed mirror (ray 2). Both ray 1 and 2 

are reflected back to the beamsplitter. At this point the two rays go through different paths 

and interfere. For example for a monochromatic source, the resulting interference can 

either be constructive or destructive (when the two paths are equivalent) depending on the 

movement of the mirror. The velocity of the mirror movement is measured by a He-Ne 

laser using a reference interferometer. For a monochromatic measurement, the signal 

detected is a simple cosine with the intensity varying in function of the displacement of 

the mirror, more precisely the retardation δ of ray 1 with respect to ray 2. Usually, a 

polychromatic source is used with a wide range of wavenumbers. Fourier transformation 

is then required to obtain a spectrum of absorbance against wavenumber. 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Schematic representation of a Michelson interferometer (left). The interferogram of a monochromatic 

source (right) is a simple cosine curve (158). 

  

I(δ)

0
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2.2.3   Fourier-Transformation 

For a polychromatic source radiation, the interferogram is complicated. The 

intensity of the interferogram is given by  

)"*$ = + ,"�-$ cos"22�-*$ ��-3
        Equation 7 

Where S is the source intensity, �- is the wavenumber of the radiation, and * is the 

mirror displacement. To have a readable spectrum in terms of wavenumbers (Figure 2.6), 

we need to perform a Fourier transformation according to the equation: 

,"�-$ = + )"*$ cos"22�-*$ �*3
         Equation 8 

The two equations are interconvertible. It is important to note that the resolution of 

an IR spectrometer is inversely proportional to difference in pathlength due to the 

displacement of the mirror.  
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Figure 2.6: The interferrogram (left) is Fourier-transformed to obtain an absorption spectrum in terms of 

wavenumber (right). 

2.2.4   Study of proteins: why IR spectroscopy? 

Proteins are macromolecular structures consisting of arrangement of amino acid 

residues linked by the peptide bond, cofactors may also be present. For example taking the 

cytochrome c represented in figure 2.7 as a model, the different components that are 

observed in IR are the c type heme as cofactor, the polypeptide back bone of the protein, 

amino acid side chain and the solvent/buffer of the medium.  



Chapter II: Experimental techniques 

44 
 

Cofactor Polypeptide 
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Figure 2.7: Representation of the cytochrome c in an aqueous environment. In IR spectroscopy, contributions 

from the cofactor, the polypeptide backbone, the side chains and the buffer/solvent can be observed. 

The contributions of all the components usually overlap. The polypeptide 

backbone contribution gives rise to large signals as seen in figure 2.8. In the mid-IR 

region, the most energetic vibrations observed are the stretching mode of N-H designated 

the amide A (Table 2.1). At lower frequencies, the amide B arises from the v(C-H) 

vibrational modes.   

Designation 
Wavenumber 

Assignment 
(cm-1) 

Amide A 3500-3000 v(N-H) 

Amide B 3000-2800 v(C-H) 

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

Amide II 1575-1480 coupled mode, 60% δ(N-H), 40% v(C-N) 

Amide III 1320-1220 
coupled mode, 30% δ(C-N), 30% δ(N-H), 10% 

v(C=O), 10% δ(O=C-N) 
 

Table 2.1: Amide contribution of the polypeptide backbone in the mid-IR region 
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Figure 2.8: Absorption spectrum of a protein in solution in the mid-IR region depicting contributions of the 

amide bands and contribution from water.  

The amide I region is the most studied spectral region and mainly include v(C=O) 

of the polypeptide backbone. This signal is very sensible to secondary structure of 

proteins. Band separation is used to probe secondary structure of proteins (159-161). 

Indeed depending on the hydrogen bonding environment of the backbone, the polypeptide 

adopts a specific secondary structure. Each secondary structural elements is represented by 

the v(C=O) mode of the polypeptide backbone and is summarized in table 2.2.  

Wavenumber (cm
-1
) Secondary structure assignment 

1624-1642 β-sheet 

1648 Random coil 

1656 α-helix 

1663 310-helix 

1667-1685 β-turns 

1691-1696 β-sheet 
 

Table 2.2: Protein secondary structure is probed by band separation of the amide I band. Each element can be 

observed at specific wavenumbers. 

Unless performed correctly, the study of the amide I band in the determination of 

protein secondary structure can be error prone. Indeed, the δ(H-O-H) mode from water 

also contributes in this spectral region, furthermore most buffers also give signals in this 

region (162). Dried samples are studied to limit the contribution of water. But for unstable 



Chapter II: Experimental techniques 

46 
 

samples, removing the solvent can lead to change in conformation or even denaturing. 

Measurements in D2O can also be performed to increase the precision of the technique, 

and works correctly for small soluble proteins. But for large membrane proteins, not all 

the H bound to the N on the polypeptide backbone are exchanged, and giving rise to more 

complex spectral data. The experimental setup consists of an ATR (attenuated total 

reflexion) crystal on which a deposition of the sample is made. Depending on the nature of 

the crystal, the protein may find a conformation more favorable than another. The ATR 

setup in itself has a polarizing effect and has long been neglected in these experiments 

(163). Nevertheless this technique gives a good estimation of the protein secondary 

structure. It can also be used for example to check the integrity of a mutant enzyme 

compared to the wild type.   

The amide II and amide III signatures involve coupled modes which are less 

specific to the secondary structure of the protein. Although the study of the amide III 

mode has been restricted due to contributions of amino acid side chain in the same region, 

the study of the amide II band has been of interest in the study of protein dynamics. At 

lower frequencies, between 800-50 cm-1, less energetic modes of the polypeptide 

backbone are observed. Individual amino acid contribution can hardly be observed in the 

absorption spectrum of a protein except for the intense v(CC) ring, δ(CH) modes of 

tyrosine at 1516-1518 cm-1 that overlaps the amide II band. Contribution from the buffer 

and the solvent are also observed. The v(O-H) vibrational mode overlaps the amide A 

band whereas δ(H-O-H) has a high absorption in the amide I region.  

 

2.2.5   Hydrogen/deuterium exchange kinetics 

Hydrogen/deuterium exchange (HDX) kinetics is a technique used to measure 

accessibility of a protein sample to the solvent. Accessibility of specific transport channels 

as well as allosteric changes can be observed. HDX is monitored by different experimental 

setup including mass spectrometry, NMR spectroscopy and IR spectroscopy (164-166). It 

is also used to monitor flexibility, hydrogen bonding as well as conformational changes of 

proteins. The protons involved in HDX are those bound to nitrogen on the polypeptide 

backbone. Since all the peptides excluding proline do possess an amide proton, the rate of 

exchange of amide H is used to monitor HDX experiments (167). Side chain hydrogen 

atoms which are bound to S, O, N and aromatic residues are also exchangeable. Hydrogen 
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toms that are bound to carbon atoms require high energy usually obtained from a chemical 

reaction to be exchanged (167). In mass spectrometry, the protein is mixed with the D2O 

buffer, a sample is taken after each minute and the HDX is stopped either by quick-

freezing the sample or reducing the pH. The mass spectra are recorded and data is plotted 

against time to monitor HDX (164).  

  In IR spectroscopy, the experimental setup is simpler and the exchange is studied 

directly in the experimental setup. Upon HDX, the most important changes observed, arise 

from modes involving the N-H bond on the backbone. The v(N-H) is downshifted to 3300 

cm-1 to 2400 cm-1. This band cannot be used to monitor HDX because v(O-D) also 

contribute in this region. The δ(N-H) mode in the region between 1575 and 1545 cm-1, 

known as the amide II band also shifts to lower frequencies. Upon HDX, the amide II 

band is decoupled and δ(N-D) mode shifts to 1035 cm-1 whereas the v(C-N) mode shifts to 

1455 cm-1. Spectral changes upon HDX is summarised in table 2.3.  

HDX kinetics can be monitored by integrating the amide II band as its decrease 

reflects the % of exchanged protons of the backbone. The area of the amide I band which 

arises mainly from ν(C=O) of the polypeptide backbone should not vary upon HDX 

although a 10 cm-1 downshift is observed. This shift arises by a small change in the 

coupled N-D vibration upon HDX. Since the amount of protein observed may vary during 

the HDX experiment, the % of amide protons is always given with respect to the amide I 

and amide II band (160, 168).  

 

Figure 2.9: Left panel depict a sample in H2O, with the water molecules in grey. Upon HDX, H on the surface of 

the molecule is exchanged to D (stick model cyan); whereas H located in the hydrophobic core are not exchanged 

(stick model blue). 
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Monitoring the rate of HDX, different categories of amide H can be observed and 

distinguished. Amide H just on the surface of the protein will be exchange rapidly (169). 

Amide H just beneath the surface of the protein will follow a slower exchange kinetic. 

Amide H located in channels that is accessible to the solvent will exchange slower than 

the former two groups. The last group consists of amide H that are not accessible to the 

solvent and that are not exchanged (170). The latter group involves mainly amide H of 

residues forming membrane bound helices (Figure 2.9). The rate of HDX of the different 

groups is also a parameter to monitor conformational changes. 

Vibrational mode Wavenumber (cm-1) 

H2O D2O H2O D2O 

ν(O-H), v(N-H) ν(O-D), ν(N-D) 3500-3100 2600-2350 

ν(C=O) ν(C=O) 1646 1641 

δ(N-H)/ν(C=N) 
δ(N-D) 

1543 
1035 

ν(C=N) 1455 
 

Table 2.3: Band shift observed upon hydrogen/deuterium exchange. 

 

2.2.6   Electrochemistry 

  The proteins studied in this work are involved in electron transfer. A 

spectroelectrochemical cell may be used to study electrochemical reactions by 

spectroscopy. A setup consisting of two electrodes cannot control precisely an applied 

potential mainly since the current would pass through the reference electrode. A three 

electrode setup is required consisting of a working electrode, a reference electrode and a 

counter electrode (figure 2.10).  

The working electrode is the site where the redox reaction takes place. The 

reference electrode has a specific and constant potential. It allows the application of 

precise potential at the working electrode. Finally the counter electrode allows the passage 

of current from the working electrode without going through the reference electrode.  



Chapter II: Experimental techniques 

49 
 

 

Figure 2.10: Representation of a 3 electrode setup for electrochemistry. 

With the thin layer electrochemical cell, we can study a redox active sample in its 

oxidized state or reduced state. Since the UV-visible spectral properties of redox cofactors 

are dependent on the redox state of the molecule, redox titration can be monitored in the 

UV-visible.  A detailed description of the thin layer electrochemical cell is given in the 

material and methods section 3.2. The thin layer electrochemical cell is also used in IR 

spectroscopy. The description of the redox potential can be made by the Nernst equation 

that includes the information of the redox potential in function of the concentration of the 

reduced and oxidized state. In spectroelectrochemistry, the concentration is indirectly 

obtained from UV-visible or IR spectra. Details on methods are given in section 3.3. 

 

2.2.7   Difference spectroscopy 

In IR spectroscopy, contributions from the protein sample, the buffer and water are 

observed. Small changes induced by a reaction are difficult to depict. Difference 

spectroscopy has been developed as an answer to this problem as only changes induced by 

the reaction are highlighted. The difficulty of this technique is that the reaction must be 

induced in the analysis cell. The reaction can be for example light induced, substrate 

induced or redox induced (154, 168, 171-173). For redox active proteins difference spectra 

can be obtained in transmission with the optically transparent thin layer electrochemical 

cell (154).  
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As mentioned before, the intense absorption of water in the amide I region makes 

analysis difficult. In the spectroelectrochemical cell, the pathlength is at most 10 µm thick 

which decreases the contribution of  H2O provided the sample is concentrated enough. The 

potential of the sample is controlled by a three electrode setup connected to a potentiostat. 
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Figure 2.11: The absorption spectra of the oxidized and reduced form are similar. The difference spectrum is 

obtained by subtraction the spectrum of the reduced form of the enzyme from the spectrum of the oxidized 

enzyme.  

 Either the oxidized form or the reduced form of the protein is studied. The 

absorbance unit of a difference spectrum is approximately 500 times smaller than that of 

an absorbance spectrum. To have highly defined spectral data, the oxidized form and the 

reduced form are cycled several times and the data is averaged. This step reduces the 

signal to noise ratio. 

Different strategies have been used to assign difference spectra. For the attribution 

of signals arising from the cofactor, model compounds like hemin for hemes have been 

studied (174-176). FMN, FAD as well as quinone have been studied (177). Coupled to 

computational methods, the attribution of FAD signals for example is well documented 

(178, 179). For contribution side chain residues, individual amino acids have been studied 

and the extinction coefficient of each mode is also well documented. Furthermore, solvent 

H2O/D2O exchange can also help in signal attribution (180, 181). Conformational changes 

in a protein sample are also detected in difference spectroscopy as signals in the amide I 

region are characteristic of the secondary structure involved in the reaction (180, 182).   
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3.1   Sample preparation 

3.1.1   The Na
+
 pumping NADH:quinone oxidoreductase from Vibrio cholerae 

The Na+-NQR wild type and mutant enzyme samples were prepared in the 

laboratory of Prof. Blanca Barquera, Department of Biology, Center for Biotechnology 

and Interdisciplinary Studies, Rensselaer Polytechnic Institute, Troy, New York by Dr. 

Oscar Juarez and Dr. Michael E. Shea. 

3.1.1.1   Wild type enzyme 

As reported before, recombinant Na+-NQR was cloned in a pBAD vector and over 

expressed in Vibrio cholerae cells (81). Purification was performed on a Ni-NTA affinity 

column, followed by a fast flow in DEAE sepharose column for cation exchange (112). At 

this level, the samples are in 50 mM TRIS-HCl pH 8.0, 1mM EDTA, 0.05% β-D dodecyl 

maltoside (weight/volume) and 5% glycerol (volume/volume). Prior to studies, the sample 

was washed with 50 mM Tris-HCl at pH 8.0, 0.05% β-D dodecyl maltoside and 150 mM 

of either LiCl, NaCl, KCl, RbCl or NH4Cl. This step consisted of 3 washes with 400 µL 

buffer on AMICON centrifugal membranes with a cut off of 100 kDa at 6000 rpm on the 

Eppendorf Centrifuge 5804R. EDTA and glycerol are omitted. EDTA can form metal-

ligand complexes with the salts added and the mediators. Glycerol helps maintaining the 

integrity of the enzyme upon freezing. But for electrochemical measurements, glycerol 

slows the rate of electron transfer. Fresh samples were prepared before each experiment 

without EDTA and glycerol. The resulting sample was approximately at 0.75 mM 

estimated using ε460nm = 34.6 mM-1cm-1 for the oxidized minus reduced form of the 

enzyme (111). As a control of the integrity of the cofactors of the sample, ε560nm = 6.7 

mM-1cm-1 for the oxidized minus reduced form of the enzyme has also been used (111).  

For IR spectroscopy, the buffer was exchanged to phosphate to avoid contributions 

of Tris that overlaps signals in the amide I region. The most intense contribution of 

phosphate buffer are located between 1100-1050 cm-1, a region where the phosphate 

groups from FMN and FAD are also expected. For mid-IR studies, the sample was washed 

with 50 mM phosphate buffer at pH 8.0, 0.05% β-D dodecyl maltoside (DDM) and 150 

mM of either NaCl, LiCl, KCl or RbCl. For experiments with Na+ and Li+ ions, sodium 

phosphate and lithium phosphate buffers were used respectively. Arguably, there are still 
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K+ ions present in samples with Rb+. But the redox dependence observed are similar may 

it be in Tris buffer or phosphate buffer. 

3.1.1.2   Mutant enzymes 

Quickchange site-directed mutagenesis kit (Stratagene) was used to build the 

mutant enzyme from templates of the Na+-NQR wild-type operon. In the NqrB, aspartic 

acid 397 is replaced by glutamic acid (89). This mutant was made to study the role of ions. 

Mutant enzyme for the study of the quinone binding has also been constructed. Glycine 

140 in the NqrB has been replaced by alanine. Samples were concentrated on Amicon 

centrifugual device with a cut-off of 100 kDa in buffer solution as described for the wild 

type.    

3.1.2   Cytochrome c552 and the CuA fragment of the ba3 oxidase from Thermus 

thermophilus 

Cytochrome c552 was prepared in Prof. Bernd Ludwig laboratory, Molekulare 

Genetik, Institut für Biochemie, Johann Wolfgang Goethe-Universität, Max-von-Laue-Str. 

9. 60438 Frankfurt am Main, Germany, by Carolin Werner. 

The cytochrome c552 gene was cloned in a pET22b vector which guides the protein 

in the periplasm. Co-transforming of the E.coli cells with heme maturation plasmid helps 

in heme incorporation in the apoprotein (138). Purification was done according to Fee et al 

(137). The samples were prepared in two different buffer solutions prior to studies, either 

30 mM KPi at pH 9.0 or 30 mM Tris at pH 7.0. Both buffer solutions also contained 100 

mM KCl. Sample concentration was determined by εred-ox 552 nm = 21.0 mM-1.cm-1 (138). 

The CuA fragment sample was prepared in Prof. James Fee laboratory, Department 

of Molecular Biology, The Scripps Research Institute, La Jolla, CA, 92037, USA, by Ying 

Chen. 

The CuA domain was espressed in E.coli cells and purified as described before 

(132). This domain also contains a hydrophobic helix which helps in anchoring the 

fragment to the membrane. The latter has been removed. As for the cyt.c552, the protein 

was concentrated in either KPi or Tris buffer at pH 9 and 7 respectively. ε530nm = 3.1 mM-

1.cm-1 was used to determine the concentration of the samples. 
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3.1.3   The bc1-aa3 supercomplex from Corynebacterium glutamicum 

The bc1-aa3 supercomplex was been prepared in the laboratory of Prof. Carola 

Hunte, Freiburg, by Dr. Thomas Kleinsroth.  

The protein was overexpressed from plasmid in Corynebacterium glutamicum 

cells. The purification step is not published yet. The protein was purified on a strepavidin 

colum and concentrated on a glucose gradient. Due to the presence of 3 types of hemes, 

the concentration can be determined by εred-ox 600 nm = 23.2 mM-1.cm-1 for the a-hemes, εred-

ox 565 nm = 44 mM-1.cm-1 for the b-hemes and εred-ox 550 nm = 38.2 mM-1.cm-1 for the c-hemes 

(141). 

3.2   The thin layer electrochemical cell 

The optically transparent thin layer electrochemical cell was used to monitor 

spectroelectrochemical changes (154). In the UV-visible, redox titration of cofactors was 

performed with this cell. In the mid-IR, the contribution of the cofactors, local 

conformation changes, sidechain of specific residues are observed.  

 

Figure 3.1: Schematic representation of the electrochemical cell. The blue arrow shows the optical axis. 

The cell consists of a three electrode setup; a gold grid as working electrode, a 

platinum counter electrode and a Ag/AgCl 3 M KCl reference electrode (add 208 mV for 

SHE’) (Figure 3.1). Both the platinum counter electrode and the gold grid are in contact to 

platinum threads for connection with a home-made potentiostat. The PVC body has four 

inlets, three of which are for screwing the two platinum threads for the working and 

counter electrode, and also the reference electrode. The fourth inlet is for addition of 

buffer to the experimental medium to complete the volume of the electrochemical cell. 
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Undesired air bubbles are also eliminated when the buffer is added. To prevent protein 

adsorption to the gold surface which can lead to denaturation, the gold grid has been 

modified by dipping in a solution of 2 mM cysteamine and 2 mM mercaptopropionic acid 

for at least one hour. These thiol based organic compounds are self-assembled on the gold 

surface forming a network of –COOH and –NH2 groups to which the protein interact 

(Figure 3.2).  

 

Figure 3.2: Schematic representation of the gold surface modified by cysteamine and mercaptopropionic acid. 

Two CaF2 windows (fixed on plexiglass support) were mainly used due to the 

transparency of CaF2 in both UV-visible and mid-IR. The sample is placed on the 

modified gold grid working electrode and squeezed between the two windows. Path-

length did not exceed 15 µm. Two rubber o-rings were used while mounting the cell to 

prevent leaking of sample and thus providing a constant environment during the 

experiments. The cell is placed between two steel plates which are cooled to 10 °C for 

redox titrations and to 5°C for mid-IR studies.    

3.3   Redox titration monitored in the UV-visible 

The mid-point potential of several cofactors can be determined by combining 

electrochemistry to the UV-visible provided a change in the redox state results in a change 

of spectral properties. Prior to the titration, the protein sample is mixed with several 

mediators (Table 3.1) (63). The role of these mediators is to facilitate electron transfer 

from the working electrode to the protein cofactors as the mid-point potential of the 

mediators covers a wide range of potential. The final concentration of each compound is 

approximately 25 µM. If used at a higher concentration, the spectral contributions of these 

mediators will be observed and will have to be subtracted from the contribution of the 

protein.      

The redox state of the protein sample is controlled by a home-made potentiostat. 

For example in the titration of the Na+-NQR, an oxidative potential of +200 mV is applied 

and taken as background after 15 mins of equilibration. A potential sweep is performed 
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with 10 mins of equilibration for each 50 mV step to -600 mV. This first titration gives an 

approximate potential of the cofactors for a given sample. The next titration will consist of 

shorter steps and longer equilibration. The mid-point potential of all the enzymes studied 

have been established. Information regarding the potential range studied, the potential step 

and equilibration time is presented in (Table 3.2). 

Mediator Em(mV) vs. Ag/AgCl 

Ferrocenylmethyltrimethylammoniumiodid 607 

1,1’-Ferrocenedicarboxylic acid 436 

Potassiumhexacyano-ferrate(II) trihydrate 212 

1,1’-Dimethylferrocene 133 

Quinhydrone 70 

Tetrachloro-1,4-benzoquinone (p-Chloranil) 72 

N,N,N’,N’-Tetramethyl-p-phenylenediamine dihydrochloride 62 

2,6-Dichloroindophenolsodium salt hydrate 9 

Hexaminruthenium(III)chlorid -8 

Anthraquinone-2-sulfonic acid sodium salt -23 

1,4 Naphthoquinone -63 

Trimethylhydroquinone -108 

Anthraquinone -108 

5-Hydroxy-1,4-naphthoquinone -158 

Duroquinone -198 

Menadione -220 

2-Hydroxyl-1,4-naphthoquinone -333 

9,10-Antraquinone-2,6-disulfonic acid disodium salt -433 

Neutral red -515 

1,1’-Dimethyl-4,4’-bipyridium dichloride hydrate -628 

 

Table 3.1: 19 mediators used for electrochemical measurements and their corresponding mid-point potential (63). 
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Sample Potential range studied Potential step Equilibration time (mins) 

Na
+
-NQR -625 to +100 25 or 20 40 

CuA -300 to +300 50 30 

Cyt.c552 -300 to +300 50 30 

CuA-cyt.c552 complex -300 to +300 50 30 

bc1-aa3 supercomplex -650 to +250 50 or 25 60 
 

Table 3.2: The potential range, the potential step and equilibration time used for each sample studied. 

When an overpotential is applied, equilibration time is shorter, typically 10 mins. 

