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Zusammenfassung 

Die Cytochrom-c-Oxidase (CcO) gehört der Superfamilie der Häm-Kupfer-Oxidasen an und ist 

das terminale Enzym der mitochondrialen und prokaryotischen Atmungkette. Cytochrom-c- 

Oxidasen katalysieren, in einer gekoppelten Reaktion, die exotherme Reduktion von molekularem 

Sauerstoff zu Wasser und den Transport von Protonen über die innere Mitochondrien- oder 

Zellmembran. Der durch diesen Prozess generierte elektrochemische Protonengradient wird von 

der FOF1-ATP Synthase für die Synthese von ATP aus ADP und anorganischem Phosphat 

verwendet.  

Die Superfamilie der Häm-Kupfer-Oxidasen wird auf Grund der Ergebnisse phylogenetischer 

Studien in drei Familien (A, B und C) unterteilt. Die A-Familie der Häm-Kupfer-Oxidasen wird 

durch die gut charakterisierten aa3-Typ Cytochrom-c-Oxidasen repräsentiert, welche sowohl in 

Mitochondrien als auch in vielen Bakterienstämmen vorkommen. In der B-Familie findet sich eine 

Vielzahl bakterieller und archaealer terminaler Oxidasen. Die cbb3-Typ Cytochrom-c-Oxidasen 

(cbb3-CcO) bilden die C-Familie. Sie sind am weitesten entfernte Verwandte der Oxidase aus der 

mitochondrialen Atmungskette. 

Die cbb3-Oxidasen kommen ausschließlich im Bakterienreich vor, wo sie weit verbreitet sind. 

Besonders häufig werden sie jedoch in Proteobakterien gefunden. Sie bestehen aus vier 

Transmembranunterheiten (CcoN, CcoO, CcoQ und CcoP), welche erstmals als Genprodukte des 

ccoNOQP (fixNOQP) Operons in symbiotischen stickstofffixierenden Bakterien identifiziert 

wurden. Cbb3-Oxidasen werden hauptsächlich bei niedrigen Sauerstoffkonzentrationen beobachtet. 

Aufgrund ihrer hohen Affinität für Sauerstoff haben diese Oxidasen wichtige Funktionen in vielen 

anaeroben Prozessen, wie z.B. bei der Stickstofffixierung oder bei der anoxygenen Photosynthese. 

Als einzige terminale Oxidase einiger krankheitserregenden Bakterienstämme, wie z.B. 

Helicobacter pylori und Neisseria meningitids, kommt der cbb3-Oxidase eine essentielle 

Bedeutung für die Kolonisierung von sauerstoffarmen Geweben zu. Sie repräsentiert daher 

möglicherweise einen spezifischen Faktor für die bakterielle Pathogenität. 

Der Schwerpunkt dieser Arbeit liegt auf der Untersuchung der cbb3-CcO aus Pseudomonas 

stutzeri ZoBell, einem nicht-fluoreszierenden stickstofffixierenden Bakterium, welches sowohl in 

wässrigen als auch ländlichen Habitaten weit verbreitet ist. Entgegen früheren Analysen wurde in 

dieser Arbeit gezeigt, dass dieser Stamm zwei cbb3-Operons (ccoNOP-1 und ccoNOQP-2) besitzt. 

Das Cbb3-1 Wildtypenzym konnte aus nativen Membranen aufgereinigt und seine Struktur mit 
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einer Auflösung von 3,2 Å gelöst werden. Die Struktur zeigt, dass die katalytische Untereinheit der 

cbb3-CcO Ähnlichkeiten zur denen der A- und B-Familien aufweist. Signifikante Unterschiede 

wurden in Bezug auf Elektronentransfer und Protonentranslokation gefunden. Cbb3-Oxidasen 

wurden bereits in vielen gram-negativen Bakterien untersucht, jedoch wurde bisher wenig 

Augenmerk auf die isoformspezifischen Unterschiede gerichtet. In dieser Arbeit wurde deshalb 

solchen isoformspezifischen Unterschieden am Beispiel der cbb3-Oxidasen aus P. stutzeri 

besondere Beachtung geschenkt: (i) ein homologes Expressionssystem für die zwei 

cbb3-Isoformen von P. stutzeri wurde etabliert; (ii) beide Isoformen wurden biochemisch und 

biophysikalisch charakterisiert; (iii) die natürlichen Elektronendonoren der beiden cbb3-Isoformen 

wurden ermittelt. 

(i) Etablierung eines homologen Expressionssystems zur separaten Isolierung beider 
cbb3-Isoformen von P. stutzeri ZoBell. 

Das Genom von P. stutzeri ZoBell war zu Beginn dieser Arbeit nicht sequenziert. Zur 

Bestimmung der eigentlichen Nukleotidsequenz des cbb3-Operons wurde deshalb eine Serie von 

Primern entworfen. Die Sequenz der Primer entsprach hoch konservierten Regionen anderer 

verwandter Pseudomonas-Stämme, deren Genomsequenz bekannt war. Die Ergebnisse zeigten, 

dass P. stutzeri ZoBell zwei unabhängige cbb3-Operons besitzt, die im Genom in einer 

Tandem-Anordnung vorliegen. Beide cbb3-Operons beinhalten die drei strukturellen Gene für die 

Untereinheiten CcoN, CcoO und CcoP; zusätzlich besitzt das zweite cbb3-Operon das Gen ccoQ. 

Die Sequenz-Identitäten der zwei cbb3-Isoformen sind mit 87% für die Untereinheit CcoN, 97% 

für Untereinheit CcoO und 63% für Untereinheit CcoP sehr hoch. Aufgrund der hohen 

Sequenzhomologie zwischen Cbb3-1 und Cbb3-2 liegen beide Isoformen während des 

chromatographischen Aufreinigungsprozesses für gewöhnlich als Mischung vor. Mithilfe von vier 

chromatographischen Aufreinigungsschritten gelang es jedoch, die native Cbb3-1 aus Membranen 

von P. stutzeri homogen zu isolieren. Die homogene Aufreinigung der nativen Isoform Cbb3-2 

gelang bis zum jetzigen Zeitpunkt nicht.  

Zum detaillierten Studium und zum Vergleich der beiden cbb3-Isoformen von P. stutzeri wurde in 

dieser Arbeit ein homologes Expressionssystem entwickelt. Ein homologes Expressionssystem ist 

aufgrund des Vorhandenseins von verschiedenen Proteinen welche, u.a. in den 

Assemblierungsprozess der cbb3-CcO involviert sind, von großem Vorteil. Die Etablierung eines 

solchen Systems stellte aufgrund des Mangels an physiologischem und mikrobiologischem Wissen 

über P. stutzeri ZoBell und des Fehlens geeigneter Mittel zur genetischen Manipulation ein sehr 

herausforderndes Projekt dar. Trotz dieser Schwierigkeiten gelang es, mittels homologer 

Rekombination und der Verwendung eines neuen „Suicide-Plasmids“, zwei Deletionsstämme zu 
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kreieren (ΔCbb3-1 and ΔCbb3-2). Eine spezifische Besonderheit des „Suicide-Plasmids“ war dabei 

die Einbringung eines grün-fluoreszierenden Proteins als zusätzlichen Selektionsmarker, wodurch 

der Auswahlprozess deutlich vereinfacht wurde. Für die rekombinante Expression wurde eine 

Serie von pBBR-basierenden Expressionsvektoren konstruiert und getestet. Diese Vektoren 

unterschieden sich hinsichtlich der Platzierung des Affinitätsanhängsels, der regulatorischen 

Elemente und der kodierten Isoformen. Da eine voneinander unabhängige Expression der beiden 

Isoformen nicht möglich war, wurde jede der beiden rekombinanten cbb3-Isoformen im 

entsprechenden Deletionsstamm exprimiert, so dass sich jeweils ein cbb3-Operon im Genom und 

eines auf dem Plasmid befanden. Die Isolierung der jeweiligen cbb3-Isoformen wurde mittels 

Affinitätschromatographie erreicht. Eine homogene Aufreinigung konnte mit Hilfe dreier 

aufeinanderfolgenden chromatographischen Schritten erreicht werden. Mittels Promotoraustausch 

gelang es, das Expressionsniveau der Cbb3-2-Isoform zu erhöhen. Für gewöhnlich lag die 

Ausbeute von beiden rekombinant aufgereinigten cbb3-Isoformen bei 2-4 mg pro Liter 

Kulturmedium. Die Identität beider cbb3-Isoformen wurde mittels Peptidmassenfingerprint von 

Trypsin/Chymotrypsin-verdauten Proben bestätigt. Des Weiteren konnte durch die 

massenspektrometrischen Messungen das Vorliegen von chimären cbb3-CcO-Formen 

ausgeschlossen warden. 

(ii) Charakterisierung beider cbb3-isoformen. 

Die Ergebnisse dieser Arbeit zeigen, dass beide cbb3-Isoformen ein hohes Maß an biochemischen 

und biophysikalischen Gemeinsamkeiten aufweisen.  

Der oligomere Zustand der beiden aufgereinigten rekombinanten cbb3-Isoformen wurde mittels 

„Blauer Nativer Polyacrylamid-Gelelektrophorese“ ermittelt. Beide Isoformen treten als einzelne 

Banden bei einem Molekulargewicht von 165 kDa auf, was darauf hinweist, dass beide 

cbb3-Isoformen als Monomere vorliegen. UV/Vis Spektroskopie wurde verwendet, um die 

Kofaktoren der cbb3-Oxidase zu untersuchen. Die Differenzspektren beider Isoformen stimmen 

mit dem Spektren der Wildtyp-Cbb3-1 überein, woraus auf eine korrekte Assemblierung der Häm- 

und Metallzentren geschlossen werden kann. Die Sekundärstrukturen beider cbb3-Isoformen 

wurde mittels Circulardichroismus-Spektroskopie (CD) verglichen. Beide cbb3-Isoformen zeigen 

identische CD-Spektren. Zusätzlich wurde Fourier-Transform-Infrarotspektroskopie (FTIR) 

verwendet, um die rekombinanten cbb3-Oxidasen zu charakterisieren. Auch hier weisen beide 

Isoformen ähnliche spektroskopische Charakteristika auf.  

Die Sauerstoffreduktase-Aktivität beider cbb3-Isoformen wurde polarographisch mittels einer 

Clark-Typ Sauerstoffelektrode und eines artifiziellen Elektronendonor-Systems (Na-Ascorbat und 
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N,N,N',N'-Tetramethyl-p-phenylendiamin [TMPD]) gemessen. Nach Optimierung der 

Bedingungen für den pH-Wert, die Ionenstärke und das molare Verhältnis von Na-Ascorbat zu 

TMPD konnten für die aufgereinigten rekombinanten Proteine Cbb3-1 und Cbb3-2 

Sauerstoffreduktase-Aktivitäten gemessen werden, welche ähnlich wie die des Wildtyp-Cbb3-1 

sind. Dadurch wurde nachgewiesen, dass beide rekombinanten Enzyme vollständig aktiv sind. Des 

Weiteren konnte eine nichtlineare Abhängigkeit der cbb3-CcO Enzymaktivität von der 

Konzentration von TMPD beobachtet werden. Die Raten der Sauerstoffreduktion folgen einer 

Michaelis-Menten-Kinetik mit einem Vmax-Wert von ca. 4000 e-/s und einem Km von 3.6 mM. 

Beide Werte wurden bei nicht eindeutiger Sättigung ermittelt und sind ungewöhnlich hoch. 

Möglicherweise geben sie nicht die tatsächlichen kinetischen Parameter wieder. Nichtsdestotrotz 

kann mit Sicherheit gesagt werden, dass die cbb3-Oxidasen aus P. stutzeri die Reduktion von 

Sauerstoff mit mindestens 2000 e-/s katalysieren können. Dies ist die höchste Aktivität, die jemals 

für eine cbb3-CcO gemessen wurde. Eine solch hohe Aktivität ist vermutlich auf die drei c-Typ 

Häme in den Untereinheiten CcoO und CcoP zurückzuführen, welche mehrere Eintrittsstellen für 

Elektronen bieten und gleichzeitig mit TMPD reagieren könnten. Möglicherweise ist unter den 

gegebenen Bedingungen auch der Elektronentransfer in der cbb3-CcO effizienter als in der 

aa3-CcO. Zusätzlich zur Sauerstoffreduktase-Aktivität wurde die Aktivität der 

Katalase-Nebenreaktion gemessen. Es konnten keine signifikanten Unterschiede in der 

Katalase-Aktivität zwischen der Wildtyp-Cbb3-1 und den rekombinanten Proteinen Cbb3-1 und 

Cbb3-2 nachgewiesen werden. Die Katalase-Aktivität der cbb3-CcO ist ähnlich wie die der 

Wildtyp-aa3-CcO aus Paracoccus denitrificans.   

UV/Vis-Redoxtitrationen wurden durchgeführt, um das Redoxpotential der Häm-Kofaktoren in 

den beiden cbb3-Isoformen zu ermitteln und so zu einem besseren Verständnis des 

Elektronentransfers in der cbb3-CcO beizutragen. Da jedoch die Redoxpotentiale der c-Typ Häme 

zu dicht beieinander liegen, um sie unterscheiden zu können, konnte nur ein Wert für beide 

cbb3-Isoformen ermittelt werden (155 mV for Cbb3-1 und 185 mV für Cbb3-2). Diese Ergebnisse 

lassen darauf schließen, dass die drei c-Typ Häme durch His/Met-Ligandenpaare axial koordiniert 

werden. Das höchste Redoxpotential wurde für das low-spin Häm b (+262 mV für Cbb3-1 und 

+278 mV für Cbb3-2) ermittelt. Das high-spin Häm b3 besitzt ein niedriges Potential (+132 mV für 

Cbb3-1 und +158 mV für Cbb3-2). 

Ungeachtet der hohen Ähnlichkeit zwischen den beiden cbb3-Isoformen wurden auch einige 

signifikante Unterschiede beobachtet. Die DNA-Sequenzanalysen zeigten, dass die Promotoren 

der beiden cbb3-Operons verschiedene regulatorische Elemente enthalten. Eine ANR 

(Arginin-Nitrate-Regulation)-Bindungsstelle ist nur im Promotor des Operons ccoNOP-1 
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vorhanden. Unter mikroaeroben Wachstumsbedingungen, war die Ausbeute an Cbb3-1, welche 

unter Kontrolle des ANR-abhängigen Promotors exprimiert wurde, um das 6-8 fache höher als die 

von Cbb3-2. Diese Ergebnisse weisen darauf hin, dass beide cbb3-Isoformen verschiedene 

energetische und regulatorische Funktionen haben. Ein weiterer Unterschied besteht in der 

Untereinheitenzusammensetzung der beiden cbb3-Isoformen hinsichtlich der An-/Abwesenheit der 

CcoQ-Untereinheit. Eine massenspektrometrische Analyse zeigte, dass CcoQ eine Untereinheit der 

Cbb3-2 ist. Die Abwesenheit von CcoQ in Cbb3-1 ist möglicherweise dadurch bedingt, dass Cbb3-1 

hauptsächlich bei niedrigen Sauerstoffkonzentrationen exprimiert wird, wenn ein Schutz der 

CcoP-Untereinheit gegen proteolytischen Abbau unter aeroben Bedingungen nicht notwendig ist. 

Ein deutlicher Unterschied zwischen beiden cbb3-Isoformen liegt in ihrer thermischen Stabilität. 

Die Ergebnisse der dynamischen Differenzkalorimetrie (DSC) zeigen, dass Cbb3-1 stabiler ist als 

Cbb3-2. Die gesamte kalorimetrische Enthalpieänderung der rekombinanten Cbb3-1 (2,016 kJ 

mol-1) ist höher als die der Cbb3-2 (1.556 kJ mol-1). Des Weiteren denaturiert Cbb3-2 im Vergleich 

zur rekombinanten Cbb3-1 10°C früher.  

Mutagenese-Studien wurden durchgeführt, um die funktionelle Bedeutung zweier hoch 

konservierter Aminosäuren in der Nähe des aktiven Zentrums zu untersuchen: Y251 und E323. Es 

ist bekannt, dass das redoxaktive Tyrosin kovalent mit einem der drei Histidin-Liganden des CuB 

verbunden ist. Es wurde bereits früher nachgewiesen, dass dieses Tyrosin eine wichtige Rolle für 

die katalytische Aktivität der Häm-Kupfer-Oxidasen spielt. Im Vergleich zu den A- und B-Typ- 

Oxidasen liegt dieses kritische Tyrosin (Y251) in den cbb3-Oxidasen auf einer anderen 

Transmembranhelix. Die Varianten Y251F und Y251A wurden erstellt, um die enzymatische 

Bildung eines Tyrosinradikals zu verhindern. Die Doppel-Varianten Y251A/I252Y und 

Y251A/G211Y wurden konstruiert, um zu testen, ob es möglich ist die His-Tyr Verbindung an 

einer alternativen Stelle wiederherzustellen. Alle vier Varianten hatten ihre Sauerstoffreduktase- 

Aktivität verloren. Die Aminosäure E323 ist durch Wasserstoffbrückenbindung mit den 

Histidin-Liganden des Häm b3 verknüpft. Es wurde nachgewiesen, dass die enzymatische Aktivität 

komplett aufgehoben wird, wenn E323 durch ein Alanin (E323A) oder ein Glutamin (E323Q) 

ersetzt wird. Die Variante E323D weisst noch ca. 40% der Wildtyp-cbb3-CcO Aktivität auf.  

(iii) Identifizierung und Charakterisierung der natürlichen Elektronendonoren von 
P. stutzeri cbb3-CcO . 

Um die physiologische Bedeutung und die Unterschiede beider cbb3-Isoformen zu verstehen, 

bedarf es der Identifizierung ihrer endogenen Elektronendonoren, die bis jetzt bei P. stutzeri 

unbekannt waren. Die Suche nach einem Häm-C Bindungsmotiv im Genom und 

Homologieanalysen ergaben das Vorkommen von 16 potenziellen Cytochrom-c-Proteinen. Vier 
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dieser Proteine (Cytochrom c4, c5, c551, und c552) wurden als angemessene Kandidaten angesehen, 

da sie in aerob wachsenden Zellen nachgewiesen und isoliert werden konnten. Die Gene der 

Cytochrome wurden aus dem Genom von P. stutzeri kloniert und heterolog in Escherichia coli 

exprimiert. Die Cytochrome c4, c5 und c551 konnten in relativ großen Mengen exprimiert und in 

drei Aufreinigungsschritten bis zur Homogenität gereinigt werden. Anhand von 

UV/Vis-Spektroskopie und elektrochemischen Messungen wurde nachgewiesen, dass diese drei 

rekombinanten Proteine identische spektroskopische und elektrochemische Eigenschaften 

aufweisen wie die nativen Proteine. 

Die drei rekombinanten Cytochrome c4, c5 und c551 wurden auf ihre Eignung als natürliche 

Elektronendonoren der cbb3-Isoformen untersucht. Die Cytochrom-c abhängige Oxidaseaktivität 

wurde polarographisch in der Anwesenheit von reduziertem Cytochrom-c und Na-Ascorbat 

gemessen. Die Ergebnisse sind die folgenden: (i) Der Elektronentransfer von Cytochrom-c auf 

cbb3-CcO ist ionenstärkeabhängig. (ii) Alle drei Cytochrome dienen beiden cbb3-Isoformen als 

Elektronendonor, jedoch mit unterschiedlich hoher Effizienz. Die höchste Sauerstoffreduktase- 

Aktivität wurde mit 100 µM reduziertem Cytochrom c4 beobachtet (z.B. ca. 500 e-/s für 

Wildtyp-Cbb3-1). Die Umsatzraten von reduziertem c551 waren ähnlich hoch wie die von 

Cytochrom c4 (80 bis 90%), wohingegen die Umsatzraten mit c5 um ungefähr 80% reduziert waren. 

Diese Ergebnisse zeigen, dass die beiden Cytochrome c4 und c551 als effiziente endogene Substrate 

für die cbb3-Oxidasen von P. stutzeri dienen, während Cytochrom c5 ein schwacher 

Elektronendonor ist. Elektrochemische Messungen weisen darauf hin, dass die relativ hohen 

Reaktionsraten, welche mit Cytochrom c4 and c551 beobachtet wurden, darauf zurückzuführen sind, 

dass beide Cytochrome mindestens ein low-spin Häm C enthalten. Im Vergleich dazu hat 

Cytochrom c5 ein hohes Redoxpotential, welches möglicherweise einen Elektronentransfer zur 

cbb3-CcO verhindert. (iii) Eine Anpassung der Daten zeigte eine unerwartete lineare Abhängigkeit 

der Oxidase-Aktivität von der Konzentration der reduzierten c-Typ-Cytochrome (20 bis 100 mM). 

Aufgrund der fehlenden Sättigung konnten die tatsächlichen kinetischen Parameter nicht bestimmt 

werden. (iv) Messungen mit zwei verschiedenen eukaryotischen Cytochrome-c-Proteinen aus Hefe 

und aus Pferdeherz ergaben, dass beide Proteine keine effizienten Elektronendonoren für die zwei 

P. stutzeri cbb3-Oxidasen darstellen.  

Zusätzlich zu den beobachteten Unterschieden in den Umsatzraten mit drei endogenen 

Cytochrome-c-Proteinen, wurden weitere signifikante Unterschiede zwischen beiden 

cbb3-Isoformen gefunden. Die katalytischen Aktivitäten, welche für die Cbb3-2 gemessen wurden, 

sind im Vergleich zu Cbb3-1 um 70% reduziert. Ein Modell der Cbb3-2, welches unter 

Einbeziehung von Aminosäuresequenz und Oberflächenladung und Röntgenstruktur der Cbb3-1 
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erstellt wurde, lässt potentielle Strukturveränderungen und Oberflächenladungsunterschiede im 

Vergleich zu Cbb3-1 erkennen. Diese könnten die Grundlage für die verschiedenen 

Substratspezifitäten der beiden cbb3-Isoformen bilden. 