But in the proximity to the expected redox mid-point potential (± 150 mV) equilibration 

time is longer and the potential step applied needs to be shorter. This optimization of the 

redox titration gives highly reproducible results. At the end of titration, the integrity of the 

sample is checked by performing full oxidized-reduced and reduced-oxidized difference 

spectra. All the titrations done were reproduced at least twice. The expected error is ± 10 

mV. 

Data exploitation starts with the normalization of all the difference spectra at a 

wavelength where no contributions of the cofactors are observed. This step is crucial, 

because the baseline is taken at the very start of the experiment, and with time a thermal 

drift of the baseline is observed. The difference in absorbance (∆Abs) observed is then 

plotted against the applied potential.  
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Figure 3.3: On the left panel, the difference spectra of cytochrome c552 from -400 mV to +200 mV for a reductive 

titration. On the right panel, the plot of ∆absorbance recorded at 552 nm against the applied potential, a Nernst 

equation is fitted (black curve). 

Using the Origin software, a Nernst equation is fitted to the plot at different 

wavelength. For example in the case of cytochrome c552, either the Soret band or smaller q 
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bands at 552 nm can be used to determine the potential (Figure 2.3). The general Nernst 

equation is as follows: 

�4 = � + 56
78 ln ;<=

;>?@          Equation 9 

With EM: mid-point potential, E0: standard potential, R: universal gas constant of 

8.314 J.K-1.mol-1, T: temperature in K, n: number of electrons transferred, F: Faraday 

constant of 9.648.104 C.mol-1, aox and ared: the chemical activity of the oxidized and 

reduced species respectively. Assuming that the chemical activity is proportional to the 

spectral changes observed, the equation can be written:  

�4 = � + 56
78 ln A<=B∆A

∆ABA>?@      Equation 10 

With ∆A: the difference in absorbance observed, Aox: the absorbance for the fully 

oxidized state, Ared: the absorbance for the fully reduced state. The final equation used for 

the fitting is 

∆� = �DEF + "A<=BA>?@$
��EG!H=IJKLM.M N      Equation 11 

With x: the applied potential, b1: the mid-point potential, 24.4: is an estimate of the 

constants for n = 1, and T = 283 K (10 °C). This method works with one or two 

components at a specific wavelength. But, when three or more components are involved at 

the same wavelength, this equation is error prone in terms of fitting. Furthermore, if two 

redox transitions have close mid-point potentials, it is also difficult to distinguish between 

them. This is the case for the Na+-NQR, where the flavins have broad signals spread in the 

visible domain.  

The strategy used to determine the redox potential in such cases is to plot the first 

derivative of the difference in absorbance observed (δ∆Abs) against the applied potential 

(183). The resulting plot can easily be fitted by simple Gaussian equations. The half-width 

of the Gaussian is dependent on the number of electrons transferred, 90 mV for a two 

electron transfer and 45 mV for a one electron transfer. The amplitude of the Gaussian is 

proportional to the molar extinction coefficient of the component at the specific 

wavelength. With this method, multiple components contributing at a specific wavelength 

can be separated; the error observed by this method is ± 15 mV estimated from an 

experiment reproduced four times (184).  
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3.4   FTIR measurements 

3.4.1   Redox induced mid-IR difference spectroscopy 

Difference spectra are obtained between two different states of the enzyme. In this 

work, the proteins were studied with respect to their redox state. The electrochemical cell 

is mounted in a Bruker Vertex 70 (Germany) spectrometer equipped with a liquid nitrogen 

cooled MCT detector for the 4000-1000cm-1 range. The scan velocity used was 20 kHz 

and typically 2 * 256 interferograms were recorded at 4 cm-1 resolution for the oxidized 

and the reduced form of the enzyme. This step was cycled at least 50 times. Difference 

spectra have low absorbance intensities when compared to transmission spectra. 

Averaging the data recorded for the oxidized-reduced and reduced-oxidized difference 

spectra helps in improving signal to noise. The contribution of water vapor in the 

spectrometer is also observed. The strategy used here is to have a constant pumping of dry 

air in the sample compartment of the spectrometer. Although we cannot abolish 

completely the presence of humidity, it is kept constant throughout the experiment.    

 

The potential applied for the oxidized and the reduced form of the enzyme, as well 

as equilibration time are presented in Table 3.3. The choice of potential range was done 

with respect of the values obtained by redox titration. Prior to each experiment, the 

difference spectra were done in UV-visible to determine the equilibration time for 

oxidation and reduction. For sample stability, temperature was maintained at 5°C 

throughout the experiment. 

Sample 

Potential (mV) Equilibration time (sec) 

Ox Red Ox Red 

Na
+
-NQR wild type 200 -625 120 240 

Na
+
-NQR D397E 200 -625 120 240 

Na
+
-NQR G140A 200 -625 120 240 

Na
+
-NQR wild type, step 200 -280 120 300 

Cyt.c552 300 -300 90 180 

CuA fragment 300 -300 90 180 

Complex cyt.c552-CuA 300 -300 90 180 
 

Table 3.3: The potential applied for oxidation and reduction, and equilibration time for each sample studied. 
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At the end of the experiment, a redox induced difference spectrum in the UV-

visible spectral range was performed again to verify the stability of the sample. Since the 

overall time of the experiment is about 20 hours, it is important that the internal medium 

of the electrochemical cell is kept constant. Any leak will result in unwanted drop in signal 

intensity and lost in reversibility of the oxidized-reduced and reduced-oxidised difference 

spectra.  

3.4.2   Hydrogen-deuterium exchange kinetics monitored in mid-IR 

HDX kinetics was monitored on a Bruker IFS28 spectrometer equipped with a 

DTGS detector. The experimental setup, the Bruker BioATR 2 (Figure 2.7), consists of a 

two compartment dialysis cell mounted on a ATR crystal. In total reflection mode the 

evanescence wave on the surface of the crystal penetrates only 6-8 µm. The latter is in fact 

made of two crystals, the zinc selenide crystal is protected by a silicium crystal. The 

silicium crystal is hydrophobic and measurements with hydrophobic membrane proteins 

are better suited than for example with a diamond crystal.  

The body of the cell is made of stainless steel. The two compartments are separated 

with a semi permeable cellulose membrane with a cutoff of 3 kDa. The advantage of using 

this two compartment system is that the mechanical perturbation of the sample in the 

lower is minimized. Furthermore, the sample in the lower compartment remains at a 

constant concentration. The upper compartment is connected to a circuit of tubing, with an 

input and an output. Buffer is pumped in the tubing system by an eternal pump with a 

constant flux of 0.12 ml/min. When closed the cell is air tight by different rubber o-ring. 

The temperature of the whole system was fixed at 5°C.   

 

Figure 3.4: Schematic representation of the Bruker Bio ATR 2 dialysis system. 
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The HDX kinetics of the Na+-NQR wild type and the D397E mutant enzyme were 

measured with the four different ions, Li+, Na+, K+ and Rb+. Prior to the measurements, 

the sample was mixed with E.coli membrane extract (Avanti 100500C) in an approximate 

molar ratio of 1:30 for four hours at 5°C on a thermomixer. The sample is placed on the 

crystal in the lower compartment and air-dried. The cell is closed and the sample is 

rehydrated by H2O buffer solution. Drying and then rehydrating the sample on the crystal 

surface, increases the amount of sample in direct contact with the crystal surface. The 

exchange starts when the rehydration step is over and the sample is stabilized that is when 

consecutive spectra are identical. 

D2O buffer is flushed in the upper compartment with a flow rate of 0.95 ml/min 

and data is recorded. Blocks of 16 spectra are taken with 1 sec between each spectrum. 

The first block consists of spectra with 16 scans, mainly because the first few minutes the 

exchange is fast. Then blocks of 16 spectra are recorded with 32 and 64 scans. The flow 

rate is decreased to 0.2 ml/mins and 16 spectra with 128 scans followed by 8 spectra with 

256 scans are recorded. Finally 80 spectra are recorded with 256 scans with 20 mins 

between each spectrum. The first 12 mL of the D2O buffer solution are evacuated before a 

closed circuit is set in the upper compartment. The most complicated part is data analysis 

that is monitoring the rate of decrease of the amide II signature. 

3.4.2.1   HDX data analysis    

Data analysis starts with subtraction of H2O contribution since the H2O buffer also 

contributes to the recorded spectra but with different coefficient at a given measurement 

time.  The first step is to calculate the coefficient of H2O present in all the recorded data. 

Then using this coefficient, the H2O contribution is removed from each spectrum. 

Furthermore although the concentration of the sample in the lower compartment is 

constant, the amount of sample in the vicinity of the evanescence wave does vary slightly. 

In order to limit, this all the spectra must be normalized with respect of an internal 

standard, the amide I band. The most intense band observed is the amide I signature which 

is less than 50 cm-1 distant from the amide II band. The choice of the amide I signal as 

internal standard is also promoted by the fact that the intensity of this signal does not 

change upon HDX, although a 10 cm-1 downshift is observed. The area of the amide I and 

amide II band are calculated by interactive integration (170, 185). Stepwise data 

processing is detailed as follows. 
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3.4.2.2   Determination of the coefficient of H2O in the recorded spectra  

To determine the coefficient of H2O in the sample at a given time, the area of the 

large signal between 3800-2750 cm-1 representative of both v(O-H) and v(N-H), is 

calculated for each spectrum. The area of v(C-H) stretching mode between 3000-2750 cm-

1 is also calculated. Simultaneously, the area of the band representative of the v(O-D) 

mode is also calculated by interactive integration. Each integration is calculated with the 

Bruker OPUS software with a baseline correction as shown in Figure 3.5. 
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Figure 3.5: Integration of signals arising from the v(O-H) 3800-2750 cm-1, the v(O-D) 2750-2000 cm-1 and the 

v(C-H) 3000-2750 cm-1 with baseline correction. 

The coefficient of H2O and D2O at a given time is then obtained from the 

following equations: 

OPLQ + RSLQ + TPQS = 1	   Equation 12 

With O = 	 + WXY��LZ[� B+ SXY��LZ[�
+ PXY��LZ[� B+ SXY��LZ[�

   ,  R = 	 + WLZ[�L��� B+ PLZ[�L���
+ SLZ[�L��� B+ PLZ[�L���

   ,  T = 1 − O − R 

 O, b and c are the fraction of H2O, D2O and HOD respectively in a spectrum at a 

given time. For example in a sample with only H2O solvent,  O = 1, both b and c are nil. H 

and D are the spectrum with only H2O and D2O (last spectrum obtained for the 

experiment) respectively. S is the spectrum at a given time t. To check the method to 

calculate the coefficients,	O, b and c are plotted against time (Figure 3.6). We can observe 

the fraction of D2O increases with time while the fraction of H2O decreases. The amount 

of HOD present also increases at the start of the experiment and decreases gradually. 
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Finally the spectrum of H2O multiplied by the coefficient O is subtracted from each 

spectrum.  
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Figure 3.6: Fraction of H2O, D2O and HOD present in the sample at a given time t. 

3.4.2.3   Normalization with respect to the amide I band. 

After subtracting the buffer, all the spectra are normalized with respect to the 

amide I band for the region between 1710-1590 cm-1. In other words, the area of the amide 

I band is taken as a constant internal standard although a 10 cm-1 downshift is observed 

(Figure 3.7).  

3.4.2.4   Monitoring the rate of amide II decrease. 

The amide I and amide II bands are integrated for the region between 1710-1600 

cm-1 and 1575-1525 cm-1 respectively (Figure 3.8). The range selected for integration was 

determined at 1710, 1600 and 1575 cm-1. The lower limit for the amide II contribution was 

selected at 1525 cm-1 as at lower frequencies strong contributions from tyrosines are 

expected. 
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Figure 3.7: Buffer subtraction from the recorded data, and the normalization step with respect to the amide I 

band. 
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Figure 3.8: Integration of the amide I and amide II band. 
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The 3-D plot of the spectra against experimental time is given in Figure 3.9 

depicting the rate of decrease of the amide II contribution.  Finally the fraction of amide H 

left in the sample is calculated using the following equation: 

\+ ]^_@?	``K[Z[K[L[
+ ]^_@?	`KZK�Ka��

b
c

\+ ]^_@?	``K[Z[K[L[
+ ]^_@?	`KZK�Ka��

b
�

= �dOTef
g	
h	O�f�i	j		 	 Equation	13Equation	13Equation	13Equation	13 

 

Figure 3.9: 3D plot of the amide I and amide II band after buffer subtraction and normalization. 

   

3.4.2.5   Determination of exchange fractions and rate constants. 

The last step is to plot the fraction of amide H against experimental time. Different 

strategies have been used to represent the different groups of H/D exchange. In the case of 

the Na+-NQR, the best fit was obtained with 2 exponential equations and one constant. 

The first exponential is representative of the fast exchanging amide H located on the 

surface of the protein. This group is defined with the variable Cf and rate constant τf. The 

second group is representative of amide H located just beneath the surface and in specific 

channels and is described by the variable Cs and rate constant τs. The last group defined by 

Cc refers to the amide H that are not accessible to the solvent and that are not exchanged. 

Usually this group is representative of membrane bound hydrophobic α-helices. The fit is 

obtained by the following equation: 

�dOTef
g	
h	O�f�i	j = �r . exp H−e vrw N	+	�x. exp�−e vxw  + 	��	 Equation 14 
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3.6   Estimation of the secondary structure of proteins  

Determination of the secondary structure was done by two methods; mid-IR 

absorption spectroscopy and circular dichroism. These complementary methods give 

important information about the structural integrity, for example of a mutant sample 

compared to the wild type. It is important to note that comparing the secondary structure 

obtained by these methods results in errors of ± 5% (162).  

3.6.1   Amide I band separation in the mid-IR 

Mid-IR absorbance spectra were recorded on a Bruker 70 spectrometer (Germany) 

equipped with a liquid nitrogen cooled MCT detector. 1 µL of the sample is dried on a 

ZnSe ATR crystal coated with silicium with a flux of argon, 256 scans were accumulated 

for each spectrum. Due to the contribution of Tris buffer in the amide I region, all the 

sample studied by this method were in phosphate buffer.  

1700 1600 1500
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Wavenumber (cm
-1
)Wavenumber (cm

-1
)  

Figure 3.10: Baseline correction is performed by subtracting a straight line between 1710 and 1595 cm-1. 

 

Data analysis was performed using the Origin software. Baseline correction on the 

amide I band (1710-1595 cm-1) is performed by subtracting a straight line (Figure 3.10) 

(161). This process is important for band separation, but also contributes to the error of 

this method as a certain area of the amide I band is removed (162). The second derivative 

of the amide I dataset is performed to identify points of inflection that gives an 

approximation of where each component is localized in the spectrum (186, 187). Band 

separation was done by fitting multi Gaussian components on the amide I signal. The area 

of each component relative to the area of the whole band gives the % contribution of a 
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specific secondary structure (Figure 3.11). The typical positions for the secondary 

structural elements are summarized in table 2.2. 
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Figure 3.11: The second derivative of the amide I band gives minima that correspond to the components present. 

Band separation is performed on the amide I signature by fitting multi Gaussian curves. The relative area of each 

component corresponds to the % of a secondary structure in the protein. 

 

3.6.2   Circular dichroism spectroscopy 

Circular dichroism (CD) is another technique that is complementary to FTIR 

spectroscopy in the analysis of protein secondary structure (188). The principle of circular 

dichroism spectroscopy is based on the ability of an optically active sample to polarized 

linearly polarized light, the sample is said to possess circular dichroism. CD spectral 

contribution separation usually yields in an accuracy of up to 97 % for α-helical and 

distorted α-helical structures provided that the correct reference dataset is used for band 

separation (188, 189). Furthermore different algorithm have been developed for the data 

deconvolution; depending on the algorithm used for data analysis, the results may differ 

(190).  Although the analysis of secondary structures in soluble proteins is very successful, 

it has not been the case for membrane proteins (191). Subsequently, it is difficult to 

compare results from different membrane protein samples. Nevertheless, CD 

measurements can give an estimation of the secondary structures present in the Na+-NQR, 

and structural changes in the presence of different ions can also be probed. 

Measurements were performed on a JascoJ-810 spectropolarimeter equipped with 

an air-cooled xenon lamp as source and a head-on photomultiplier tube detector. Data 

analysis was performed on the DICHROWEB website (192, 193).    



Chapter IV : Results and Discussions 

68 
 

 

 

 

 

 

 

 

 

Chapter IV: Results and discussions 

  



Chapter IV : Results and Discussions 

69 
 

4.1   The wild type Na
+
-pumping NADH:quinone oxidoreductase 

To have a better understanding of the mechanism of ion transfer, the Na+-NQR has 

been studied in the presence of Li+, Na+, K+, Rb+ and NH4
+. Redox titration has been 

monitored in UV-visible spectral domain to determine the mid-point potentials of the 

cofactors.  

4.1.1   Redox titration monitored in the UV-visible 

Flavins have broad contribution expanding over a large domain in the UV-visible. 

In the Na+-NQR, signals arising from the four flavins (FAD, FMNC, FMNB and riboflavin) 

overlap each other (figure 4.1.1). The [2Fe-2S] center also contributes in this region. All 

these cofactors have different absorption coefficients at specific wavelength. 

 

 

Figure 4.1.1: Evolution of the spectral 

contribution of the cofactors from the Na+-

NQR upon reduction. 

 

 

 

A fit of the Nernst equation directly on the plot of ∆Abs/applied potential can 

identify at most 2 cofactors in our case (figure 4.1.2). This method although very 

successful in the study of hemes is less adapted for the Na+-NQR due to the overlapping of 

signals from the cofactors (154). A new strategy has been developed for the study of Na+-

NQR based on the spectral properties of the cofactors (183, 194). The first derivative of 

∆absorbance against the applied potential was performed. The peaks observed correspond 

to the redox mid-point potential of the cofactors. The plot of the first derivative of 

∆absorbance against the applied potential for each 5 nm from 350-650 nm is presented in 

figure 4.1.2.  

350 400 450 500 550 600 650 700
-0,05

-0,04

-0,03

-0,02

-0,01

0,00

0,01

0,02

∆
 A

b
s
o

rb
a
n

c
e

Wavelength (nm)

R
e

d
u

c
tio

n



Chapter IV : Results and Discussions 

70 
 

-600 -500 -400 -300 -200 -100 0

-0,035

-0,030

-0,025

-0,020

-0,015

-0,010

-0,005

0,000

0,005

∆
A

b
s

Potential (mV vs Ag/AgCl)

 ∆Abs at 460 nm

 

Figure 4.1.2: Absorbance change upon reduction monitored at 460 nm (left). Plot of the first derivative of ∆Abs 

vs. applied potential for each 5 nm from 350-650 nm (right). 

The flavins go through different redox transitions with different spectral properties 

and at specific wavelengths the molar extinction coefficients of some flavins are negligible 

while others have a large contribution. The absorption coefficients of each cofactor have 

been determined previously (table 4.1.1) by the study of mutants each lacking one cofactor 

(94). These data are essential to identify the cofactors as the molar extinction coefficients 

are directly proportional to the amplitude of the peaks observed in the plot of 

∆∆Abs/applied potential. Three wavelengths have been selected to distinguish the 

cofactors, 380, 460 and 560 nm (183). Furthermore, apart from the FAD that performs a 

two electron transition, the other cofactors make one electron transitions. This redox 

property is also evident in the plot as peaks for one electron transition have a half-width of 

90 mV and peaks for two electron transition have a half-width of 45 mV, according to 

Nernst equation. With these parameters, the plot of ∆∆Abs/applied potential is fitted with 

equation 4.1. Instead of using the derivative of the Nernst equation, a multi-gaussian fit 

has been used to simplify the model.  

y = �z . i{| }"GB~_$L
B�_L

�          Equation 4.1 

where y is the  first derivative of ∆absorbance, Ai is the amplitude for the component i, x is 

the applied potential in mV, Ei is mid-point potential and w is the half-width of the peak. 

Depending on the wavelength at which the absorbance is studied, the fit may contain 1, 2 

or 3 components. 
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Cofactor Redox transition 

Red-ox molar extinction coefficients (mM
-1

cm
-1

) 

380 nm 460 nm 560 nm 

FAD FlH─ ↔ Fl -4,25 -11,17 1,07 

[2Fe-2S] [2Fe-2S]+ ↔ [2Fe-2S]2+ -1,9 -3,12 -1,54 

FMNC Fl●─ ↔ Fl 3,81 -8,81 -0,5 

FMNC FlH─ ↔ Fl●─ -6,95 -3,46 -1,4 

FMNB Fl●─ ↔ Fl 3,81 -8,81 -0,5 

Riboflavin FlH● ↔ FlH2 -2,26 -0,66 -3,84 

 

Table 4.1.1: Molar extinction coefficients of all the cofactors of the Na+-NQR at 380, 460 and 560 nm (94). 

At 560 nm, contributions from the riboflavin FlH● ↔ FlH2 transition and the [2Fe-

2S] center ([2Fe-2S]+ ↔ [2Fe-2S]2+) have the largest contributions (figure 4.1.3). FAD 

also has an important contribution at this wavelength. Nevertheless only two peaks are 

observed in the plot suggesting that the negative contribution of the FAD is cancelled out 

by the contribution of the FMNs which are smaller but positive. Based on the amplitude of 

the signals, the transition observed at -500 mV corresponds to the [2Fe-2S] center whereas 

riboflavin is observed at -210 mV. These redox mid-point potentials are independent of 

the type ions present. 

At 460 nm, FAD (FlH─ ↔ Fl) has the most important contribution and a half-

width of 45 mV. Both FMNB and FMNC perform the same one electron transition, Fl●─ ↔ 

Fl. The spectral contributions of the two FMN are identical with a half-width of 90 mV. 

The absorbance from the riboflavin at this wavelength is negligible. Contributions from 

the [2Fe-2S] center and the riboflavin FlH─ ↔ Fl●─ transition are three times smaller than 

that of the FMN Fl●─ ↔ Fl transition and four times smaller than the contributions of the 

FAD. Therefore these contributions are neglected in the fitting of the Gaussian 

components. A mid-point potential of -445 mV is obtained for the FAD independent on 

the types of ions present (figure 3.1.3). Previous analysis identified this redox transition as 

being pH dependent (183). For FMNB and FMNC, in the presence of Li+ and Na+ ions, two 

components are depicted at -350 and -360 mV. In the presence of K+, Rb+ and NH4
+ ions, 

one of the FMN has an unchanged potential at -350 mV whereas the contribution from the 

other FMN is observed at a lower potential, namely -450 mV. Due to the identical spectral 

contribution of these cofactors, it is not possible to discriminate the FMNB/C.  
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Figure 4.1.3: Redox titration of the Na+-NQR monitored at 560, 460 and 380 nm. Samples were studied in the 

presence of Li+, Na+, K+, Rb+ and NH4
+ (from top to bottom). 
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At 380 nm, the contribution of the cofactor FAD for the FlH─ ↔ Fl transition and 

the FMNC FlH─ ↔ Fl●─ transition are expected to have the most intense signals (figure 

3.1.3). But the Fl●─ ↔ Fl transition from both FMN cofactors also contribute to this 

wavelength with a negative intensity. Band separation was not successful at this 

wavelength and only one signal was identified. Since the molar extinction coefficient of 

the FMNC FlH─ ↔ Fl●─ transition is almost double the FAD FlH─ ↔ Fl transition, the 

observed component is attributed to FMNC cofactor. A potential of -440 mV is observed 

in the presence of Na+ and Li+ ions that is lowered to -465 mV in the presence of K+, Rb+ 

and NH4
+ ions. The results are summarized in table 4.1.2. 