In dieser Arbeit wurden zum ersten Mal eine umfassende Charakterisierung und ein Vergleich der 

beiden cbb3-Isoformen von P. stutzeri ZoBell vorgenommen. Die gereinigten cbb3-Isoformen 

weisen ein hohes Maß an Gemeinsamkeiten in Bezug auf ihre biochemischen und 

biophysikalischen Eigenschaften auf. Unterschiede wurden bezüglich ihrer 

Untereinheitenzusammensetzung, der thermalen Stabilität, der Substratspezifität und der 

Expressionsregulierung beider cbb3-Oxidasen festgestellt. Diese Arbeit bietet sehr gute 

Perspektiven für weiterführende funktionelle und strukturelle Untersuchungen der beiden 

cbb3-CcO Isoformen. 
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Summary 

Heme-copper oxidases (HCOs) are the terminal enzymes of the aerobic respiratory chain in the 

inner mitochondrial membrane or the plasma membrane in many prokaryotes. These multi-subunit 

membrane protein complexes catalyze the reduction of oxygen to water, coupling this exothermic 

reaction to the establishment of an electrochemical proton gradient across the membrane in which 

they are embedded. The energy stored in the electrochemical proton gradient is used e.g. by the 

FOF1-ATP synthase to generate ATP from ADP and inorganic phosphate. 

The superfamily of HCOs is phylogenetically classified into three major families: A, B and C. The 

A-family HCOs, represented by the well-studied aa3-type cytochrome c oxidases (aa3-CcOs), are 

found in mitochondria and many bacteria. The B-family of HCOs contains a number of bacterial 

and archaeal oxidases. The C-family comprises only the cbb3-type cytochrome c oxidase 

(cbb3-CcO) and is most distantly related to the mitochondrial respiratory oxidases. 

The cbb3-CcOs are widely distributed within the bacterial phyla but particularly abundant in 

proteobacteria. They are composed of four transmembrane subunits (CcoN, CcoO, CcoQ and 

CcoP), which were first identified as gene products of a ccoNOQP (fixNOQP) operon in the 

symbiotic diazotrophs. The cbb3-CcOs are predominantly observed under low oxygen tension and 

are characterized by a high apparent affinity for oxygen. As a consequence, they play an important 

role in the proper functioning of many anaerobic biological processes, e.g., nitrogen fixation or 

anoxygenic photosynthesis. In some pathogenic bacteria, e.g., Helicobacter pylori and Neisseria 

meningitidis, cbb3-CcO is the sole respiratory enzyme. This finding indicates that cbb3-CcO is 

essential for the colonization of host tissues and plays a specific role for bacterial pathogenicity. 

In this work, we focus on the cbb3-CcOs of Pseudomonas stutzeri ZoBell, a non-fluorescent 

denitrifying bacterium widely distributed in aquatic and terrestrial habitats. It had previously been 

reported that this bacterium possesses only one ccoNOQP operon coding for cbb3-CcO. However, 

we showed that this strain actually possesses two cbb3-operons (ccoNOP-1 and ccoNOQP-2), 

encoding isoforms of cbb3-CcO (Cbb3-1 and Cbb3-2). In 2010, the structure of wild-type Cbb3-1 

purified from the native membranes was solved in our laboratory at a resolution of 3.2 Å. It 

revealed that, although the catalytic subunit of cbb3-CcOs shares similar features to the A- and 

B-family HCOs, significant differences considering electron transfer and proton translocation 

processes exist between the HCO superfamilies. The characteristics features of cbb3-CcOs have 

been studied in several Gram-negative bacteria; however, less emphasis has been placed on the 
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isoform-specific differences. Therefore, the study in hand focuses on a detailed examination of 

isoform-specific properties of cbb3-CcOs and persues three major objectives: (i) to establish a 

homologous expression system for the two P. stutzeri cbb3-isoforms; (ii) to characterize both 

isoenzymes by biochemical and biophysical analyses; (iii) to investigate the natural electron 

donor(s) of the two cbb3-isoforms. 

(i) Construction of a homologous expression system for the separate isolation 
of both cbb3-isoforms from P. stutzeri ZoBell. 

At the beginning of this work, no genome sequence data were available for P. stutzeri ZoBell. To 

determine the authentic nucleotide sequences of the cbb3-operon, a series of primers was designed, 

which was based on the highly conserved regions identified by comparison of the published 

genome sequences from several related Pseudomonas species. The sequence data showed that 

P. stutzeri ZoBell possess two independent cbb3-operons, and the two cbb3-operons are tandemly 

arranged in a 7-kb segment of the genome. Both cbb3-operons contain the three structural genes 

for the subunits CcoN, CcoO and CcoP, whereas the gene ccoQ is only present in the second 

cbb3-operon. The amino acid sequence identities of the two cbb3-isoforms are very high and 

amount to 87% for subunit CcoN, 97% for subunit CcoO and 63% for subunit CcoP. Due to the 

high homology between Cbb3-1 and Cbb3-2, both wild-type isoforms are usually found as a 

mixture in the same chromatographic fractions during the purification process. Although the 

wild-type Cbb3-1 has been successfully purified to homogeneity from the native membranes of 

P. stutzeri by four chromatographic steps, the isolation of Cbb3-2 from the protein mixture was not 

achieved.  

To enable a detailed investigation and comparison of the two cbb3-isoforms from P. stutzeri, a 

homologous expression system was developed in this work. A homologous expression would be 

preferable due to the availability of various proteins involved in the maturation and assembly of a 

fully functional cbb3-CcO. However, the construction of such a system is quite challenging due to 

the lack of basic physiological and microbiological knowledge of P. stutzeri ZoBell and to the 

scarcity of appropriate tools for the genetic manipulation. Despite the difficulties, two deletion 

strains (ΔCbb3-1 and ΔCbb3-2) were constructed by double homologous recombination using a 

newly developed suicide plasmid. One unique feature of this suicide plasmid is the application of 

the enhanced green fluorescent protein as a second selection marker, which greatly simplifies the 

screening procedures. For recombinant expression, a series of pBBR-based expression vectors was 

constructed and tested. These vectors differ from each other in terms of location and type of tags, 

regulatory elements and isoforms. As the expression of the cbb3-isoforms was found to be 

interdependent, the presence of both cbb3-operons in the strain was necessary. Therefore, the 
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respective recombinant isoform was expressed from the corresponding P. stutzeri deletion strain, 

which contained one cbb3-operon in the genome and the previously deleted operon on an 

expression vector with an additional affinity tag. Isolation of the individual cbb3-isoforms was 

achieved by affinity chromatography, and both isoenzymes were purified to homogeneity by three 

chromatographic steps. Promoter replacement was used to increase the expression level of Cbb3-2, 

and a typical yield of both purified recombinant cbb3-isoforms was 2 to 4 mg per liter of culture 

medium. The identity of both cbb3-isoforms was confirmed by peptide mass fingerprinting (PMF) 

of trypsin/chymotrypsin-digested cbb3-CcO samples, using a combination of nLC-ESI- and 

nLC-MALDI-TOF mass spectrometry (MS). In addition, the MS data excluded the formation of a 

chimeric form of the cbb3-CcO. 

(ii) Characterization of the two cbb3-isoforms. 

The results obtained in this work show that the two cbb3-isoforms share a very high degree of 

similarity in their biochemical and biophysical properties.  

The oligomeric state of the two purified recombinant cbb3-isoforms was evaluated by blue native 

polyacrylamide gel electrophoresis (BN-PAGE). Both isoforms appeared as a single band with an 

apparent size of 165 kDa, which suggested that the two cbb3-isoforms are monomeric. 

Ultraviolet/visible (UV/Vis) spectroscopy was used to study the cofactors of cbb3-CcOs. The 

oxidized, reduced and reduced-minus-oxidized difference spectra of both recombinant 

cbb3-isoforms are well consistent with the results observed with the wild-type Cbb3-1, which 

indicated a proper assembly of heme and metal centers. A comparison of the secondary structural 

content of the two cbb3-isoforms was carried out by using circular dichroism (CD) spectroscopy, 

and identical CD spectra were obtained for both cbb3-isoforms. Additionally, Fourier transform 

infrared (FTIR) spectroscopy was applied to characterize the recombinant cbb3-CcOs. Both 

isoforms showed similar spectroscopic characteristics.  

The oxygen reductase activity of both cbb3-isoforms was measured polarographically with a 

Clark-type oxygen electrode and an artificial electron-donating system (ascorbate and N,N,N',N'- 

tetramethyl-p-phenylenediamine [TMPD]). Under conditions optimized for pH, ionic strength, and 

the molar ratio of ascorbate to TMPD, it was found that the purified recombinant Cbb3-1 and 

Cbb3-2 catalyze the reduction of oxygen at a rate comparable to the wild-type Cbb3-1, which 

indicated that the recombinant proteins produced in this work are fully active. Moreover, a 

non-linear dependence of enzyme activity of cbb3-CcO as a function of the concentration of 

TMPD was observed. The rates of oxygen reduction followed Michaelis-Menten kinetics with a 

Vmax value of about 4000 e-/s and a Km of 3.6 mM. Both values, obtained in the absence of 
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well-defined saturation, are unusually high and may not represent true kinetic parameters. 

Nevertheless, it could be safely concluded that the P. stutzeri cbb3-CcO can catalyze the reduction 

of oxygen at a rate of at least 2000 e-/s. To date, this is the highest activity reported for a 

cbb3-CcO. Such a high activity may reflect that the three c-type hemes in the subunit CcoO and 

CcoP provide multiple electron entry sites and can react with TMPD. It also suggests that electron 

transfer in the cbb3-CcO is more efficient than that in aa3-CcO under these in vitro assay 

conditions. In addition to the oxygen reductase activity, the catalase side reaction of cbb3-CcOs 

was measured. This assay shows no significant difference in catalase activity, neither between 

wild-type and recombinant proteins nor between Cbb3-1 and Cbb3-2. Furthermore, the observed 

catalase activity of cbb3-CcO is comparable to that of the wild-type aa3-CcO from Paracoccus 

denitrificans. 

To contribute to a better understanding of the electron transfer processes in cbb3-CcO, UV/Vis 

redox titrations were carried out to determine the midpoint redox potentials of heme cofactors in 

the two cbb3-isoforms. For the three c-type hemes, the redox potentials are too close to be 

distinguished, therefore, only one value can be determined for each cbb3-isoforms (155 mV for 

Cbb3-1 and 185 mV for Cbb3-2). These results imply that all three c-type hemes exhibit His/Met 

axial coordination. Among the five hemes of cbb3-CcO, the highest redox potential was obtained 

for the low-spin heme b (+263 mV for Cbb3-1 and +278 mV for Cbb3-2). The high-spin heme b3 

has a low potential (+132 mV for Cbb3-1 and +158 mV for Cbb3-2). 

A high similarity between two cbb3-isoforms was experimentally confirmed; even so, a number of 

differences was observed. DNA sequence analysis revealed that the promoters of the two 

cbb3-operons contain different regulatory elements. A consensus arginine nitrate regulation (ANR) 

binding site is only present in the promoter region of the operon ccoNOP-1. Under microaerobic 

growth conditions, the yield of Cbb3-1, which is expressed under this ANR-dependent promoter, 

was 6- to 8-fold higher than that of Cbb3-2. These results indicate that both cbb3-isoforms have 

different energetic and regulatory roles. Another difference between both cbb3-isoforms is the 

subunit composition concerning the presence/absence of the CcoQ subunit. PMF analysis revealed 

that CcoQ is associated with Cbb3-2, yet not with Cbb3-1. This absence of CcoQ in Cbb3-1 might 

be a consequence of the fact that this isoform is mainly expressed at low oxygen tensions, i.e., 

CcoQ is not required to protect the core complex from the oxygen-induced instability and 

degradation. A significant difference regarding the thermal stability could be observed between 

both cbb3-isoforms. Although for either cbb3-isoform, a two-step temperature-dependent 

denaturation was observed using differential scanning calorimetry (DSC), the DSC results show 

that Cbb3-1 is more stable than Cbb3-2. The total calorimetric enthalpy change of recombinant 
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Cbb3-1 (2,016 KJ mol-1) is higher than that of Cbb3-2 (1,556 KJ mol-1). Furthermore, Cbb3-2 

denatures 10°C earlier in comparison to the recombinant Cbb3-1.  

Mutagenesis studies were performed to examine the functional importance of two highly 

conserved active-site residues: Y251 and E323. The redox active tyrosine (Y251) is known to be 

covalently linked to one of the three histidine ligands of CuB, and is considered to play an 

important role in the catalytic activities of CcOs. In the cbb3-CcOs, this critical tyrosine (Y251) is 

located in a different helix compared with the A- and B-type CcOs. The variants Y251F and 

Y251A were created to prevent the enzymatic formation of the tyrosine radical, whereas the 

double variants Y251A/I252Y and Y251A/G211Y were designed to test the possibility that the 

His-Tyr cross-link could be restored if this tyrosine residue was present in an alternative location. 

All four variants were inactive in the oxygen reducatse activity assay. E323 is a residue that forms 

hydrogen bonds to the histidine ligand of the heme b3. It was found that the enzymatic activity was 

completely abolished when E323 was replaced by an alanine (E323A) or a glutamine (E323Q) 

residue, whereas the variant E323D retains about 40% of the wild-type oxidase activity. �

(iii) Identification and characterization of the natural electron donor of P. 
stutzeri cbb3-CcOs. 

Understanding the physiological significance and differences of both cbb3-isoforms requires the 

identification of their endogenous electron donor(s). In P. stutzeri, however, the endogenous 

electron donor was not known. Based on the search for the heme c binding motif and homology 

analyses, 16 proteins were predicted to be c-type cytochromes. Cytochromes c4, c5, c551 and c552 

were considered as potential candidates because they could be detected and isolated from 

aerobically grown cells. They were cloned from the genome of P. stutzeri, and heterologously 

expressed in Escherichia coli. However, only cytochrome c4, c5, and c551 could be successfully 

expressed at relatively high levels and were purified to homogeneity using three chromatographic 

steps. UV/Vis spectroscopy and electrochemical measurements were employed to show that these 

recombinant cytochromes c exhibit spectroscopic and electrochemical properties identical to the 

native proteins. 

The three recombinant cytochromes c (c4, c5, and c551) were tested for their ability to serve as 

natural electron donors for both cbb3-isoforms. Therefore, cytochrome c-dependent oxidase 

activity was measured polarographically in the presence of reduced cytochrome c and ascorbate. 

Our results indicate the following significant findings: (i) Interaction between the cbb3-CcO and 

cytochrome c is an ionic strength-dependent process. (ii) All three cytochromes can clearly donate 

electrons to the two cbb3-isoforms, however, at different rates. The highest rate of oxygen 
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reduction was obtained when 100 µM reduced cytochrome c4 was used (e.g., approx. 500 e-/s for 

the wild-type Cbb3-1). The turnover rates measured with cytochrome c551 are comparable to those 

found with cytochrome c4 (80 to 90%), while the ones observed with cytochrome c5 are reduced by 

about 80%. These results show that both cytochrome c4 and c551 can serve as efficient endogenous 

substrates for the cbb3-CcOs from P. stutzeri, whereas cytochrome c5 is a poor electron donor. 

Furthermore, the results of electrochemical measurements suggest that the relatively high reaction 

rate observed with cytochrome c4 and c551 may be attributed to the fact that both cytochromes 

harbor at least one low-potential heme c. In contrast, cytochrome c5 has a high redox potential, 

which may hinder the electron transfer to the cbb3-CcOs. (iii) The fit of the data shows an 

unexpected linear dependence of the oxidase activity on the concentration of reduced cytochromes 

c (20 to 100 mM). Due to the lack of saturation, the kinetic parameters could not be determined. 

(iv) Measurements performed with two eukaryotic cytochromes c (from yeast and horse heart) 

show that both proteins are not effective as electron donors for the two P. stutzeri cbb3-CcOs. 

In addition to the difference in turnover rates observed with three endogenous cytochromes c, 

significant differences between the two cbb3-isoforms were also found. Catalytic activities 

measured for the Cbb3-2 were reduced by about 70% when compared with Cbb3-1. Inferring from 

the amino acid sequences and a surface charge calculation based on the X-ray structure of Cbb3-1 

as well as a model of Cbb3-2, we propose that potential structural changes and surface charge 

differences, which occur in the solvent exposed domains of subunits CcoP-1 and CcoP-2, can be 

considered as a major factor responsible for the difference of substrate specificity between both 

cbb3-isofroms. 

In conclusion, this work, for the first time, gives a comprehensive characterization and comparison 

of the two isoforms of cbb3-CcO from any bacterium, here from P. stutzeri ZoBell. The two 

purified cbb3-isoforms share a high degree of similarity in terms of their biochemical and 

biophysical properties. On the other hand, differences were observed in respect to subunit 

composition, thermal stability, substrate specificity, and regulation of the expression of both 

cbb3-CcOs. Certainly, this work offers perspectives for future functional and structural studies on 

the two isoforms of cbb3-CcO. 
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Kurzzusammenfassung 

Die cbb3-Typ Cytochrom-c-Oxidasen (cbb3-CcOs) bilden die zweitgrößte Familie innerhalb der 

Häm-Kupfer-Oxidasen-Superfamilie. Sie sind evolutionär am weitesten von den mitochondrialen 

aa3-Oxidasen entfernt. Sie sind im Bakterienreich weit verbreitet, kommen aber hauptsächlich in 

Proteobakterien vor. Die cbb3-Oxidasen katalysieren in einer gekoppelten Reaktion die Reduktion 

von molekularem Sauerstoff zu Wasser und den Transport von Protonen über die bakterielle 

Cytoplasmamembran. Cbb3-Oxidasen werden hauptsächlich bei niedrigen Sauerstoff- 

konzentrationen exprimiert und weisen eine hohe Affinität zu Sauerstoff auf. Bekannt ist die 

Bedeutung der cbb3-Oxidasen für Stickstoff fixierende Bakterien. Überdies kommt ihnen als 

einzige terminale Oxidase in einigen pathogenen Bakterien eine Schlüsselrolle bei der Besiedlung 

sauerstoffarmer Gewebe zu. 

Entgegen früherer Studien wurde in dieser Arbeit gezeigt, dass das Gamma-Proteobakterium 

Pseudomonas stutzeri ZoBell zwei unabhängige cbb3-Operons (ccoNOP-1 und ccoNOQP-2) 

besitzt, die für zwei cbb3-Isoformen (Cbb3-1 und Cbb3-2) kodieren. In der Abteilung Molekulare 

Membranbiologie des MPI für Biophysik konnte das Cbb3-1 Wildtypenzym aus nativen 

Membranen aufgereinigt und die Struktur mit einer Auflösung von 3,2 Å bestimmt werden. Die 

Struktur offenbarte signifikante Unterschiede in Bezug auf Elektronentransfer und 

Protonentranslokation im Vergleich mit anderen Oxidase-Familien.  

Cbb3-Oxidasen wurden bereits in verschiedenen Bakterien untersucht, jedoch wurde bis zum 

jetztigen Zeitpunkt wenig Augenmerk auf die isoformspezifischen Unterschiede gelegt. Bevor 

detaillierte Studien erfolgen konnten, mussten zuvor beide cbb3-Isoformen getrennt voneinander 

isoliert werden können, was aufgrund der hohen Sequenzhomologie aus dem Wildtyp von P. 

stutzeri nicht möglich ist. In dieser Arbeit wurde ein homologes Expressionssystem in P. stutzeri 

ZoBell etabliert, das eine spezifische Isolierung beider Isoformen ermöglicht. Zur Deletion der 

beiden chromosomalen cbb3-Operons durch homologe Rekombination wurde ein neues 

EGFP-basierendes „Suicide-Plasmid“ entwickelt. Die rekombinanten cbb3-Isoformen konnten 

danach in dem jeweiligen Deletionsstamm mit einem Affinitätsanhängsel homolog exprimiert 

werden. Die Identität beider cbb3-Isoformen wurde mittels Peptidmassenfingerprint-Analyse 

bestätigt. Die funktionelle und strukturelle Charakterisierung der cbb3-Isoformen erfolgte mithilfe 

von biochemischen und biophysikalischen Methoden, wie z.B. UV/Vis Spektroskopie, 

Circulardichroismus Spektroskopie, dyamischer Differenzkalorimetrie, Fourier-Transform- 

Infrarotspektroskopie, elektrochemischen Messungen sowie Sauerstoffreduktase- und Katalase- 
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Aktivitätsmessungen. Die Ergebnisse zeigten, dass die beiden cbb3-Isoformen eine große Anzahl 

von Ähnlichkeiten aufweisen. Allerdings wurden auch einige Unterschiede in Bezug auf 

Untereinheitenzusammensetzung, thermale Stabilität, Substratspezifität und Regulation der 

Expression zwischen beiden cbb3-Oxidasen festgestellt.  

Die Sauerstoffreduktase-Aktivität der cbb3-Isoformen wurde polarographisch mittels einer 

Sauerstoffelektrode und eines artifiziellen Elektronendonor-Systems (Na-Ascorbat und N,N,N',N'- 

Tetramethyl-p-phenylendiamin [TMPD]) gemessen. Nach Optimierung der Bedingungen für den 

pH-Wert, die Ionenstärke und das molare Verhältnis von Na-Ascorbat zu TMPD konnten für die 

aufgereinigten rekombinanten Proteine Cbb3-1 und Cbb3-2 Sauerstoffreduktase-Aktivitäten 

gemessen werden, welche denen der nativen Cbb3-1 ähneln. Interessanterweise wurden eine hohe 

Umsatzrate von mindestens 2000 e-/s und eine hohe Michaelis-Menten-Konstante (Km ~ 3.6 mM), 

für beide cbb3-Oxidasen ermittelt. Dies ist die höchste Aktivität, die bisher für eine cbb3-CcO 

gemessen wurde. Zusätzlich zur Sauerstoffreduktase-Aktivität wurde die Aktivitätmessung der 

Katalase-Nebenreaktion durchgeführt. Es konnten keine signifikanten Unterschiede in der 

Katalase-Aktivität zwischen der nativen Cbb3-1 und den rekombinanten Proteinen Cbb3-1 und 

Cbb3-2 nachgewiesen werden.  

Um die nativen Elektronendonoren der cbb3-CcO zu untersuchen, wurden drei c-Typ Cytochrome 

c4, c5 und c551 aus P. stutzeri kloniert und heterolog in Escherichia coli exprimiert. Die 

rekombinanten Cytochrome wurden bis zur Homogenität aufgereinigt und wiesen identische 

spektroskopische und elektrochemische Eigenschaften wie die entsprechenden Wildtyp-Proteine 

auf. Es konnte gezeigt werden, dass die Cytochrome c4 und c551 als effiziente native Substrate für 

die cbb3-CcO dienen, während Cytochrom c5 ein schwacher Elektronendonor ist. Dabei sind die 

katalytischen Aktivitäten, die für die rekombinante Cbb3-2 gemessen wurden, im Vergleich zur 

rekombinanten Cbb3-1 bis auf 30% reduziert. Diese Ergebnisse weisen auf unterschiedliche 

Substratspezifitäten beider cbb3-Isoformen hin.  

Mit dieser Arbeit ist erstmals eine umfangreiche Charakterisierung beider Isoformen der cbb3-CcO 

von P. stutzeri ZoBell gelungen. Das etablierte Expressionssystem dient als grundlegende Basis 

für zukünftige funktionelle und strukturelle Studien.   
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Abstract 

The cbb3-type cytochrome c oxidases (cbb3-CcOs) constitute the second most abundant family of 

the heme-copper terminal oxidases (HCOs) and are most distantly related to the mitochondrial 

aa3-CcOs. They are found exclusively in bacteria, especially in proteobacteria. The cbb3-CcOs 

catalyze the reduction of oxygen to water and couple this reaction to the generation of a proton 

electrochemical gradient across the bacterial cytoplasmic membrane. They are often expressed 

under low oxygen tension and have a high apparent affinity for oxygen. As a consequence, 

cbb3-CcOs are required for diazotrophs to sustain nitrogen fixation and are crucial for the 

colonization of oxygen deficient tissues by many human pathogens. 

It has previously been reported that the gamma-proteobacterium Pseudomonas stutzeri ZoBell 

possesses only one ccoNOQP operon coding for cbb3-CcO. In this work, we showed that this 

strain actually possesses two independent cbb3 operons encoding two isoforms of cbb3-CcO 

(Cbb3-1 and Cbb3-2) In our laboratory, the wild-type Cbb3-1 was purified from the native 

membranes and its structure was determined at 3.2 Å resolution. This structure revealed significant 

differences in the electron transfer and proton translocation processes among the three families of 

HCO. 

Although cbb3-CcOs have been studied functionally in several bacteria, less emphasis has been 

placed on the isoform-specific differences between the cbb3-CcOs. As a prerequisite for a detailed 

investigation, both isoforms must be isolated separately. However, this is difficult due to the high 

homology between Cbb3-1 and Cbb3-2. Therefore, in this work, we established a homologous 

expression system in P. stutzeri ZoBell, which allows the specific isolation of each of the two 

cbb3-isoforms. To delete each of the two chromosomal cbb3 operons by homologous 

recombination, a novel EGFP-based suicide plasmid was constructed. Both recombinant 

cbb3-isoforms were homologously expressed from a plasmid in the corresponding deletion strain 

and purified to homogeneity by affinity chromatography. The identity of both isoforms was 

confirmed by peptide mass fingerprinting analysis. Functional and structural characteristics of the 

two cbb3-isoforms were carefully investigated by using different biochemical and biophysical 

techniques, including UV/Visible spectroscopy, circular dichroism spectroscopy, differential 

scanning calorimetry, Fourier transform infrared spectroscopy, electrochemical measurement as 

well as oxygen reductase and catalase activity measurements. Our data show that the two 

cbb3-isoforms share a very high degree of similarity. On the other hand, differences were observed 

in respect to subunit composition, thermal stability, substrate specificity, and regulation of the 
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expression of both cbb3-CcOs. 

The oxygen reductase activity of both cbb3-CcOs was first measured using an artificial 

electron-donating system (ascorbate and N,N,N',N'-tetramethyl-p-phenylenediamine [TMPD]). We 

found that TMPD can directly donate electrons to both cbb3-CcOs, and both recombinant isoforms 

catalyze the reduction of oxygen at a rate similar to the wild-type Cbb3-1. Interestingly, a 

surprisingly high turnover of at least 2,000 e-/s and a high Michaelis-Menten constant (Km ~ 3.6 

mM) were characteristic for both cbb3-CcOs. To date, this is the highest activity reported for a 

cbb3-CcO. In addition, the catalase side reaction of cbb3-CcO was measured. This assay shows no 

significant difference, neither between wild-type and recombinant proteins nor between Cbb3-1 

and Cbb3-2. 

To investigate the natural electron donor(s) of cbb3-CcOs, three cytochromes c (c4, c5 and c551) 

from P. stutzeri were cloned and expressed heterologously in Escherichia coli. The recombinant 

cytochromes c were purified to homogeneity, and exhibited spectroscopic and electrochemical 

properties identical to the wild-type proteins. It could be shown that cytochrome c4 and c551 are 

very likely the natural substrates for both cbb3-isoforms, whereas cytochrome c5 is not a good 

substrate. In addition, these three endogenous cytochromes c can only support the activity of 

Cbb3-2 to a level of 30%, when compared to the Cbb3-1. This finding indicates that both 

cbb3-isoforms exhibit differences in substrate specificity. 

In conclusion, the results of this work provide, for the first time, a comprehensive characterization 

of the two isoforms of cbb3-CcO from any bacterium, here from P. stutzeri ZoBell. The 

established expression system will also serve as a solid and convenient platform for future 

functional and structural studies. 

�
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Abbreviations and Symbols 

In this work amino acids are abbreviated in one- or three-letter codes according to the IUPAC 

rules for the nomenclature. Other abbreviations and symbols that appear more than once are listed 

in the following table. 

Table A: Chemical abbreviations. 
Abbreviation Name 
AAs amino acids 
ADP adenosine-5'-diphosphate 
AP alkaline phosphatase 
APS ammonium persulfate 
ATP adenosine-5'-triphosphate 
BCA bicinchoninic acid 
BCIP 5-bromo-4-chloro-indolyl-phosphatase 
ddH2O double-distilled water (=Milli-Q ultrapure water, Millipore) 
dNTP deoxyribonucleotide triphosphate 
DDM (=LM) n-dodecyl-β-D-maltoside 
DMSO dimethyl sulfoxide 
DMF N,N-dimethylformamide 
DNA deoxyribonucleic acid 
EDTA ethylendiaminetetracetic acid 
EtBr ethidium bromide 
EtOH ethanol 
HABA 2-(4'-hydroxy-benzeneazo)-benzoic acid 
HAc acetic acid 
HEPES 4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid 
IPTG isopropyl β-D-1-thiogalactopyranoside 
β-ME 2-mercaptoethanol 
MeOH methanol 
MES 2-(N-morpholino)-ethanesulfonic acid 
MOPS 3-(N-morpholino)-propanesulfonic acid 
NADH nicotinamide adenine dinucleotide 
NBT nitro blue tetrazolium 
Ni-NTA nickel nitrilotriacetic acid 
Pefabloc (=AEBSF) 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride 
PVDF polyvinylidene difluoride 
RNA ribonucleic acid 
SDS sodium dodecyl sulfate 
TEMED N,N,N',N'-tetramethylethylenediamine 
TMBZ 3,3',5,5'-tetramethylbenzidine 
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TMPD N,N,N',N'-tetramethyl-p-phenylenediamine 
Tris tris-hydroxymethyl-aminomethane 
X-Gal 5-bromo-4-chloro-3-indolyl β-D-galactopyranoside 

 

Table B: Biological, biochemical and biophysical abbreviations. 
Abbreviation Name 
AOX alternative oxidase 
AXXX absorbance at xxx nm 
BN blue-native 
CcO (=COX) cytochrome c oxidase 
CD circular dichroism 
CFU colony-forming unit 
CMC critical micelle concentration 
CV column volumes 
ΔH enthalpy change 
DNase deoxyribonuclease 
DSC differential scanning calorimetry 
EGFP enhanced green fluorescent protein 
EPR electron paramagnetic resonance 
ESI electrospray ionization 
FTIR fourier transform infrared spectroscopy 
FV antibody variable domain fragment 
Fw forward (primer design)�
HCO heme-copper oxidase 
HPLC high-performance liquid chromatography 
IMAC immobilized-metal affinity chromatography 
Km Michaelis–Menten constant 
MALDI matrix-assisted laser desorption/ionization 
MS mass spectroscopy  
MW molecular weight 
MWCO (≈NMWL) molecular weight cut off (≈nominal molecular weight limit) 
nLC nanoscale liquid chromatography 
NOR nitric oxide reductase 
ODXXX optical density at xxx nm 
ORF open reading frame 
ORI (ori) origin of replication 
RCF (× g) relative centrifugal force  
rec. recombinant 
PAGE polyacrylamide gel electrophoresis 
PCR polymerase chain reaction 
pI isoelectronic point 
PMF peptide mass fingerprint 
QOX quinol oxidase 
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rec. recombinant 
Rev reverse (primer design) 
RNase ribonuclease 
SHE standard hydrogen electrode 
Tm transition temperatur 
TMH transmembrane helix 
TOF time-of-flight 
UQ oxidized form of quinone 
UQH2 reduced form of quinone, also hydroquinone or quinol 
UV/Vis ultraviolet/visible 
Vmax the maximum reaction velocity 
wt. wildtype 

 

Table C: Abbreviations of units and other general abbreviations. 
Abbreviation/Symbol Name 
3D three-dimensional 
Å angstrom 
approx. approximate 
bp base pair(s) 
°C degree celsius 
conc. concentration 
ε extinction coefficient 
e.g. exempli gratia (latin), for example (english) 
et al. et alii (latin), and others (english) 
J joule 
l liter 
min minute 
Pa Pascal 
psi pound per square inch 
rpm revolutions per minute 
RT room temperature 
σ standard deviation 
sec second 
V volt 
vs. versus (latin), against (english) 
v/v volume/volume 
w/v weight/volume 
w/w weight/weight 

 

 



ABBREVIATIONS AND SYMBOLS 

 xxx 

 

 

 

 



1. INTRODUCTION 

 1 

1 Introduction 

All living organisms are open systems that require a continuous influx of free energy to maintain a 

highly ordered state. Phototrophs capture the light energy from the sun, whereas chemotrophs 

acquire their energy by oxidizing chemical substances. In cellular respiration, the heterotrophic 

nutrients are degraded into energy-depleted end products. During this catabolic process, the stored 

chemical energy can be released by oxidative metabolism in the form of adenosine-5'-triphosphate 

(ATP) that powers most of the energy-consuming cellular activities. 

1.1 Oxidative phosphorylation and electron transport 

 ATP and oxidative phosphorylation 1.1.1

Adenosine-5'-triphosphate (ATP) is the primary energy carrier of life that couples endergonic and 

exergonic reactions in all known organisms. ATP can be hydrolyzed to adenosine-5'-diphosphate 

(ADP) and inorganic phosphate (Pi). The cleavage of the terminal phosphoanhydride bond is 

highly exergonic (ΔG'° ≈ -30.5 kJ/mol), because one hydrolysis product, the orthophosphate group 

(HPO4
2-), is greatly resonance-stabilized and therefore contains less free energy than the reactant 

(ATP). During metabolic processes, ATP provides energy for most thermodynamically 

unfavorable reactions by the transfer of a phosphate-containing moiety (such as a phosphoryl 

group) to a substrate molecule, rather than by being directly hydrolyzed (Nelson and Cox 2000).  

Since large amounts of ATP are required to maintain the metabolic activities, the limited stores of 

intracellular ATP must be replenished. In aerobic nonphotosynthetic organisms, generation of ATP 

is mainly accomplished through two types of processes: substrate-level phosphorylation and 

oxidative phosphorylation. The substrate-level phosphorylation is the synthesis of ATP by the 

direct transfer of a phosphoryl group from a phosphorylated reactive intermediate to ADP, which 

commonly occurs during the early stages of carbohydrate catabolism, including glycolysis and 

citric acid cycle. Production of ATP using energy from other high-energy compounds is less 

efficient.  

In contrast, ATP is mainly produced by oxidative phosphorylation, which occurs in the last stage 

of aerobic cellular respiration. During oxidative phosphorylation, reduced electron carriers 

(NADH & FADH2), which are produced predominantly by the citric acid cycle and the β-oxidation 

of fatty acids, are oxidized. The electrons are transferred through a series of redox active, 

membrane-integral protein complexes until they reach the ultimate electron acceptor, molecular 
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oxygen (O2). In this process, electron transfer is coupled to proton (ion) translocation across the 

mitochondrial inner membrane or the bacterial cytoplasmic membrane. The free energy of 

substrate oxidation is sequentially released and stored in an electrochemical proton (ion) gradient, 

also known as the proton (ion)-motive force (pmf or imf). The pmf is then used by the 

FOF1-ATP-synthase to synthesize ATP from ADP and Pi. This conversion of redox energy into 

transmembrane electrical and proton gradients and finally into chemical energy stored in ATP was 

first postulated by Peter Mitchell in 1961, and is known as the chemiosmosis theory (Mitchell 

1961). 

 The electron transport chain 1.1.2

The generalized model of the electron transport chain (ETC), also known as the respiratory chain, 

consists of four membrane-embedded protein complexes (complex I-IV) containing redox-active 

cofactors (Saraste 1999). Within the ETC, electrons flow stepwise from low redox potential donors 

(-320 mV for NADH/NAD+) to high redox potential acceptors (+815 mV for O2/H2O), which 

allows the free energy to be released continuously and in small increments. Among the four 

protein complexes, electron transport is mediated by two mobile electron carriers: a 

membrane-diffusible ubiquinone and a water-soluble cytochrome c. 

Complex I (NADH:ubiquinone oxidoreductase or NADH dehydrogenase) is the electron entry 

point in the respiratory electron transport chain. It catalyzes the oxidation of NADH, transfers two 

electrons through flavin mononucleotide (FMN) and multiple iron-sulfur clusters to ubiquinone 

(Brandt 2006). The electron transfer is coupled to the pumping of protons with a stoichiometry of 

3 to 4 H+/2 e- (Wikström and Hummer 2012). Mitochondrial complex I is one of the largest known 

membrane protein assemblies and is comprised of 46 subunits with a molecular weight of approx. 

1,000 kDa (Hirst et al., 2003). It has an L-shaped structure formed by a peripheral arm containing 

all the prosthetic groups and a hydrophobic arm residing in the membrane (Efremov et al., 2010; 

Hunte et al., 2010). Recently, the structure of the whole complex I from Thermus thermophilus has 

become available (Baradaran et al., 2013). However, the molecular mechanism whereby the redox 

reaction couples to proton pumping is still unknown (Hirst 2013). 

Complex II (succinate:ubiquinone oxidoreductase or succinate dehydrogenase) is the only 

membrane-bound component of the citric acid cycle and forms a second electron entry point into 

the ETC. Complex II oxidizes succinate to fumarate while reducing ubiquinone to ubiquinol. The 

electrons are transferred first to flavin adenine dinucleotide (FAD), then through three iron-sulfur 

clusters to ubiquinone. In contrast to the other three complexes, complex II is not a proton pump 

(Cecchini 2003; Yankovskaya et al., 2003; Maklashina and Cecchini 2010). 
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Figure 1-1: Schematic diagram of the electron transport chain within the mitochondrial inner 
membrane. The electron transport chain is composed of four redox-active membrane protein complexes 
(complex I-IV) that transfer electrons to the ultimate electron acceptor, molecular oxygen. Electron flow 
(blue arrows) is accompanied by proton pumping (red arrows) from matrix (N side) to intermembrane space 
(P side), generating an electrochemical gradient, which is utilized by FOF1-ATP synthase (complex V) to 
generate ATP. Together with cytochrome c, ubiquinone (Q) and its reduced form (ubiquinol, QH2) serve as 
mobile electron carriers. Structural representation of complex I-IV was generated using PDB entries 3M9S, 
1NEK, 3CX5 and 1QLE, respectively. This figure was kindly provided by Paolo Lastrico (MPI of 
Biophysics, Frankfurt am Main). 

 

Complex III (ubiquinone:cytochrome c oxidoreductase or bc1 complex) is the third member of 

the electron transport chain and has a homodimeric structure (Xia et al., 1997; Iwata et al., 1998; 

Lange and Hunte 2002). It couples the transfer of electrons from ubiquinol to oxidized cytochrome 

c with proton pumping. According to the Q-cycle mechanism (Mitchell 1976), ubiquinol 

undergoes a two-cycle and bifurcated oxidation, in which two separate active sites (Qo for the 

oxidation of ubiquinol and release of protons; Qi for the reduction of ubiquinone) are involved. 

During one complete Q-cycle, two ubiquinols are oxidized and therefore donate four electrons to 

complex III. Two electrons are transferred to the “Rieske” [2Fe-2S] center and from there via 

cytochrome c1 to the final electron acceptor cytochrome c. The other two electrons are transferred 

through the low potential heme bL to the high potential heme bH, where one ubiquinol is 

regenerated by a two-step rereduction and protonation of ubiquinone (Trumpower 1999; Crofts 

2004). In complex III, the reduction of cytochrome c and deprotonation of ubiquinol is 

accompanied by proton translocation. The stoichiometry is thermodynamically equivalent to 

2 H+/2 e- (Hinkle et al., 1991; Wikström and Hummer 2012). 

 



1. INTRODUCTION 

 4 

Complex IV (cytochrome c:oxygen oxidoreductase or cytochrome c oxidase) is the terminal 

enzyme in the ETC. It catalyzes the four-electron reduction of O2 to water and couples this 

reaction to the proton translocation across the membrane. In contrast to other members of ETC, 

complex IV does not generate any reactive oxygen species (ROS, including H2O2, O2
- and !HO) 

(Ludwig et al., 2001). The overall reaction is illustrated by the following equation: 
 

4!!"#. !!! + ! + 4 !!!! + !!! → 4!!"#. !!! + !!!!! + 2!!!!      (Eq. 1) 
 

These enzymes use O2 as an electron sink. O2 diffuses through the membrane to the catalytic 

center. During one catalytic cycle, four electrons are subsequently supplied by the reduced 

cytochromes c, which are located in the intermembrane space of mitochondria or bacterial 

periplasmic space (P side). Eight protons are taken from the mitochondrial matrix or bacterial 

cytoplasm (N side). Complex IV translocates eight charge equivalents across the membrane for the 

reduction of one molecule of O2, giving a thermodynamic stoichiometry of 4 H+/2 e- (Wikström 

1977; Wikström 1984; Hinkle et al., 1991). Complex IV is the main topic of this thesis. Therefore, 

more detailed aspects of the function and structure of this enzyme are shown in the following 

sections.  

Among the members of the ETC, three protein complexes (I, III and IV) are involved in proton 

translocation across the membrane and therefore contribute to the formation of pmf. Over the past 

decade, the interaction between respiratory complexes has been studied using blue-native 

polyacrylamide gel electrophoresis (Schägger and Pfeiffer 2000) and electron microscopy (Schäfer 

et al., 2007). Several supercomplex assemblies from different organisms have been characterized, 

e.g., bovine mitochondrial I1III2IV1 (Althoff et al., 2011) and plant mitochondrial I1III2 (Eubel et 

al., 2004). The presence of the supercomplex organization of the respiratory enzymes supports the 

solid-state model (Chance and Williams 1955), which assumes a more efficient electron transfer 

than that suggested by the random collision model (Hackenbrock et al., 1986). So far, no complex 

II has been found in the respiratory supercomplexes. 

In contrast to eukaryotes, the ETCs in bacteria are highly variable (Unden and Bongaerts 1997; 

Richardson 2000; Zannoni 2010). Different types of dehydrogenases can pass electrons into the 

ETC at the level of ubiquinone. Moreover, different terminal oxidases with different affinities for 

O2 are used to adapt to environmental changes.  
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1.2 Heme-copper terminal oxidases 

 Classification of heme-copper terminal oxidases 1.2.1

Heme-copper terminal oxidases (HCOs) are terminal enzymes of the aerobic respiratory chain. 

These enzymes catalyze the reduction of O2 to water and generally contribute to energy 

conservation. HCOs are quite diverse in terms of subunit composition, electron donor, heme type 

and proton pathways (García-Horsman et al., 1994; Hemp and Gennis 2008). According to their 

electron donors, they can be divided into two subgroups: the quinol oxidases (QOX) and 

cytochrome c oxidases (CcOs or COX). One major difference between QOX and CcOs is the lack 

of a CuA metal center in the hydrophilic domain of subunit II of QOX. In addition, QOX transfer 

electrons directly from ubiquinol to oxygen and therefore bypass complex III. 

Despite the high diversity, HCOs are characterized by the presence of a transmembrane catalytic 

subunit, which contains a low-spin heme (a or b) and a binuclear center composed of a high spin 

heme (a3, b3 or o3) and CuB. Six histidine residues, which are involved in the coordination of the 

three cofactors, are strictly conserved among the HCOs. Based on the similarity of amino acid 

sequences and constituents of the proton pathways in the core catalytic subunit, members of HCOs 

are phylogenetically classified into three major families: A-family (mitochondrial-like oxidases), 

B-family (ba3-like oxidases) and C-family (cbb3-like oxidases) (Pereira et al., 2001; Sousa et al., 

 

Figure 1-2: Classification of the heme-copper oxidase superfamily. The criteria used for the 
classification are indicated. Abbreviations are shown in parentheses. Alternative oxidases and bd oxidases 
are shown together because they are phylogenetically unrelated to the other members of heme-copper 
oxidase. 
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2011; Sousa et al., 2012).  

Among the HCOs, the A-family is the largest one and contains the best-studied members of the 

HCOs. It comprises the enzymes found in mitochondria and many bacteria. This family is 

characterized by the presence of at least two proton pathways, the D- and K-pathway. Protons are 

transferred through both pathways that connect the protein surface on the N side of the membrane 

with the catalytic reaction center. Based on the presence or absence of a conserved glutamate 

residue in the D-pathway, the A-family can be further divided into the A1- and A2-type (Pereira et 

al., 2001). A1-type HCOs are represented by the aa3-CcO from bovine mitochondria and from the 

α-proteobacterium Paracoccus denitrificans. In both enzymes, the D-pathway contains several 

hydrophilic residues ending at Glu278 (P. denitrificans numbering), which is considered to be 

crucial for the conformational change associated with the proton gating mechanism (Michel 1998; 

Dürr et al., 2008). Instead of this glutamate residue, the terminal end of the D-pathway in A2-type 

HCOs is functionally replaced by a so-called -YSHPXV- motif, which contains a conserved 

tyrosine and a conserved serine residue. Examples for the A2-type HCOs are the caa3-CcOs from 

Thermus thermophilus and Rhodothermus marinus (Srinivasan et al., 2005; Lyons et al., 2012). In 

addition, caa3-CcOs contain an extramembrane cytochrome c domain that is fused to its subunit II 

(van der Oost et al., 1991; García-Horsman et al., 1994). Despite the differences between A1 and 

A2, all members of the A-family HCOs are characterized by the presence of a redox-active 

tyrosine residue that is covalently cross-linked to one of the three-histidine ligands of CuB via a 

thioether bond, and by a proton-pumping stoichiometry of 1.0 H+/e- (Pereira et al., 2000; 

Brzezinski and Gennis 2008). 