Cofactor Redox transition 
Number of 

electrons 

Em (mV vs Ag/AgCl) 

Li
+
 Na

+
 K

+
 Rb

+
 NH4

+
 

FAD FlH
─
 ↔ Fl 2 -445 -440 -450 -445 -440 

[2Fe-2S] [2Fe-2S]
+
 ↔ [2Fe-2S]

2+
 1 -510 -500 -500 -510 -500 

FMNC/B Fl
●─

 ↔ Fl 1 -350/-360 -345/-360 -450/-360 -460/-340 -450/-340 

FMNC FlH
─
 ↔ Fl

●─
 1 -440 -440 -465 -465 -460 

Riboflavin FlH
●
 ↔ FlH2 1 -210 -215 -220 -210 -200 

 

Table 4.1.2: Summary of the redox mid-point potentials of the cofactors present in the Na+-NQR in the presence 

of Li+, Na+, K+, Rb+ and NH4
+ ions. 

The plot of the first derivative of the difference in absorbance vs. applied potential 

was also performed from 350 to 650 nm for each 5nm step. The observed differences 

include a decrease of the component at -360 mV in the presence of K+ ions while the 

component at -450 mV increases in intensity and becomes broader. Similar plots were 

made for experiments performed in the presence of Li+, Rb+ and NH4
+ ions (seen in 

Appendix figure 7.1).  
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Figure 4.1.4: The plot of the first derivative of the difference in absorbance vs. applied potential from 350 to 650 

nm for each 5 nm in the presence of Na+ ions (red) and in the presence of K+ ions (blue).  
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Figure 4.1.5: The difference spectra for the potential range -275 mV to -50 mV (A), -400 mV to -275 mV (B) and 

-620 mV to -400 mV (C) , in the presence of Na+ ions (red) and K+ ions (blue) 
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To further investigate and corroborate the results, the UV-visible difference spectra 

at specific potentials were plotted (figure 4.1.5) (184). Since the redox potential of the 

riboflavin cofactor is not independent of the type of ions present, the difference spectra for 

the potential range -275 mV to -50 mV was taken as internal standard to calculate the 

difference spectra for the potential -400 mV to -275 mV and -620 mV to -400 mV. 

Between -275 and -50 mV, only the contributions of riboflavin (FlH● ↔ FlH2) is 

observed in the presence of both Na+ and K+ ions with characteristic signals at 525 and 

560 nm. The spectra obtained in the presence of Na+ ions between -400 mV and -275 mV 

shows an intense signal at 460 nm corresponding to the Fl•− ↔ Fl transition of FMN. The 

intensity of this signal decreases in the presence of K+ ions. Moreover the signal for the 

Fl•− ↔ Fl transition of the FMN cofactor at 460 nm is observed in the UV-visible 

difference spectrum obtained in the presence of K+ ions between -480 mV and -400 mV.   
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Figure 4.1.6: Redox mid-point potential of the cofactors involved in electron transfer in the Na+-NQR. 

Previously, it was shown that Na+-uptake is coupled to electron transfer from the 

[2Fe2S] center to FMNC (111). On this basis, the FMN which is affected by the presence 

of Na+/Li+ tentatively attributed to FMNC. The plot of the potential level clearly shows the 

difference in the thermodynamic properties of the FMNC dependent on the ions present 

(figure 4.1.6). Na+ uptake and release occur during electron transfer from the [2Fe2S] 

center to FMNC and FMNB to riboflavin respectively. It is interesting to note that in our 

study a single cofactor is dependent on the type of ions present even though uptake and 

release of Na+ involves two cofactors. Interestingly, the activity of the enzyme is 

stimulated by the presence of Na+ and Li+ ions (112). Saturating concentrations of Na+ and 
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Li+ stimulate the activity 8-fold and 3-fold respectively even though the redox potential 

are similar in the presence of both Li+ and Na+.   

The affinity of the enzyme for Na+ ions is not dependent on the redox state (112). 

These results show that while Na+/Li+ regulates the mid-point potential of FMNC, the 

redox state does not affect the affinity of the enzyme for Na+/Li+, showing that the 

cofactor does not follow the redox Bohr effect (195, 196). The Na+ binding site is 

therefore physically separated from the FMNC and may account for the absence of 

reciprocal effect between the affinity of Na+ binding and thermodynamic properties of the 

cofactors.  

Although, there is an ion dependence of the thermodynamic properties in the 

mechanism of the enzyme, the kinetic control has also been demonstrated (111). The 

unique machinery of the Na+-NQR may have both a thermodynamic regulation and a 

kinetic control (184). The shift in potential (-350 mV in the presence of Na+ ions, -450 mV 

in the presence of K+ ions) observed may be the result of conformational changes. In the 

flavodoxin from Clostridium beijerinckii, which also possess a FMN cofactor, the redox 

potential is controlled by conformational changes which affect the environment of the 

isoalloxazine ring system (197). It is not excluded that in the Na+-NQR, Na+-binding 

induces conformational change that perturbs the environment of the isoalloxazine system 

of FMNC.   

In 2006, Bogachev et al. reported the titration of the Na+-NQR from Vibrio harveyi 

(198). The analysis omitted the presence of the riboflavin. No ion dependent redox 

potential was observed. A few years later, the same authors reported the titration 

monitored by both optical and EPR spectroscopy (183, 199). Midpoint potentials of -410 

mV and -340 mV were reported for FMNC and FMNB respectively independent from the 

type of ions present. It is difficult to account for the differences noted for the ion 

dependence of the FMN cofactor to our study (183). Nevertheless, the sample studied in 

this work has the largest Na+ dependent activity reported this far, a higher purity (>95%) 

and pumping activity of Li+ and Na+ when reconstituted in liposomes (111, 112). 

Bogachev et al. also reported the pH dependence of the FAD FlH─ ↔ Fl transition and the 

FMNC FlH─ ↔ Fl●─ transition respectively by -30 mV/pH and -60 mV/pH (183). Since no 

pH dependence was observed for riboflavin, the authors concluded that only the transition 

from FlH─ to FlH● is found. It was later demonstrated by EPR spectroscopy that the 
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transition for this cofactor is the pH dependent FlH● ↔ FlH2 transition (88). The pH 

independence observed may be the result of the cofactor being caged in a hydrophobic 

pocket inaccessible to the solvent. This hypothesis may well explain the stabilization of 

the neutral flavosemiquinone (FlH●) form in the oxidized state of the enzyme. 

All these measurements were performed at equilibrium and in real time the redox 

mid-point potentials of the cofactors may differ. 

 

4.1.2   Redox induced FTIR difference spectra of model compounds: FAD, FMN and 

riboflavin 

Before studying the enzyme, redox induced difference spectroscopic studies of 

FAD, FMN and riboflavin were performed for the potential range between -620 mV to 

+200 mV. For the full potential step, only the difference spectra for the Fl ↔ FlH2 redox 

transition can be observed. 

The difference spectrum of FAD presented in figure 4.1.7 is dominated by an 

intense positive signal at 1548 cm-1 attributed to the v(C=C) of neutral flavins (180, 200). 

The signals observed at 1711, 1673 and 1632 cm-1 include the v(C=O) mode (179). 

Negative peaks at 1599 and 1567 cm-1 are attributed to the v(C=N) modes. The negative 

signal at 1517 cm-1 include the δ(C-H)in plane/δ(N-H)in plane modes (201). In D2O, no shift is 

observed but a decrease in intensity which may be the result of decoupling (179). Indeed 

in deuterated lumiflavin, frequency calculations showed that the δ(N-D)in plane mode gives 

rise to a band at 1055 cm-1 (179). In the study of FAD in solution, this shift upon H/D 

exchange may be lower than the spectral range studied. The negative signal at 1410 cm-1 is 

tentatively attributed to the δ(N-H)in plane modes. This signal shifts to higher frequencies in 

D2O and may be the result of decoupling of the δ(N-D)in plane modes (179). Isoalloxazine 

ring reorganization modes also contribute to smaller signals observed below 1400 cm-1. 

The signals observed in this spectral region are difficult to identify mainly because the 

bands observed correspond to highly coupled modes involving different parts of the 

isoalloxazine ring system (179). Modes arising from the phosphate groups are expected 

around 1100 cm-1 (180).  
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Figure 4.1.7: Oxidized-reduced FTIR difference spectra of FAD, FMN and riboflavin. 

Directly comparing the redox induced difference spectra of FMN and riboflavin to 

that of FAD, small shifts are observed for the v(C=O) and v(C=N) modes. These shifts 

may arise from perturbation of the isoalloxazine system by the additional phosphate group 

and the nucleotide. (The assignments are summarized in Appendix table 7.1) 

 

4.1.3   Redox induced FTIR difference spectra of Na
+
-NQR 

The oxidized-reduced mid-IR difference spectrum of the Na+-NQR in the presence 

of Na+ ions in H2O buffer is presented in figure 4.1.8 and the difference spectrum in the 

presence of D2O is presented in figure 4.1.9. We expect contributions from the flavin 

cofactors, individual amino acids and the polypeptide backbone upon redox reaction. The 

results show that the mid-IR difference spectrum of the Na+-NQR is dominated by 

contributions arising mainly from the flavin cofactors. The first region from 1750 to 1620 

cm-1 include contributions from the v(C=O) modes.  
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Figure 4.1.8: Oxidized-reduced difference spectrum for the potential range -620 to +200 mV of the Na+-NQR 

(red) in the presence of Na+ ions and FAD (black) in H2O buffer. 
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Figure 4.1.9: Oxidized-reduced difference spectrum for the potential range -620 to +200 mV of the Na+-NQR 

(blue) in the presence of Na+ ions and FAD (black) in D2O buffer. 
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Positive signals at 1714, 1705, 1687, 1672 and 1659 cm-1 may include the v(C=O) 

modes of flavins (179, 202). Positive signals at 1687, 1672, 1659 cm-1 and negative 

signals at 1645,1633 and 1612 cm-1 are attributed to the v(C=O) mode of the polypeptide 

backbone, the so-called amide I region (181). These signals depict the conformational 

changes between the oxidized and the reduced state of the enzyme. In more detail, the 

signals at 1687, 1659, 1645 and 1633 cm-1 show contributions from β-turns, α-helix, 

random coil and β-sheet respectively (160). Contributions from the v(C=O) from 

protonated acidic sidechains of Asp/Glu residues are also expected at 1714 and 1705 cm-1 

(63). In this spectral region contributions from the v(C=O) modes of oxidized quinone are 

also expected (177).  

The difference spectrum of the Na+-NQR in D2O buffer is presented in figure 

4.1.9. The signal seen in H2O at 1715 cm-1 is not observed in D2O buffer. In the amide I 

region signals are observed at 1687, 1664, 1637 and 1618 cm-1. 

The second spectral region is from 1620 to 1520 cm-1. The v(C=N) modes from 

flavins are expected to have a negative contributions at 1593 and 1563 cm-1 (179, 180). 

This region also include the coupled δ(N-H)/v(C=N) mode of the polypeptide backbone, 

the amide II band from 1575 to 1525 cm-1. At 1540 cm-1, the intense signal is typical of 

the v(C=C) mode of neutral flavins (180). The FAD and both FMN exist in the neutral 

oxidized form and may explain the large intensity of this signal. Amide II contribution to 

this peak cannot be excluded. Furthermore, the v(COO-)as modes of acidic residues are 

also expected in this spectral region (203). In D2O buffer, a strong negative band is 

observed at 1589 cm-1 representative of the v(C=N) vibrational mode from flavins. This 

mode also contributes to the signal at 1561 cm-1. The strong positive signal observed at 

1540 cm-1 in H2O attributed to the v(C=C) mode from neutral flavins is shifted by 1 cm-1 

to lower frequencies in D2O buffer. Moreover the intensity of the signal is decreased upon 

H/D exchange suggesting amide II contributions are also observed in H2O in this region. 

The negative signals at 1517 cm-1 in H2O and 1512 cm-1 in D2O are typical of the δ(C-H)in 

plane/δ(N-H)in plane mode of flavins.  

In the third spectral region from 1500 to 1100 cm-1, the so-called finger print area, 

several signals overlap. The signals observed at 1478 and 1463 cm-1 are attributed to the 

δas(C-H3) of amino acid side chain. At lower wavenumbers, the δ(C-H2) modes are 

observed at 1440 cm-1 (203, 204). Between 1400-1200 cm-1, contributions from the 
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isoalloxazine ring rearrangement are expected (179). The strong negative signals at 1405 

cm-1 in H2O and at 1402 cm-1 in D2O are attributed to the δ(N-H)/ring mode from the flavins 

(179). The vs(COO-) mode from Asp/Glu side chain is also expected in this region and may 

also give rise to signals at 1372 and 1350 cm-1. Three negative signals at 1338, 1322 and 

1303 cm-1 are representative of the δ(C-H) modes and the ring reorganization of flavins. 

The spectral region between 1400 and 1200 cm-1 also includes amide III contributions.  

The last spectral region includes contribution from the phosphate buffer. Two 

negative bands at 1085 and 1067 cm-1 in H2O arise from the phosphate vibrations. In D2O 

buffer, the signals are observed at 1100 and 1071 cm-1.  The tentative assignments are 

given in table 7.2 and table 7.3 in the Appendix section. 

4.1.4   Redox induced FTIR difference spectra obtained in the presence of different 

ions 

Redox induced FTIR difference spectroscopic measurements were also performed 

in the presence of Li+, K+ and Rb+ ions. The general shape of the spectra is similar (Figure 

4.1.10). The only significant signal shift observed is at 1405 cm-1 attributed to the δ(N-

H)/ring mode from the flavins and the v(COO-)s mode from Asp/Glu side chain (179). A 

downshift of 2 cm-1 is observed in the presence of Li+ ions, an upshift of 3 cm-1 is 

observed in the presence of Rb+ and no shift is observed with K+ ions. Furthermore 

changes in signal intensity are also observed in the amide I and amide II region. To further 

investigate the data, double difference spectra were calculated by interactive subtraction. 

In D2O buffer, the general shape of the redox induced difference spectra are similar 

in the presence of Li+ (red), Na+ (black) and K+ (blue) ions as seen in figure 4.1.11. The 

main changes are observed around 1400 cm-1. Negative signals are observed at 1410, 1402 

and 1400 cm-1 in the presence of Li+, Na+ and K+ ions respectively. The positive signal is 

also ion dependent as bands observed at 1375, 1370 and 1373 cm-1 arise in the presence of 

Li+, Na+ and K+ ions respectively. In the amide I and amide II region, the alterations 

observed mainly involve changes in intensity. In the presence of Rb+ ions, the difference 

spectrum shows larger changes in the amide regions. Furthermore in the region where the 

v
s(COO-) modes are expected only a negative signal is depicted at 1397 cm-1. To further 

investigate the spectral changes, double difference spectra were calculated by interactive 

subtraction. 
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Figure 4.1.10: Oxidized-reduced difference spectra for the potential range -620 to +200 mV of the Na+-NQR in 

H2O buffer in the presence of Li+ (red), K+ (blue) and Rb+ (green)  ions. The overlaid spectrum was obtained in 

the presence of Na+ ions. 
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Figure 4.1.11: Oxidized-reduced difference spectra for the potential range -620 to +200 mV of the Na+-NQR in 

D2O buffer in the presence of Li+ (red), K+ (blue) and Rb+ (green)  ions. The overlaid spectrum was obtained in 

the presence of Na+ ions. 
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4.1.5   Double difference spectra in the presence of the different ions 

Double difference spectra were obtained by interactive subtraction of the redox 

induced difference spectra obtained, for example in the presence of Li+ ions from the 

difference spectrum obtained in the presence of Na+ ions. The intensity of the signals 

observed in the double difference spectra is approximately 40 times smaller than in the 

simple FTIR difference spectrum (figure 4.1.12).  

The Na+-Li+ double difference spectrum in H2O, shows positive signals in the 

presence of Na+ whereas negative signals arise in the presence of Li+ ions. Although both 

Na+ and Li+ ions are translocated changes are observed in the amide I region at 1675, 

1663, 1654 and 1634 cm-1. The signals observed at 1675 and 1634 cm-1 are attributed to 

conformational changes assigned to β-turn and β-sheet structures (161). The signal at 1663 

cm-1 is typical of 310-helical structures and is observed in the presence of Li+ (205). Finally 

the signal at 1654 cm-1 observed in the presence of Na+ ions is attributed to α-helical 

structures, random structures may also be included. Smaller changes in the amide II region 

can be seen at 1549 cm-1. A positive signal at 1406 cm-1 and a negative signal at 1376 cm-1 

are tentatively assigned to the vs(COO-) modes of acidic side chains of Asp/Glu (63). The 

respective asymmetric mode is expected between 1590 and 1520 cm-1. In this spectral 

region two positive bands are depicted at 1592 and 1549 cm-1. This region is also crowded 

by the amide II.  

Comparing the spectrum obtained in the presence of Na+ ions and in the presence 

of Li+ ions in D2O buffer (figure 4.1.13), the main changes observed involve the amide I 

region. In the region around 1400 cm-1, similar to studies in the presence of H2O, a 

positive signal is observed at 1416 cm-1 and a negative signal is observed at 1383 cm-1.  
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Figure 4.1.12: Double difference spectra in H2O buffer obtained by interactive subtraction. 
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Figure 4.1.13: Double difference spectra in D2O buffer obtained by interactive subtraction. 
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The difference spectra obtained in the presence of Na+ and Li+ (the two ions that 

are translocated by the Na+-NQR) were compared to the difference spectrum obtained in 

the presence of K+ ions. The general shape of the two double difference spectra is similar. 

A positive signal at 1665 cm-1 is observed in both spectra but with different intensities 

indicating changes of β-turn structures. Negative signals at 1649 cm-1 in the presence of 

Li+ and 1643 cm-1 in the presence of Na+ are attributed to changes random coil structures. 

Finally at 1625 cm-1 and 1613 cm-1 in the presence of Li+ and Na+ respectively, signals 

involving β-sheet are observed. Interestingly, the signals observed around 1400 cm-1 are 

dependent on the type of ions present. This spectral region is typical of   vs(COO-) modes 

of Asp/Glu residues side chains. Negative bands at 1417 and 1408 cm-1 in the presence of 

Li+ and Na+ ions respectively arise in the reduced state of the enzyme (figure 4.1.1.12). 

These results suggest that the signals are representative of vs(COO-Li+) and vs(COO-Na+) 

modes (206-208). At lower wavenumbers, similar signals dependent on the type of ion 

present are observed at 1376 and 1367 cm-1. Since the signals are positive, it can be 

deduced that they arise only in the oxidized form of the enzyme. These can also be 

attributed to vs(COO-Li+) and vs(COO-Na+) modes respectively. The metal ions studied in 

this work bind to carboxylic groups by two types of coordination: monodentate or 

bidentate. Bidentate coordination typically give rise to signals for the vs(COO-M+) mode at 

1410 cm-1. Signals arising from monodentate binding are observed at lower frequencies 

around 1370 cm-1 (206, 208).  

The results obtained suggest that Na+ and Li+ are bound by bidentate coordination 

in the reduced form of the enzyme and by monodentate coordination in the oxidized state. 

To further investigate the coordination of the metal ions, it is important to determine the 

wavenumbers at which the asymmetric modes are observed. The difference in 

wavenumbers between the symmetric and the asymmetric mode can be used to determine 

the type of coordination involved (206). The asymmetric modes are expected between 

1600-1500 cm-1. This spectral region also includes contributions from the amide II. Upon 

H/D exchange amide II contributions are shifted to lower frequencies. The v(C=N) mode 

is seen around 1490-1460 cm-1 whereas the δ(N-D) mode is observed around 1070-900 

cm-1 where it mixes with other modes (181).  

In the double difference spectra of Li+-K+ and Na+-K+ in D2O buffer, signals 

observed in the amide I region at 1664, 1635 and 1626 cm-1 reveal changes in 

conformation that are only observed in the presence of Na+ and Li+. Negative 
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contributions from either the amide II or the vas(COO-) mode is observed at 1590 cm-1. 

The symmetric modes are observed at 1416 and 1383 cm-1. Comparing the double 

difference spectra of Na+-K+ and Li+-K+ show the same contribution as in H2O at 1414 

and 1380 cm-1 for the vs(COO-Li+), and at 1403 and 1372 cm-1 for the vs(COO-Na+) mode 

(figure 4.1.13). The asymmetric mode is expected between 1520 and 1590 cm-1, upon H/D 

exchange the signal is expected to up shift by approximately 10 cm-1, but the relative 

intensity compared to the asymmetric mode in H2O is doubled. Figure 4.1.1.14 shows the 

contributions of the vs(COO-Na+) and the vs(COO-Li+) for samples prepared both in H2O 

and D2O buffer for the spectral region between 1500 and 1300 cm-1.  

The strong negative signal at 1590 cm-1 seems to include contributions from both 

the vas(COO-Na+) and the vas(COO-Li+) modes (figure 4.1.13). Even though the spectra 

were recorded for samples prepared in D2O, amide II contribution cannot be completely 

excluded from this region. Smaller peaks are observed at 1538 cm-1 (in the presence of 

Na+ ions) and 1530 cm-1 (in the presence of both Na+ ions and Li+ ions) can also arise 

from amide II contribution.  
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Figure 4.1.14: Double difference spectra Li+-K+ and Na+-K+ in the spectral region between 1500 and 1300 cm-1 for 

samples in H2O and D2O buffer depicting the ion dependency of signals attributed to vs(COO-M+). 
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It has been shown that the Na+-NQR binds to Na+ ions in the reaction step 

involving electron transfer from the [2Fe2S] center to the FMNC. Release of Na+ across 

the membrane occurs when electrons are transferred from the FMNB to the riboflavin 

(111). In our experimental approach, the enzyme is studied in the two redox states, that is 

the fully oxidized and the fully reduced form. It is most likely that these positive signals 

tentatively attributed to vs(COO-M+) are representative of the ion binding in the oxidized 

form of the enzyme.  

Double difference spectra were also calculated to study the effects of Rb+ ions 

which are known to inhibit the Na+-NQR (figure 4.1.12). For samples prepared in H2O 

buffer, in the amide I region, signals are observed at 1681, 1665, 1640 and 1610 cm-1 in 

comparison to the difference spectra obtained for sample in the presence of Na+ ions and 

K+ ions. Interestingly in the region around 1400 cm-1, a negative signal is observed in both 

double difference spectra at 1403 cm-1. A tentative attribution suggest that this signal 

arises from vs(COO-Rb+) mode and is observed only in the reduced state of the enzyme. 

The asymmetric mode is included in either of the signals observed at 1578 and 1542 cm-1.  