The B-family HCOs, represented by the ba3-CcO from T. thermophilus, are found in archaea and 

bacteria. The members of this family have only one proton pathway (K-pathway analog), which is 

locationally similar to the K-pathway of A-family HCOs without sharing any sequence similarity 

(von Ballmoos et al., 2011). They use one single pathway for the transfer of both substrate and 

pumped protons, and a reduced stoichiometry of 0.5 H+/e- (Kannt et al., 1998; Han et al., 2011) 

compared to A-family HCOs was reported. The ba3-CcOs also contain the primary electron 

acceptor CuA in the periplasmic domain of subunit II. Like A-family HCOs, both amino acids of 

the cross-linked tyrosine-histidine motif are located on the same α-helix (Buse et al., 1999; 

Soulimane et al., 2000). Besides the oxygen reductase activity, B-family enzymes can also reduce 

nitric oxide (NO) to nitrous oxide (N2O) at low levels (Giuffrè et al., 1999). 

The C-family only comprises cbb3-CcOs, which are found exclusively in bacteria, especially in 

proteobacteria. The cbb3-CcOs differ from the other members of the HCO superfamily by having a 

distinctly different subunit composition and different redox centers. The cbb3-CcOs are discussed 

in detail in Chapter 1.3. 
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Nitric oxide reductases (NORs) share structural similarity and some common features with HCOs, 

and are therefore considered to be included into the HCO superfamily (van der Oost et al., 1994; 

Zumft 2005; Ducluzeau et al., 2009; Matsumoto et al., 2012). NORs can be divided into quinol 

dependent NOR (qNOR) and cytochrome c dependent (cNOR) with respect to their electron donor. 

Presently, there is no evidence that NORs can translocate protons across the membrane.  

Apart from the HCOs, alternative oxidases (AOX), bd oxidases and their homologues (e.g., 

cyanide-insensitive oxidase [CIO] from Pseudomonas aeruginosa) are also part of the electron 

transport chain (Borisov et al., 2011). AOX are significantly resistant to cyanide and found 

predominantly in mitochondria of higher plants and fungi (Vanlerberghe and McIntosh 1997). The 

bd oxidases are widely distributed prokaryotic quinol oxidases, which have a high affinity for 

oxygen (García-Horsman et al., 1994; D'mello et al., 1996). AOX and bd oxidases use ubiquinol 

as the electron donor to reduce molecular oxygen, and they do not pump protons. Since they show 

no sequence homology and structural relationship to each other nor to any members of the HCOs, 

they are not included in the taxonomic studies of HCOs. 

 Evolutionary origins of heme-copper terminal oxidases 1.2.2

To study the phylogenetic relationships among the members of HCOs, one of the most important 

considerations is the timing of transition from anoxic to oxic environments on Earth (around 2.5 

billion years ago). The earliest opinion was that aerobic respiration appeared after oxygenic 

photosynthesis, and the latter was performed by the ancestors of the cyanobacteria (Dickerson et 

al., 1976; Broda and Peschek 1979). This opinion was later revised, since the primitive HCOs are 

present in the common ancestors of archaea and bacteria, and the split between these two domains 

of life occurred before the development of the photosystem in cyanobacteria (Woese 1987; 

Castresana et al., 1994; Castresana et al., 1995; Castresana and Saraste 1995). 

Among the HCOs, it was proposed that the C-family HCOs evolved much earlier than A- and 

B-family enzymes, since C-family HCOs share relatively high structural and functional similarity 

to the NORs. The speculation of early divergence of C-family HCOs was further supported by the 

following biochemical observation: (i) the cbb3-CcOs are mainly expressed at low oxygen 

concentrations; (ii) they display higher NO reductase activity compared to the caa3- and ba3-CcOs 

(Giuffrè et al., 1999; Forte et al., 2001). In addition, the link between cbb3-CcOs and NORs 

suggested a single phylogenetic origin of HCOs (Castresana et al., 1994; García-Horsman et al., 

1994; Saraste and Castresana 1994).  

Recently, this scenario was challenged after subsequent analyses of the available complete 

genomes (Ducluzeau et al., 2008; Brochier-Armanet et al., 2009). Conversely, it was suggested 
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that the A-family enzymes are the most ancient members of the HCOs. It was also proposed that 

members of HCOs have multiple independent origins (Pereira et al., 2001). B-family enzymes 

likely originated from archaea and were transferred to bacteria by horizontal gene transfer (HGT), 

whereas cbb3-CcOs have a proteobacterial origin and therefore are more recent than A- and 

B-family HCOs (Brochier-Armanet et al., 2009).  

 Structure of heme-copper terminal oxidases 1.2.3

To date, crystal structures of all different types of HCOs are available, including cNOR and qNOR. 

A brief introduction to each representative is given in the following section. 

In 1995, the crystal structure of the aa3-CcO from P. denitrificans was first determined at 2.8 Å 

resolution (Iwata et al., 1995), followed by the metal center structure (Tsukihara et al., 1995) and 

the whole structure of the mitochondrial aa3-CcO from bovine heart (Tsukihara et al., 1996). Since 

then, several high-resolution structures have been published, which differ in terms of organism, 

redox-state, ligand binding and lipid binding (Ostermeier et al., 1997; Yoshikawa et al., 1998; 

Tsukihara et al., 2003; Qin et al., 2006; Koepke et al., 2009). The aa3-CcO from P. denitrificans is 

composed of four subunits, in which subunits I-III comprise the catalytic core and show functional 

and structural homology to the eukaryotic enzymes1 (Figure 1-3 A). Subunit I contains twelve 

transmembrane helices (TMHs) with a threefold rotational symmetry. It has three redox active 

metal centers, a low-spin heme a, a high-spin heme a3 and CuB. Oxygen reduction occurs at the 

heme a3-CuB binuclear center. There are two additional metal centers containing Mg2+ (or Mn2+) 

and Ca2+. The Mg2+/Mn2+ site is suggested to be involved in water exit from the reaction center 

and proton pumping (Schmidt et al., 2003; Sharpe et al., 2009), whereas the physiological function 

of the Ca2+ binding site is currently unclear (Pfitzner et al., 1999; Lee et al., 2002). 

Subunit II consists of two TMHs and a C-terminal globular domain, which is located on the P side 

of the membrane. The large hydrophilic domain is characterized by a ten-stranded β-barrel and 

harbors a mixed valence dinuclear CuA center. The CuA center functions as the primary electron 

acceptor of aa3-CcO that mediates the electron transfer from cytochrome c to the heme a. Several 

surface-exposed acidic residues near the CuA center are responsible for the electrostatic 

interactions forming the transient complex with cytochrome c (Witt et al., 1998; Drosou et al., 

2002; Maneg et al., 2004). Subunit III is composed of seven TMHs and does not contain any metal 

cofactors. The helices of subunit III are divided by a large V-shaped cleft into two bundles, and 

this cleft is occupied by lipid molecules (Michel et al., 1998; Qin et al., 2007). Subunit III might 

                                                        
1 The eukaryotic aa3-CcOs consist of three mitochondrially encoded core subunits (I, II and III) and up to 
ten nucleus-encoded subunits (10 in mammalian cells and up to 9 in yeasts). 
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be involved in the stabilization of the whole enzyme, and it is also proposed that the 

membrane-anchored cytochrome c552 might bind to the cleft (Iwata et al., 1995). Subunit IV 

contains one TMH with unknown function. Deletion of this subunit has no effect on the stability 

and activity of the enzyme (Witt and Ludwig 1997). 

The crystal structure of the caa3-CcO (A2-type HCO) (Figure 1-3 B) from T. thermophilus has 

been recently published (Lyons et al., 2012). It is composed of three subunits, namely, I/III, IIc 

and IV. The overall architecture of the caa3-CcO is similar to that of the aa3-CcO. However, 

several significant features are present in the current structure: (i) The core catalytic subunit I/III is 

a fusion of the classical subunit I and III, which is comprised of 19 TMHs. It harbors three redox 

active metal centers and one conserved Mg2+ binding site. Compared to the aa3-CcO, both low- 

and high-spin hemes are as type, which have a hydroxyethylgeranylgeranyl group instead of the 

hydroxyethylfarnesyl side chain (Lubben and Morand 1994; Lyons et al., 2012). (ii) Subunit IIc 

exists as a fusion of a cytochrome c domain and a classical subunit II containing the dinuclear CuA 

center (Mather et al., 1993). The covalently bound heme c is proposed to be the initial electron 

entry and exit site of the caa3-CcO. (iii) The structure analysis also showed that caa3-CcO has a 

previously unknown subunit IV. It consists of two TMHs and is located in the hydrophobic 

interface of subunit I/III (Lyons et al., 2012). 

 

 

(Figure continued on next page) 

(A) aa3 (B) caa3
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Figure 1-3: X-ray structures of different types of HCOs and NORs. (A) aa3-CcO from Paracoccus 
denitrificans; (B) caa3-CcO from Thermus thermophilus; (C) ba3-CcO from Thermus thermophilus; (D) 
cbb3-CcO from Pseudomonas stutzeri; (E) cNOR from Pseudomonas aeruginosa; (F) qNOR from 
Geobacillus stearothermophilus. The catalytic subunits of HCOs and NORs are shown in green. The 
catalytic subunit of caa3-CcO is a fusion of a canonical subunit I (green) and subunit III (light blue). 
Additional subunits are presented in red and blue. Copper ions are shown as blue spheres and hemes are 
represented as yellow sticks. cNOR and qNOR contain an iron atom (FeB, red) and a zinc atom (ZnB, dark 
blue) in the catalytic subunit instead of CuB, respectively. Coordinates were taken from PDB entries: 1QLE 
(aa3), 2YEV (caa3), 1XME (ba3), 3MK7 (cbb3), 3O0R (cNOR) and 3AYF (qNOR). 3D structural images 
were generated using the PyMOL software. 

 

(C) ba3 (D) cbb3

(E) cNOR (F) qNOR
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The crystal structure of ba3-CcO (Figure 1-3 C) from T. thermophilus was first obtained at 2.4 Å 

(Soulimane et al., 2000) and recently at 1.8 Å resolution (Tiefenbrunn et al., 2011). The ba3-CcO 

is composed of three subunits, I, II and IIa. Subunit I consists of thirteen TMHs, which is unique 

among the HCOs. The 13th helix does not superpose with any helix of the aa3-CcOs. Subunit I 

binds a heme b and heme as3-CuB binuclear center. Subunit II of ba3-CcO has only one TMH, 

which corresponds to the second helix of subunit II of aa3-CcO. The hydrophilic domain of 

subunit II also contains a dinuclear CuA center, which is the same as in the A-family HCOs. 

Subunit IIa is the smallest subunit with one TMH. This helix superposes with the first TMH of 

subunit II of aa3-CcO (Soulimane et al., 2000). 

The X-ray structure of the C-family cbb3-CcO (Figure 1-3 D) from Pseudomonas stutzeri was 

determined at 3.2 Å resolution in 2010, and shows significant structural differences to other HCOs 

(Buschmann et al., 2010). Since the cbb3-CcO is the major topic of this work, the structure of this 

enzyme is discussed in Section 1.4.2 in detail. 

NOR is closely related to the cbb3-CcOs. The first crystal structure of the bacterial cNOR (Figure 

1-3 E) was recently determined consisting of a small NorC and a large NorB subunit (Hino et al., 

2010). The NorB catalytic subunit shows strong structural homology to the subunit I of all CcOs. 

It contains twelve TMHs, two b-type hemes and a non-heme iron FeB center. Heme b3 and FeB 

form the binuclear active center where the reduction of NO takes place. In contrast to CuB of CcOs, 

FeB is coordinated not only by three histidine residues but also by a glutamate residue. The NorC 

subunit consists of one TMH and a globular hydrophilic domain, which contains a heme c. The 

proposed electron transfer pathway in cNOR from heme c to the active site is similar to the 

pathway of cbb3-CcO, which also has a covalently bound heme c in its CcoO subunit. Neither the 

D- nor the K-proton pathway was found in cNOR (Hino et al., 2010). 

The overall structure of qNOR (Figure 1-3 F) is similar to that of cNOR (Matsumoto et al., 2012). 

However, qNOR is a single-subunit enzyme consisting of fourteen TMHs and an α-helical 

hydrophilic domain that harbors no heme c. The qNOR has a potential hydrophilic channel 

delivering protons from the cytoplasm to the reaction center (Matsumoto et al., 2012; 

Salomonsson et al., 2012), whereas cNOR is thought to take the catalytic protons from the 

periplasmic side (Reimann et al., 2007; Hino et al., 2010).  

It should also be noted that one calcium-binding site, which is coordinated by two propionates of 

heme b and b3 in both cNOR and qNOR, is also characteristic for cbb3-CcOs. 

 

 



1. INTRODUCTION 

 12 

1.3 The aa3-type cytochrome c oxidase 

Since the aa3-CcOs are the best-studied members of the HCOs, an introduction regarding the 

catalytic reaction cycle, electron transfer process and the proton translocation of the aa3-CcOs is 

given in the sections below (1.3.1 – 1.3.3). Unless otherwise mentioned, the numbering system of 

the aa3-CcO from P. denitrificans is used. 

 The catalytic reaction cycle 1.3.1

The aa3-CcOs catalyze the reduction of oxygen with a high turnover rate, normally in the range of 

400 to 600 e-/s. During one complete catalytic cycle, the binuclear metal center (heme a3 iron and 

CuB) undergoes different redox state changes, involving several catalytic intermediates (Figure 

1-4). Two of these intermediates, the P (“peroxy”) and F (ferryl) states, were first discovered by 

Wikström in 1981 by reversing the electron transfer in mitochondria (Wikström 1981). Based on 

these findings and the subsequent investigation of the proton pumping, the first model of the 

catalytic cycle was developed, in which proton pumping only occurs during the oxidative phase, 

i.e., during the transition from P to F and from F to O (oxidized) (Wikström 1989). This model 

suggested that the first two electron transfer steps (O to E [electronated] and E to O) are not 

coupled to any proton translocation across the membrane. In 1999, Michel proposed a modified 

model (Michel 1999) with consideration of the electroneutrality principle (Mitchell and Rich 1994; 

Rich 1995). By following this principle, each of the four electron transfer steps in the catalytic 

cycle is accompanied by the uptake of one proton. Moreover, this new model suggested that one 

proton is already pumped during the transition from O to E state.  

Figure 1-4 shows a simplified catalytic reaction cycle of aa3-CcO based on Michel’s mechanistic 

model. In the O state, both metal ions in the binuclear center are oxidized and in a ferric/cupric 

(Fe3+/CuB
2+) state. Based on the presence of a continuous electron density between both metal ions 

in the crystal structure of Paracoccus aa3-CcO (Ostermeier et al., 1997), it was proposed that Fe3+ 

and CuB
2+ are coordinated by a water molecule and a hydroxide ion (OH-), respectively (Michel 

1999). A conserved tyrosine residue (Tyr280), which is covalently crosslinked to His276, is 

present in the protonated state. The one-electron-reduced E state is formed, when the first electron 

arrives in the binuclear center and subsequently reduces CuB. Reduction of CuB (CuB
2+ to CuB

1+) is 

accompanied by the protonation of its bound OH- ligand, forming a water molecule. After 

receiving a second electron, the heme a3 iron is reduced, yielding the ferrous/cuprous (Fe2+/CuB
1+) 

R state. The transition from E to R is coupled to the translocation of one proton across the 

membrane. In the following step, molecular oxygen binds to the two-electron reduced binuclear 

center, leading to the formation of the A state. The appearance of a ferrous-oxy adduct in this state 
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was confirmed by resonance Raman spectroscopy, since a Fe2+-O2 stretching band is similar to that 

observed for oxyhemoglobin and oxymyoglobin (Han et al., 1990; Rousseau and Han 2002). 

During the binding of O2 to the heme a3 iron, two water molecules are released. The A state is 

unstable and spontaneously rearranges to the next reaction state.  

The P state (PM) was originally proposed to be a peroxy intermediate, in which two metal centers 

in the active site are bridged by a peroxide group (Wikström 1981). However, the P state was 

redefined as an oxoferryl state (Fe4+=O2-) with an OH- bound to CuB, as revealed by resonance 

Raman spectroscopy (Proshlyakov et al., 1996; Proshlyakov et al., 1998). The presence of the 

oxoferryl species indicates that the dioxygen bond is already broken. This process requires four 

electrons and one proton; however, the transition from the A to the P state is not coupled to any 

proton uptake and electron transfer events. Two electrons are provided by the heme a3 iron (Fe2+ to 

Fe4+), while the third electron is derived from CuB (CuB
1+ to CuB

2+). The fourth electron equivalent 

and one proton are thought to be donated by the nearby Tyr280, yielding a tyrosine radical. 

Electron paramagnetic resonance (EPR) studies have been used to support the existence of a free 

radical in this reaction step (MacMillan et al., 1999), although the radical does not reside on 

 

Figure 1-4: Simplified schematic representation of the oxygen reduction reaction at the heme a3-CuB 
binuclear center. Reaction intermediates are shown clockwise. The blue arrows indicate the electron input 
from the cytochromes c to the active site. The black boxes inside the reaction cycle show the detailed 
electronic state of heme a3 iron (Fe) and CuB, as well as of the tyrosine residue (Y280). The tyrosine radical 
is indicated by a dot in the “peroxy” state (also called PM state). Proton translocation and water release 
during the catalytic cycle are not shown for better clarity. This figure is drawn based on the reaction 
mechanism proposed by Michel and modified from von der Hocht et al., 2011. 
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Tyr280 (Budiman et al., 2004; Yu et al., 2011). Because the transition from A to P state is a 

nonsequential and irreversible process, CcOs catalyze the reduction of oxygen without the 

formation of any ROS species. The P state can be artificially generated by various methods and 

has a characteristic absorption at around 610 nm in the P-minus-O difference spectrum (Chance et 

al., 1975; Bickar et al., 1982; von der Hocht et al., 2011). The F state is formed upon the transfer 

of a third electron from an external electron donor to the active site, followed by the reduction of 

the tyrosine radical. The F state is also an oxoferryl intermediate with an absorption maximum at 

580 nm in the F-minus-O difference spectrum. In Michel’s scheme, the P to F transition is 

associated with pumping of two protons across the membrane. In the last step of the catalytic cycle, 

the transfer of the fourth electron leads to the resumption of the O state and to the pumping of one 

proton. Other cycles have been proposed, in which one proton is pumped upon each electron 

transfer to the active site (Bloch et al., 2004; Wikström and Verkhovsky 2007). 

 Electron transfer process 1.3.2

The reduction of one molecule of oxygen to water requires four electrons. The electrons are 

transferred one at a time from cytochrome c to the initial electron acceptor (CuA) of aa3-CcO. The 

rate-limiting step in the electron transfer process is the formation and dissociation of the 

cytochrome c and CcO complex (Antalis and Palmer 1982). The interaction between cytochrome c 

and CcO has been described to follow a two-step model (Maneg et al., 2004; Richter and Ludwig 

2009). In the first step, the electrostatic surface potential is responsible for the long-range 

recognition and orientation of both proteins. The subunit II of aa3-CcO has a set of acidic residues 

on the surface of its hydrophilic domain. Mutagenesis data indicated that these negatively charged 

residues are involved in initial docking by forming electrostatic interactions with positively 

charged residues on the surface of cytochrome c (Witt et al., 1995; Witt et al., 1998; Zhen et al., 

1999). In the second step, hydrophobic interactions play a major role in short-range optimization 

of the interaction geometry between both redox partners (Witt et al., 1998). One tryptophan 

residue (Trp121) on the subunit II has been identified as the electron entry site in the aa3-CcO 

(Witt et al., 1998; Drosou et al., 2002). Once a stable complex is formed, an electron can be 

rapidly transferred from cytochrome c to CuA with a time constant of ~ 15 µs (Hill 1991).  

Subsequently, the electron is transferred from CuA to heme a at a distance of 19.5 Å. The 

intramolecular electron transfer rate between these two cofactors has been studied by using 

different electron injection techniques. It has been established that this process occurs with a time 

constant of ~ 10 µs in bacterial CcOs (Konstantinov et al., 1997; Zaslavsky et al., 1998; 

Verkhovsky et al., 2001) and about 50 to 100 µs in mitochondrial enzymes (Kobayashi et al., 

1989; Farver et al., 2000). In the next stage, electron transfer between heme a and a3 was shown to 
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have a time constant of about 3 µs (Oliveberg and Malmström 1991; Verkhovsky et al., 1992). 

However, this rate of electron transfer is much slower than that calculated from the edge-to-edge 

distance between two hemes (~ 5 Å) using electron tunneling theory in biomolecules (Page et al., 

1999). Furthermore, ultra-fast electron transfer from heme a to a3 has been proposed (Verkhovsky 

et al., 2001) and the rate was later determined to be 1.2 ns using femtosecond absorption 

spectroscopy (Pilet et al., 2004). The last step of electron transfer is from heme a3 to CuB. Since 

this step is coupled to proton translocation, it was shown that the electron transfer is in the range of 

several hundreds of microseconds (Belevich et al., 2007). 

 Proton pathway and proton pumping 1.3.3

During one reaction cycle, four protons are consumed upon formation of two water molecules 

(chemical protons) and four additional protons are translocated from the N side to P side across the 

membrane (pumped protons). The proton transfer requires a hydrogen-bonded network within the 

hydrophobic interior of the CcOs. Previous mutagenesis studies suggested the presence of two 

independent proton pathways inside subunit I (Hosler et al., 1993; Fetter et al., 1995), which was 

confirmed later by the crystal structure of aa3-CcOs. According to the Grotthuss mechanism 

(Grotthuss 1806), protons can rapidly move along the hydrogen-bonded chain of water molecules 

and amino acid residues within these proton channels (Nagle and Tristram-Nagle 1983). 