The Na+-Rb+ and K+-Rb+ double difference spectra for samples prepared in D2O 

buffer show some similarities in the amide I region at 1683 and 1624 cm-1 reflecting the 

absence of conformational change in the presence of Rb+ ions (figure 4.1.13). The 

difference in intensity of the observed bands shows the change in conformation that does 

occur in the presence of Na+ compare to K+. The signal observed previously at 1590 cm-1 

in both the Na+-K+ and Li+-K+ double difference spectra, is also observed here. At 1414 

and 1383 cm-1, signal attributed to vs(COO-Na+) modes are also seen. The signal attributed 

to vs(COO-Rb+) mode seen at 1403 cm-1 in H2O buffer, is not observed in D2O buffer. The 

tentative attributions are summarized in table 7.4 and table 7.5 in the Appendix section. 
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4.1.6   H/D exchange kinetics measurements of the Na
+
-NQR 

The solvent accessibility of the wild type enzyme was monitored in mi-IR to study 

conformational changes of the Na+-NQR. The rate of decrease of the amide II signature is 

taken as parameter to probe solvent accessibility of the protein. For experimental details, 

see materials and methods. In a first set of experiments, three groups of amide H were 

identified. The fast exchanging group consists of amide H on the surface of the protein 

which is easily accessible to HDX. This amide H group is usually exchanged with a rate 

constant of about 10 mins. The next group consists of amide H just beneath the surface or 

in channels, the exchange rate constant is usually around 200 mins. And finally the 

hydrophobic core consists of amide H which is not accessible to the solvent.  

The experiments were performed three times for the wild type enzyme in the 

presence of Na+ ions and showed high reproducibility for the percentage involved in each 

groups (Table 4.1.5). But the time constant for the slow exchanging group showed 

variations of more than 100 mins. For the fast exchanging group, a variation of 8 mins in 

the time constant was observed. It is difficult to account for these variations in the results. 

Since this technique is sensible to the concentration of the sample, small variation in the 

concentration may explain the differences observed (167, 209). Furthermore, the first 

experimental step consists of drying the sample on the crystal surface, and may affect the 

integrity of the enzyme. 

Exchange Kinetics 
Exp 1 Exp 2 Exp 3 

% Time % Time % Time 

Without lipids 

Fast 40 10 41 10 40 10 

Slow 6 350 5 200 5 300 

Hydrophobic core 54 - 54 - 55 - 

With lipids 

Fast 40 10 40 10 40 10 

Slow 6 150 5 155 6 150 

Hydrophobic core 54 - 55 - 54 - 

 

Table 4.1.3: HDX kinetics of the Na+-NQR with and without phospholipids. 

In an attempt to improve the results, phospholipids extracts from Escherichia coli 

membrane were added to the sample in a 30:1 molar ratio before the measurements. The 

results are summarized in table 4.1.3. 40% of the amide H follow a fast exchange kinetic 

with a rate constant of 10 mins (figure 4.1.15). The slow exchange involves 6% of amide 

H with a time constant of 150 mins. The hydrophobic core consists of 54 % of amide 
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protons. The percentage involved in each exchange group and their respective rate 

constants were highly reproducible (table 4.1.3). It is difficult to account to such changes, 

but membrane proteins are known to gain in stability in phospholipids (210, 211). 

Furthermore, in the presence of phospholipids, an increase in protein flexibility has also 

been shown as there is less constraint surrounding the hydrophobic helices. On this basis, 

all the HDX experiments were performed in the presence of phospholipids. Nevertheless 

in our experimental conditions there is a mixture of lipids and detergents. Attempts to 

remove the detergent content from the sample using biobeads were not successful as the 

sample precipitated. 
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Figure 4.1.15: HDX of the Na+-NQR in the presence of Na+ and phospholipids monitored by probing the decrease 

of the amide II contribution. 

 

The stabilizing effect of phospholipids was investigated by secondary structure 

analysis by band deconvolution of the amide I signature in mid-IR and by circular 

dichroism spectroscopic analysis. See section 4.1.1.6: Analysis of the secondary structure 

of the Na+-NQR. 

To investigate solvent accessibility of the reduced state of the enzyme, the same 

experiments were carried out with 1 mM of either NADH or Na2SO4 added to the buffer.  
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Figure 4.1.16: HDX of the Na+-NQR in the presence of Na+ ions, phospholipids and either 1mM NADH (red) or 1 

mM Na2SO4 (blue).  

For samples prepared in the presence of Na2SO4 as seen in figure 4.1.16, the results 

are similar to the analysis performed on the air oxidized enzyme with 40% of amide H 

following a fast exchange with a rate constant of 10 min. 5% follow a slow exchange, 1 % 

less than in the oxidized state. But considering the error expected for the slow exchange 

being ± 2%, the difference observed is not significant. The rate constant for the slow 

exchange is also increased to 10 mins. The hydrophobic core consists of 54% of the amide 

H. In the presence of NADH, only 37% of the amide H exchange with a fast kinetic. 6% 

follows a slow exchange with a time constant of 180 mins. 57% remains in the 

hydrophobic core. The results show important changes in the presence NADH. However 

NADH contributes in the amide I and amide II region. It is not excluded that the 

contribution of NADH is involved in the changes observed. To confirm this part, HDX 

kinetics should be monitored in the presence of different NADH concentrations.  

Exchange Kinetics 
Oxidized state Na2SO4 reduced  NADH reduced  

% Time % Time % Time 

Fast 40 10 40 10 37 10 

Slow 6 150 5 160 6 180 

Hydrophobic core 54 - 55 - 57 - 

 

Table 4.1.4: HDX kinetics of the Na+-NQR in the air oxidized state, the Na2SO4 reduced state and the NADH 

reduced state. 

To further investigate the solvent accessibility of the oxidized and reduced state of 

the enzyme, solvent accessibility of the air oxidized state of the enzyme was monitored for 
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800 mins after which Na2SO4 was added to the buffer. No change was observed and 

suggested that the accessibility of the enzyme is not dependent on the redox state.  

The effects of the different ions on the protein accessibility were also monitored 

(figure 4.1.17). Comparing the results obtained in the presence of Na+ and Li+ ions, the 

percentage involved in the three groups do not vary that is 40 % of the amide H follows a 

fast exchange kinetics, 6 % of the amide protons follows a slow exchange kinetic and 54 

% remain in the hydrophobic core. The most important change observed is the time 

constant for the slow exchange which increases from 150 mins in the presence of Na+ to 

400 mins in the presence of Li+ ions. These results suggest that in the presence of both Na+ 

and Li+ ions, the Na+-NQR is in a similar conformation. The similar percentage exchange 

suggests that the slow exchange group attributed to amide H in channels or just beneath 

the surface have the same accessibility. Nevertheless, the difference in the rate constant 

suggests that in the presence of Li+ ions, the enzyme is less flexible. Furthermore quinone 

reduction activity measurements of the Na+-NQR is stimulated 8 in the presence of Na+ 

ions and 3 times in the presence of Li+ ions. These results correlates with the slow 

exchange rate constant which is almost three times faster in the presence of Na+ ions (150 

mins) compared to the rate constant in the presence of Li+ ions (400 mins).  

In the presence of K+ ions, only 37% of the amide H follow a slow exchange 

kinetic with a rate constant of 10 mins. 5 % follow a slow exchange within 250 mins, 100 

mins longer than in the presence of Na+ ions. The hydrophobic core is increased to 58%. 

These observations suggest that 4% of amide H is no more accessible in the presence of 

K+ ions. Interestingly, it is not the slow exchange group that decreases, but the fast 

exchanging group. It is difficult to interpret these results, but in the presence of the two 

ions that are translocated, Na+ and Li+, 40 % of amide H are exchanged with a fast 

kinetics, and only 37 % in the presence of K+; an ion that is not translocated. These results 

also suggest that enzyme adopts a specific conformation in the presence of Na+ and Li+ 

ions (165). Similar measurements have been performed in the presence of Rb+ ions. The 

amide H group following a fast kinetic is similar to results obtained in the presence of K+ 

ions. For the slow exchange group, only 4% of amide H are found with a rate constant of 

415 mins. The hydrophobic core involves of 59% of amide H. The results are summarized 

in table 4.1.5. 
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Figure 4.1.17 : HDX of the Na+-NQR in the presence of phospholipids and either Li+ (red), Na+ (blue) , K+ (black) 

and Rb+ (green) ions. 

Exchange Kinetics 
Li

+
 Na

+
 K

+
 Rb

+
 

% Time % Time % Time % Time 

Fast 40 10 40 10 37 10 37 10 

Slow 6 400 6 150 5 250 4 415 

Hydrophobic core 54 - 54 - 58 - 59 - 

 

Table 4.1.5: HDX constants of the Na+-NQR obtained in the presence of Li+, Na+, K+ and Rb+ ions. 

The effects of the type of ions on the HDX kinetics measurements of the Na+-NQR 

can be divided into two distinct categories. The first one is in the presence of ions that are 

translocated by the Na+-NQR (Na+ and Li+ ions); the Na+-NQR is in a similar 

conformation state with the same percentage of amide H involved in each exchangeable 

group. The second one is in the presence of ions that are not translocated (K+ and Rb+ 

ions) with an increase in the percentage of amide H that are not exchanged up to 59%.    

 

4.1.7   Analysis of the secondary structure of the Na
+
-NQR 

To investigate the influence of ions and phospholipids on the Na+-NQR, the 

secondary structure of the enzyme was determined in the mid-IR by deconvolution of the 

amide I component (161). For experimental details, see materials and methods section 

3.6.1.The results are presented in figure 4.1.18, the amide I signature of the Na+-NQR in 

the presence of Na+ ions include four bands at 1676, 1652, 1634 and 1620 cm-1. The 

component at 1676 cm-1 is representative of the v(C=O) mode from residues involved in 
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β-turn structures and make up 23% of the amide I. α-helical structures are typically 

observed at 1656 ± 2 cm-1 whereas random structures are observed at 1650 ± 1 cm-1. In the 

Na+-NQR a large component is observed at 1652 cm-1 and is attributed to the α-helical 

structures (since the enzyme is membrane bound) making 44 % of the secondary structure. 

Random structures may also contribute to this component. At lower wavenumbers, 

components attributed to β-sheet structures are observed at 1634 (18%) and 1620 cm-1 

(15%). Similar measurements were performed in the presence of K+ ions. The % of β-turn 

and α-helical structures in the Na+-NQR do not vary. Nevertheless only 6 % of β-sheet 

structures are observed at 1634 cm-1 while 27% are observed at 1620 cm-1. In the presence 

of Na+ ions when phospholipids are added to the sample, a slight but reproducible 

decrease from 44% to 41% of α-helical structures is observed. Β-sheet components at 

1634 cm-1 increases from 18% in the absence of phospholipids to 24% in the presence of 

phospholipids. In the presence of K+ ions and phospholipids, the main changes observe are 

the components that include the β-sheet structures. The component at 1634 cm-1 makes up 

only 6% of the amide I band in the absence of phospholipids and 14 % in the presence of 

phospholipids. The other component involving β-sheet structures at 1620 cm-1 decreases 

from 27% to 19% in the presence of phospholipids.  
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Figure 4.1.18: Band deconvolution of the amide I signature in the presence of Na+ and K+, and after addition of 

phospholipids to the sample. 

Wavenumbers cm
-1
 

Secondary 
structure 

% 

Na
+
 K

+
 Na

+
 + PL K

+
 + PL 

1676 β-turn 23 23 24 25 

1652 α-helix/unordered 44 44 41 42 

1634 β-sheet 18 6 24 14 

1620 β-sheet 15 27 11 19 
 

Table 4.1.6 : Secondary structure composition of the Na+-NQR in the presence of Na+ and K+ ions and the effect 

of phospholipids. 
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These results indicate that the secondary arrangement of the protein is dependent 

both on the type of ion present in the sample and the presence of phospholipids. 

Phospholipids are known to play a stabilizing role in proteins and are necessary for the 

functioning of integral membrane enzymes (41, 212).  

Similar measurements were performed in circular dichroism to determine the 

secondary structure of the Na+-NQR (figure 4.1.19). This method is complementary to 

mid-IR analysis of protein secondary structure (213).  Nevertheless, band deconvolution 

of circular dichroism has been considered problematic for various reasons including the 

biasing effect of data sets and the complexity in obtaining CD spectra for membrane 

proteins (as the required concentration to avoid saturation is approximately 1 µM) (191). 

Secondary structure analysis was made from Dichroweb http://dichroweb.cryst.bbk.ac.uk 

using the CONTINLL algorithm (188, 189, 192, 214) 
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Figure 4.1.19: CD spectra of the Na+-NQR in the presence of Na+ and K+ ions and with/without phospholipids.  

 

Secondary structure 
% 

Na
+
 K

+
 Na

+
 + PL K

+
 + PL 

β-turn 8 8 7 7 

α-helix 74 63 76 74 

β-sheet 10 13 10 12 

random 8 16 7 7 

 

Table 4.1.7: Band deconvolution of the CD data gives an estimation of the secondary structure of the Na+-NQR.  
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The results indicate that the Na+-NQR is made up mainly of α-helical structures. 

The addition of phospholipids does not alter the secondary structure of the enzyme. In the 

presence of K+ ions, the percentage of α-helical structures decreases by almost 10 % 

whereas the % of unordered structures increases from 8 to 16 %.  The % for the other 

secondary structures present does not vary significantly. This change in secondary 

structure is not observed in the presence of phospholipids. 

Both FT-IR and circular dichroism spectroscopy showed structural differences of 

the Na+-NQR in the presence of Na+ and K+ ions. In CD spectroscopy, mainly α-helical 

structures are perturbed, whereas in FT-IR spectroscopy the changes involved are mainly 

β-sheet structures. It is difficult to account for such differences but CD spectroscopy is 

known to overestimate α-helical structures compared to FT-IR spectroscopy (191, 215). 

On the other side, in mid-IR analysis were performed on dried samples that can also affect 

the secondary structure of the sample (162). When phospholipids are added, analysis of 

secondary structure in the presence of both Na+ and K+ ions gave similar results, 

suggesting the Na+-NQR is stabilised in the presence of phospholipids. Similar 

observations is seen in mid-IR analysis, although the arrangement of β-sheet structures are 

still perturbed when phospholipids are added.  

 

4.1.8   Mechanism of Na
+
-pumping 

 Different models have been proposed for the mechanism of Na+-transfer. Rich et 

al. suggested that to maintain electroneutrality of the [2Fe-2S] center, an uptake of Na+ 

ions is necessary for charge counter balance in analogy to cytochrome c oxidase (97). 

Another model was proposed by Dimroth, with two quinone molecules attached to the 

Na+-NQR similar to the bc1 complex and suggested that Na+-transfer occurs when the 

quinone is reduced to quinol (216). Bogachev et al. also proposed a model where the 

crucial cofactor involved in Na+-transfer is a flavin (217). All these models are developed 

from H+-pumping proteins where there is direct contact between the cofactors and the H+. 

Redox titration of the cofactors performed in this work showed that the redox mid-point 

potential of the FMNC is dependent on the type of ion present. A shift from -350 mV in 

the presence of Na+ and Li+ ions to -450 mV in the presence of K+, Rb+ and NH4
+ ions is 

observed. Although Na+ and Li+ ions induced the same increase in midpoint potential of 

the FMNC, in saturating conditions, Na+ ions stimulate the quinone reduction activity 8–
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fold whereas Li+ stimulates the activity 3-fold. These findings suggest that although there 

are thermodynamic parameters involved in Na+ transfer although the mechanism is based 

on kinetic parameters. 

 Prof. Barquera and Juárez proposed a coupling mechanism where Na+ transfer is 

regulated by kinetic controls involving a conformational change (218). In this model, the 

cofactors are not in direct contact with the coupling ions; Na+ and Li+ ions. In this thesis, 

no significant conformational change was detected by HDX measurements upon redox 

reaction, the amide H of the Na+-NQR had similar exchange kinetics parameters. 

Nevertheless, HDX measurements showed that the conformation of the Na+-NQR is 

dependent on the type of ions present. The Na+-NQR is in two distinct conformation either 

in the presence of the coupling ions (Li+ and Na+ ions) or in the presence of ions that are 

not pumped (K+ and Rb+ ions).  

 Redox induced difference spectroscopy showed that the conformational change 

observed in the presence of Na+ and Li+ ions are similar, but different in the presence of 

K+ ions. Rb+ ions act as an inhibitor as seen in the amide I range in the FTIR difference 

spectra. Furthermore, redox induced difference data revealed that Na+ and Li+ ions are 

bound to the protein in both the oxidized and reduced state. On the basis of double 

difference spectra, signals were identified that can be attributed to the vs(COO-Li+) and the 

vs(COO-Na+) vibrational modes. The results also suggest that in the oxidised form, the 

ions have less energetic monodentate coordination and bidentate coordination in the 

reduced form. In conclusion, the mechanism seems to be sensibly more complex than 

previously suggested. 
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4.2   Study of mutant enzymes involved in Na
+
 binding 

A sodium binding site made up of NqrB D397, NqrE E95 and NqrD D133 in the 

cytoplasmic side of the membrane has previously been suggested (89). Mutant enzymes 

constructed by site-directed mutagenesis of these residues have a decreased quinone 

reduction activity when compared to the wild type Na+-NQR (89). Two mutant enzymes 

the NqrB D397E and the NqrE E95Q were investigated in this study.  

 

4.2.1 Redox titration of the cofactors present in the NqrB D397E mutant enzyme 

 Similar to experiments performed on the wild type enzyme (section 4.1.1), redox 

titrations of the NqrB D397E mutant were monitored in the UV-visible. The NqrB D397E 

mutant was studied in the presence of Li+, Na+, K+ and Rb+ ions. As for the wild type 

enzyme, three wavelengths were selected for data analysis; 380, 460 and 560 nm (figure 

4.2.1) (183, 184). Results averaged from at least two experiments are summarized in table 

4.2.1. No ion dependence is observed compared to the wild type enzyme where the redox 

potential of FMNC increases from -450 mV to -360 mV in the presence of Na+ and Li+ 

ions when compared to samples in the presence of K+, Rb+ and NH4
+ ions (184). These 

differences in the mid-point potential point out the crucial role of the D397 residue in the 

NqrB subunit in the mechanism of ion transfer.   

 

Cofactor Redox transition 
Number of 

electrons 

Em (mV vs Ag/AgCl) 

Li
+
 Na

+
 K

+
 Rb

+
 

FAD FlH
─
 ↔ Fl 2 -435 -440 -445 -440 

[2Fe-2S] [2Fe-2S]
+
 ↔ [2Fe-2S]

2+
 1 -510 -505 -500 -495 

FMNC/B Fl
●─

 ↔ Fl 1 -460/-360 -460/-350 -455/-360 -460/-350 

FMNC FlH
─
 ↔ Fl

●─
 1 -435 -445 -455 -450 

Riboflavin FlH
●
 ↔ FlH2 1 -215 -215 -220 -215 

 

Table 4.2.1: Midpoint potential of the cofactors present in the D397E mutant enzyme in the presence of Li+, Na+, 

K+ and Rb+ ions. 
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Figure 4.2.1: Redox titration of the NqrB D397E mutant protein monitored at 560, 460 and 380 nm. Samples were 

studied in the presence of Na+, Li+, K+ and Rb+ ions (from top to bottom). 
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4.2.2   Redox induced mid-IR difference spectroscopic studies of the NqrB D397E 

mutant enzyme 

 The redox induced difference spectrum of the NqrB D397E mutant enzyme for the 

potential range between -620 to +200 mV is presented in figure 4.2.2. Between 1720 cm-1 

and 1620 cm-1 signals arising from the v(C=O) modes are expected (215). The v(C=O) 

vibrational modes from either Asp/Glu acid side chains or from flavins contribute to the 

signals at 1715 and 1705 cm-1 (219). Amide I contributions are seen at 1687, 1675, 1659, 

1647, and 1631 cm-1 and are representative of the conformational change of the protein 

upon redox reaction. Signals arising from the flavin cofactors have strong contributions to 

the redox induced difference spectra as seen in figure 4.2.2. The v(C=O) vibrational 

modes from flavins may also contribute to the positive signals at 1705, 1687, 1675 and 

1659 cm-1 (180). The v(C=N) modes of flavins are observed at 1595 and 1566 cm-1. An 

intense positive signal at 1541 cm-1 is attributed to the v(C=C) modes of neutral flavins 

(179, 180). More over amide II contributions are also expected in this spectral region. The 

negative signals at 1517 cm-1 is typical for the δ(C-H)in plane/δ(N-H)in plane mode of flavins 

(179). The v(COO-Na+) modes of acid residues side chains are seen at 1405 cm-1 (219). 

The negative signal also includes modes arising from the isoalloxazine ring reorganization 

upon redox reaction. Between 1400 and 1150 cm-1, modes arising from several amino 

acids side chains and ring reorganization of the flavins are expected. The phosphate buffer 

contributes to the two negative signals seen at 1085 and 1067 cm-1.  

Redox induced FTIR difference spectroscopic studies were also performed for 

samples prepared with Li+, K+ and Rb+ ions (figure 4.2.3). The difference spectrum of 

samples prepared in the presence of Li+ ions has the same general shape as for the 

difference spectrum obtained in the presence of Na+ ions. The differences observed are a 

decrease in intensity of signals in the amide I region at 1687, 1675 and 1659 cm-1. These 

signals are representative of conformational change upon redox reaction involving β-turns 

and disordered structures (161). The negative signal observed at 1410 cm-1 in the presence 

of Na+ ions is downshifted to 1404 cm-1 in the presence of Li+ ions. In this spectral region 

the vs(COO-) modes from Asp/Glu acid side chains are expected as well as contributions 

from flavin ring reorganization (179, 219). 

 



Chapter IV : Results and Discussions 

100 
 

1800 1700 1600 1500 1400 1300 1200 1100 1000

1
1
9
6

1
1
8
0

1
2
2

2
1

2
5
0

1
2
8

8

FAD

NqrB D397E

Wavenumber (cm
-1
)

∆
A

b
s
 =

 0
,0

0
2

1
4
1
0

1
5

4
8

1
6
7
5

1
7

0
5

1
5
0

2

1
0
6

7
1
0
8

51
3

2
2

1
3
5

1
1
4

0
5

1
5

1
7

1
5

4
1

1
5
6
6

1
5

9
51
6
3
1

1
6

4
7

1
6
5
9

1
6
8

7

1
7

1
5

1
7
1

1

1
6

7
3

1
5
1

7

1
5
6
7

1
6
3

2

1
5
9
9

1
1

5
5

1
2
7

8

1
3
3
5

1
2
2

2

1
1
8

3

 

Figure 4.2.2: Redox induced FTIR difference spectra of the NqrB D397E mutant enzyme in the presence of Na+ 

ions (red) and FAD (black) for the potential range between -620 mV to +200 mV. 
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Figure 4.2.3: Redox induced FTIR difference spectra of the NqrB D397E mutant enzyme in the presence of Li+ 

ions (red), K+ ions (blue), Rb+ ions (green) and in the presence of Na+ ions (black) for the potential range between 

-620 mV to +200 mV. 
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Comparing the difference spectrum of the NqrB D397E mutant prepared with K+ 

ions with samples prepared with Na+ ions, The main differences involve a decrease in the 

intensity of signals in the amide I region. The positive signal at 1540 cm-1 also decreases 

in intensity. This band include both contributions from the v(C=C) modes of neutral 

flavins and amide II contributions (180). The vs(COO-) mode of Asp/Glu acid side chains 

is seen at 1407 cm-1 . For samples prepared in the presence of Rb+ ions, the difference 

spectrum shows large differences in the amide I and amide II regions. Furthermore the 

vs(COO-) mode of Asp/Glu acid side chains is also shifted to 1409 cm-1 (203).  The 

tentative assignments are presented in table 7.6 in the Appendix section. To depict these 

changes, double difference spectra were calculated by interactive subtraction. 

 

4.2.3   Double difference spectra of the NqrB D397E mutant enzyme studied in the 

present of different ions. 

In the Na+-Li+ double difference spectrum seen in figure 4.2.4, large differences 

are observed in the amide I region at 1675, 1660, 1643 and 1613 cm-1. These signals 

reflect the perturbation of conformational change upon redox reaction in the presence of 

Li+ and Na+ ions, and are representative of β-turns and β-sheets (161). Signals observed at 

1547 and 1536 cm-1 can be attributed to amide II contributions and the vas(COO-) modes 

from Asp/Glu acid side chains. The signal at 1402 cm-1 includes contribution from the 

vs(COO-) modes from Asp/Glu acid side chains may be included in the negative signal at 

1419 cm-1 and the positive signal at 1400 cm-1 (219). Compared to the Na+-Li+ double 

difference spectrum of the wild type enzyme, these two signals are inverted, as a negative 

signal is observed at 1415 cm-1 and a positive signal at 1376 cm-1.   

The difference spectra obtained in the presence of Na+ and Li+ (the two ions that 

are pumped by the Na+-NQR) were compared to the difference spectrum obtained in the 

presence of K+ ions. In the Na+-K+ double difference spectrum signals in the amide I 

region are observed at 1672, 1648 and 1635 cm-1. In the Li+-K+ double difference 

spectrum a positive signal is seen at 1713 cm-1 and may include the v(C=O) mode of 

protonated Asp/Glu acid side chain. In the amide I region a broad negative band is 

observed from 1676 to 1630 cm-1. A positive signal is observed at 1586 cm-1 may include 

amide II contributions. This spectral region may also include contributions from the 

vas(COO-) modes of Asp/Glu acid side chains.  
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Figure 4.2.4: Double difference spectra of the NqrB D397E mutant enzyme prepared with the different salts. 

The vs(COO-) modes of Asp/Glu acid side chains are observed at 1414 and 1381 

cm-1 in the Li+-K+ double difference spectra, and at 1408 and 1372 cm-1 in the Na+-K+ 

double difference spectrum (figure 4.2.5) (206). Similar to the wild type enzyme, these 

signals are sensitive to the type of ions present in the sample. Interestingly, the positive 

signals observed in the double difference spectra of the wild type protein are negative in 

the NqrB D397E mutant. Typically, when replacing aspartic acid by glutamic acid, the 

vs(COO-) is up shifted by a few wavenumbers (203, 220). The inversion observed may 

result from a shift of signals observed at 1373 and 1367 cm-1 in the difference spectra of 

the wild type enzyme to higher wavenumbers. Furthermore, since at least three carboxylic 

groups are required for Na+ binding, replacing one residue may affect the bond strength 

between Na+ ions with the other residues (206). The up shift observed suggest that Na+ 

and Li+ ion binding is weakened in the NqrB D397E mutant enzyme. Furthermore, since 

the asymmetric modes of these vibrations were not clearly identified, we cannot propose a 

coordination mode of the ions (207, 208). 
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Figure 4.2.5: Double difference spectra Li+-K+ and Na+-K+ in the spectral region between 1500 and 1300 cm-1 of 

the NqrB D397E mutant enzyme and the wild type protein. 

 

In the Na+-Rb+ double difference spectrum depicted in figure 4.2.4. The main 

changes observed are in the amide I region at 1687, 1671, 1657 and 1641 cm-1. These 

signals show the perturbation of conformation in the presence of Rb+ ions upon redox 

reaction. Amide II contributions can be seen at 1538 cm-1. In this spectral region 

vas(COO-) modes from Asp/Glu acid side chains are also expected. At lower 

wavenumbers, two negative signals at 1403 and 1378 cm-1 show perturbations of the 

vs(COO-) modes from Asp/Glu acid side chains (219). Moreover compared to the Na+-Rb+ 

double difference spectrum of the wild type enzyme where a similar component is 

observed at 1403 cm-1. These observations suggest that Rb+ binding does not involve the 

NqrB D397 residue.  

Comparing the difference spectrum of the NqrB D397E mutant enzyme in the 

presence of K+ ions and in the presence of Rb+ ions, a broad signal is observed in the 

amide I region at 1541 cm-1. This signal depicts the difference in conformational changes 

upon redox reaction of the mutant enzyme in the presence of the two salts. Smaller 

changes are observed in the amide II region. As in the Na+-Rb+ double difference 

spectrum, a negative signal is observed at 1403 cm-1 and may include the vs(COO-Rb+) 

vibrational modes. The tentative attributions are summarized in table 7.7 in the appendix 

section. 
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4.2.4 Comparison with the wild type enzyme. 

To further investigate the redox induced difference spectra of the D397E mutant 

enzyme, the difference spectra were compared with that of the wild type enzyme. The 

difference spectra of the wild type protein with the different salts were subtracted from the 

difference spectra of the difference spectra of the NqrB D397E mutant enzyme. 

The resulting double difference spectra for samples studied in the presence of Na+ 

ions (seen in figure 4.2.6) show changes observed in the amide I region at 1670, 1644 and 

1615 cm-1 representative of conformational perturbation involving β-turns, random 

structures and β-sheets respectively. Interestingly, a positive band is observed at 1714 

cm-1, a region typical of the v(C=O) vibrational modes of protonated Asp/Glu acide side 

chains (64).  A positive signal is observed at 1544 cm-1 may include amide II modes and 

vas(COO-) modes from Asp/Glu acid side chains. The vs(COO-) modes from Asp/Glu acid 

side chains are observed at 1403 cm-1 (203). While substituting aspartic acid to glutamic 

acid, the Na+ binding network, involving several carboxylic groups, is modified and may 

explain the differences observed in the (COO-) vibrational modes.     

For samples prepared in the presence of Li+ ions, the double difference spectrum 

show changes in the amide I region at 1670 and 1644 cm-1 as in the double difference 

spectrum of samples prepared with Na+ ions. These signals are representative of changes 

in conformation involving β-turns and random structures (161, 205). A positive signal also 

in the amide region is observed at 1612 cm-1 reflecting changes involving β-sheets. In the 

amide II region, a positive signal at 1554 cm-1 and a negative signal at 1523 cm-1 are seen. 

This region also includes the vas(COO-) modes from Asp/Glu acid side chains (203, 219). 

The differences in the (COO-) vibrational modes compared for samples prepared in the 

presence of Na+ and Li+ ions suggest that the NqrB D397 residue is involved in an ion 

binding motif. Nevertheless, the other residues involved may be different. Furthermore, 

the changes observed in the amide I region suggest that conformational perturbation 

between the wild type protein and the mutant enzyme in the presence of Li+ and Na+ ions 

is similar.   
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Figure 4.2.6: NqrB D397E mutant – wild type double difference spectra of samples prepared in the presence of 

Na+, Li+, K+ and Rb+ ions.  

For samples studied in the presence of K+ ions, an ion that is not translocated by 

the enzyme, the double difference spectrum also depicts changes in the amide I region at 

1670, 1644 and 1615 cm-1. These signals show that independent of ion binding to the 

protein, a conformational perturbation is observed in the NqrB D397E mutant enzyme 

when compared to the wild type protein. At lower wavenumbers changes are also seen in 

the amide II region at 1580 and 1538 cm-1. 

The double difference spectra of samples studied in the presence of Rb+ ions show 

large perturbations in the whole range of the spectrum. In the amide I region a negative 

signal is seen at 1666 cm-1 involving β-turn structures. An intense negative component is 

observed at 1584 cm-1 and may involve both amide II contributions and the vas(COO-) 

modes of Asp/Glu acid side chains (219). These vibrational modes may also be included 

in the positive signal observed at 1541 cm-1. At lower wavenumbers, perturbation in the 

vs(COO-) modes are also seen. These results suggest that Rb+ inhibitory binding to the 

enzyme involves the NqrB D397 residue.  The tentative attributions of the signals 

observed are reported in table 7.8 in the appendix section. 
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4.2.5   H/D exchange kinetics measurements of the NqrB D397E mutant enzyme 

 Similar to the wild type enzyme, HDX kinetics was monitored in the mid-IR. The 

plot of the fraction of amide H against time is seen in figure 4.2.7 and the HDX constants 

obtained after fitting are given in table 4.2.2. In the presence of Na+ ions, 39 % of amide H 

follows a fast exchange with a rate constant of 10 mins. 8 % of the amide H is exchange 

with a slow kinetic with a rate constant of 300 mins and 53% of amide H are not 

exchanged. Compared to HDX studies performed in the presence of the other ions, the fast 

exchange kinetics is almost the same in all cases with small variations not exceeding 2% 

of the amide H. The rate constant for the fast exchange kinetic is 10 mins in the presence 

of the different ions. Compared to measurements of the wild type enzyme, small variations 

in the percentage of amide H involved in each group are observed that do not exceed 2%. 

Although the rate constant for the fast exchange kinetic is not changed, the rate constant 

for the slow exchange in the NqrB D397E mutant enzyme is increased to 300 mins, twice 

the rate constant observed in the wild type enzyme. These results show that the mutant 

enzyme has less flexibility than the wild type protein, although the solvent accessibility is 

similar (169, 221). 

In the presence of Li+ ions, the fast exchange kinetic involves only 37% of amide 

H, with a rate constant of 10 mins. The percentage of amide H in the slow exchange is 

decreased by 5% in the presence of Li+ ions with a rate constant of 200 mins, 100 mins 

less when compared with studies performed in the presence of Na+ ions. These results 

suggest that in the presence of Li+ ions, the flexibility of the enzyme increases (221). 

Nevertheless, 58% of amide H remains in the hydrophobic core that is 4% more than in 

the presence of Na+ ions. These observations show that the NqrB D397E mutant enzyme 

is more accessible in the presence of Na+ ions than in the presence of Li+ ions. Compared 

to the wild type enzyme, the percentage of amide H involved in the fast exchange kinetic 

is decreased by 3%. The slow exchange kinetic involves the same percentage of amide H 

in both the NqrB D397E and the wild type enzyme. Nevertheless, the exchange rate for 

the slow exchange is surprisingly faster in the D397E mutant enzyme. Furthermore the 

hydrophobic domain that is not accessible to the solvent increases from 54% to 58% in the 

mutant enzyme when compared to the wild type protein.  

  HDX kinetics measurements were also performed for NqrB D397E in the 

presence of K+ and Rb+ ions. These ions are not pumped by the Na+-NQR and Rb+ is also 
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an inhibitor. The fast exchange involves 37% and 39% of amide H in the presence of K+ 

and Rb+ ions respectively, with a time constant of 10 mins. The slow exchange involves 

2% of amide H with a rate constant of 200 mins for samples studied in the presence of K+ 

ions. In the presence of Rb+ ions, the best fit was obtained with an equation including only 

one exponential equation representing the fast exchange group that involves 38% of amide 

H and a constant for the hydrophobic core which consists of 62% of amide H. These 

results show that the conformation of the NqrB D397E mutant enzyme is highly 

dependent on the type of ions present in the sample. The effect of Rb+ ions are enhanced 

in the D397E mutant enzyme when compared to the wild type protein as 62% of amide H 

are included in the hydrophobic core, the highest percentage obtained for the hydrophobic 

domain of the Na+-NQR.  
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Figure 4.2.7: HDX kinetics of the NqrB D397E mutant enzyme in the presence of Li+, Na+, K+ and Rb+ ions. 

 

 Exchange Kinetics 
Li

+
 Na

+
 K

+
 Rb

+
 

 
% Time % Time % Time % Time 

D397E mutant 

Fast 37 10 39 10 37 10 38 10 

Slow 5 200 8 300 2 200 - - 

Hydrophobic core 58 - 53 - 61 - 62 - 

Wild type 

Fast 40 10 40 10 37 10 37 10 

Slow 6 400 6 150 5 250 4 415 

Hydrophobic core 54 - 54 - 58 - 59 - 

 

Table 4.2.2: HDX constants of the NqrB D397E mutant enzyme and the wild type protein obtained in the 

presence of Li+, Na+, K+ and Rb+ ions. 

 

4.2.6 Study of the NqrE E95Q mutant enzyme 
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 Redox titration was monitored in the UV-visible spectral range in the presence of 

Na+, Li+ and K+ ions (figure 4.2.8). The first derivative of the difference in absorbance at 

560, 460 and 380 nm was plotted against the applied potential as for the wild type 

enzyme. The mid-point potentials of the cofactors averaged from at least two experiments 

are summarized in table 4.2.3. Compared to the wild type enzyme, where the mid-point 

potential for the FMNC  Fl●─ ↔ Fl redox transition is -350 mV in the presence of Li+ and 

Na+ ions, and -450 mV in the presence of K+ and Rb+ ions, no ion dependence in the mid-

point potential was observed. The only difference observed is the midpoint potential of 

FMNC FlH─ ↔ Fl●─ transition. In the wild type enzyme a redox potential of -440 mV is 

observed in the presence of Li+ and Na+ ions whereas in the presence of K+ ions, the redox 

potential is decreased to -465 mV. In the E95Q, the redox potential observed for the 

FMNC FlH─ ↔ Fl●─ transition is -480 mV in the presence of all Li+, Na+ and K+ ions. 

 

Cofactor Redox transition 
Number of 

electrons 

Em (mV vs Ag/AgCl) 

Li
+
 Na

+
 K

+
 

FAD FlH
─
 ↔ Fl 2 -445 -445 -440 

[2Fe-2S] [2Fe-2S]
+
 ↔ [2Fe-2S]

2+
 1 -495 -505 -505 

FMNC/B Fl
●─

 ↔ Fl 1 -460/-360 -460/-355 -470/-360 

FMNC FlH
─
 ↔ Fl

●─
 1 -480 -480 -480 

Riboflavin FlH
●
 ↔ FlH2 1 -220 -225 -215 

 

Table 4.2.3: Midpoint potentials of the cofactors in the NqrE E95Q mutant enzyme in the presence of Li+, Na+ 

and K+ ions. 

Redox induced difference spectroscopic studies of the NqrE E95Q mutant enzyme 

must be performed to have a better understanding of the role of this residue in Na+ 

binding. Nevertheless, similar to the NqrB D397E mutant enzyme, the redox potentials of 

the cofactors are not affected by the type of ions present in the sample. This property 

together with activity measurements of the mutant enzyme suggest that this residue is 

involved in Na+ binding to the protein. 
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Figure 4.2.8: Redox titration of the NqrE E95Q mutant enzyme monitored at 560, 460 and 380 nm in the presence 

of Li+, Na+ and K+ ions. 
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4.2.7   Study of other mutations of the NqrB D397 and NqrE E95 residues 

Other mutations of the NqrB D397 and the NqrE E95 residues were studied, 

notably the NqrB D397A, the NqrB D397S, the NqrB D397N and the NqrE E95A. 

Unfortunately these mutant enzymes were unstable to centrifugal filtration. After 3 washes 

with 200 µL of buffer, the samples lost crucial cofactors as seen in figure 4.2.9. 

Furthermore, these mutant enzymes seem to have less riboflavin cofactor that the wild 

type enzyme.  
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Figure 4.2.9: Reduced minus oxidized difference spectra of the D397S mutant enzyme after 2 washes and 3 

washes through centrifugal membranes. 

 

Furthermore, these mutant enzymes seem to have less riboflavin cofactor that the 

wild type enzyme as seen in figures 4.2.10 and 4.2.11. Redox titrations were performed on 

these mutant enzymes and no riboflavin could be detected. The difference spectra in the 

UV-visible taken before and after the experiments showed large differences that suggest 

that these mutants are not suitable for long lasting experiments. Redox induced FTIR 

difference spectra of these mutants were performed, but the results were not reproducible 

due to their instability. This confirms that these acidic residues are crucial for the stability 

of the enzyme. 
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Figure 4.2.10: Absorption spectra of the air 

oxidized form (blue) and the Na2SO4 

reduced state of the wild type enzyme, and 

the oxidized minus reduced difference 

spectrum (black). 

 

 

 

 

 

Figure 4.2.11: Absorption spectra of the 

air oxidized form (blue) and the Na2SO4 

reduced state of the NqrE E95A enzyme, 

and the oxidized minus reduced difference 

spectrum (black). 

 

 

4.2.8   The role of NqrB D397 and NqrE E95 residues in Na
+
 binding. 

 Redox titrations of the cofactors present in the two stable mutant enzymes; the 

Nqrb D397E and the NqrE E95Q, show that the redox mid-point potentials are not 

dependent on the type of ion present in the sample. In the wild type enzyme, a potential 

shift for the FMNC  Fl●─ ↔ Fl redox transition from -350 mV in the presence of Na+ and 

Li+ ions to -450 in the presence of K+ and Rb+ ions is observed. In the two mutant 

enzymes studied the mid-point potential for this redox transition is -460 mV independent 

of the type of ions present.  

 The redox mid-point potential of flavins anchored in proteins can be modulated by 

altering the environment of the isoalloxazine ring system. Redox induced difference 

spectroscopy showed that the conformational change upon redox reaction is perturbed 
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compared to the wild type enzyme. This perturbation may account for the insensibility of 

the redox potential of FMNC in the mutants to the different type of ions present.  

  The flavodoxin from Desulfovibrio vulgaris and Clostridium beijerincki possess an 

FMN molecule as cofactor. The mid-point potential of this FMN is highly influenced by 

conformational change involving loops that consists mainly of acidic residues (222). In 

our present study, signals in NqrB D397E-wild type double difference spectra for samples 

prepared in the presence of Na+, Li+ and K+ ions, indicate that the conformational change 

seen in the amide I region is the same. This structural change involves mainly random 

structures and β-turns. It is probable that this structural change in the NqrB D397E mutant 

enzyme is at the origin of the electrochemical properties of the redox cofactors present. 

It was shown that signals tentatively attributed to the vs(COO-) modes of Asp/Glu 

acid side chains observed in the redox induced difference spectra of the NqrB D397E 

mutant enzyme are sensible to the presence of Na+ and Li+ ions. Compared to the wild 

type enzyme, these signals appear at higher wavenumbers, which indicates that in the 

NqrB D397E mutant enzyme, Na+-binding is weaker than in the wild type enzyme. These 

findings may encounter for the difference in quinone activity measurements of the enzyme 

where quinone reduction has a 8-fold stimulation in the presence of Na+ ions (compared to 

measurements in the absence of Na+ ions) and only a 2-fold stimulation for the NqrB 

D397E mutant protein. 

In the Na+-Rb+ and K+-Rb+ double difference spectra, a negative signal was seen at 

1403 cm-1 and  tentatively attributed to the vs(COO-Rb+) modes. The same signal was also 

observed in the double difference spectra of the wild type enzyme. These findings suggest 

that the NqrB D397E residue is not involved in inhibitory Rb+ binding to the enzyme.  

  HDX measurements showed that the enzyme is more accessible in the presence of 

Na+ ions than in the presence of the other ions, indicating the conformational dependence 

of the protein to the type of ion present. In the presence of Rb+ ions, the hydrophobic core 

consists of 62% of amide H and no slow exchange kinetic is observed. These results 

suggest that the protein is in a closed conformation in the presence of Rb+ ions and in an 

open conformation in the presence of Na+ ions. 
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4.3   Study of the quinone binding site of the Na
+
-NQR 

 Enzymes that are resistant to both HQNO and korormicin were found to have a 

single mutation in the NqrB subunit of the G140 residue (92). To investigate the quinone 

binding site, NqrB G140A mutant enzyme was studied. 

4.3.1 Redox titration of the NqrB G140A mutant enzyme 

 The mid-point potential of the cofactors present in the NqrB G140A mutant 

enzyme were determined by redox titration monitored in the UV-visible spectral range as 

described before for the wild type enzyme. The difference in absorbance was monitored at 

560, 460 and 380 nm (184). The results are presented in figure 4.3.1 and the mid-point 

potentials of the cofactors are summarized in table 4.3.1. 
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Figure 4.3.1: Redox titration of the NqrB G140A mutant enzyme monitored at 560, 460 and 380 nm in the 

presence of Na+ and K+ ions. 
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Cofactor Redox transition 
Number of 

electrons 

Em (mV vs Ag/AgCl) 

Na
+
 K

+
 

FAD FlH
─
 ↔ Fl 2 -445 -445 

[2Fe-2S] [2Fe-2S]
+
 ↔ [2Fe-2S]

2+
 1 -495 -505 

FMNC/B Fl
●─

 ↔ Fl 1 -360/-350 -460/-355 

FMNC FlH
─
 ↔ Fl

●─
 1 -440 -465 

Riboflavin FlH
●
 ↔ FlH2 1 -220 -225 

 

Table 4.3.1: Mid-point potentials of the redox cofactors present in the NqrB G140A mutant enzyme in the 

presence of Na+ and K+ ions. 

 Similar to the wild type enzyme, a mid-point potential shift is observed. A mid-

point potential of -360 mV is obtained for the FMNC Fl●─ ↔ Fl transition in the presence 

of Na+ ions, a downshift of approximately 90 mV is observed in the presence of K+ ions 

(184). These results demonstrate that the thermodynamic properties of the redox active 

cofactors are not altered in this mutant enzyme and are similar to the wild type enzyme. 

Furthermore in the wild type enzyme, ubiquinone 8 is present (93). So far the redox 

potential for the bound quinone has not been determined but is expected to be between 0 

and 100 mV vs. Ag/AgCl (183).  