The D-pathway is named after a highly conserved Asp124, which constitutes the cytoplasmic entry 

point of this pathway. A single mutation of this residue (D124N) strongly inhibits the activity and 

proton translocation (Fetter et al., 1995; Pfitzner et al., 1998). This pathway proceeds from 

Asp124 via a series of conserved polar residues (Asn113, Asn131, Asn199, Tyr35, Ser189 and 

Ser193) to highly conserved Glu278 (Pfitzner et al., 2000). Inside the cavity between Asp124 and 

Glu278 up to eleven crystallographic water molecules have been observed (Qin et al., 2006; 

Koepke et al., 2009). Since the D-pathway is responsible for the translocation of all pumped 

protons and at least two chemical protons, the side chain of Glu278 was considered to be the 

branching point for the protons to be transferred either to the binuclear center or to the loading site 

for proton pumping (Wikström et al., 2003). Mutagenesis studies on Glu278 confirmed its 

importance for the proton pumping (Svensson-Ek et al., 1996; Ädelroth et al., 1997; 

Verkhovskaya et al., 1997). Interestingly, mutation of Asn131 to Asp produces an uncoupled 

variant, which retains its oxygen-reducing activity but loses the proton-pumping ability (Pfitzner et 

al., 2000; Siletsky et al., 2004). It has been shown that this variant (N131D) shows an increase in 

the pKa of Glu278 from 9.4 to 11.0 (Namslauer et al., 2003). In addition, a conformational change 

of the Glu278 side chain was also reported for this variant (Dürr et al., 2008). 
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The K-pathway, named after an essential lysine residue (Lys354), leads directly to the binuclear 

center via the highly conserved residues Lys354, Thr351 and Tyr280. The K-pathway is shorter 

than the D-pathway, and only two internal water molecules are visible in the crystal structures 

(Koepke et al., 2009). The importance of Lys354 is supported by the observation that mutation of 

this residue completely abolished the enzymatic activity (Hosler et al., 1996; Konstantinov et al., 

1997). It has been concluded that at least one chemical proton is taken up by the K-pathway in the 

reductive phase of the reaction cycle, which is important for the initial reduction of the metal 

center and subsequent oxygen binding (Ruitenberg et al., 2000). 

In addition to the D- and K-pathway, a third proton pathway (H-pathway) has been suggested 

based on the crystal structure of bovine mitochondrial aa3-CcO (Yoshikawa et al., 2006; 

Shimokata et al., 2007). However, the existence of this alternative H-pathway has been excluded 

from the bacterial aa3-CcOs, since mutations in this region showed no functional influence on 

proton translocation (Pfitzner et al., 1998; Lee et al., 2000). 

1.4 The cbb3-type cytochrome c oxidase 

 Distribution of cbb3-CcOs  1.4.1

The cbb3-CcOs, comprising more than 20% of the HCOs, are predominantly found in 

proteobacteria (Pitcher and Watmough 2004). The cbb3-CcO was first identified as gene product 

of the fixNOQP (ccoNOQP) operon in the nitrogen-fixing bacteria Bradyrhizobium japonicum 

(Preisig et al., 1993), Sinorhizobium meliloti (Kahn et al., 1993) and Azorhizobium caulinodans 

(Mandon et al., 1994). Four structural genes were initially designated as fixNOQP because 

expression of cbb3-CcO was required for the nitrogen-fixing endosymbiosis with their host 

legumes under low oxygen conditions. They have been redefined as ccoNOQP, since further 

studies also confirmed the presence of this operon in the non-symbiotic purple photosynthetic 

bacteria Rhodobacter capsulatus (Gray et al., 1994; Thöny-Meyer et al., 1994) and Rhodobacter 

sphaeroides (García-Horsman et al., 1994). Early studies reported that cbb3-CcOs exist 

exclusively in proteobacteria (Myllykallio and Liebl 2000). More recently, due to a dramatic 

increase in the number of sequenced bacterial genomes, a detailed phylogenetic analysis showed 

that cbb3-CcOs are found in almost all phyla of bacteria, with the exception of Thermotogales, 

Deinococcales and Firmicutes (Ducluzeau et al., 2008). To date, no cbb3-CcO was found in 

archaea (Ducluzeau et al., 2008), which is consistent with the deficiency of enzymes required for 

the assembly of cbb3-CcO in archaea (Hemp and Gennis 2008). No representatives of cbb3-CcO 

are present in eukaryotes. But interestingly, three structural genes (ccoNOP) were found in the last 
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free-living mitochondrial ancestor Midichloria mitochondrii, however, its ccoN gene is split into 

two open reading frames (Sassera et al., 2011). 

Since the first ccoNOQP operon had been identified, cbb3-CcOs from several species of 

Gram-negative bacteria, including R. capsulatus, R. sphaeroides, P. denitrificans, B. japonicum, 

Helicobacter pylori, Campylobacter jejuni, Vibrio cholera and Pseudomonas stutzeri (Pitcher and 

Watmough 2004; Chang et al., 2010), were isolated and studied. In some human pathogens, e.g., 

H. pylori (Tomb et al., 1997), C. jejuni (Parkhill et al., 2000), Neisseria meningitidis (Deeudom et 

al., 2006) and Neisseria gonorrhoeae (Chung et al., 2008), cbb3-CcO is the only HCO encoded by 

the genome. Due to its high affinity for oxygen, it has been suggested that the cbb3-CcO is 

essential for pathogenic bacteria during the colonization of host tissues under oxygen limiting 

conditions. Since mammalian cells do not have any cbb3-CcO, it becomes a potential drug target 

for these human pathogens.  

 Subunit composition and structure of cbb3-CcOs 1.4.2

Compared to the A- and B-family HCOs, cbb3-CcOs feature a distinctly different subunit 

composition. The canonical cbb3-CcO is composed of four transmembrane subunits encoded by 

the ccoNOQP operon, namely, CcoN, CcoO, CcoQ and CcoP. CcoN is the catalytic subunit, which 

is homologous to subunit I of the A- and B-family HCOs. CcoO and CcoP are heme-containing 

subunits that are only found in cbb3-CcO. CcoQ is a small, membrane-spanning subunit and its 

function is less characterized. 

Recently, the crystal structure of cbb3-CcO from P. stutzeri ZoBell has been determined at 3.2 Å 

resolution (Buschmann et al., 2010). This structure revealed that although the catalytic subunit of 

cbb3-CcO shares similar features to the A- and B-family HCOs, significant differences considering 

electron transfer and proton translocation were observed (Figure 1-5). So far, only the enzyme 

purified from the native membrane of P. stutzeri ZoBell has been reported to yield crystals (Urbani 

et al., 2001; Buschmann et al., 2010). 

CcoN, the largest subunit with a molecular mass of 53 kDa, contains twelve TMHs, which span 

the periplasmic membrane with both N- and C-termini close to each other in the cytoplasm. The 

overall structure of CcoN follows the architecture of the catalytic subunits of other members 

among HCOs, although the sequence identity between CcoN and subunit I of A- and B-family 

enzymes is low (< 20%). CcoN contains a low spin heme b and a binuclear center formed by a 

high spin heme b3 and a copper (CuB) ion (Varotsis et al., 1995; Pinakoulaki et al., 2002). The 

center-to-center distance between the iron ions of adjacent hemes is 13.1 Å, while the 

edge-to-edge distance of both hemes is 3.6 Å. Both values are slightly less than those found in 
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other members of the HCOs2. The distance between the iron ion of heme b3 and CuB is 4.6 Å, 

which is similar to that observed in other enzymes. The six histidine residues involved in ligand 

binding of two hemes and CuB are conserved in all HCOs. The hexa-coordinated iron center in low 

spin heme b is axially ligated to His60 and His3473 and, additionally, the A- and D-propionates of 

heme b are stabilized by hydrogen-bonding interactions with Arg57 (Figure 1-6 B). 

                                                        
2 The center-to-center distances between two hemes are 13.2 Å for aa3-CcO, 13.9 Å for ba3-CcO, 14.1 Å for 
cNOR and 13.7 Å for qNOR. The edge-to-edge distances are 5.2 Å for aa3-CcO, 5.2 Å for ba3-CcO, 4.3 Å 
for cNOR and 3.8 Å for qNOR. Distances are measured from PDB entries: 1QLE (aa3), 1XME (ba3), 3O0R 
(cNOR) and 3AYF (qNOR). 
3 In this chapter, unless otherwise stated, the residue numbering corresponds to the cbb3-CcO from 
Pseudomonas stutzeri ZoBell. Residues in CcoO and CcoP are indicated by superscript letters (O and P). 

 

Figure 1-5: Crystal structure of cbb3-CcO from P. stutzeri ZoBell. Subunit CcoN (green), CcoO (red) and 
CcoP (blue) are shown in cartoon loop format. Hemes are represented as yellow sticks. Copper, iron and 
calcium ions are shown as cyan, red and wheat spheres. Electron transfer is indicated by blue arrows. 
Edge-to-edge distances between hemes are shown. Amino acid residues most likely involved in proton 
translocation (red arrow) are shown in red. Amino acid numbering refers to cbb3-CcO from P. stutzeri 
ZoBell. Coordinates were taken from PDB entry 3MK7. The 3D structural image was generated using 
PyMOL software. 
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Figure 1-6: A close-up view of heme b and heme b3-CuB binuclear center. (A) The oxygen-binding site is 
composed of heme b3 and CuB. At the distal side of heme b3, CuB is ligated to three histidines. His257 is 
hydrogen-bonded to Ser276, His207 is covalently cross-linked to Tyr251 and His258 is flanked by Trp203. 
At the proximal side, the axial ligand (His345) of the heme iron is hydrogen-bonded to Glu323. (B) 
Interactions between protein and propionate side chains of heme b and b3. Both hemes are associated with a 
Ca2+ ion. The A-propionate of heme b3 is ligated to His337, and both A- and D-propionates of heme b are 
stabilized by hydrogen-bonding interactions with Arg57. This figure is taken from Buschmann et al., 2010. 
 

Structural analysis revealed several unique features of the binuclear center in cbb3-CcO (Figure 

1-6). Compared with other active-site hemes of the A- and B-family HCOs, heme b3 is in a more 

bent conformation, which might be induced by the absence of the hydroxyethyl farnesyl side chain 

of heme b3 (Buschmann et al., 2010). The penta-coordinated iron center of heme b3 is ligated by 

His345 at its proximal site and has one coordination position available for the oxygen binding at 

its distal side. One unique hydrogen bond between the His345 ligand of heme b3 and a conserved 

glutamate residue (Glu323) was first suggested by EPR and mutagenesis studies (Rauhamäki et 

al., 2009) and further confirmed by X-ray crystallography. This Glu-His-Fe interaction is only 

found in cbb3-CcO and is similar to the Asp-His-Fe triad at the active site of many 

metalloenzymes, e.g., cytochrome c peroxidase. Its function was believed to control the reduction 

potential of the active site heme (Goodin and McRee 1993; D'Antonio et al., 2011). Another 

structural difference observed is the noncovalent fixation of D-propionates of heme b and b3 by 

coordination to a Ca2+ ion in cbb3-CcO, whereas the D-propionates of both hemes in A- and 

B-family CcOs are bound to the positively charged guanidino groups of two conserved arginine 

residues via salt bridges (Qian et al., 2004; Chang et al., 2012). The presence of the Ca2+ ion 

suggests that it is unlikely that the D-propionates are proton-loading sites for proton pumping in 

cbb3-CcO. In addition, mutagenesis studies indicate that the Ca2+ ion is crucial for assembly of the 

fully functional cbb3-complex (Ouyang et al., 2012). Interestingly, interactions between the Ca2+ 

ion and the D-propionates of heme b and b3 are also observed in cNOR and qNOR (Hino et al., 

2010; Matsumoto et al., 2012).  

Trp341 
Trp400 

Glu323 

His345 

Trp203 

Tyr251 

Ser276 

Val210 

Cu 

Heme b3 

His258 
His207 

His257 

Arg57 

Lys103 

Tyr123 

Glu122 

Asn333 His337 
Ser102 

heme b3 

Cu2+ 

Arg437 

Arg57 

Lys103 

Tyr123 

Glu122 

Asn333 
His337 

Ser102 

heme b3 

heme b 

Cu 
 

 loop O 

 loop N 

Ca2+ 

A B



1. INTRODUCTION 

 20 

The CuB is ligated to three histidine residues (His207, His257 and His258). Like other members of 

HCOs, one of these three histidine ligands 

is cross-linked to a redox active tyrosine 

residue (Figure 1-7). In aa3-CcOs, this 

copper-coordinated His-Tyr cross-link is 

located at the end of the K proton pathway 

and both residues originate from the same 

transmembrane helix (TMH6). The 

covalently modified tyrosine residue is 

considered to play an important role in the 

catalytic mechanism by donating a 

hydrogen atom from its hydroxyl group to 

the binuclear center (see 1.3.1). This 

process facilitates the cleavage of the O-O 

bond, resulting in the formation of a 

tyrosyl radical in the PM intermediate 

(Buse et al., 1999; MacMillan et al., 

1999). In cbb3-CcO, this tyrosine is not 

present in TMH6. However, its functional 

role is adopted by Tyr251, which 

originates from a different TMH and is crosslinked to H276 in TMH6 (Figure 1-7) (Hemp et al., 

2005; Hemp et al., 2006; Rauhamäki et al., 2006; Buschmann et al., 2010).  

CcoN also contains the channels that are required for the proton and oxygen transfer. The presence 

of only one proton pathway in cbb3-CcO has been first predicted using structure modeling (Sharma 

et al., 2006; Sharma et al., 2008) and was later thoroughly confirmed by mutagenesis studies 

(Hemp et al., 2007) and structural analysis (Buschmann et al., 2010). Like in B-family CcOs, this 

pathway is positioned analogous to the K-pathway in the A-family CcOs. The “K”-pathway in 

cbb3-CcOs is composed of a series of ionizable residues that form a hydrogen-bonding network 

with water molecules (Figure 1-5). However, all essential residues involved in proton translocation 

are absent in A-family CcOs, and only two tyrosines (Tyr223 and Tyr317) can be found in 

B-family CcOs. Besides the proton pathway, a hydrophobic membrane cavity is present in the 

structure, which connects the membrane bilayer surface to the binuclear center. This internal 

cavity provides a possible pathway for oxygen molecules. Similar cavities are also found in A- and 

B-family CcOs and NORs (Luna et al., 2008; Hino et al., 2010; Matsumoto et al., 2012). 

However, the hydrophobic cavity from aa3-CcO is relatively small, which is thought to be 

 

Figure 1-7: Comparison of a copper-coordinated 
His-Tyr cross-link between cbb3- and aa3-CcO. In 
cbb3-CcO (left), Y251 and H207 derived from two 
transmembrane helices (TMH6 & TMH7), whereas Y280 
and H276 (P. denitrificans numbering) in aa3-CcO 
originate from the same TMH6. 
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inefficient to mediate the oxygen transfer (Luna et al., 2008). 

CcoO is a membrane anchored mono c-type cytochrome with a molecular mass of 24 kDa. It 

consists of one TMH with an intracellular amino terminus and a hydrophilic domain on the 

periplasmic side of the inner membrane. In the soluble domain, a low spin heme c is covalently 

linked to the protein via thioether bonds and the heme iron is ligated to His69O and Met137O. 

CcoO has little homology to subunit II from other members of HCOs. However, it is structurally 

related to NORs, since the NorC subunit of cNOR also harbors a heme c. Based on the crystal 

structure, it was suggested that the heme c of CcoO mediates the electron transfer from CcoP to 

heme b of CcoN. The edge-to edge distance between heme c and heme b is 7.0 Å, which is much 

shorter than the distance between CuA and heme a in aa3-CcOs. The so-called loop O of CcoO has 

strong contacts with the first two α helices and several loops of CcoN. A conserved residue 

(Ser102O) within loop O is ligated to the Ca2+ ion that coordinates both hemes b in CcoN (Figure 

1-6 B). This serine residue is functionally replaced by a glycine residue in cNOR and qNOR. 

There is one hydrophilic cavity located at the periplasmic interface between CcoO and CcoN, 

which is hypothesized to provide a channel that allows protons and water molecules to leave the 

catalytic center. This cavity is however only found in cbb3-CcO. CcoO and CcoN together are 

defined as core complex, since only these two subunits are strictly conserved in all cbb3-CcOs 

(Ducluzeau et al., 2008) and can form an assembly-intermediate complex (see 1.3.5 for details). 

CcoP is composed of two N-terminal TMHs and a C-terminal globular domain, connected by a 

long helical linker. The molecular mass of CcoP is 35 kDa. Two TMHs of CcoP are linked to each 

other via a long loop that is in contact with the cytoplasmic region of CcoN. One glutamate residue 

(Glu49P) in this loop has been suggested to be the entry of the proton pathway (Buschmann et al., 

2010; Lee et al., 2011). In Rhodobacter species, the first N-terminal TMH was found to be absent 

based on the sequence alignment. The C-terminal globular domain contains two conserved 

CXXCH heme-binding motifs that provide one histidine ligand to the heme iron at its 5th 

coordination site each. A previous study suggested that one of the two hemes c in CcoP has a 

bis-histidine axial ligation based on spectroscopic analysis (Pitcher et al., 2002). However, the 

current structure shows that the 6th coordination site of both hemes c is occupied by a methionine. 

Despite the differences in heme coordination, both hemes c are predicted to be involved in electron 

transfer processes. The distal heme c can accept an electron from the periplasmic electron donor 

and subsequently transfers the electron to the proximal heme c. Then the electron flows from the 

proximal heme c of CcoP to CcoO and from there to the active site of CcoN (Figure 1-5). In 

addition to electron binding, one heme c of CcoP was observed to bind carbon monoxide (CO) 

(Pitcher et al., 2002; Pitcher et al., 2003), which is not common in all hexacoordinated heme 

groups. Based on this phenomenon, CcoP has been proposed to serve as a gas-sensing element 
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(Pitcher and Watmough 2004) since heme-based-sensor proteins use heme prosthetic groups to 

perceive environmental gases (Gilles-Gonzalez and Gonzalez 2005). However, recent studies have 

shown that the binding of CO to CcoP could be an artifact from the solubilization and purification 

procedures (Huang et al., 2010). 

CcoQ is the smallest subunit of cbb3-CcO with a calculated molecular mass of around 7 kDa. It 

consists of one N-terminal TMH with a hydrophilic stretch at the C-terminus protruding into the 

cytoplasm. CcoQ has no homology to proteins of known function and is not present in all 

cbb3-operons (Cosseau and Batut 2004). It is also absent in the current crystal structure of P. 

stutzeri cbb3-CcO. In R. sphaeroides, CcoQ has been proposed to be involved in the transduction 

of an inhibitory signal, which controls the expression of photosynthesis genes (Oh and Kaplan 

1999; Eraso and Kaplan 2000). This hypothesis is however questionable since CcoQ does not 

contain any cofactors (Pitcher and Watmough 2004). Functional complementation and genetic 

deletion studies in R. capsulatus suggested that CcoQ is associated with CcoP, and is required to 

stabilize the interaction of CcoP with the CcoNO core complex (Peters et al., 2008). In R. 

sphaeroides, CcoQ appears to protect the core complex from degradation in the presence of 

oxygen (Oh and Kaplan 2002). In contrast, the B. japonicum CcoQ has been reported not to be 

essential for the complex formation and stabilization (Zufferey et al., 1996).  

 Functional studies of cbb3-CcOs 1.4.3

In this section, a brief summary concerning functional studies of cbb3-CcOs is given, regarding the 

following aspects: oxygen reduction activity and affinity for oxygen, NO reduction activity, native 

electron donors and proton-pumping stoichiometry. 

In P. stutzeri, the detergent-solubilized cbb3-CcO has been reported to have a turnover number in 

the range from 250 to 720 e-/s (Forte et al., 2001; Urbani et al., 2001; Pitcher et al., 2002). Similar 

results were also observed from R. sphaeroides cbb3-CcO, which has a turnover number of 200 to 

600 e-/s (Sharma et al., 2006; Huang et al., 2008; Lee et al., 2011). Although cbb3-CcOs catalyze 

the reduction of O2 with an activity comparable to the aa3-CcOs, the cbb3-CcOs exhibit a higher 

affinity for oxygen than aa3-CcO. For the cbb3-CcO from B. japonicum, the Michaelis-Menten 

constant (Km) for O2 has been experimentally determined to be 7 nM. This Km value is in the range 

of the free O2 concentration within the root nodules (~ 3 to 22 nM), where B. japonicum lives 

symbiotically with the legume host plant (Preisig et al., 1996). The importance of cbb3-CcO to the 

symbiotic nitrogen fixation has been also reported in other diazotrophs, e.g., A. caulinodans 

(Mandon et al., 1994; Kaminski et al., 1996). Despite the physiological role of cbb3-CcO in the 

energy supply of cells, it was suggested that this enzyme could serve to protect the O2-sensitive 
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nitrogenase by keeping the O2 concentration at a very low level (Poole and Hill 1997; Bertsova 

and Bogachev 2002). The cbb3-CcOs are also found in many microaerophilic pathogenic bacteria. 

C. jejuni, a major cause of diarrhea and gastroenteritis, possesses two terminal oxidases, cbb3-CcO 

and CIO. The Campylobacter cbb3-CcO exhibits a high affinity for O2 (Km = 40 nM), whereas its 

CIO is a low affinity enzyme (Km = 800 nM) (Jackson et al., 2007). The presence of a high affinity 

cbb3-CcO may allow this pathogen to colonize the mucous layer of the intestine where the oxygen 

concentration is low. 

Besides the reduction of O2, the cbb3-CcOs are found to be able to reduce NO. It has been reported 

that the P. stutzeri cbb3-CcO performs NO reduction with a turnover number of 100 mol NO · mol 

cbb3
-1 · min-1 (≈ 1.7 e-/s) and a Km of 12 µΜ (Forte et al., 2001). The cbb3-CcO isolated from R. 

sphaeroides has a slightly higher NO reduction activity, which was measured to be between 2 and 

10 e-/s (Huang et al., 2008). The NO reduction activity of cbb3-CcO is much higher than that 

reported for other members of CcO and QOX (0.05 e-/s and 0.5 e-/s for the ba3-CcO and caa3-CcO 

from T. thermophilus, respectively and 0.005 e-/s for the bo3-QOX from E. coli) (Giuffrè et al., 

1999; Butler et al., 2002). Nevertheless, this activity is lower than that observed for the true NORs 

(20 to 50 e-/s) (Zumft 1997), and this reaction does not lead to the generation of a transmembrane 

proton gradient across the membrane. 

The scientific finding concerning the physiological electron donors of cbb3-CcO is still 

fragmentary. It was suggested that cytochrome c4 and c5 are required for the transfer of electrons to 

cbb3-CcO in Azotobacter vinelandii (Rey and Maier 1997; Bertsova and Bogachev 2002) and in 

two Neisseria species (Deeudom et al., 2008; Li et al., 2010), although there are no direct 

measurements of electron transfer between both proteins. Recent studies performed in V. cholera 

have demonstrated that cytochrome c4 can support the oxygen reduction activity of cbb3-CcO at a 

rate of at least 300 e-/s, while cytochrome c5 was excluded as electron donor. Due to the lack of 

saturation of activity as a function of the concentration of cytochrome c4, the affinity of this 

electron donor for its redox partner was not defined (Chang et al., 2010). In H. pylori, a human 

gastric pathogen, cytochrome c553 has been identified as the natural electron donor. The kinetics 

analysis has shown that the cbb3-CcO oxidized cytochrome c553 with a small Km of 0.9 µM and a 

Vmax of about 250 e-/s (Koyanagi et al., 2000). Besides cytochromes c, azurin, a natural electron 

donor for the copper-containing nitrite reductase, is proposed to be able to donate electrons to 

cbb3-CcO (Pitcher and Watmough 2004). 