4.3.2 Redox induced difference spectroscopic studies 

Figure 4.3.2 shows the redox induced difference spectrum for the potential range 

from -620 mV to +200 mV of mutant NqrB G140A protein. In the amide I region positive 

signals at 1687, 1672, 1660 cm-1 and negative signals at 1644, 1632 cm-1 are attributed to 

the v(C=O) mode of the polypeptide backbone reflecting the redox induced 

conformational change (181). Signals at 1715, 1704 cm-1 may be attributed to the v(C=O) 

mode from the flavins or protonated side chain acidic groups from Asp/Glu (179, 180, 

223). v(C=O) mode from the flavins also contribute to the positive signals at 1687, 1672, 

1660 cm-1. Signals at 1595, 1565 and 1540 cm-1 are attributed to the amide II mode of the 

polypeptide backbone (181). In this region, the v(C=N) stretching from the flavins are also 

expected (179, 180). The intense positive signal at 1540 cm-1 also include the v(C=C) 

mode of neutral flavins (179, 180). The negative signal at 1405 cm-1 is attributed to the 

isoalloxazine ring mode vibration of the flavins and to the vs(COO-Na+) modes from either 

Asp/Glu acid side chain (206, 208). At lower wavenumbers, signals arising from the 

isoalloxazine ring system reorganization are expected. 
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Comparing the difference spectra of the wild type to the G140A, the most important 

changes are observed in the region of amide I with a decrease in intensity of the signal at 

1672 and 1658 cm-1. These spectral components are typical of protonated arginine side 

chains and can be attributed to the vas(CN3H5
+) and the vs(CN3H5

+) modes respectively 

(203, 220). Smaller changes are observed at 1450 cm-1. The v(C=O) modes from 

glutamine side chains are also expected at 1672 cm-1 (203, 219). The double difference 

spectrum of the wild type minus G140A mutant enzyme was obtained by interactive 

subtraction. 
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Figure 4.3.2 : Redox induced difference spectra of the NqrB G140A mutant enzyme (red) and the wild type (blue) 

for the potential range from -620 to +200 mV in the presence of Na+ ions. 
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Figure 4.3.3: Wild type – G140A double difference spectrum for the potential range between -620 mV to +200 mV. 
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The v(C=O) and the v(C=C) vibrational modes from neutral quinone are seen at 

1674 and 1658 cm-1 respectively (figure 4.3.3) (223, 224). In this spectral region, amide I 

contributions are also expected. Smaller signals at 1485, 1410 and 1256 cm-1 may be 

attributed to quinol ring rearrangement. Two positive signals observed at 1286 and 1250 

cm-1 are attributed to the C-OCH3 vibrations of the methoxy groups of quinone (224). A 

positive signal observed at 1530 cm-1 may include contributions from amide II signature. 

The tentative assignments of the signals observed in the wild type-NqrB G140A double 

difference spectrum are reported in table 7.9 in the Appendix section.  

4.3.3   Redox induced difference spectroscopic studies for the critical potential step 

including riboflavin cofactor and quinone. 

In order to depict the contribution of the ubiquinone and the nearby riboflavin, the 

FTIR difference spectrum for a selected step was obtained for the potential range between 

-280 mV to +200 mV (184).   

For the wild type, positive signals in the amide I region are observed at 1688, 

1670, 1660 and 1623 cm-1 as seen in figure 4.3.4. The two positive signals at 1670 and 

1623 cm-1 are typical of the asymmetric and the symmetric v(CN3H5
+) modes of arginine 

side chains (203, 219). Furthermore, the v(C=O) modes from gutamine side chains may 

contribute to the signal at 1688 cm-1 (219). The positive signal at 1623 cm-1 may also 

include contributions from the δas(NH3
+) of lysine side chains (203). The symmetric mode 

for this vibration may contribute to the signals at 1530 cm-1 (204, 219). A strong negative 

signal at 1586 cm-1 is tentatively attributed to either amide II contribution or the v(C=N) 

mode of the riboflavin. The difference spectrum of flavins for the Fl ↔ FlH2 transition of 

flavins show an intense signal at 1548 cm-1 attributed to the v(C=C) mode which is not 

observed in the difference spectrum of the Na+-NQR for the potential step between -280 

mV to +200 mV (179). We cannot account for the absence of this signal although it can be 

hidden by negative contributions arising from the amide II band. Furthermore, in the Na+-

NQR, the redox transition of the riboflavin is FlH● ↔ FlH2, this redox transition has not 

been studied before by FTIR difference spectroscopy. Although contributions from the 

flavins are expected in the spectral region between 1700-1500 cm-1, we cannot distinguish 

the signals from the amide contributions and the side chains vibrations. At lower 

wavenumbers, signals at 1413 and 1375 cm-1 may be attributed to either the isoalloxazine 

ring mode of the riboflavin or the vs(COO-) modes of Asp/Glu side chains.  
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Figure 4.3.4: Redox induced difference spectra of the wild type protein (red) and the NqrB G140A mutant 

enzyme (blue) for the potential step between -280 mV to +200 mV in H2O buffer. 
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Figure 4.3.5: Redox induced difference spectra of the wild type protein (red) and the NqrB G140A mutant 

enzyme (blue) for the potential step between -280 mV to +200 mV in D2O buffer. 
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Signals arising from the quinone are also seen. The positive signals at 1670 and 

1623 cm-1 may include the v(C=O) and the v(C=C) vibrational modes from neutral 

quinone are seen at 1674 and 1658 cm-1 respectively (223, 224). Typical C-OCH3 

vibrational modes of the methoxy groups of quinone can be observed at 1266 cm-1 (224). 

In the redox induced difference spectrum of the G140A mutant (figure 4.3.4), only 

two positive signals are observed in the amide I region at 1660 and 1623 cm-1 but with 

lower intensities when compared to the wild type enzyme. An intense negative signal is 

observed at 1584 cm-1, 2 cm-1 lower than in the wild type enzyme. Positive and negative 

signals at 1413 and 1375 cm-1 respectively are observed as for the wild type protein, 

although the signal at 1413 cm-1 decreases in intensity.  

Similar measurements were performed in D2O buffer (figure 4.3.5). In the redox 

induced difference spectrum of the wild type enzyme, positive signals at 1690, 1670, 1618 

cm-1 and a negative signal at 1640 cm-1 are observed in the amide I region.  

In this spectral region, modes arising from the v(C=O) and the v(C=C) from neutral 

quinone are also expected (177). The positive signal at 1269 cm-1 is typical of the C-OCH3 

vibrational modes of the methoxy groups of quinone. Two negative signals are observed at 

1417 and 1400 cm-1 may be attributed to ring reorganization of quinone system. 

Signals arising from flavins are usually shifted in D2O buffer solutions. In the Na+-

NQR, riboflavin is stable in its neutral flavosemiquinone form (FlH●) and undergoes a one 

electron reduction to form the neutral form of reduced flavins (FlH2) (88). This transition 

is usually pH dependent (60 mV / pH) but in the Na+-NQR, no pH dependence is observed 

(184). These elements suggest that the riboflavin is protected from the outer environment 

in a pocket that can stabilize the FlH● form of the riboflavin in the oxidized form of the 

protein. Therefore, the signals arising from the riboflavin are not expected to shift in D2O 

buffer.  In the amide II region, negative signals are observed at 1570 cm-1 less intense than 

the signal at 1586 cm-1 in the difference spectrum obtained in H2O buffer. This spectral 

region may also include modes from the flavins. A positive signal is observed at 1542 

cm-1 and may include the v(C=C) mode of flavins. This signal is not seen in H2O buffer 

due to the negative contribution of the amide II band in this spectral region.  

Interestingly a positive signal is observed at 1527 cm-1 (1530 cm-1 in H2O buffer) 

typical of δs(NH3
+) modes of lysine side chains. The δas(NH3

+) mode of this vibration is 
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expected to contribute to the signal at 1618 cm-1. v(C=O) modes from glutamine side 

chains observed at 1670 cm-1 in the difference spectrum obtained for samples prepared 

H2O buffer are expected to give rise to signals at lower frequencies. Nevertheless, since 

the signal is not shifted, it may suggest that this residue is not accessible to the solvent. 

Surprisingly the negative signal at 1413 cm-1 and the positive signal at 1375 cm-1 observed 

in the difference spectrum for samples prepared in H2O buffer is not observed in the 

difference spectrum for samples in D2O buffer. Contributions from the vs(COO-) modes of 

Asp/Glu side chains are not expected to have large shifts in D2O buffer. We cannot 

account for these observations, although these signals may be include contributions from 

the flavins.  

In the FTIR difference spectrum of the NqrB G140A (figure 4.3.5), changes are 

observed in the full spectral range when compared to the difference spectrum of the wild 

type protein. Typical signals of the C-OCH3 vibrations of the methoxy groups of quinones 

are not observed any more in the mutant enzyme. The tentative assignments are 

summarized in table 7.10 in the Appendix section. 

 

4.3.4 Double difference spectra for the critical potential step including the riboflavin 

cofactor and quinone. 

Interactive subtraction of the G140A mutant enzyme from the wild type was 

performed to obtain the double difference spectra (figure 4.3.6) and to highlight the 

changes described above. The intensity of the signals are weak since the data show the 

double difference spectra of a redox step involving only one cofactor of the Na+-NQR. 

Nevertheless, in H2O buffer, the signals of ubiquinone can be identified. Positive signals 

at 1671 and 1621 cm-1 are attributed respectively to the so called C=O band and v(C=C) 

mode of neutral quinone (177). The position of the C=O band reveals that the quinone is 

only weakly bound to the Na+-NQR (177, 224-226). Smaller negative signals at 1414, 

1398, 1353 and 1336 cm-1 are attributed to rearrangements of the quinone ring upon 

reduction (177). The positive signal at 1268 cm-1 is attributed to the C-OCH3 vibrations of 

the methoxy groups. These signals observed are also observed in the double difference 

spectrum of the wild type-G140A mutant enzyme. The results presented here suggest that 

compared to the wild type, the NqrB G140A mutant enzyme either has less quinone or 

does not bind it anymore.  
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Figure 4.3.6: Wild type – NqrB G140A double difference spectra for the potential step between -280 mV to +200 

mV in H2O (red) and D2O (blue). 
 

The coupled v(CN3H5) asymmetric and symmetric modes of arginine may also 

contribute to the signals at 1671 and 1620 cm-1 (1621 cm-1 in D2O) respectively. The 

strong signal observed at 1530 cm-1 may be attributed to the δs(NH3
+) of lysine. The 

asymmetric mode of this vibration may contribute to the signal at 1621 cm-1(181, 203, 

219). The results suggest that a lysine residue is protonated in the oxidized form of the 

enzyme and may be deprotonated in the reduced form. Although these signals have typical 

positions for the lysine side chains vibrational modes, the high intensity of these bands are 

not characteristic of lysine residues. The tentative attributions are reported in table 7.11 in 

the Appendix section. 

The negative signal observed in the double difference spectra obtained for samples 

both in H2O and D2O buffer at 1680 cm-1 can include contributions from v(C=O) from 

glutamine side chain. The signals for lysine, argine and glutamine described previously are 

usually shifted to lower wavenumbers in D2O buffer. Nevertheless when encapsulated in 

the hydrophobic core of the protein, these shifts may not be observed (227).  
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4.3.5 Effects HQNO inhibition 

HQNO is a non-competitive inhibitor for quinone binding and its binding site is 

suggested to be close to the quinone binding site. To further investigate the quinone 

binding site, the effect of HQNO on the wild type protein and the NqrB G140A mutant 

has been investigated. Redox induced difference spectroscopic studies have been 

performed for the potential range between -280 mV to +200 mV. In the difference 

spectrum of the wild type enzyme important changes are observed in the presence of 

HQNO mainly in the amide I and amide II region suggesting a perturbation of the 

conformational change that is found upon redox reaction (figure 4.3.7). Interestingly 

positive signals observed at 1622 and 1531 cm-1 may include to the δ(NH3
+) symmetric 

and asymmetric modes of lysine residues. On the opposite, no significant change was 

observed on the G140A mutant enzyme except small changes in intensity in the amide I 

region. The tentative assignments are presented in table 7.12 in the Appendix section. 
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Figure 4.3.7: Redox induced difference spectra of the wild type enzyme (red) and the NqrB G140A mutant (blue) 

in the presence of HQNO for the potential range between -280 mV to +200 mV. 
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4.3.6 Secondary structure analysis of the NqrB G140A mutant enzyme 

In order to confirm the structural integrity of the mutant enzyme, the secondary 

structure of the NqrB G140A mutant enzyme was determined by amide I band 

deconvolution and compared with the secondary structure of the wild type enzyme (figure 

4.3.8). The results show that the secondary structure is not perturbed in the mutant enzyme 

with 22% of  β-turn , 45 % of α-helical structures and 33 % of  β-sheet. There is a 1% 

difference compared to the wild type enzyme which is within the 10% error of this 

technique. 

Wavenumber (cm
-1
) Secondary structure % in the wild type % in the NqrB G140A 

1676 β-turn 23 22 

1652 α-helix 44 45 

1634 β-sheet 18 17 

1620 β-sheet 15 16 

 

Table 4.3.2: Secondary structure of the wild type protein and the NqrB G140A mutant enzyme determined by 

deconvolution of the amide I band. 
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Figure 4.3.8: Amide I deconvolution of the wild type protein and the NqrB G140A mutant enzyme. 

 

4.3.7 Involvement of the NqrB G140 residue in quinone binding 

Both korormicin and HQNO are quinone analogues (91). Hayashi et al. showed 

that these inhibitors are non-competitive for the binding of quinone (228). Moreover, the 

same authors identified enzymes carrying a single mutation on the G140 residue that were 

resistant to these inhibitors (92). Kinetic measurements showed that mutant enzymes of 

the G140 residue have non-saturating kinetics with ubiquinone (229). Reverse reduction 
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using ubiquinol also showed that the kinetics of reduction of the enzyme is altered (229). 

These results strongly suggest that G140 forms part of the quinone binding site. In the 

present work, redox induced FTIR difference spectroscopic studies show that NqrB 

G140A mutant enzyme has either less bound quinone or none. The signal attributed to the 

v(C=O) vibrational mode of the quinone identified at 1670 cm-1, indicates a weak 

hydrogen bonding environment. Furthermore signals observed at 1621 and 1530 cm-1 only 

in the redox induced difference spectra of the wild type enzyme suggest the involvement 

of ubiquinone oxidation is coupled with lysine protonation. These signals are not observed 

in the NqrB G140A mutant enzyme. Although the signals for deprotonation were not 

clearly identified, it can be suggested that deprotonation is coupled with reduction of 

ubiquinone. v(C=O) mode of gluatamine side chain was also identified at 1680 cm-1 and 

may form a hydrogen bonding network with the head group of ubiquinol.  

Redox induced difference spectra obtained in the presence of HQNO suggest that 

conformational changes are perturbed in the wild type enzyme. On the contrary no 

changes are observed in the difference spectrum of the G140A mutant enzyme.  

It cannot be excluded that the peptide group of the glycine residue forms a 

hydrogen bonding network with oxygen from the quinone (230). NqrB G140 residue may 

not be directly involved in the quinone binding, mainly due to lack of essential functional 

groups required for electrostatic binding. The residue may be involved in packing of α-

helical structures. When mutated, the immediate environment of the quinone binding is 

perturbed. NqrB G140 may also form part of a pocket for quinone binding. When 

substituted with alanine, steric perturbation may explain the lack of ubiquinone in the 

NqrB G140A mutant enzyme and also its insensitivity to HQNO (231).  
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4.4   The [cytochrome c552-CuA fragment] complex 

The hydrophobic nature of the interaction between cytochrome c552 and the CuA 

fragment from the ba3 oxidase from the organism Thermus thermophilus gave us the 

opportunity to perform electrochemical measurements in the presence of salts. 

First, the mid-point potential of the cofactors from two proteins were studied 

individually. Then equimolar samples were mixed for at least 4 hours prior to studies of 

the complex. To have an insight of what happens on a molecular level; redox-induced 

mid-IR difference spectroscopic studies were performed on the individual samples and on 

the complex. All the experiments were performed at pH 7 and pH 9. 

 

4.4.1 Redox titration 

For cytochrome c552, changes are observed at 400, 450, 520 and 552 nm upon 

redox reaction. To determine the redox potential, the difference in absorbance observed at 

552 nm was plotted against the applied potential and a Nernst’s equation was fitted on the 

data (figure 4.4.1). As a control, similar plots were performed at 420 nm in the Soret 

region.   
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Figure 4.4.1: Redox titration of cytochrome c552 from -250 mV to +300mV (left). The difference in absorbance 

observed at 552 nm is plotted against the applied potential and presented together with a Nernst fit (right). 
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Oxidative and reductive titrations were performed. They were fully reversible. A 

mid-point potential of 212 mV vs SHE’ (4 mV vs Ag/AgCl reference electrode) was 

observed after averaging from four experiments. In 1977, Hon-Nami and Ishima reported 

a mid-point potential of 232 mV determined by chemical titration with ferrous ammonium 

sulphate (136). The higher potential observed, may originate from the titration buffer 

ferrous/ferric ammonium sulfate interacting with the protein in the previous study. Direct 

electrochemistry with a three electrode setup performed by Fee et al. reported a mid-point 

potential of 202 mV for the native sample and 200 mV for the recombinant protein, in 

good correlation with our results (137).  

cyt.c552 from T.thermophilus horse heart cyt.c
 

Figure 4.4.2: Crystallographic structure of cytochrome c552 from Thermus thermophillus (PDB 1C52) shows the 

absence of water molecules in the inner core compared to horse heart cytochrome c, PDB 1HRC (17, 50). 

 

Furthermore, no pH dependence of the redox potential was observed for 

cytochrome c552 from Thermus thermophilus, compared to the analogue cytochrome c 

from horse heart (232). In the latter, crystallographic studies identified three water 

molecules in the inner structure on the enzyme suggesting that the interior of the molecule 

is accessible by the solvent (figure 4.4.2) (50). Varying the pH of the buffer, may modify 

the protonation state of the heme propionates and perturb the electronic structure of the 

heme (233). On the contrary, the structure of cytochrome c552 from Thermus thermophilus 

has no inner solvent molecules. The heme propionates are protected from varying pH of 

the buffer. This property is suggested as being an adaptation of the organism to high 

temperatures as the increased hydrophobic core confers more thermo stability to the 

enzyme (17). 
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Similar measurements were performed on the CuA fragment where metal ligand 

charge transfer gives two broad signals at 470 and 530 nm (figure 4.4.3). ∆ Absorbance 

was monitored at these two wavelength to determine the mid-point potential of the 

binuclear copper center. A value of 256 mV vs SHE’ was obtained pH independent (48 

mV vs Ag/AgCl). Previously, Immoos et al. reported a value of 240 mV for the CuA 

fragment obtained by cyclic voltamperometry in solution, which is in good correlation 

with our results (135).     
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Figure 4.4.3: Redox titration monitored from +200 mV to -150 mV for the CuA fragment (left). The difference in 

absorbance at 530 nm was plotted against the applied potential to determine the mid-point potential. 

 

The UV-visible difference spectrum of the complex [cytochrome c552-CuA 

fragment] is similar to that of cytochrome c552 (figure 4.4.4). Signals arising from the CuA 

fragment cannot be depicted, mainly due to the large absorption coefficients of the c-type 

heme (εred-ox 552 nm= 21.0mM−1.cm−1) compared to the binuclear copper center (εox-red 530 nm= 

3.1 mM−1.cm−1) (138). With this constraint, in the complex, only the redox potential of 

cytochrome c552 can be determined by this method.  

 

Interestingly, the mid-point potential obtained was 125 mV vs SHE’ (-83mV vs 

Ag/AgCl). This corresponds to a shift of 90 mV to lower potential in the presence of the 

CuA fragment (figure 3.2.5). Moreover, these potentials were not dependent on pH. To 

further investigate the complex, redox induced IR difference spectroscopic experiments 

were performed. 
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Figure 4.4.4: Reduced minus oxidized difference spectra (bold) in the UV-visible spectral domain for the potential 

range between -300 mV to +300 mV of the CuA fragment (black), cytochrome c552 (blue) and the complex [cyt.c552-

CuA fragment] (red). 
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Figure 4.4.5: Comparison of the titration curve at 552 nm of the cytochrome c552 (black balls) and the complex 

cytochrome c552-CuA fragment (red balls). 
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4.4.2   Redox induced mid-IR difference spectroscopy 

In the oxidized-reduced difference spectra of cytochrome c552 at pH 7 (figure 

4.4.6), signals at 1666, 1652, 1631 and 1610 cm-1 are attributed to the ν(C=O) of the 

polypeptide backbone showing small changes in conformation. The most intense signal 

observed at 1666 cm-1 is typical of β-turn structures whereas the feature at 1652 cm-1 is 

representative of α-helical structures (181, 205). At 1555, 1546 and 1535 cm-1 signals are 

attributed to the coupled ν(C=N)/δ(N-H) mode, the amide II.  
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Figure 4.4.6: Oxidized minus reduced difference spectra of cytochrome c552 at pH 7 (bleu) and pH 9 (red) for the 

potential step between -300 mV to +300 mV. 

 

The ν(C=O) mode from protonated Asp/Glu side chains gives rise to the feature at 

1720 cm-1 (63, 234). The signals observed at 1707 and 1695 cm-1 are typical of ν(C=O) 

from protonated heme propionates. Contributions from deprotonated acidic side chains are 

expected in the region between 1580-1520 cm-1 for the asymmetric ν(COO-) and in the 

region between 1480 and 1320 cm-1 for the symmetric mode (235, 236). The feature 

observed at 1678 cm-1 also include contributions from νas(CN3H5) mode from arginine 

residues, the symmetric mode is expected in the region around 1631 cm-1 (203, 237). 

Negative signal at 1516 cm-1 and the positive signal at 1501 cm-1 are typical of the coupled 

ν(C=C)/δ(C-H) mode of neutral form of Tyr and the deprotonated form respectively (203, 
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238). At 1430 and 1383 cm-1, contributions from νs(COO-) modes from acidic side chains 

are expected. δs(CH3) modes may be included at 1383 cm-1. Smaller contributions from 

tyrosine residues are included in the region between 1290 and 1270 cm-1.  Similar 

contributions from tyrosine residues are observed in the difference spectra of cytochrome 

c from various species (238). 

 

The c-type heme also contributes to the difference spectra. At 1631 and 1535 cm-1, 

the signals observed are attributed to ν38 and δ42 mode of the porphyrin ring system. The 

numbering was performed by Spiro and colleagues to simplify the nomenclature of these 

highly coupled vibrational modes (174, 175). An additional signal at 1237 cm-1 is typical 

of contributions of pH 7 vibrations from the heme (176). At pH 9, no significant changes 

are observed. Differences observed between 1200 and 1000cm-1 arise from the buffer (KPi 

at pH 7 and Tris at pH 9). Tris buffer also contributes around 1630 cm-1. The tentative 

assignments are reported in table 7.13 in the Appendix section.  
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Figure 4.4.7: Oxidized minus reduced difference spectra of the CuA fragment at pH 7 (blue) and 9 (red) for the 

potential range between -300 mV to +300 mV. 

 

In the difference spectrum of the CuA fragment recorded at pH 7 presented in 

figure 4.4.7, the most intense signals observed are in the amide I region at 1688, 1657, 

1649 and 1634 cm-1, typical of β-sheets and loops (239). These conformational changes 

are also reflected in the amide II signature at 1573, 1550 and 1527 cm-1. Furthermore, the 
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features at 1688 and 1657 cm-1 observed in the oxidized and the reduced form respectively 

may include contribution from sidechain ν(C=O) from Asn and Gln. ν(CN3H5)
as mode 

from Arg is also not excluded in that region as the symmetric mode can be included in the 

large structure at 1634 cm-1. Between 1330-1230 cm-1, modes arising from the amide III, 

δ(N-H) and ω(S-CH2) from cysteine and methionine are observed. Contributions from the 

binuclear copper center is expected at lower wavenumbers in the far-IR around 500 cm-1 

(240). At pH 9, apart from contribution of the Tris buffer below 1100 cm-1 and in the 

region around 1530 cm-1, large changes are observed in the amide I region, the signal 

observed at 1634 cm-1 at pH 7 decreases intensity and a large structure is observed at 1580 

cm-1. These changes may demonstrate the alteration of the conformational change that 

occurs during the redox reaction. Furthermore, these changes do not affect the redox 

potential obtained for the CuA center. The tentative attributions made on the difference 

spectra of the CuA fragment are reported in table 7.14 in the appendix section 

 

In direct comparison of the difference spectra to that of the cytochrome c552 and the 

CuA fragment, identical signals are observed in the difference spectra of the complex 

(figure 4.4.8). The amide I region is dominated by an intense negative signal at 1666 cm-1. 

Contributions from the Tyr are also observed at 1516 and 1501 cm-1. The C-H vibration of 

the heme is also seen at 1237 cm-1. Further attribution is unrealistic as it is difficult to 

determine if the signal originates from the cytochrome c552 or the CuA fragment. The 

overlapping of the signals observed when the two samples were studied individually does 

not help. 

The difference spectrum of the CuA fragment was interactively subtracted from the 

spectrum of the complex. In the resulting data, the double difference spectrum shows the 

contributions from the cytochrome c552 in the complex, but also changes that occur in the 

spectra of the CuA fragment. 

 



Chapter IV : Results and Discussions 

131 
 

1800 1700 1600 1500 1400 1300 1200 1100 1000

1
2
3
7

1
4
8
0

1
5
0
1

1
5
1
6

1
5
3
4

1
6
5
4

1
6
3
1

1
6
6
6

1
6
9
5

1
7
0
7

1
7
2
0

Wavenumber (cm
-1
)

pH 7

pH 9

∆
A

b
s
 =

 0
.0

0
1

1
7
2
0

1
7
0
7

1
6
9
5

1
6
6
6

1
6
3
1

1
6
1
4

1
6
1
6

1
6
5
4

1
5
3
4

1
5
1
6

1
5
0
1

1
4
8
0

1
2
3
7

 

Figure 4.4.8: Oxidized minus reduced difference spectra of the complex [cytochrome c552-CuA fragment] at pH 7 

(blue) and pH 9 (red) for the potential range between -300 mV to +300 mV. 

 

 

1800 1700 1600 1500 1400 1300 1200

υ
s
(COO

-
)υ

as
(COO

-
)

1
4
2
9

1
2
7
6

1
2
3
7

1
5
0
1

1
5
5
3

1
6
8
5

1
4
1
2

1
6
9
5

1
7
0
7

1
7
2
0

Wavenumber (cm
-1
)

Cytochrome c
552

 pH 7        

∆∆Complex-Cu
A
 fragment  

Cytochrome c
552

 pH9         

∆∆Complex-Cu
A
 fragment  

∆
A

b
s
 =

 0
.0

0
21

7
2
0

1
7
0
7

1
6
9
5

1
4
0
6

1
6
8
5

1
5
7
5

1
5
8
0

1
5
5
3

1
5
0
1

1
2
3
7

1
2
7
6

υ(CO)

 
Figure 4.4.9: Double difference spectra obtained by interactive subtraction of the spectrum of the CuA fragment 

from the spectrum of the complex, at pH 7 (blue) and pH 9 (red). Data in black are the corresponding difference 

spectra of cytochrome c552. 
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Figure 4.4.9 shows the double difference spectra overlaid on the difference spectra 

obtained for the cytochrome c552. Numerous changes can be observed. In the amide I 

region, the signal attributed to conformational changes involving α-helical structures at 

1652 cm-1 for the cytochrome c552 is shifted to higher wavenumbers at 1657 cm-1. The 

most important alterations are observed between 1710 and 1675 cm-1, this region is typical 

of the ν(C=O) of protonated heme propionates. The decrease in the intensities of these 

signals suggests that at least one of the hemes propionates is deprotonated. Furthermore, in 

the region around 1580 cm-1 is also perturbed and are attributed to the ν(COO-) 

asymmetric mode. The respective symmetric mode is observed around 1410 cm-1. Signals 

previously attributed to ν(CN3H5) asymmetric and symmetric modes of arginine observed 

at 1678 and 1630 cm−1 are also perturbed. 

 

4.4.3   Electron transfer complex 

The electron transfer complex between cytochrome c552 and the CuA fragment was 

previously determined by a combined NMR spectroscopic and computational method 

(117). Both cytochrome c552 and the CuA fragment were expressed in 15N enriched 

medium. Reduced cytochrome c552 was added to fully oxidized 15N labeled CuA fragment, 

the chemical shift perturbation of residues that are the most perturbed were identified. 

Similarly, 15N labeled cytochrome c552 was added to CuA fragment. The results identified 

the residues that expressed the most important chemical shift perturbation as being those 

involved in formation of the complex and in electron transfer. In cytochrome c552, the 

residues with the most pronounced chemical shift perturbation are those located around 

the heme cleft, the supposed contact surface.  

Other residues that induced an important chemical shift are those located on the 

back side of the enzyme, Ala34 and His32. Importantly these changes only occur in the 

reduced form of the protein. It was suggested that these perturbations resulted from the 

difference in electronic structure of the heme between the two redox states. His32 and 

Arg125 are suggested to form a hydrogen bonding network with the propionate A (figure 

4.4.10). Since the electronic structure of hemes is propagated on the propionate, the latter 

can be used as a switch to control the redox properties of the heme. There is theoretical 

evidence that the redox potential of hemes can be modulated and differences of up to 800 

mV can be obtained (233). The perturbations of Ala34 and His32 may be relayed by the 
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identified acidic and basic residues which might be involved in the protein interaction 

surface, but it was suggested that these residues do not interact in the specific 

experimental salinity conditions. The complex was held together by hydrophobic 

interactions.   

More recently, the crystal structure of yeast cytochrome bc1 complex with its redox 

partner, the cytochrome c was reported by Lange and Hunte (243). The contact surface 

consisted of both polar and non polar interactions; the former included only two residues 

from each partner protein whereas the latter consisted of at least 4 residues from each. 

Nevertheless, the redox potential was not studied.    

Evidence of potential shift of the heme in cytochrome c has been observed when 

cytochrome c interacts with lipids, a potential drop of 48 mV was reported (244). 

Cytochrome c552 from Thermus thermophilus adsorbed on biomimmetic electrode 

modified with thiol bound alkyl chains also revealed potential drop as the length of the 

alkyl chain increased (245). These results show that the potential of the heme of 

cytochrome c can be modulated by interaction with specific surfaces. In our study, the 

potential drop was observed in the presence of the CuA fragment both in reductive and 

oxidative titration, suggesting that the redox state of the CuA fragment does not affect the 

potential of cytochrome c552.  

To have a better understanding of the system, it seems imperative to study the 

complex formed by cytochrome c552 and the ba3 oxidase. Although the presence of 

detergents may hinder the formation of the complex due to the hydrophobic nature of the 

interaction site, it may give valuable information in the comprehension of the system. As 

mentioned previously, the study of the redox potential of the CuA center in the complex 

also seems crucial to understand the physiological meaning of the potential drop observed. 



Chapter IV : Results and Discussions 

135 
 

4.5   Characterisation of the mid-point potentials of the hemes in the 

bc1-aa3 supercomplex from Corynebacterium glutamicum  

The six hemes from the bc1-aa3 supercomplex have been characterised by a 

spectroelectrochemical technique in the UV-visible domain. Plotting the difference in 

absorbance at a wavelength where a cofactor is observed against the applied potential, and 

fitting a Nernst curve gives the mid-point potential of the hemes. The redox induced UV-

visible difference spectrum shows signals in the Soret region at 421, 407 and 435 nm. 

Smaller contributions from the α bands can be observed at 552, 562 and 600 nm which are 

attributed to the c, b and a type hemes respectively (figure 4.5.1).  
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Figure 4.5.1: Redox induced difference spectrum of the bc1-aa3 supercomplex in the UV-visible domain for the 

potential range between -650 mV to +250 mV. 

Figure 4.5.2 shows the plot of the reductive titration of the sample for the spectral 

range between 200-800 nm. Oxidative titration was also performed, however since the 

sample seems less stable at lower potentials and the experiments lasted for more than 24 

hours, a two step titration was done for oxidising the enzyme.  
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Figure 4.5.2: Reductive titration of the bc1-aa3 supercomplex from +250 mV to -650 mV. 
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Figure 4.5.3: Evolution of the difference spectrum in the UV-visible depicting the appearance of signals attributed 

to the a (600 nm), b (565 nm) and c (550 nm) type hemes. 
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The evolution of the UV-visible difference spectrum while reduction shows the 

spectral changes of the a, c and b type hemes respectively (figure 4.5.3). Taking the 

spectrum at +250 mV as reference and plotting the difference spectrum at -100 mV shows 

the appearance of α bands of the a type hemes at 600 nm. At -300 mV, the signals arising 

from the c type hemes are observed at 550 nm. Finally at -650 mV, the b type hemes are 

observed at 565 nm. 

 

4.5.1   Redox potentials of the a and a3 hemes 

The hemes in the cytochrome c oxidase are cooperative and cannot be completely 

separated (246, 247) as seen in figure 4.5.4. The two hemes are coorperative, for example 

if heme a accepts an electron, it will modifiy the electronic structure of heme a3 which 

will accept the other electron. Here two a-type hemes are involved and the distinct 

midpoint potentials are obtained either by plotting the difference in absorbance in the 

Soret band or the α band. Working with the α band is more precise since the c-type hemes 

begin to modify the Soret signature when a reductive potential is applied. When reducing 

the enzyme, two potentials are observed at -86 mV and 121 mV with n = 0.9 and 0.8 

respectively. When oxidising the enzyme, the values of the mid-point potential are -43 mV 

and 97 mV with n = 0.8 for both.  

 

 

Figure 4.5.4: Reductive (left) and oxidative (right) titration of the a hemes in the bc1-aa3 supercomplex monitored 

at 600 nm. 
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These results show a hysteresis effect between the oxidative and reductive titration, 

often found for cytochrome c oxidase. For the highest potential, an average gives a mid-

point potential of +109 mV. For the lower potential, while reducing the best fit is obtained 

with n = 0.9 and 0.8 while oxidising. The average gives a mid-point potential of -65 mV. 

To be able to distinguish the two hemes, the titration must be done in the presence of 

cyanide, since the heme redox potentials uncouple. 

 

4.5.2   Redox potentials of the c and c1 hemes 

Two c-type hemes are present in the protein, which are not clearly distinguished 

(figure 4.5.5). The mid-point potentials in the reductive titration are too close to each other 

(< 50 mV) to be separated by this method. Working with the Soret band is not feasible 

because of the contribution of both the a-type and b-type hemes, therefore the plot is done 

only with the help of the α-bands at 550 nm.  

The best fit for the oxidative titration is obtained with two potentials but with n = 

0.7. For the reduction of the sample, the best fit is obtained with one mid-point at -124 mV 

with n = 0.9. The low value for ‘n’ is an indication of a lack of equilibrium. The mid-point 

potential retained for the characterisation of  both the c type hemes is -107 mV which is an 

average of the two lowest potentials (ie -124 and -89 mV) 

Figure 4.5.5: Reductive (left) and oxidative (right) titration of the c hemes in the bc1-aa3 supercomplex monitored 

at 550 nm. 
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4.5.3   Redox potential of the bL and bH hemes 

The midpoint potentials of the b type hemes were clearly observed. In this case, both the 

Soret band and the α-bands gave the same result. No hysteresis was observed. -499 mV 

for heme bL and -371 mV for heme bH are retained (figure 4.5.6). 

 

Figure 4.5.6: Reductive (left) and oxidative (right) titration of the b hemes in the bc1-aa3 supercomplex monitored 

at 565 nm. 
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Table 4.5.1: The mid-point potentials of the hemes present in the bc1-aa3 supercomplex from Corynebacterium 

glutamicum. 
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contributions. Further more if the redox potentials are separated by less than 50 mV, it is 

not possible to distinguish between the two hemes by our experimental setup. On the other 

hand, the redox potentials of the two b type hemes were clearly identified. 

4.5.4   Comparison with analogues from Paracoccus denitrificans 

The potentials of the b-type hemes are lower in Corynebacterium glutamicum 

compared to their analogues from Paracoccus denitrificans, a downshift of 200 mV is 

observed (248). For the c1 heme, the mid-point potential is lower in the isolated fragment 

and higher in the bc1 complex (248). In Corynebacterium glutamicum, the potential for 

this heme is still approximately 200 mV lower. Cytochrome c552 from Paracoccus has a 

redox mid-point potential of 270 mV, 170 mV higher than the c-type hemes present in the 

supercomplex (138). Cytochrome c552 from Paraccocus denitrificans has an N-terminal 

membrane anchor and is suggested to form supramolecular complex with either the bc1 

complex, the terminal oxidase or both (249). The hemes a and a3 on the contrary have 

higher potentials in the aa3 oxidase from Paraccocus denitrificans than in the bc1-aa3 

supercomplex (250, 251). Initially, the redox potential of menaquinone is 150 mV lower 

than that of ubiquinone, the organism has adapted the functioning of the enzyme for 

respiration based on menaquinone.  

Heme 

Mid-point potential (mV) Mid-point potential (mV) 

from Corynebacterium glutamicum from Paracoccus denitrificans 

bL -291 -92 

bH -163 58 

c1 101 

268-338 

-57 isolated c1 fragment 

c 101 270 

a/a3 
143 178 

317 430 

 

Table 4.5.2 : Comparison of the redox potential of the hemes from the bc1-aa3 supercomplex from 

Corynebacterium glutamicum with analogues from Paracoccus denitrificans. 

Just like in Thermus thermophilus, where fragments were used to study the 

complex formed by the different components, in this case, we have the complex as a 

whole. The next step would be the study of fragments of the complex individually. IR 

spectroscopic studies can also give clues in the mechanism of electron transfer in the 

complex as such a large complex has not been studied as a whole so far.   



Chapter V: Conclusion and perspectives 

141 
 

 

 

 

 

 

 

Chapter V: Conclusion and perspectives 

 

  



Chapter V: Conclusion and perspectives 

142 
 

This thesis deals with different type of interactions of proteins from the respiratory 

chain. Firstly, the interaction of ions with the Na+-pumping NaDH:quinone oxidoreductase 

from Vibrio cholerae was investigated. Redox titration of the cofactors monitored in the 

UV-visible showed that the midpoint potential of the FMNC cofactor for the redox 

transition from Fl●─ to Fl is -350 mV in the presence of Li+ and Na+ ions, a downshift to 

-460 mV was observed in the presence of K+, Rb+ and NH4
+ ions. Redox induced 

difference spectroscopic studies in the mid-IR spectral range were also performed to 

investigate the effect of the different types of ions on the Na+-NQR. Signals attributed to 

the (COO-Li+) and (COO-Na+) symmetric stretching modes of acid residues side chains 

were identified both in H2O and D2O buffer. These signals were observed both in the 

oxidized and reduced state of the enzyme. Furthermore, the inhibitory effects of Rb+ ions 

were seen in the amide regions. Solvent accessibility of the enzyme monitored by 

hydrogen/deuterium exchange kinetics in the mid-IR spectral range has been used to 

monitor the conformation of the Na+-NQR in the presence of the different ions. The 

protein was found to be more accessible in the presence of Li+ and Na+ than in the 

presence of K+ and Rb+ ions. Further investigations are required to have a better 

understanding of the unique coupling mechanism in the Na+-NQR (218). FTIR redox 

induced difference spectroscopic measurement for crucial steps involved in Na+-uptake 

and Na+-release can be helpful. Hydrogen deuterium measurements with other reducing 

agents can also be performed. Furthermore the crystallographic structure of the enzyme 

may give important information to understand the mechanism. Recently a low resolution 

(16 Å) structure of the Na+-NQR showed that the enzyme has an overall asymmetric 

structure and a central region with low electron density spanning across the membrane 

(252).  

 

The Na+-binding site was also investigated. Optimal Na+-binding involves six oxygen 

atoms forming an octahedral structure. Acid residues located on the cytoplasmic side of 

the protein were previously suggested to form the first Na+-binding site. NqrB D397E and 

NqrE E95Q mutant enzymes were studied thus to investigate the Na+-binding (89). Redox 

titrations of the cofactors present in both mutant proteins showed that the midpoint 

potentials of the cofactors are not dependent on the type of ions present. The mid-IR redox 

induced difference spectroscopic measurements performed, revealed important shift to 

higher wavenumbers in the (COO-Li+) and (COO-Na+) symmetric modes of acid residues 
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side chains.  These findings suggest that Na+-binding network is perturbed in the D397E 

mutant enzyme. Evidence was found for a weaker Na+-binding. Hydrogen/deuterium 

exchange kinetics suggests that the enzyme is in different conformational states in the 

presence of the different ions. The NqrB D346 residue is suggested to be part of the 

Na+-release site in the periplasmic side of the enzyme. Study of this mutant enzyme seems 

to be crucial.  

 

The quinone binding site of the Na+-NQR was also part of this study. Since 

enzymes resistant to HQNO and korormicin carry a single mutation on the NqrB G140 

residue, the NqrB G140A mutant enzyme was studied. The redox midpoint potentials of 

the cofactors were similar to the wild type enzyme. Redox induced difference 

spectroscopic analysis in the mid-IR spectral range for the critical step involving the 

riboflavin and the attached quinone were performed for the wild type enzyme and the 

NqrB G140A mutant enzyme. Signals typical of vibrational modes of quinone were 

identified in the difference spectra of the wild type enzyme but not in the mutant protein. 

Furthermore, when HQNO was added to the wild type enzyme, large changes were 

revealed in the amide regions in the difference spectra. These changes were no observed in 

the difference spectra of the mutant enzyme. These results point to the crucial role of this 

glycine residue in the binding of quinone to the Na+-NQR.  

 

The second part of this work deals with protein-protein interaction in the 

respiratory chain. Cytochrome c552 and the CuA fragment from the ba3 terminal oxidase 

from the organism Thermus thermophilus provide a unique opportunity to investigate 

protein-protein interaction by electrochemistry. Indeed the association between the two 

enzymes is guided by hydrophobic interactions; addition of salts necessary for 

electrochemical analysis does not affect the formation of the complex. Primarily, the 

midpoint potentials of the cofactors from the two proteins were determined individually 

and in the complex. In the interaction complex, the midpoint potential of cytochrome c552 

was downshifted by 90 mV. Redox induced FTIR difference spectroscopy showed that the 

heme propionates participate to the interaction in the complex. Since they rule the redox 

properties of the hemes, it may explain the drop in the redox potential of the c-type heme. 
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To further investigate these observations, the study of the complex formed by cytochrome 

c552 and the whole ba3 oxidase seems to be the next step of this work. 

 

Finally, protein-protein interaction within the bc1-aa3 supercomplex from the 

respiratory chain of Corynebacterium glutamicum was studied. Supercomplexes seem to 

be formed to optimize electron transfer and minimize diffusion. The redox midpoint 

potential of the hemes have been determined and compared with analogous proteins from 

Paraccocus denitrificans to demonstrate the effect of the interaction. The study of the 

subunits separately can provide important information about the redox properties of the 

cofactors in the supercomplex. Furthermore, redox induced FTIR difference spectroscopic 

analysis can also provide insights on how the supercomplex works at a molecular level.   
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Figure 7.1: The first derivative of ∆absorbance for a step of 5 nm from 300 to 600 nm upon redox 

titration, of samples of the Na
+
-NQR in the presence of Li

+
, Na

+
, K

+
, Rb

+
 and NH4

+
 ions. 
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Table 7.1: Assignments of signals of signals observed in the redox induced FTIR difference spectra of FAD, FMN 

and riboflavin for the potential range between -620 to +200 mV. The positions are given in cm-1. 

FAD FMN Riboflavin Assignement 

1711 (+) 1713 (+) 1715 (+) v(C=O) 

1673 (+) 1663 (+) 1660 (+) v(C=O) 

1632 (-) 1630 (-) 1630 (-) v(C=O) 

1599 (-) 1599 (-) 1595 (-) v(C=N) 

1567 (-) 1568 (-) 1566 (-) v(C=N) 

1548 (+) 1548 (+) 1548 (+) v(C=C) of neutral flavins 

1517 (-) 1516 (-) 1515 (-) δ(C-H)
in plane

/δ(N-H)
in plane

 

1410 (-) 1408 (-) 1407 (-) isoalloxazine ring reorganization 
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Table 7.2: Tentative attribution of signals observed in the redox induced FTIR difference spectra of the Na+-NQR 

in H2O buffer in the presence of Na+ ions for the potential range between -620 to +200 mV. 

Position (cm
-1

) Tentative attribution 

1714 (+) v(C=O) from protonated side chains of Asp/Glu, v(C=O) of flavins  

1705 (+) v(C=O) from protonated side chains of Asp/Glu, v(C=O) of flavins  

1687 (+) Amide I; β-turn , v(C=O) of flavins 

1672 (+) Amide I; β-turn , v(C=O) of flavins, v(C=O) quinone, v(C=O) Glutamine 

1659 (+) Amide I; α-helix , v(C=O) of flavins 

1645 (-) Amide I; random structures , v(C=N) of flavins 

1633 (-) Amide I; β-sheet , v(C=N) of flavins 

1612 (-) Amide I; β-sheet , v(C=N) of flavins 

1593 (-) vas(COO
-
) from deprotonated side chains of Asp/Glu, v(C=N) of flavins 

1563 (-) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu, v(C=N) of flavins 

1540 (+) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu, v(C=C) of neutral flavins  

1517 (-) δ(C-H)
in plane

/δ(N-H)
in plane 

of flavins 

1478 (-) δas(C-H3) 

1463 (+) δas(C-H3) 

1440 (+) δ(C-H2) 

1404 (-) vs(COO
-
) from deprotonated side chains of Asp/Glu , isoalloxazine ring reorganization 

1372 (+) vs(COO
-
) from deprotonated side chains of Asp/Glu  

1350 (+) Amide III 

1338 (-) Amide III, δ(C-H), ring reorganization of flavins 

1322 (-) Amide III, δ(C-H), ring reorganization of flavins 

1303 (-) Amide III, δ(C-H), ring reorganization of flavins 

1288 (+) Amide III, ring reorganization of flavins 

1270 (-) Amide III, ring reorganization of flavins 

1259 (-) Amide III, ring reorganization of flavins 

1250 (+) Amide III, ring reorganization of flavins,C-OCH3 methoxy groups of quinone 

1222 (+) Amide III, ring reorganization of flavins 

1180 (+) ring reorganization of flavins 

1085 (-) Phosphate buffer 

1067 (-) Phosphate buffer 

 

  



Appendix 

162 

 

Table 7.3: Tentative attribution of signals observed in the redox induced FTIR difference spectra of the Na+-NQR 

in D2O buffer in the presence of Na+ ions for the potential range between -620 to +200 mV. 