Although only one proton pathway exists in cbb3-CcO, the stoichiometry of proton-pumping in 

this enzyme is still under debate. In the earlier works, measurements of proton pumping using 

intact cells of P. denitrificans and R. sphaeroides showed a stoichiometry of 1 H+/e- (de Gier et al., 

1994; Toledo-Cuevas et al., 1998). In contrast, a reduced pumping stoichiometry of 0.2 to 0.4 
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H+/e- was reported for the purified and reconstituted cbb3-CcO from B. japonicum (Arslan et al., 

2000), and similar results were obtained for H. pylori cbb3-CcO (Tsukita et al., 1999). In a recent 

study by Han et al. (2011), proton pumping was reexamined in three genetically modified bacterial 

strains (H. pylori, R. sphaeroides and R. capsulatus), in which the cbb3-CcO is the sole terminal 

oxidase in the respiratory chain. In all cases, cbb3-CcOs pump protons with a stoichiometry 

ranging from 0.4 to 0.5 H+/e- (Han et al., 2011). However, the correctness of this value was 

questioned in a later study, which showed that an H+/e- ratio of R. sphaeroides cbb3-CcO in both 

intact cells and proteoliposomes is very close to unity (Rauhamäki et al., 2012). 

 Regulation and expression of cbb3-CcOs 1.4.4

Many bacteria possess a branched respiratory chain consisting of various terminal oxidases, which 

differ from each other in terms of oxygen affinity, steady-state concentration and enzymatic 

activity. The cbb3-CcOs are expressed mainly under microaerobic conditions, and their expression 

is strongly dependent on peripheral oxygen concentrations and growth conditions. Several 

transcriptional regulation systems, including ANR (FNR), RegB/RegA (PrrB/PrrA, RoxS/RoxR), 

FixLJ-K and HvrA4, are coordinately involved in the regulation of synthesis of cbb3-CcOs (Swem 

and Bauer 2002; Cosseau and Batut 2004; Arai 2011). 

ANR, a homologue of the oxygen-responsive transcriptional regulator FNR of E. coli, regulates 

the gene expression in response to oxygen depletion (Zimmermann et al., 1991; Green and Paget 

2004). ANR (FNR) consists of two domains, an oxygen sensory domain that senses intracellular 

oxygen concentration by a cysteine-ligated [4Fe-4S]2+ cluster, and a DNA-binding domain that 

recognizes a consensus sequence (FNR-box, TTGAT-N4-GTCAA) in the promoter region of the 

target gene. ANR-mediated regulation of cbb3-CcO has been studied in Rhodobacter species, 

which revealed that ANR functions as an activator of cbb3-CcO expression under low oxygen 

concentrations (Mouncey and Kaplan 1998; Swem and Bauer 2002). Under this condition, the 

active form of ANR (FNR), which is a homodimer containing one [4Fe-4S]2+ cluster per 

monomeric unit, activates the transcription of cbb3-CcO genes by binding to the FNR-box. Upon 

exposure to oxygen, the dimeric form [4Fe-4S]2+ cluster is converted to a [2Fe-2S]2+ cluster, which 

                                                        
4 FNR: fumarate and nitrate reduction regulatory protein from Escherichia coli;  
ANR: FNR homologs, abbreviation for anaerobic regulation of arginine deaminase and nitrate reduction; 
RegB/RegA: two-component regulatory system from Rhodobacter capsulatus;  
PrrA/PrrB: RegB/RegA homologs in Rhodobacter sphaeroides;  
RoxS/RoxR: RegB/RegA homologs in Pseudomonas aeruginosa;  
FixLJ: two-component regulatory system in rhizobial species;  
FixK: FNR paralogue, a transcriptional regulator in rhizobial species;  
HvrA: a photosynthetic activator in Rhodobacter capsulatus. 
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leads to dimer dissociation and in succession switches off the expression of target genes (Green 

and Paget 2004). Studies performed in P. aeruginosa and P. putida indicated that ANR is 

responsible for the microaerobic activation of one of the two cbb3-operons, while ANR has no 

obvious effect on the other operon that lacks the FNR-box (Comolli and Donohue 2004; Ugidos et 

al., 2008; Kawakami et al., 2010). 

The global RegB/RegA (PrrA/PrrB) two-component regulatory system was initially identified in 

purple photosynthetic bacteria, which has implications for a variety of energy-involving metabolic 

processes, i.e., photosynthesis, aerobic and anaerobic respiration (Elsen et al., 2004). RegB is a 

membrane-spanning histidine sensor kinase that is able to detect and response to the redox status 

of the ubiquinone pool (Wu and Bauer 2010). RegA is a response regulator containing a 

helix-turn-helix DNA binding motif. DNase I footprint analysis revealed that RegA regulates the 

 

Figure 1-8: Regulation of cbb3-gene (ccoNOQP) expression. Activation of a target gene (blue box) is 
represented as blue lines with arrowheads, and inhibition is indicated as red lines with flat heads. (A) ANR 
(FNR) activates ccoNOQP expression under low oxygen concentration. The [4Fe-4S]2+ cluster is shown as 
yellow cube, and [2Fe-2S]2+ cluster is shown as yellow square. (B) RegA/RegB two-component regulatory 
system. The activity of RegB is proposed to be controlled by the redox state of the quinone pool (Q and 
QH2). Phosphate groups are shown in yellow. (C) Oxygen-sensing FixLJ-K regulatory system. Under 
aerobic conditions, a heme-binding region is saturated with molecular oxygen (red). Upon the depletion of 
oxygen, FixL/FixJ undergoes phosphorylation, and the phosphorylated FixJ activates the expression of 
FixK, which subsequently activates ccoNOQP expression. (D) HvrA functions as a repressor of ccoNOQP 
expression.  
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expression of cbb3-CcO by binding to the promoter region of the cbb3-Operon (Swem et al., 2001). 

Under anaerobic conditions, RegB protein kinases are phosphorylated and subsequently transfer 

their phosphate group to RegA. Expression of the cbb3-CcO is repressed by the phosphorylated 

RegA anaerobically, and activated by the dephosphorylated RegA under aerobic and microaerobic 

conditions. Based on the studies in R. sphaeroides, it has been proposed that electron flow through 

the cbb3-CcO generates an inhibitory signal resulting in the repression of the PrrB/PrrA- 

(RegB/RegA homologs) dependent expression of photosynthesis genes under aerobic conditions 

(O'Gara et al., 1998; Eraso and Kaplan 2000; Kim et al., 2007). In P. aeruginosa, the RoxS/RoxR 

(RegB/RegA homologs) regulon functions as a positive regulator for both isoforms of cbb3-CcO in 

the exponential and early stationary growth phase, and conversely, represses the expression of 

aa3-CcO under the same growth conditions (Kawakami et al., 2010). However, the sensing signal 

of RoxS/RoxR is unknown. 

In some rhizobial species, the oxygen-sensing FixLJ-K regulatory system is essential for the 

regulation of cbb3-genes. FixK is a paralogue of FNR, however, it contains no [4Fe-4S]2+ cluster 

and its activity is controlled on the transcriptional level by the FixL/FixJ two component 

regulatory system. FixL consists of a heme-binding oxygen sensory domain and a histidine kinase 

domain (Gilles-Gonzalez and Gonzalez 2005). Under oxygen limitation, the transcription factor 

FixJ is phosphorylated by the oxygen-inhibitable FixL and activates the transcription of FixK. 

FixK binds to the FNR-box, thereby activating the synthesis of cbb3-CcO (Batut et al., 1989; 

Fischer 1996; Rey and Harwood 2010). Besides the rhizobia, the FixLJ-K regulatory system was 

also found in some non-rhizobial bacteria within the α-proteobacteria (Cosseau and Batut 2004).  

In addition to the above mentioned regulation systems, a trans-acting photosynthetic activator, 

HvrA, also regulates the expression of cbb3-CcO. Under microaerobic and anaerobic conditions, 

HvrA represses the expression of cbb3-CcO (Swem and Bauer 2002). Furthermore, it has been 

reported that in Shewanella oneidensis, Crp (cAMP receptor protein) is the global regulator 

controlling expression of the cbb3-CcO (Zhou et al., 2013). 

 Assembly of cbb3-CcOs 1.4.5

Cbb3-CcOs are multi-subunit membrane protein complexes that contain various cofactors. Like for 

other members of HCOs, several processes are required for the assembly of fully functional 

enzymes, including membrane insertion, maturation of individual subunits, heme biosynthesis, 

insertion of cofactors, and assembly of subunits (Greiner et al., 2008; Ekici et al., 2011).  

In most cbb3-CcO containing bacteria, a ccoGHIS (fixGHIS) gene cluster is located directly 

downstream of the ccoNOQP operon (Koch et al., 2000). This set of genes was first described in 
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the nitrogen-fixing bacterium Sinorhizobium meliloti (Kahn et al., 1989). Subsequent studies using 

B. japonicum demonstrated that a deletion of the ccoGHIS operon leads to the same phenotypes as 

observed for a ccoNOQP deletion mutant: defective symbiotic nitrogen fixation and a decreased 

CcO activity (Preisig et al., 1996). Although the opposite result has been reported in A. 

caulinodans (Mandon et al., 1993), biogenesis studies of cbb3-CcO from R. capsulatus have 

revealed that gene products of ccoGHIS are indeed required for the assembly of cbb3-CcO (Koch 

et al., 2000; Ekici et al., 2011). Moreover, the expression of ccoGHIS is strongly induced under 

low oxygen concentration, which is similar to the expression of cbb3-CcO (Preisig et al., 1996).  

CcoH, a putative assembly factor, is predicted to consist of a single TMH with the N-terminus 

facing the cytoplasm (Pawlik et al., 2010). It was found that CcoH is not only present in two 

assembly intermediate complexes (the larger contains CcoN, CcoO and CcoH; the smaller has 

CcoP, CcoQ and CcoH), but also in the whole active complex of cbb3-CcO (Figure 1-9 A). 

Deletion of CcoH resulted in the absence of cbb3-CcO as well as CcoP in membranes, which 

 

Figure 1-9: Schema of the assembly process for cbb3-CcO in R. capsulatus. (A) The single-spanning 
membrane protein CcoH (red) is involved in the assembly of cbb3-complex via two assembly intermediates. 
(B) A model for the maturation of CcoN subunit. The major facilitator superfamily protein CcoA, the 
ferredoxin-like protein CcoG and the P1-type ATPase CcoI are involved in the copper translocation cross 
the cytoplasmic membrane and copper insertion into the CcoN subunit. Assembly factor CcoS is proposed to 
mediate the insertion of heme b and b3. This figure is reproduced from Ekici et al., 2011. 
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indicates that CcoH is essential for the formation and stability of the cbb3-CcO protein complex 

(Kulajta et al., 2006). It is also hypothesized that a dimerization of the cytoplasmic domain of two 

CcoHs is responsible for the full assembly of cbb3-CcO (Pawlik et al., 2010).  

CcoI is a homologue of the Cu-transporting P-type ATPase CopA (Preisig et al., 1996), and is 

involved in the copper circulation. It is proposed that the role of CcoI is to deliver Cu to the 

catalytic center of CcoN, which is the only copper containing subunit in cbb3-CcO. In R. 

capsulatus, CcoI appears to be also required for the assembly of cbb3-CcO, since deletion or 

mutation of CcoI decreased the steady-state amounts of the cbb3-CcOs (Koch et al., 2000; Kulajta 

et al., 2006). CcoS is a small membrane protein containing no characteristic sequence motifs. In 

the absence of CcoS, an inactive form of cbb3-CcO was assembled, which has all the CcoNOP 

subunits. However, compared to the maturated CcoO and CcoP, CcoN was found to have a 

deficiency of both heme b cofactors. This observation therefore suggested that CcoS is required for 

the heme insertion and maturation of CcoN (Koch et al., 2000). CcoG contains two putative 

iron-sulfur cluster-binding motifs and five TMHs. Deletion of CcoG has a minimal effect on the 

assembly of cbb3-CcO (Koch et al., 2000), and it is proposed to perform some unknown functions 

related to redox sensing and regulation (Neidle and Kaplan 1992; Ekici et al., 2011). 

The cytochrome c maturation (Ccm) system, containing at least ten membrane-bound proteins 

(CcmABCDEFGHI, CcdA and DsbA/B5), is involved in the posttranslational maturation of CcoO 

and CcoP subunits (Thöny-Meyer 1997; Kranz et al., 2009; Sanders et al., 2010). This process is 

independent of the maturation of the catalytic subunit CcoN. In addition, several proteins might be 

also required for the biogenesis of cbb3-CcO, e.g., SenC (Sco1) and CcoA, although their exact 

functions are not known. SenC, a homolog of the assembly factor Sco16, has been reported to be 

important for the steady-state stability of cbb3-CcO in R. capsulatus (Swem et al., 2005; Lohmeyer 

et al., 2012), but not in the case of B. japonicum (Bühler et al., 2010) and two Neisseria species 

(Seib et al., 2003). CcoA, a major facilitator superfamily-type transporter, appears to control the 

intercellular copper level and therefore affects the biogenesis of cbb3-CcO (Ekici et al., 2012). 

1.5 Pseudomonas stutzeri 

Pseudomonas stutzeri is a member of the genus of Pseudomonas (sensu stricto), and belongs to the 

class γ-proteobacteria. P. stutzeri cells are phenotypically characterized by Gram-negative non- 

sporing rods (1 to 3 µm in length and 0.5 µm in width), positive for oxidase and catalase tests, and 

                                                        
5 CcdA refers to the cytochrome c defective A protein. DsbA/B is disulfide bond formation system. 
6 Sco1 (synthesis of cytochrome c oxidase) is a universal conserved copper chaperone required for the 
copper insertion into subunit II of aa3-CcOs. 
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motile by a single polar flagellum. Unlike the species of the fluorescent group of Pseudomonas, P. 

stutzeri cannot produce fluorescent pigments. Typically, their genomic DNA has a high G+C 

content, which ranges from 60 to 66 mol%. DNA–DNA hybridization and 16S rRNA analysis 

indicated that P. stutzeri strains could be assigned into at least 17 genomic groups (genomovars) 

(Sikorski et al., 2005; Lalucat et al., 2006).  

The P. stutzeri strains are widely distributed in aquatic and terrestrial habitats. In rare cases, this 

species has also been isolated as an opportunistic pathogen from humans. Some strains have been 

studied because of their specific metabolic properties, including nitrogen fixation, nitrification, 

denitrification and biodegradation of aromatic compounds. They can use a single organic 

compound as carbon source, e.g., citrate or acetate. The species can grow over a wide range of 

temperatures (4 to 45 °C). Some deep-sea strains are tolerant to high hydrostatic pressure (up to 

100 MPa). All strains are described as facultative anaerobic bacteria that use oxygen as a terminal 

electron acceptor during aerobic respiration and use nitrate as an alternative electron acceptor 

during anaerobic respiration (Lalucat et al., 2006).  

The first complete genome sequence for P. stutzeri (strain A1501) was released in 2008 (Yan et 

al., 2008). Its genome consists of a single circular chromosome with 4.57 million base pairs (Mb), 

which is similar in size to the genome of E. coli K-12 (4.64 Mb) and smaller than that of P. 

aeruginosa PAO1 (6.26 Mb). To date, six complete genomes of different P. stutzeri strains were 

assembled, while draft genomes were reported for eight other strains (as at April 2013, NCBI 

Entrez Genome database). 

 Respiration in Pseudomonas stutzeri ZoBell 1.5.1
Pseudomonas stutzeri strain ZoBell (equivalent to ATCC 14405, CCUG 16156) was first isolated 

from the water column in the Pacific ocean and was originally named Pseudomonas 

perfectomarina (ZoBell and Upham 1944). As mentioned above, this stain performs both aerobic 

and anaerobic respiration (Figure 1-10). 

P. stutzeri ZoBell is a model microorganism for studying the denitrification process that 

constitutes one important part of the global nitrogen cycle (Zumft 1997). During this process, four 

metalloproteins are responsible for the four-step sequential reduction of nitrate to molecular 

nitrogen. Compared to the aerobic respiration process, the nitrogen oxyanions (nitrate and nitrite) 

and the gaseous nitrogen oxides (nitric oxide and nitrous oxide) are used instead of O2 as the 

electron acceptors. 

 



1. INTRODUCTION 

 30 

 

Figure 1-10: Schematic representation of the branched respiratory pathway of P. stutzeri ZoBell. This 
bacterium contains coding regions for five respiratory terminal oxidases. The bd oxidase and the 
cyanide-insensitive oxidase (CIO, bd-type) use quinol as a substrate, whereas one aa3-CcO and two 
cbb3-CcOs use cytochromes c as the electron donor. Under anaerobic conditions, denitrification proceeds in 
four enzymatic reaction steps: nitrate (NO3

-) is sequentially reduced to nitrite (NO2
-), nitric oxide (NO), 

nitrous oxide (N2O) and finally to dinitrogen (N2). 

 

In P. stutzeri ZoBell, the cbb3-CcO is the terminal enzyme in the aerobic respiratory chain. It was 

purified from the native membrane and was biochemically and structurally studied. However, this 

bacterium was reported to possess only one ccoNOQP operon coding for cbb3-CcO (Pitcher et al., 

2002; Cosseau and Batut 2004). More recently, we have reevaluated the sequences and shown the 

presence of two cbb3-operons in P. stutzeri ZoBell (Buschmann et al., 2010). The existence of two 

isoforms of cbb3-CcO is commonly found in the genus Pseudomonas, e.g., in the opportunistic 

human pathogens P. aeruginosa and P. putida, but this is rare in other bacteria (Comolli and 

Donohue 2004; Cosseau and Batut 2004). Previous studies on the differential expression of two 

cbb3-isoforms from P. aeruginosa indicated that they differ from each other in their regulatory 

properties under different oxygen tensions (Comolli and Donohue 2004; Kawakami et al., 2010; 

Arai 2011). More specifically, the first isoform (Cbb3-1, P. stutzeri numbering7) appeared to be 

expressed mainly under oxygen-limited conditions, whereas the second isoform (Cbb3-2) was 

constitutively expressed from low to high oxygen levels. In addition, the overall expression level 

of Cbb3-2 is however three- to six-fold lower than the highest level of Cbb3-1 found under the 

microaerobic conditions (Kawakami et al., 2010). 

In addition to two cbb3-CcOs, P. stutzeri ZoBell has three additional terminal oxidases. The 

aa3-CcO uses cytochrome c as electron donor and the other two, bd oxidase and CIO, are quinol 

                                                        
7 The numbring system of two cbb3-isoforms in two Pseudomans species is opposite. i.e., the P. stutzeri 
Cbb3-1 is equivalent to the P. aeruginosa Cbb3-2 and vice versa.  
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oxidases. This highly branched respiratory chain provides P. stutzeri the ability to optimally adapt 

to various environmental conditions. 

1.6 Aim of this work 

The aim of this work is to characterize the two isoforms of cbb3-CcO from P. stutzeri ZoBell. 

Previously, only one cbb3-operon was found in P. stutzeri Zobell (Pitcher et al., 2002). This work 

first proved the presence of two cbb3-operons, and confirmed that the genes of both cbb3-operons 

encode two isoforms of the cbb3-CcO. Although the wild-type Cbb3-1 has been structural 

characterized (Buschmann et al., 2010), the isolation of Cbb3-2 could not be achieved yet due to its 

high amino acid sequence identity. In order to contribute to a better understanding of the structure 

and function of cbb3-CcOs, in particular the isoform specificity, and to complement the structural 

characterization of both cbb3-isoforms, we set out to produce homologously two recombinant 

cbb3-isoforms.  

More specifically, this work aims to: (i) determine the organization and sequences of two operons 

encoding the cbb3-isoforms in P. stutzeri ZoBell; (ii) establish a homologous expression system 

that consists of P. stutzeri cbb3-operon deletion strains and expression vectors carrying the 

recombinant cbb3-CcOs; (iii) produce, isolate and identify both cbb3-CcOs by chromatography, 

electrophoresis and mass spectrometry; (iv) biophysically characterize both cbb3-CcOs by UV/Vis 

spectroscopy, circular dichroism spectroscopy, differential scanning calorimetry and Fourier 

transform infrared spectroscopy; (v) biochemically and functionally characterize both enzymes by 

polarographic oxygen measurement; (vi) electrochemically analyze the redox cofactors in both 

cbb3-CcOs; (vii) identify and characterize the natural electron donors of both cbb3-CcOs; (viii) 

investigate several highly conserved amino acids near the catalytic site by the mutagenesis 

approach. 

The newly established homologous expression system allows us, for the first time, to characterize 

and compare the biochemical, biophysical and functional properties of both cbb3-isoforms, and to 

investigate the differences related to their native substrates, physiological roles and gene 

expression regulations. Moreover, it opens up the possibility for the ongoing structural 

investigation of the Cbb3-2 from P. stutzeri. 
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2 Materials and Methods 

In this chapter, only the names of suppliers of all devices, consumptive materials and chemicals 

are shown. Details of all suppliers and their products are listed alphabetically in Appendix H. For 

economy of space, primers are listed in Appendix A. 

 

2.1 Materials 

 Chemicals 2.1.1
If not stated otherwise, all chemicals used in this work were purchased from: Alfa Aesar, 

Applichem, Carl Roth, Fluka, Gerbu, Merck, Qiagen, Roche, Sigma-Aldrich and VWR. 

 Bacterial strains 2.1.2
The bacterial strains used in this work are listed in Table 2-1. DNA sequences of the ccoNO(Q)P 

operon from the wild type, ΔCbb3-1 strain and ΔCbb3-2 strain of P. stutzeri ZoBell are shown in 

Appendix I, J and K, respectively. 

Table 2-1: List of bacterial strains. 
Strain Genotype Reference 
E. coli BL21 StarTM (DE3) F- ompT hsdSB(rB

- mB
-) gal dcm rne131 (DE3) Invitrogen 

E. coli DH5α 
F- gyrA96 (Nalr) recA1 relA1 endA1 thi-1 hsdR17 (rκ- 
mκ

+) glnV44 deoR Δ(lacZYA-argF) U169 
[Φ80dΔ(lacZ)M15] 

(Hanahan 1983) 

E. coli GM2163 
F- dam-13::Tn9 (Camr) dcm-6 hsdR2 (rκ- mκ

+) leuB6 
hisG4 thi-1 araC14 lacY1 galK2 galT22 xylA5 mtl-1 
rpsL136 (Strr) fhuA31 tsx-78 glnV44 mcrA mcrB1 

(Palmer and 
Marinus 1994) 

E. coli JM110 
rpsL (Strr) thr leu thi-1 lacY galK galT ara tonA tsx 
dam dcm supE44 Δ(lac-proAB) [F ́ traD36 proAB 
lacIqZΔM15] 

Stratagene 

E. coli XL10-Gold® 
TetrΔ (mcrA) 183 Δ(mcrCB-hsdSMR-mrr)173 endA1 
supE44 thi-1 recA1 gyrA96 relA1 lac Hte [F ́ proAB 
lacIqZΔM15 Tn10 (Tetr) Amy Camr] 

Stratagene 

P. stutzeri ZoBell 
(ATCC14405) Wild type  

(ZoBell and 
Upham 1944) 

P. stutzeri ZoBell ΔCbb3-1 ATCC14405 ΔccoNOP-1::Kanr this work 
P. stutzeri ZoBell ΔCbb3-2 ATCC14405 ΔccoNOQP-2::Kanr this work 
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 Plasmids 2.1.3
The plasmids used in this work are listed in Table 2-2.  

Table 2-2: List of plasmids. 
Plasmid Relevant features Reference 
pACYC177 AmpR (Tn3), KanR (Tn903), p15A replication origin NEB 
pACYC184 CamR (Tn9), TetR (pSC101), p15A replication origin NEB 

pBBR1MCS 
pBBR1 derivative, multiple cloning site, CamR, T7 promoter, 
T3 promoter, mobilization gene (mob), pBBR replication origin,  

(Kovach et al., 
1994) 

pBBR1MCS-2 pBBR1MCS derivative, KanR 
(Kovach et al., 
1995) 

pBBR1MCS-2- EGFP pBBR1MCS derivative, KanR, EGFP gene this work 

pBBR1MCS-3 pBBR1MCS derivative, TetR 
(Kovach et al., 
1995) 

pBBR1MCS-4 pBBR1MCS derivative, AmpR 
(Kovach et al., 
1995) 

pBBR1MCS-5 pBBR1MCS derivative, GenR 
(Kovach et al., 
1995) 

pBR322 AmpR (Tn3), TetR (pSC101), rop gene, pMB1 replication origin 
(Sutcliffe 
1979) 

pBR325 
AmpR (Tn3), TetR (pSC101), CamR, rop gene, pMB1 replication 
origin 

(Prentki et al., 
1981) 

pCM433 AmpR, CamR, sacB gene, pBR322 replication origin (Marx 2008) 

pEC86 TetR, CamR, ccmABCDEFGH genes 
(Thöny-Meyer 
et al., 1995) 

pEF-ENTR-LacZ 
KanR, T7 promoter, lacZ gene, specific attachment (att) sites, 
pBR322 replication origin 

(Campeau et 
al., 2009) 

pET-22b(+) 
AmpR (Tn3), T7 promoter, pelB coding sequence, lacI coding 
sequence, pBR322 replication origin, f1 origin Novagen 

pET-26b(+) 
KanR, T7 promoter, pelB coding sequence, lacI coding 
sequence, pBR322 replication origin, f1 origin Novagen 

pET-22-C4 pET-22b(+) derivative, AmpR, cycA (cytochrome c4) gene this work 
pET-22-C5 pET-22b(+) derivative, AmpR, cycB (cytochrome c5) gene this work 
pET-22-C551 pET-22b(+) derivative, AmpR, nirM (cytochrome c551) gene this work 
pET-22-C552 pET-22b(+) derivative, AmpR, nirB (cytochrome c552) gene this work 
pET-26-C551 pET-26b(+) derivative, KanR, nirB (cytochrome c552) gene this work 
pEGFP-N1 KanR, EGFP gene, pUC replication origin, f1 origin Clontech 

pJET1.2 
AmpR, T7 promoter, lethal gene eco47IR, pMB1 replication 
origin, insertion site for blunt end ligation Fermentas 

pJET-C4 pJET1.2 derivative, AmpR, cycA (cytochrome c4) gene this work 
pJET-C5 pJET1.2 derivative, AmpR, cycB (cytochrome c5) gene this work 

pJET-C551+C552 
pJET1.2 derivative, AmpR, nirM (cytochrome c551) gene, nirB 
(cytochrome c552) gene this work 

pJET-M6263 pJET1.2 derivative, AmpR, amplicon M6263 (ccoNOP-1) this work 
pJET-PCR1 pJET1.2 derivative, AmpR, amplicon PCR1 this work 
pJET-PCR42 pJET1.2 derivative, AmpR, amplicon PCR42 this work 
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pJET-PCR101 pJET1.2 derivative, AmpR, amplicon PCR101 (ccoNOQP-2) this work 

pXH-ΔI-Cm 
pXH-B derivative, KanR, homologous flanking arm H1 and H2, 
CamR as counter-selectable marker this work 

pXH-ΔI-EGFP 
pXH-B derivative, KanR, homologous flanking arm H1 and H2, 
EGFP as counter-selectable marker this work 

pXH-ΔI-SacB 
pXH-B derivative, KanR, homologous flanking arm H1 and H2, 
sacB as counter-selectable marker this work 

pXH-ΔII-Cm 
pXH-B derivative, KanR, homologous flanking arm H2 and H3, 
CamR as counter-selectable marker this work 

pXH-ΔII-EGFP 
pXH-B derivative, KanR, homologous flanking arm H2 and H3, 
EGFP as counter-selectable marker this work 

pXH-ΔII-SacB 
pXH-B derivative, KanR, homologous flanking arm H2 and H3, 
sacB as counter-selectable marker this work 

pXH-ΔΙ+II-Cm 
pXH-B derivative, KanR, homologous flanking arm H1 and H3, 
CamR as counter-selectable marker this work 

pXH-ΔΙ+II-EGFP 
pXH-B derivative, KanR, homologous flanking arm H1 and H3, 
EGFP as counter-selectable marker this work 

pXH-ΔΙ+II-SacB 
pXH-B derivative, KanR, homologous flanking arm H1 and H3, 
sacB as counter-selectable marker this work 

pXH-B 
pBBR1MCS-2-EGFP/pACYC184 derivative, KanR, EGFP 
gene, p15A replication origin this work 

pXH-R 
pBBR1MCS-2-EGFP/pBR322 derivative, KanR, EGFP gene, 
pMB1 replication origin this work 

pXH11 
pJET-M6263 derivative, AmpR, N-terminal Strep-tag II 
(ccoN-1) this work 

pXH12 
pJET-M6263 derivative, AmpR, C-terminal Strep-tag II 
(ccoN-1) this work 

pXH13 pJET-M6263 derivative, AmpR, N-terminal His6-tag (ccoN-1) this work 
pXH14 pJET-M6263 derivative, AmpR, C-terminal His6-tag (ccoN-1) this work 

pXH15 
pJET-PCR101 derivative, AmpR, N-terminal Strep-tag II 
(ccoN-2) this work 

pXH16 
pJET-PCR101 derivative, AmpR, C-terminal Strep-tag II 
(ccoN-2) this work 

pXH17 pJET-PCR101 derivative, AmpR, N-terminal His6-tag (ccoN-2) this work 
pXH18 pJET-PCR101 derivative, AmpR, C-terminal His6-tag (ccoN-2) this work 
pXH19 pBBR1MCS derivative, CamR, ccoNOP-1 this work 
pXH20 pBBR1MCS derivative, CamR, ccoNOQP-2 this work 
pXH21 pXH19 derivative, CamR, N-terminal Strep-tag II (ccoN-1) this work 
pXH22 pXH19 derivative, CamR, C-terminal Strep-tag II (ccoN-1) this work 
pXH22-M1 pXH22 derivative, CamR, T215V (ccoN-1) this work 
pXH22-M2 pXH22 derivative, CamR, Y251F (ccoN-1) this work 
pXH22-M5 pXH22 derivative, CamR, Y251A (ccoN-1) this work 
pXH22-M6 pXH22 derivative, CamR, Y251A/I252Y (ccoN-1) this work 
pXH22-M7 pXH22 derivative, CamR, Y317F (ccoN-1) this work 
pXH22-M8 pXH22 derivative, CamR, E323A (ccoN-1) this work 
pXH22-M9 pXH22 derivative, CamR, E323D (ccoN-1) this work 
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pXH22-M10 pXH22 derivative, CamR, E323Q (ccoN-1) this work 
pXH22-M11 pXH22 derivative, CamR, N333D (ccoN-1) this work 
pXH22-M12 pXH22 derivative, CamR, N333L (ccoN-1) this work 
pXH22-M13 pXH22 derivative, CamR, H337I (ccoN-1) this work 
pXH22-M14 pXH22 derivative, CamR, H337V (ccoN-1) this work 
pXH22-M16 pXH22 derivative, CamR, Y251A/G211Y (ccoN-1) this work 
pXH22-TEV pXH22 derivative, CamR, ccoN-1+TEV+Strep-tagII this work 
pXH22-TEV-EGFP pXH22 derivative, CamR, ccoN-1+TEV+EGFP+Strep-tagII this work 
pXH23 pXH19 derivative, CamR, N-terminal His6-tag (ccoN-1) this work 
pXH24 pXH19 derivative, CamR, C-terminal His6-tag (ccoN-1) this work 
pXH25 pXH20 derivative, CamR, N-terminal Strep-tag II (ccoN-2) this work 
pXH26 pXH20 derivative, CamR, C-terminal Strep-tag II (ccoN-2) this work 
pXH26-TEV pXH26 derivative, CamR, ccoN-2+TEV+Strep-tagII this work 
pXH26-TEV-EGFP pXH26 derivative, CamR, ccoN-2+TEV+EGFP+Strep-tagII this work 
pXH27 pXH20 derivative, CamR, N-terminal His6-tag (ccoN-2) this work 
pXH28 pXH20 derivative, CamR, C-terminal His6-tag (ccoN-2) this work 
pXH29 pXH19 derivative, CamR, Lac promoter + ccoNOP-1 this work 
pXH36 pXH26 derivative, CamR, Lac promoter + ccoNOQP-2 this work 
pXH36-TEV pXH36 derivative, CamR, ccoN-2+TEV+Strep-tagII this work 
pXH39 pXH26 derivative, CamR, Cbb3-1 promoter + ccoNOQP-2 this work 
pXH39-TEV pXH39 derivative, CamR, ccoN-2+TEV+Strep-tagII this work 
pXH39-TEV-EGFP pXH39 derivative, CamR, ccoN-2+TEV+EGFP+Strep-tagII this work 

 

The plasmids pXH22 and pXH39 were used for the expression of recombinant Cbb3-1 and Cbb3-2, 

respectively. Their plasmid maps are shown in Figure 2-1 and Figure 2-2. The location of relevant 

features is shown below (Table 2-3 and Table 2-4). 

  

Figure 2-1: Plasmid map of pXH22. 

Table 2-3: Location of pXH22 features.  
Feature Locations 
mobilization gene (mob) 7938-8105, 1-799 
pBBR origin 1793-2455 
T7 promoter 3188-3206 
Cbb3-1 promoter region 3257-3493 
ccoN-1 3495-4949 
Strep-tag II 4917-4946 
ccoO-1 4963-5574 
ccoP-1 5673-6608 
T3 promoter 6732-6751 
lac promoter 6821-6850 
Cam resistance gene 7002-7632 
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Figure 2-2: Plasmid map of pXH39. 
 

 Microbial media and supplements 2.1.4
All microbiological media (see Table 2-5) were prepared in deionized water and sterilized by 

autoclaving at 121°C for 20 min. Agar plates were prepared by adding 1.5% (w/v) agar to media 

before autoclaving. Media supplements (see Table 2-6) were filtered through 0.2 µm membrane 

filters. Agar plates were supplemented with antibiotics, which were added to the cooled medium  

(≈ 50°C) after autoclaving. Stock solutions of antibiotics were stored at -20°C. 

Table 2-5: List of microbial media. 
Medium Composition 

Asparagine mediuma 
0.2% (w/v) L-asparagine, 0.7% (w/v) Na3C6H5O7⋅2H2O, 0.2% (w/v) 
KH2PO4, 0.2% (w/v) MgSO4⋅7H2O, 0.01% (w/v) CaCl2⋅2H2O, 1% (w/v) 
NaCl, 1×�trace element mix (see below). Adjust pH to 8.0 with NaOH. 

Trace element mix (1000×) 
for asparagine medium 

3.2% (w/v) FeCl3⋅6H2O, 0.017% (w/v) CuCl2⋅2H2O, 0.16% (w/v) NH4NO3, 
2.2% (w/v) KBr, 2.0% (w/v) MnCl2⋅2H2O, 2.5% (w/v) ZnCl2 

Lysogeny broth (LB) 
medium 

0.5% (w/v) yeast extract, 1% (w/v) tryptone, 1% (w/v) NaCl. Adjust pH to 
7.0 with NaOH. 

NZY+B medium 
1% (w/v) NZ amine (casein hydrolysate), 0.5% (w/v) yeast extract, 0.5% 
(w/v) NaCl, 12.5 mM MgCl2, 12.5 mM MgSO4, 20 mM glucose. Adjust pH 
to 7.5 with NaOH. 

SOC medium 
0.5% (w/v) yeast extract, 2% (w/v) tryptone, 10 mM NaCl, 2.5 mM KCl, 
10 mM MgCl2, 10 mM MgSO4, 20 mM glucose. Adjust pH to 7.0 with 
NaOH. 

2×�YTG medium 
1% (w/v) yeast extract, 1.6% (w/v) tryptone, 0.5% (w/v) NaCl, 15% (v/v) 
glycerol. Adjust pH to 7.0 with NaOH. 

a According to Urbani et al. (2001) and further modified by Sabine Buschmann (MPI of Biophysics, 
Frankfurt am Main) concerning the supplementation of trace elements. 

Table 2-4: Location of pXH39 features. 
Features Location 
mobilization gene (mob) 8011-8178, 1-799 
pBBR origin 1793-2455 
T7 promoter 3188-3206 
Cbb3-1 promoter region 3257-3494 
ccoN-2 3495-4952 
Strep-tag II 4920-4949 
ccoO-2 4964-5575 
ccoQ 5579-5767 
ccoP-2 5768-6685 
T3 promoter 6805-6824 
lac promoter 6894-6923 
Cam resistance gene 7075-7705 

 



2. MATERIALS AND METHODS 

 38 

Table 2-6: List of medium supplements. 
Medium supplement Composition 
Ampicillin (Amp), 1000× 10% (w/v) Amp in 50% (v/v) H2O + 50% (v/v) glycerol 
Carbenicillin (Car), 1000× 5% (w/v) Car in 50% (v/v) H2O + 50% (v/v) EtOH 
Chloramphenical (Cam), 1000× 3.4% (w/v) Cam in EtOH 
Gentamicin (Gen), 1000× 1% (w/v) Gen in 50% (v/v) H2O + 50% (v/v) glycerol 
Kanamycin (Kan), 1000× 5% (w/v) Kan in 50% (v/v) H2O + 50% (v/v) glycerol 
Spectinomycin (Spc), 1000× 10% (w/v) Spc in 50% (v/v) H2O + 50% (v/v) glycerol 
Streptomycin (Str), 1000× 2.5% (w/v) Str in 50% (v/v) H2O + 50% (v/v) glycerol 
Tetracycline (Tet), 1000× 1.25% (w/v) Tet in H2O 
IPTG  1M IPTG in H2O 
X-Gal (500×) 4% (w/v) X-Gal in DMF 

 

 Buffers and solutions 2.1.5
All buffers and solutions used in this work were prepared with ddH2O. The compositions of 

buffers and solutions are shown within the text of the corresponding sections. 

 Enzymes, proteins, markers and kits 2.1.6
All restriction and DNA modifying enzymes with corresponding buffers were purchased from 

Fermentas and New England Biolabs. Other enzymes, proteins, markers and kits used in this work 

are listed in Table 2-7. 

Table 2-7: List of enzymes, proteins, markers and kits. 
Name Supplier Application 
Albumin Standard (bovine serum) Pierce Protein concentration assay 
Albumin fraction V (bovine serum, biotin-free) Carl Roth Western blot 
Avidin (egg white) Gerbu Avidin-biotin interaction 
BenchMarkTM Fluorescent Protein Standard Invitrogen Protein standard 
Catalase (Micrococcus lysodeikticus) Fluka Catalase activity assay 
CloneJETTM PCR Cloning Kit Fermentas Molecular cloning 
CrimsonTM Taq DNA Polymerase NEB PCR 
Cytochrome c (equine heart) Biomol Protein activity assay 
Cytochrome c (Saccharomyces cerevisiae) Sigma-Aldrich Protein activity assay 
Deoxyribonuclease I Roche Protein purification 
DNA Clean & ConcentratorTM-25 Kit Zymo Research DNA purification 
Fast-LinkTM DNA Ligation Kit Epicentre Molecular cloning 
Fluorescent Molecular Weight Marker Sigma-Aldrich Protein standard 
GeneRulerTM 1 kb Plus DNA Ladder Fermentas DNA standard 
GeneRulerTM 100 bp Plus DNA Ladder Fermentas DNA standard 
Gentra® Puregene® Yeast/Bact. Kit Qiagen Genomic DNA extraction 
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Glucose oxidase (Type X-S, Aspergillus niger) Sigma-Aldrich Protein activity assay 
G-spinTM Genomic DNA Extraction Kit (for bacteria) iNtRON Genomic DNA extraction 
In-Fusion® HD Cloning Kit Clontech Molecular cloning 
Lambda DNA-Mono Cut Mix NEB DNA standard 
Lysozyme (egg white) Fluka Protein purification 
NativeMarkTM Protein Standard Invitrogen Protein standard 
PageRulerTM Prestained Protein Ladder  Fermentas Protein standard 
PageRulerTM Prestained Protein Ladder Plus Fermentas Protein standard 
PeriPrepsTM Periplasting Kit Epicentre Protein purification 
Phire® Hot Start II DNA Polymerase Finnzymes PCR 
Phusion® High-Fidelity DNA Polymerase Finnzymes PCR 
ProteoExtract® Digestion kit Calbiochem PMF 
QIAGEN® Plasmid Plus Midi Kit Qiagen DNA extraction 
QIAprep® Spin Miniprep Kit Qiagen DNA extraction 
QIAquick® Gel Extraction Kit Qiagen DNA purification 
QIAquick® PCR Purification Kit Qiagen DNA purification 
QuickExtractTM DNA Extraction Solution 1.0 Epicentre DNA extraction 
QuikChange® Lightning Site-Directed Mutagenesis Kit Stratagene Cloning and mutagenesis 
Ribonuclease A Roche DNA extraction 
SeeBlue® Plus2 Prestained Standard Invitrogen Protein standard 
Supercoiled DNA Ladder NEB DNA standard 
SilverQuestTM Staining Kit Invitrogen Protein staining 
ZymocleanTM Gel DNA Recovery Kit Zymo Research DNA purification 

 

 Databases, servers and software 2.1.7
The databases and servers used in this work are listed in Table 2-8. 

Table 2-8: List of databases and servers.  
Database and server URL  
EMBL http://www.embl.org/ 
ExPASy: SIB Bioinformatics Resource Portal http://www.expasy.org/ 
HCO: Heme Copper Oxygen reductase classification tool http://www.evocell.org/hco 
Mascot http://www.matrixscience.com/ 
Membrane Protein Data Bank MPDB http://www.mpdb.tcd.ie/ 
MultAlin http://multalin.toulouse.inra.fr/ 
NCBI: National Center for Biotechnology Information http://www.ncbi.nlm.nih.gov/ 
PDB: Protein Data Bank http://www.rcsb.org/ 
PROMISE http://bioinf.leeds.ac.uk/promise/ 
Proteopedia http://www.proteopedia.org/ 
Pseudomonas Genome Database http://www.pseudomonas.com/ 
ScanProsite http://prosite.expasy.org/scanprosite/ 
SignalP Server http://www.cbs.dtu.dk/services/SignalP/ 
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Signal Peptide Database http://www.signalpeptide.de/ 
SOSUI WWW Server http://bp.nuap.nagoya-u.ac.jp/sosui/ 
TMHMM Server http://www.cbs.dtu.dk/services/TMHMM/ 
UniProt: Universal Protein Resource http://www.uniprot.org/ 
Web of Knowledge http://www.webofknowledge.com/ 

 

The software used in this work is listed in Table 2-9. 

 Table 2-9: List of software. 
Software Version Application Company or reference 
BioTools 3.1 (build 2.22) MS data analysis Bruker Daltonics 
Chromas Lite 2.01 Chromatogram editor Technelysium 
Clone Manager Professional 9 Cloning simulation Sci-Ed Software 
ClustalX 2.1 Multiple sequence alignment (Thompson et al., 1997) 
Compass/Hystar 1.4 MS data analysis Bruker Daltonics 
Endnote X5 Reference management Thomson Reuters 
iWork 09 version 4.1 Apple office software Apple 
JalView 2.8 Multiple sequence alignment (Waterhouse et al., 2009) 
MacVector 11.0.4 Cloning simulation MacVector 
Microsoft Office 2010 Microsoft office software Microsoft 
Origin 8.6.0 Data processing and analysis OriginLab 
Photoshop CS5 extended 12.0  Image editor Adobe 
PyMOL 1.3 3D molecular visualizer Schrödinger, LLC 
Unicorn 5.11 Äkta control system GE Healthcare 
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2.2 Methods 

 Molecular biological methods 2.2.1
All general molecular biological techniques were performed as described elsewhere (Sambrook 

and Russell 2001), unless otherwise stated. General cloning was performed using E. coli strain 

DH5α. The E. coli dam/dcm-deficient strains GM2163 and JM110 were used to prepare 

non-methylated plasmid DNA. The growth of bacteria was monitored by measuring the optical 

density (OD) of the bacterial culture in an UltrospecTM 2100 pro UV/Vis spectrophotometer 

(Amersham). 