Position (cm
-1

) Tentative attribution 

1704 (+) v(C=O) from protonated side chains of Asp/Glu, v(C=O) of flavins  

1687 (+) Amide I, v(C=O) of flavins 

1664 (+) Amide I, v(C=O) of flavins 

1637 (+) Amide I, v(C=O) of flavins 

1619 (+) Amide I 

1589 (-) v(C=N) of flavins 

1561 (-) Amide II, v(C=N) of flavins 

1539 (+) 

Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu, v(C=C) of neutral 

flavins  

1512 (-) δ(C-H)
in plane

/δ(N-H)
in plane 

of flavins 

1463 (+) δas(C-H3) 

1445 (+) δas(C-H3) 

1402 (-) vs(COO
-
) from deprotonated side chains of Asp/Glu , isoalloxazine ring reorganization 

1372 (+) vs(COO
-
) from deprotonated side chains of Asp/Glu  

1351 (+) Amide III, δ(C-H), ring roeorganization of flavins 

1335 (-) Amide III, δ(C-H), ring roeorganization of flavins 

1297 (+) Amide III, δ(C-H), ring roeorganization of flavins 

1255 (-) Amide III, ring roeorganization of flavins 

1226 (+) Amide III, ring roeorganization of flavins 

1213 (-) Amide III, ring roeorganization of flavins 

1179 (+) ring roeorganization of flavins 

1100 (-) Phosphate buffer 

1071 (-) Phosphate buffer 
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Table 7.4: Tentative attribution of signals observed in the double difference spectra of the Na+-NQR with the 

different salts in H2O buffer for the potential range between -620 to +200 mV.  

Position (cm
-1

) Tentative attribution 

Na
+
-Li

+
 double difference spectrum 

1675 (+) Amide I; β-turn 

1663 (-) Amide I; 310-helix 

1654 (+) Amide I; α-helix and random structures 

1634 (-) Amide I; β-sheet 

1592 (+) vas(COO
-
) from deprotonated side chains of Asp/Glu 

1549 (+) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1415 (+) vs(COO
-
) from deprotonated side chains of Asp/Glu 

1376 (-) vs(COO
-
) from deprotonated side chains of Asp/Glu 

Na
+
-K

+
 double difference spectrum 

1665 (+) Amide I; β-turn 

1643 (-) Amide I; β-sheet 

1613 (+) Amide I; β-sheet 

1580 (-) vas(COO
-
) from deprotonated side chains of Asp/Glu 

1558 (-) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1538 (+) Amide II 

1408 (-) vs(COO
-
Na

+
) from deprotonated side chains of Asp/Glu 

1367 (+) vs(COO
-
Na

+
) from deprotonated side chains of Asp/Glu 

Li
+
-K

+
 double difference spectrum 

1665 (+) Amide I; β-turn 

1649 (-) Amide I; random structures 

1625 (+) Amide I; β-sheet 

1580 (-) vas(COO
-
) from deprotonated side chains of Asp/Glu 

1558 (-) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1525 (+) Amide II 

1417 (-) vs(COO
-
Li

+
) from deprotonated side chains of Asp/Glu 

1376 (+) vs(COO
-
Li

+
) from deprotonated side chains of Asp/Glu 

Na
+
-Rb

+
 double difference spectrum 

1681 (-) Amide I; β-turn 

1665 (-) Amide I; β-turn 

1641 (+) Amide I; β-sheet 

1610 (+) Amide I; β-sheet 

1578 (-) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1542 (-) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1403 (-) vs(COO
-
Rb

+
) from deprotonated side chains of Asp/Glu 
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K
+
-Rb

+
 double difference spectrum 

1681 (-) Amide I; β-turn 

1665 (-) Amide I; β-turn 

1641 (+) Amide I; β-sheet 

1610 (+) Amide I; β-sheet 

1578 (-) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1542 (-) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1403 (-) vs(COO
-
Rb

+
) from deprotonated side chains of Asp/Glu 
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Table 7.5: Tentative attribution of signals observed in the double difference spectra of the Na+-NQR with the 

different salts in D2O buffer for the potential range between -620 to +200 mV.  

Position (cm
-1

) Tentative attribution 

Na
+
-Li

+
 double difference spectrum 

1662 (+) Amide I 

1650 (-) Amide I 

1626 (-) Amide I 

1592 (+) vas(COO
-
) from deprotonated side chains of Asp/Glu 

1416 (+) vs(COO
-
) from deprotonated side chains of Asp/Glu 

1383 (-) vs(COO
-
) from deprotonated side chains of Asp/Glu 

Na
+
-K

+
 double difference spectrum 

1664 (+) Amide I 

1635 (+) Amide I 

1626 (+) Amide I 

1590 (-) vas(COO
-
) from deprotonated side chains of Asp/Glu 

1538 (+) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1530 (+) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1403 (-) vs(COO
-
Na

+
) from deprotonated side chains of Asp/Glu 

1372 (+) vs(COO
-
Na

+
) from deprotonated side chains of Asp/Glu 

Li
+
-K

+
 double difference spectrum 

1664 (+) Amide I 

1626 (+) Amide I 

1590 (+) Amide I 

1530 (-) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1414 (-) vs(COO
-
Li

+
) from deprotonated side chains of Asp/Glu 

1380 (+) vs(COO
-
Li

+
) from deprotonated side chains of Asp/Glu 

Na
+
-Rb

+
 double difference spectrum 

1707 (-) v(C=O) from protonated side chains of Asp/Glu 

1683 (-) Amide I 

1664 (+) Amide I 

1624 (-) Amide I 

1590 (-) vas(COO
-
) from deprotonated side chains of Asp/Glu 

1537 (+) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1414 (-) vs(COO
-
Na

+
) from deprotonated side chains of Asp/Glu 

1383 (+) vs(COO
-
Na

+
) from deprotonated side chains of Asp/Glu 

K
+
-Rb

+
 double difference spectrum 

1707 (-) v(C=O) from protonated side chains of Asp/Glu 

1683 (-) Amide I 
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1664 (+) Amide I 

1624 (-) Amide I 

1590 (-) vas(COO
-
) from deprotonated side chains of Asp/Glu 

1537 (+) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1414 (-) vs(COO
-
) from deprotonated side chains of Asp/Glu 

1383 (+) vs(COO
-
) from deprotonated side chains of Asp/Glu 
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Table 7.6: Tentative attribution of signals observed in the redox induced FTIR difference spectra of the NqrB 

D397E mutant enzyme in H2O buffer in the presence of Na+ ions for the potential range between -620 to +200 mV 

Position (cm
-1

) Tentative attribution 

1715 (+) v(C=O) from protonated side chains of Asp/Glu, v(C=O) of flavins  

1705 (+) v(C=O) from protonated side chains of Asp/Glu, v(C=O) of flavins  

1687 (+) Amide I; β-turn , v(C=O) of flavins 

1675 (+) Amide I; β-turn , v(C=O) of flavins, v(C=O) quinone, v(C=O) Glutamine 

1659 (+) Amide I; α-helix , v(C=O) of flavins 

1647 (-) Amide I; random structures , v(C=N) of flavins 

1631 (-) Amide I; β-sheet , v(C=N) of flavins 

1595 (-) vas(COO
-
) from deprotonated side chains of Asp/Glu, v(C=N) of flavins 

1566 (-) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu, v(C=N) of flavins 

1541 (+) 

Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu, v(C=C) of neutral 

flavins 

1517 (-) δ(C-H)
in plane

/δ(N-H)
in plane 

of flavins 

1405 (-) vs(COO
-
) from deprotonated side chains of Asp/Glu , isoalloxazine ring reorganization 

1351 (+) vs(COO
-
) from deprotonated side chains of Asp/Glu  

1322 (-) Amide III, δ(C-H), ring reorganization of flavins 

1288 (+) Amide III, δ(C-H), ring reorganization of flavins 

1250 (+) Amide III, ring reorganization of flavins,C-OCH3 methoxy groups of quinone 

1222 (+) Amide III, ring reorganization of flavins 

1196 (-) ring reorganization of flavins 

1180 (+) ring reorganization of flavins 

1085 (-) Phosphate buffer 

1067 (-) Phosphate buffer 

 

 

  



Appendix 

168 

 

Table 7.7: Tentative attribution of signals observed in the double difference spectra of the NqrB D397E mutant 

enzyme with the different salts for the potential range between -620 to +200 mV. 

Position (cm
-1

) Tentative attribution 

Na
+
-Li

+
 double difference spectrum 

1713 (-) v(C=O) from protonated side chains of Asp/Glu 

1705 (+) v(C=O) from protonated side chains of Asp/Glu 

1675 (+) Amide I; β-turn  

1660 (+) Amide I; α-helix 

1643 (-) Amide I; random structures  

1613 (-) Amide I; β-sheet 

1547 (+) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1536 (-) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1518 (+) vas(COO
-
) from deprotonated side chains of Asp/Glu 

1419 (-) vs(COO
-
) from deprotonated side chains of Asp/Glu  

1400 (+) vs(COO
-
) from deprotonated side chains of Asp/Glu  

Na
+
-K

+
 double difference spectrum 

1673 (+) Amide I; β-turn 

1635 (-) Amide I; β-sheet 

1586 (+) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1408 (+) vs(COO
-
Na

+
) from deprotonated side chains of Asp/Glu 

1372 (-) vs(COO
-
Na

+
) from deprotonated side chains of Asp/Glu 

Li
+
-K

+
 double difference spectrum 

1713 (+) v(C=O) from protonated side chains of Asp/Glu 

1676 (-) Amide I; β-turn  

1635 (-) Amide I; β-sheet 

1586 (+) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1540 (+) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1519 (-) vas(COO
-
) from deprotonated side chains of Asp/Glu 

1414 (+) vs(COO
-
Li

+
) from deprotonated side chains of Asp/Glu 

1387 (-) vs(COO
-
Li

+
) from deprotonated side chains of Asp/Glu 

Na
+
-Rb

+
 double difference spectrum 

1687 (+) Amide I; β-turn  

1671 (+) Amide I; β-turn  

1657 (+) Amide I; α-helix 

1641 (+) Amide I; random structures  

1608 (+) Amide I; β-sheet 

1595 (+) vas(COO
-
) from deprotonated side chains of Asp/Glu 

1538 (+) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1403 (-) vs(COO
-
Rb

+
) from deprotonated side chains of Asp/Glu 
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1378 (-) vs(COO
-
) from deprotonated side chains of Asp/Glu 

 

K
+
-Rb

+
 double difference spectrum 

1641 (+) Amide I; random structures  

1608 (+) Amide I; β-sheet 

1538 (+) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1403 (-) vs(COO
-
Rb

+
) from deprotonated side chains of Asp/Glu 
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Table 7.8: Tentative attribution of signals observed in the D397E-wild type double difference spectra for the 

potential range between -620 to +200 mV in the presence of the different ions. 

Position (cm
-1

) Tentative attribution 

D397E-wild type double difference spectra, presence of Na
+
 ions 

1714 (+) v(C=O) from protonated side chains of Asp/Glu 

1670 (-) Amide I; β-turn  

1644 (+) Amide I; random structures  

1615 (+) Amide I; β-sheet 

1544 (+) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1403 (-) vs(COO
-
) from deprotonated side chains of Asp/Glu  

D397E-wild type double difference spectra, presence of Li
+
 ions 

1714 (+) v(C=O) from protonated side chains of Asp/Glu 

1670 (-) Amide I; β-turn  

1644 (+) Amide I; random structures  

1612 (+) Amide I; β-sheet 

1554 (+) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1523 (-) vas(COO
-
) from deprotonated side chains of Asp/Glu 

1415 (+) vs(COO
-
) from deprotonated side chains of Asp/Glu  

D397E-wild type double difference spectra, presence of K
+
 ions 

1670 (-) Amide I; β-turn  

1644 (+) Amide I; random structures  

1615 (+) Amide I; β-sheet 

1580 (-) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1538 (-) vas(COO
-
) from deprotonated side chains of Asp/Glu 

D397E-wild type double difference spectra, presence of Rb
+
 ions 

1714 (+) v(C=O) from protonated side chains of Asp/Glu 

1666 (-) Amide I; β-turn  

1615 (+) Amide I; β-sheet 

1584 (-) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1541 (+) Amide II, vas(COO
-
) from deprotonated side chains of Asp/Glu 

1408 (-) vas(COO
-
) from deprotonated side chains of Asp/Glu 

1374 (+) vas(COO
-
) from deprotonated side chains of Asp/Glu 
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Table 7.9: Tentative attribution of signals observed in the wild type-NqrB G140A double difference spectra for 

the potential range between -620 to +200 mV. 

Position (cm
-1

) Tentative attribution 

1688 (+) Amide I; β-turn, v(C=O) of glutamine. 

1674 (+) Amide I; β-turn,v(C=O) of quinone, vas(CN3H5
+
) from arginine 

1658 (+) Amide I; α-helix,v(C=O) of quinone, vs(CN3H5
+
) from arginine, δas(NH3

+
) of lysine 

1531 (+) Amide II, δs(NH3
+
) of lysine 

1485 (-) quinol ring rearrangement 

1410 (-) quinol ring rearrangement 

1286 (+) C-OCH3 methoxy group 

1268 (-) quinol ring rearrangement 

1250 (+) C-OCH3 methoxy group 
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Table 7.10: Tentative attribution of signals observed in the difference spectra of the wild type protein and the 

mutant enzyme, in H2O and D2O buffer, for the potential range between -280 to +200 mV. 

Position (cm
-1

) Tentative attribution 

WIld type enzyme in H2O 

1688 (+) Amide I; β-turn, v(C=O) from riboflavin, v(C=O) from glutamine 

1670 (+) 

Amide I; β-turn,v(C=O) of quinone, vas(CN3H5
+
) from arginine, v(C=O) from 

riboflavin 

1660 (+) Amide I; β-turn  

1623 (+) 

Amide I; α-helix,v(C=C) of quinone, vs(CN3H5
+
) from arginine, δas(NH3

+
) of 

lysine 

1586 (-) 

Amide II, v(C=N) from riboflavin, vas(COO
-
) from deprotonated side chains of 

Asp/Glu 

1530 (+) Amide II, δs(NH3
+
) of lysine 

1413 (-) -- 

1375 (+) -- 

1266 (+) C-OCH3 methoxy group 

1227 (+) Quinol ring reorganization 

1086 (-) Phosphate buffer 

WIld type enzyme in D2O 

1690 (+) Amide I, v(C=O) from riboflavin 

1670 (+) Amide I, v(C=O) of quinone, vas(CN3H5
+
) from arginine, v(C=O) from riboflavin 

1640 (-) Amide I  

1618 (+) 

Amide I; α-helix,v(C=C) of quinone, vs(CN3H5
+
) from arginine, δas(NH3

+
) of 

lysine 

1570 (-) Amide II, v(C=N) from riboflavin 

1542 (+) Amide II, v(C=C) from riboflavin 

1527 (+) Amide II, δs(NH3
+
) of lysine 

1417 (-) Quinol ring reorganization 

1400 (-) Quinol ring reorganization 

1269 (+) C-OCH3 methoxy group 

1226 (+) Quinol ring reorganization 

1097 (-) Phosphate buffer 

1071 (-) Phosphate buffer 

NqrB G140A mutant enzyme in H2O 

1660 (+) Amide I; β-turn, v(C=O) from riboflavin  

1623 (+) Amide I; α-helix, v(C=O) from riboflavin  

1584 (-) Amide II, v(C=N) from riboflavin 

1413 (-) -- 

1375 (+) -- 

1086 (-) Phosphate buffer 

NqrB G140A mutant enzyme in D2O 

1670 (+) Amide I, vas(CN3H5
+
) from arginine, v(C=O) from riboflavin 
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1635 (-) Amide I  

1622 (+) Amide I, vs(CN3H5
+
) from arginine 

1604 (-) Amide II, v(C=N) from riboflavin 

1575 (-) Amide II, v(C=N) from riboflavin 

1540 (+) Amide II, v(C=C) from riboflavin 

1097 (-) Phosphate buffer 

1071 (-) Phosphate buffer 
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Table 7.11: Tentative attribution of signals observed in the wild type – G140A double difference spectra 

measured in H2O and D2O buffer, for the potential range between -280 to +200 mV. 

Position (cm
-1

) Tentative attribution 

Wild type-G140A double difference spectrum in H20 

1680 (-) Amide I; β-turns, v(C=O) of glutamine 

1670 (+) Amide I, v(C=O) of quinone, vas(CN3H5
+
) from arginine 

1640 (-) Amide I  

1621 (+) Amide I,v(C=C) of quinone, vs(CN3H5
+
) from arginine, δs(NH3

+
) of lysine 

1580 (+) Amide II 

1563 (+) Amide II 

1530 (+) Amide II, δs(NH3
+
) of lysine 

1398 (-) Quinol ring reorganization 

1353 (-) Quinol ring reorganization 

1336 (-) Quinol ring reorganization 

1268 (+) C-OCH3 methoxy group 

1224 (+) Quinol ring reorganization 

Wild type-G140A double difference spectrum in D20 

1680 (-) Amide I, v(C=O) of glutamine 

1670 (+) Amide I, v(C=O) of quinone, vas(CN3H5
+
) from arginine 

1645 (-) Amide I  

1620 (+) Amide I,v(C=C) of quinone, vs(CN3H5
+
) from arginine, δs(NH3

+
) of lysine 

1559 (+) Amide II 

1528 (+) Amide II, δs(NH3
+
) of lysine 

1399 (-) Quinol ring reorganization 

1353 (-) Quinol ring reorganization 

1336 (-) Quinol ring reorganization 

1268 (+) C-OCH3 methoxy group 

1224 (+) Quinol ring reorganization 

 

 

Table 7.12: Tentative attribution of signals observed in the difference spectrum of the wild type enzyme in the 

presence of HQNO for the potential range between -280 to +200 mV. 

Position (cm
-1

) Tentative attribution 

1690 (+) Amide I, v(C=O) of riboflavin 

1670 (+) Amide I, v(C=O) of riboflavin, vas(CN3H5
+
) from arginine 

1648 (-) Amide I  

1622 (+) Amide I, vas(CN3H5
+
) from arginine, δs(NH3

+
) of lysine 

1590 (-) v(C=N) from riboflavin 

1531 (+) Amide II, δs(NH3
+
) of lysine 
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Table 7.13: Tentative attribution of signals observed in the difference spectra of cytochrome c552 (pH 7 and 9) for 

the potential range between -300 to +300 mV. 

pH 7 pH 9 

 Position (cm
-1

) Position (cm
-1

) Tentative attribution 

1720 (+) 1720 (+) 

 v(C=O) of protonated propionates, v(C=O) from 

protonated Glu/Asp 

1707 (-) 1707 (-)  v(C=O) of protonated propionates 

1695 (+) 1695 (+)  v(C=O) of protonated propionates 

1678 (+) 1678 (+) 

Amide I; β-turn,v(C=O) of quinone, vas(CN3H5
+
) from 

arginine 

1666 (-) 1666 (-) Amide I; β-turn  

1652 (+) 1652 (+) Amide I; α-helix  

1638 (+) 1638 (+) Amide I; β-sheet 

1631 (-) 1631 (-) Amide I; β-sheet, ν38  of c-type heme 

1610 (-) 1610 (-) Amide I; β-sheet 

1555 (-) 1555 (-) 

Amide II, vas(COO
-
) from deprotonated side chains of 

Asp/Glu 

1546 (+) 1546 (+) 

Amide II, vas(COO
-
) from deprotonated side chains of 

Asp/Glu 

1535 (-) 1535 (-) 

Amide II, vas(COO
-
) from deprotonated side chains of 

Asp/Glu, δ42 of c-type heme 

1516 (-) 1516 (-) 

vas(COO
-
) from deprotonated side chains of Asp/Glu, 

ν(C=C)/δ(C-H) of neutral Tyr 

1501 (+) 1501 (+) ν(C=C)/δ(C-H) of deprotonated Tyr 

1430 (-) 1430 (-) vs(COO
-
) from deprotonated side chains of Asp/Glu 

1421 (+) 1421 (+) vs(COO
-
) from deprotonated side chains of Asp/Glu 

1383 (-) 1383 (-) δs(CH3)  

1237 (-) 1237 (-) γ(C-H) of heme 
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Table 7.14: Tentative attribution of signals observed in the difference spectra of the CuA fragment (pH 7 and 9) 

for the potential range between -300 to +300 mV. 

pH 7 pH 9 

 Position (cm
-1

) Position (cm
-1

) Tentative attribution 

1688 (+) 1688 (+) Amide I; β-turn, ν(C=O) from Gln and Asn  

1657 (-) 1660 (-) Amide I; β-turn, ν(C=O) from Gln and Asn  

1649 (+) 1644 (+) Amide I; β-sheet 

1634 (-) 1632 (-) Amide I; β-sheet, ν(CN3H5)as of Arg 

1573 (+) 1580 (+) Amide II 

1550 (+) 1550 (+) Amide II 

1527 (-) 1527 (-) Amide II 

1330 (-) 1330 (-) Amide III, δ(N-H) and ω(S-CH2) from cys and met 

1277 (-) 1277 (-) Amide III, δ(N-H) and ω(S-CH2) from cys and met 

1265 (+) 1265 (+) Amide III, δ(N-H) and ω(S-CH2) from cys and met 

1232 (-) 1232 (-) Amide III, δ(N-H) and ω(S-CH2) from cys and met 

 



 

Study of protein interactions in the 
respiratory chain by IR spectroscopy 

and electrochemistry  

 

 

Résumé 

Le domaine de la bioénergie moléculaire concerne le transfert et le stockage 
d’énergie dans les cellules biologique. Ce projet s’articule autour de la respiration 
et plus précisément le mécanisme de pompage de sodium et de protons, et son 
couplage au transfert d’électrons. Premièrement, nous nous sommes intéressés 
au pompage d’ions sodium par la NADH:quinone oxidoreductase de la bactérie 
Vibrio cholerae. L’importance de flavines spécifiques et des résidus acides dans 
le transfert de sodium ont été démontrée. Par la suite, l’interaction entre 
protéines, notamment le cytochrome c552 et le fragment CuA de l’oxidase de type 
ba3 de l’organisme Thermus thermophilus a été étudié.  Une réorganisation 
structurelle induit par le transfert d’électron a été démontrée par la spectroscopie 
IRTF différentielle. Enfin, dans la dernière partie de ce travail, l’interaction au sein 
du supercomplex bc1-aa3 de la chaîne respiratoire du Corynebacterium 
glutamicum a été analysée.  
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Résumé en anglais 

The field of molecular bioenergetics deals with the energy transduction in 
biological cells. In this project, respiration and more specifically proton and sodium 
pumping enzymes and their coupling to electron transfer have been in focus. First 
we have been interested in the Na+-pumping NADH:quinone reductase from 
Vibrio cholerae which is the entry site of electrons in the respiratory chain of 
several pathogens. The role of specific flavin cofactors and amino acids involved 
in Na+ transfer has been shown in a combined IR spectroscopic and 
electrochemical approach. The interaction between proteins, namely the 
cytochrome c552 and the CuA fragment from the terminal ba3 oxidase from the 
organism Thermus thermophilus was then investigated. Structural reorganization 
during electron transfer was revealed by IR spectroscopy. Finally, in the third part 
of the project the interaction within the bc1-aa3 supercomplex from the respiratory 
chain from Corynebacterium glutamicum was analyzed.  
 

Bioenergetics, Respiration, FTIR spectroscopy, Electrochemistry, H/D exchange 
kinetics, Na+ transport, Na+-pumping NADH:quinone oxidoreductase, Protein-
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