2.2.1.1 Isolation of plasmid DNA 

LB media containing appropriate selection antibiotics were inoculated with a single bacterial 

colony and incubated at 32°C (P. stutzeri ZoBell) or at 37°C (E. coli) with shaking at 220 rpm 

overnight. 5 ml and 25 to 50 ml bacterial cultures were used for isolation of high-copy-number or 

low-copy-number plasmids, respectively. Plasmid DNA was isolated using the Qiagen plasmid 

mini/midi kit according to the manufacturer’s protocols, which are based on a modified alkaline 

lysis procedure and anion exchange chromatography. The plasmid DNA was stored in ddH2O at 

-20°C for long-term storage. 

2.2.1.2 Isolation of genomic DNA from Pseudomonas stutzeri 

For general cloning purposes, the G-spin genomic DNA extraction kit (iNtRON) was used to 

isolate genomic DNA from 2 ml P. stutzeri cultures (OD550 = 0.8 to 1.0) according to the 

manufacturer’s protocol for gram-negative bacteria. The typical yield was 5 to 10 µg/ml culture.  

For genome sequencing, high molecular weight genomic DNA was extracted from 0.6 ml 

P. stutzeri cultures (OD550 = 1.0) using the Puregene yeast/bact kit (Qiagen). The average yield 

was 50 µg/ml culture. The length of extracted genomic DNA was roughly estimated to be between 

50 and 100 kb on a 0.5% agarose gel as compared to the Lambda DNA. The genomic DNA was 

stored in TE buffer (10 mM Tris/HCl, pH 8.0, 1 mM EDTA) at 4°C for long-term storage. 

2.2.1.3 Electrophoresis of nucleic acids 

Agarose gel electrophoresis was used for the separation of DNA fragments by size. For most 

analyses, 1% agarose (NEEO ultra quality, Carl Roth) in TBE buffer (Table 2-10) was used for the 

separation of 0.5 to 10 kb DNA fragments. TAE buffer (Table 2-10) was used to separate genomic 

and supercoiled DNA. The agarose was boiled in 1× TAE/TBE buffer using a microwave until it 

was completely dissolved. The boiled agarose was casted into a self-made horizontal gel tray and 
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the gel combs were inserted. Once the gel was polymerized, the gel tray was placed into the gel 

chamber that was filled with 1× TAE/TBE buffer. DNA samples were mixed 5:1 (v:v) with 

6× DNA gel-loading solution (Table 2-10) before loading into the slots of the agarose gel. An 

appropriate DNA marker was used to determine the size of the DNA in each experiment. 

Electrophoresis was carried out at 120 V (6 V/cm) for 60 to 90 min at RT until the dyes had 

migrated an appropriate distance (PowerPacTM Basic power supply, Bio-Rad). The gel was stained 

by soaking in ethidium bromide aqueous solution (0.0002% [w/v]) after electrophoresis for 10 to 

15 min at RT. The DNA band patterns were visualized and photographed using a Bio-Rad gel 

documentation system with a 302 nm UV transilluminator. 

Table 2-10: List of buffers and solution for DNA electrophoresis. 
Buffer and solution Composition 

DNA gel-loading solution (6×) 
0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol FF, 15% 
(w/v) ficoll (type 400) 

TAE buffer (50×) 2 M Tris, 1 M HAc, 50 mM EDTA, approx. pH 8.4 
TBE buffer (5×) 445 mM Tris, 445 mM boric acid, 10 mM EDTA, approx. pH 8.3 

 

2.2.1.4 Purification of DNA fragments from agarose gels 

The DNA fragments were extracted and purified using the Zymoclean gel DNA recovery kit 

(Zymo Research) according to the manufacturer’s protocols. After agarose gel electrophoresis 

separation, the band with the desired DNA fragment was visualized under UV light (312 nm, 

Biometra TI1 transilluminator) and excised from the gel with a clean scalpel. The gel was 

dissolved in a chaotropic agent, containing guanidine thiocyanate, at 50°C for 10 min. The sample 

was added to a spin column and washed with 80% ethanol. The DNA fragments were eluted with 

8 to 12 µl ddH2O. 

2.2.1.5 Estimation of nucleic acid concentration and purity 

The concentration of DNA was spectrophotometrically determined by measuring the absorbance at 

260 nm in a NanoDrop® ND-1000 spectrophotometer. One A260 unit of double stranded DNA is 

equal to 50 µg/ml. Two ratios of absorbance, A260/A280 and A260/A230 were used to estimate the 

purity of nucleic acid samples. In general, pure DNA has an A260/A280 ratio between 1.8 and 2.0 

and an A260/A230 ratio slightly higher than the respective A260/A280 values between 2.0 and 2.2. 

2.2.1.6 Plasmid screening and sizing using single colony lysates 

Plasmid DNA was prepared from single bacterial colonies for screening potential recombinant 

clones. One single P. stutzeri colony (0.5 to 1.5 mm diameter) was picked from an appropriate 
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agar plate and resuspended in 20 µl of Rusconi Mix (25 mM Tris/HCl, pH 7.5, 0.5 mg/ml 

lysozyme, 0.1 mg/ml RNase, 0.2 mg/ml bromophenol blue, 10% [v/v] glycerol, 25 mM EDTA)8. 

The mixture was incubated for 30 min at RT. The total DNA was extracted by adding 10 µl of 

phenol/chloroform (1:1) mixture followed by vortexing. The cell debris was removed by 

centrifugation for 5 min at 16,000 × g (Centrifuge 5415D, Eppendorf) and the supernatant was 

separated for 120 min at 120 V on a 1% TAE-agarose gel. A supercoiled DNA ladder (NEB) was 

used to estimate the size of the supercoiled plasmid DNA. This method was used for screening of 

both low (< 5 kb) and high (> 6 kb) molecular weight plasmids because the P. stutzeri genomic 

DNA was observed as a heavy band between 5 and 6 kb. 

2.2.1.7 Polymerase chain reaction 

The polymerase chain reaction (PCR) was used in this work to amplify DNA fragments for 

cloning and screening of constructs. Phusion DNA polymerase (Finnzymes) was used for routine 

PCR amplifications of variant amplicons (0.5 to 7 kb). Colony PCR was used to screen clones with 

targeted allelic exchange during the ccoNO(Q)P gene disruption experiments. The QuickExtract 

DNA extraction solution (Epicentre) was used to extract PCR-ready genomic DNA from a single 

P. stutzeri colony. To introduce a point mutation or a small insertion (up to 40 bp) into ccoN-1 and 

ccoN-2 genes, the mutagenesis PCR was carried out using the QuikChange lightning site-directed 

mutagenesis kit (Stratagene) according to the protocol supplied by the manufacturer. 

For a reproducible and effective PCR 

amplification, PCR master mix (20 × 44 µl) 

was prepared as described in Table 2-11, 

which is stable at -20°C for at least three 

months. GC buffer was used for amplification 

with GC-rich templates, e.g., P. stutzeri 

genomic DNA. 

A typical reaction mixture 

using the PCR master mix is 

shown in Table 2-12. In a 

50 µl reaction volume, 2-5 ng 

plasmid DNA or 50-200 ng 

genomic DNA were used. 

                                                        
8  This method is based on several standard procedures: lysozyme digestion, RNase treatment and 
phenol/chloroform extraction. 

Table 2-11: PCR master mix. 
Component Amount 
nuclease-free H2O 560 µl 
5× Phusion GC/HF reaction buffer 200 µl 
dNTPs mix (2.5 mM for each DNTP) 80 µl 
DMSO 30 µl 
Phusion DNA polymerase (2U/µl) 10 µl 

 

 Table 2-12: Reaction mixture for a typical PCR amplification. 
Component Amount  Final concentration 

PCR master mix 44 µl 
1× reaction buffer, 200 µM of each 
DNTP, 0.02 U/µl Phusion DNA 
polymerase, 3% (v/v) DMSO 

Primer A (10 µΜ) 2.5 µl 0.5 µM 
Primer B (10 µΜ) 2.5 µl 0.5 µM 
DNA template 1 µl various concentrations 
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Analytical and preparative PCR was carried out in a volume of 10 and 50 µl, respectively. All 

reactions were set up on ice to avoid nonspecific amplification. PCR was performed using a 

Biometra T Gradient thermocycler. The typical PCR cycling program is outlined in Table 2-13. 

Gradient PCR was used in this study to determine the optimum annealing temperature between 63 

and 73°C. The PCR products were verified by gel electrophoresis and purified using a gel 

extraction kit or PCR purification kit for downstream subcloning and sequencing. 

Table 2-13: PCR cycling programs.  
Routine PCR program and mutagenesis PCR program are shown in blue and orange, respectively. 
Cycle step Temperature Duration Number of cycles 
1 Initial denaturation 98°C, 95°C 30 s, 2 min 1, 1 

2 

Denaturation 98°C, 95°C 10 s, 20 s 

30-35, 18-20 Annealing 63-73°C, 60°C 30 s, 10 s 
Extension 72°C, 68°C 20-35 s/kb, 30 s/kb 

3 Final extension 72°C, 68°C 10 min, 5 min 1, 1 
4 Refrigeration 4°C, 4°C - - 

 

2.2.1.8 Restriction digestion 

The analytical restriction digestion typically contains 50 to 200 ng of plasmid DNA and 5 units of 

restriction enzyme in a final volume of 10 µl. For a scaled up preparative restriction digestion, 0.2 

to 2 µg of plasmid DNA were digested in a final volume of 50 µl. The digestion reaction was 

performed in the buffer recommended by the manufacturer and incubated for 15 min (FastDigest® 

restriction) or 60 min (conventional restriction) at 37°C (Thermomixer® compact, Eppendorf). 

Subsequently, the DNA fragments were analyzed by gel electrophoresis (see 2.2.1.3). In this study, 

the restriction enzyme BstBI was often used to analyze pXH11-39 constructs and their derivatives. 

2.2.1.9 Ligation 

The ligation of DNA inserts into plasmid vectors was done using the conventional T4 DNA ligase 

and the reaction was incubated at 16°C overnight (Thermomixer comfort, Eppendorf). The 

Fast-Link DNA ligation (Epicentre) was performed for 5 to 15 min at RT. Normally a molar ratio 

of 3:1 and 5:1 (insert:vector) was used for cohesive-end ligations and blunt-end ligations, 

respectively. Conversion of double stranded DNA (µg to pmol) was calculated as one basepair 

equals 660 g/mol. Calf intestinal alkaline phosphatase (CIAP) was used to dephosphorylate the 

linearized vector DNA to prevent self-ligation. T4 polynucleotide kinase was used to 

phosphorylate the 5’ hydroxyl group of the blunt-end amplicons prior to ligation at 37°C for 20 

min.  
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2.2.1.10 Ligation independent cloning 

Ligation independent cloning9 was performed for directional cloning without restriction digestion 

and ligation (Aslanidis and de Jong 1990; Haun et al., 1992; Li et al., 2011). The primers for 

amplification of target inserts were designed to have lengths between 28 and 35 bases with the 

addition of 15 bases overlapping the 3’ end, which are gene-specific and homologous to the vector 

ends. The insert was amplified and the vector was linearized by PCR using Phusion DNA 

polymerase (see 2.2.1.7). The amplified insert and vector were analyzed by gel electrophoresis and 

afterwards purified from agarose gel (see 2.2.1.3 and 2.2.1.4). The ligation independent cloning 

reaction was carried out as described elsewhere (Li et al., 2011) or using the In-Fusion HD cloning 

kit following the supplier’s instructions (Clontech), followed by transformation into chemically 

competent cells (see 2.2.1.12). 

2.2.1.11 DNA sequencing 

Sequencing of the constructs and PCR products was performed by SeqLab or Eurofin MWG 

Operon. The obtained sequences were edited using Chromas Lite. Multiple sequence alignment 

from a group of related sequences was created with MultAlin (Corpet 1988).  

Genome sequencing of P. stutzeri ZoBell was performed on the Roche 454 Life Sciences Genome 

Sequencer FLX+ platform (Max Planck Genome Centre Cologne, unpublished data). 

2.2.1.12 Preparation of chemically competent cells and transformation 

The chemically competent cells for bacterial transformation were prepared according to the 

rubidium chloride method as described elsewhere (Hanahan 1983). A 5 ml of LB medium was 

inoculated with a single colony from a rich plate and incubated at 37°C and 220 rpm overnight.  

2.5 ml of the overnight culture were subcultured 1:100 (v/v) in 250 ml SOC medium in a 1 liter 

baffled flask. The culture was incubated at 37°C with shaking at 180 rpm until an OD600 of 0.4 to 

0.6 was reached10. The cells were then chilled on ice and centrifuged at 4,400 × g at 4 °C for 

15 min (Sigma 4K15 centrifuge, 6�× 40 ml in 50 ml tubes). The supernatant was discarded and the 

cell pellets were resuspended in 96 ml (6�× 16 ml) RF1 buffer (100 mM KCl/HAc, pH 5.8, 50 mM 

MnCl2, 30 mM potassium acetate, 10 mM CaCl2, 15% [v/v] glycerol) and incubated on ice for 

20 min. The cells were then centrifuged again at 1,600 × g at 4 °C for 5 min (Sigma 4K15 

                                                        
9 In this work, this cloning strategy is used for two reasons. First, the ccoNOP-1 operon and ccoNOQP-2 
operon contain the most commonly used restriction sites. Second, this method allows to insert PCR products 
into a specific location of the vector directly. 
10 The E. coli culture was often incubated at 18 to 26 °C overnight prior to the preparation. Incubation at 
low temperature has been shown to increase the transformation efficiency of E. coli cells (Inoue et al., 1990) 



2. MATERIALS AND METHODS 

 46 

centrifuge). The supernatant was again discarded and the cell pellets were resuspended in 9.6 ml (6�

× 1.6 ml) RF2 buffer (10 mM MOPS/NaOH, pH 6.8, 10 mM RbCl, 75 mM CaCl2, 15% [v/v] 

glycerol) and incubated on ice for 15 min. The resulting chemically competent cells were 

distributed into pre-chilled microfuge tubes in 100 µl aliquots, flash frozen in liquid nitrogen and 

stored at -80 °C.  

Transformation of plasmid DNA into chemically competent cells was performed using the heat 

shock method. 10 to 50 ng of transforming DNA or 0.1 to 0.2 volumes of the ligation reaction was 

added to 100 µl of competent cells. The DNA/cells mixture was incubated on ice for 5 min. To 

induce heat shock the cells were treated at 42°C for 90 sec (Thermomixer compact, Eppendorf). 

After the heat shock, the cells were incubated on ice for 10 min followed by the addition of 900 µl 

SOC medium. The culture was transferred into a 13 ml culture tube and finally incubated at 37°C 

and 220 rpm for 60 min to allow the bacteria to recover and to express the antibiotic resistant gene 

prior to plating. 

2.2.1.13 Preparation of electrocompetent cells and electroporation 

In this study, electroporation was used to introduce plasmid DNA into P. stutzeri cells. The 

electrocompetent cells were freshly prepared using the modified protocol according to (Choi et al., 

2006). A 5 ml of LB medium was inoculated with the glycerol stock of the P. stutzeri strain and 

incubated at 37 °C and 220 rpm until early stationary phase (OD550 = 1.5 to 2.0). 1 ml of this 

overnight culture was transferred to a 1.5 ml microfuge tube and the cells were harvested by 

centrifugation at 16,000 × g at RT for 2 min (Centrifuge 5415D, Eppendorf). The cell pellet was 

washed twice with 1 ml of 300 mM sucrose at RT followed by centrifugation as described above. 

The cell pellet was finally resuspended in 100 µl of 300 mM sucrose. For electroporation, 100 to 

500 ng of plasmid DNA were added to 100 µl electrocompetent cells and mixed in a 1 mm 

electroporation cuvette (PEQLAB or Bio-Rad). A high voltage electroporation was performed 

using a Bio-Rad Gene Pulser® at 25 µF, 200 Ω and 2.5 kV. After applying a pulse, 900 µl of SOC 

medium was immediately added to the DNA/cells mixture. The culture was transferred to a 13 ml 

culture tube and incubated at 37°C at 220 rpm for 60 min. Cells were plated on LB agar plates 

with appropriate antibiotic and incubated at 32°C. The colonies were visible after 2 to 3 days. 

2.2.1.14 Preparation of bacterial glycerol stock 

The glycerol stock was used to store both E. coli and P. stutzeri strains at -80°C. 5 ml of LB 

medium were inoculated with a single colony and incubated at 37 °C and 220 rpm until late 

exponential phase. Afterwards 500 µl of 2×�YTG medium were added to 500 µl of the overnight 

culture in a 2 ml cryovial. Glycerol stocks were flash frozen in liquid nitrogen and stored at -80°C. 
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 Biochemical methods 2.2.2

2.2.2.1 Cultivation of P. stutzeri ZoBell 

For large-scale expression and purification of wt. cbb3-CcO from P. stutzeri cells, the culture was 

grown using a previously published protocol for microaerobic growth (Urbani et al., 2001), which 

was adapted by Sabine Buschmann (MPI of Biophysics, Frankfurt am Main) concerning the 

content of trace elements in the asparagine medium (Table 2-5). 

Cultivation of P. stutzeri for large-scale expression and purification of rec. cbb3-CcO was 

performed as described below: 

1. 50 µl of P. stutzeri cells from a glycerol stock were plated on LB agar plate containing 

100 µg/ml kanamycin (Kan) and 170 µg/ml chloramphenicol (Cam) and incubated at 32°C 

overnight (Incubator Biotherm 37, Julabo)11.  

2. A bacterial lawn was inoculated in 50 ml of asparagine medium in a 100 ml baffled 

Erlenmeyer flask (100 µg/ml Kan and 170 µg/ml Cam). This preculture was incubated at 

180 rpm and 32°C for 4 to 6 hours (LabShaker, Adolf Kühner). 

3. 2 × 25 ml of the preculture was subcultured in 2 × 100 ml of asparagine medium in a 

300 ml baffled Erlenmeyer flask (100 µg/ml Kan and 170 µg/ml Cam). The subculture was 

incubated at 180 rpm and 32°C overnight (Shaker CH-4103, Infors-HT). 

4. The main culture consists of 6 × 1 liter of asparagine medium per 5 liter baffled Erlenmeyer 

flask (50 µg/ml Kan and 68 µg/ml Cam). The main culture was inoculated with 6 × 40 ml of 

subculture and incubated at 160 rpm and 32°C for 24 hours (Shaker CH-4103, Infors-HT). 

The cells were harvested by centrifugation at 10,540 × g at 4°C for 30 min (Centrifuge Avanti 

J-26XP, Rotor JLA-8.1000, Beckman Coulter). A typical cell yield of P. stutzeri was 6 to 10 g of 

wet cells per liter of main culture. The cells were either directly used for membrane preparation or 

flash frozen in liquid nitrogen for storage at -80°C.  

2.2.2.2 Preparation of P. stutzeri cell membrane  

The preparation of P. stutzeri cell membranes was performed at 4°C by using the following 

procedures12: 

1. P. stutzeri cells were resuspended in ice-cold resuspension buffer I (20 mM Tris/HCl, 

pH 7.5, 500 mM NaCl, 2 mM MgCl2, DNaseI and approx. 1 mM Pefabloc) using an 

                                                        
11 We often found that a low yield of protein was obtained, when the glycerol stock was used directly for 
inoculation of the preculture. 
12 This preparation was partially described by Urbani et al. (2001) and modified by Sabine Buschmann.  
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Ultra-Turrax® (T25 basic, IKA). A ratio of 5 to 7 ml buffer I per gram of wet cells was 

used. 
2. Cells were broken by one pass through a French pressure cell at a pressure of 19,000 psi 

using a pre-chilled cell (40K cell, Thermo Fisher Scientific). 

3. After cell disruption, 5 mM EDTA were added to the cell suspension prior to centrifugation.  

4. The solution was stirred on ice for 5 min and afterwards centrifuged at 214,000 × g at 4°C 

(Ultracentrifuge Optima L-90K, Rotor 45 Ti, Beckman Coulter) for 2.5 hours. 

5. The supernatant was discarded and the pellets were resuspended in ice-cold resuspension 

buffer II (20 mM Tris/HCl, pH 7.5, 50 mM NaCl, 0.5 mM EDTA). A ratio of 5 ml buffer II 

per gram of cells was used. The resulting solution was centrifuged again as described above. 

The pellets containing crude membranes were collected and flash-frozen in liquid nitrogen for 

storage at -80°C prior to solubilization. A typical yield was 0.4 to 0.5 g of crude membranes per 

gram of wet cells. 

2.2.2.3 Solubilization of membrane proteins from P. stutzeri 

Solubilization was carried out as described elsewhere (Urbani et al., 2001) with slight 

modifications. The crude membranes were resuspended in solubilization buffer (20 mM Tris/HCl, 

pH 7.5, 50 mM NaCl, 0.5 mM EDTA, 1 to 2 mM Pefabloc, 12% [v/v] glycerol) at a protein 

concentration of 3 mg/ml. The total protein concentration was determined using the bicinchoninic 

acid assay or Bradford protein assay (see 2.2.2.12). For purification of Strep-tagged rec. cbb3-CcO, 

0.20 to 0.24 mg/ml avidin was added to prevent nonspecific binding of free biotin and biotinylated 

proteins to Strep-Tactin® resins (see 2.2.2.5). The membrane proteins were solubilized by 

moderate stirring of the resuspended membranes with 2.5 g n-dodecyl-β-D-maltoside (DDM, 

GLYCON Biochemicals) per gram of protein at 4°C for 5 to 10 min. Subsequently, the protein 

solution was centrifuged at 214,000 × g at 4°C for 60 min (Ultracentrifuge Optima L-90K, Rotor 

45 Ti, Beckman Coulter). For preparation of rec. cbb3-CcO, the obtained supernatant containing 

solubilized membrane proteins was filtered through a 0.45 µm polyethersulfone (PES) membrane 

prior to further purification.  

2.2.2.4 Purification of wild type cbb3-CcO from P. stutzeri 

The purification of the 1st isoform of wt. cbb3-CcO from P. stutzeri was performed by Sabine 

Buschmann (MPI of Biophysics, Frankfurt am Main) according to the protocol previously 

published (Buschmann et al., 2010). Briefly, four chromatographic steps were applied for protein 

purification: A Q Sepharose High Performance anion exchange column with a linearly increasing 

NaCl gradient followed by chromatofocusing on PBE94 and immobilized-metal affinity 
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chromatography (IMAC) on Chelating Sepharose Fast Flow (GE Healthcare). The final column (Q 

Sepharose High Performance), which was pre-equilibrated with 20 mM Tris/HCl, pH 7.5, 0.02% 

(w/v) DDM, was eluted with a single step of 150 mM NaCl in equilibration buffer. The resulting 

eluate was optionally applied to a PD10 desalting column to remove NaCl. The purified 1st 

isoform of wt. cbb3-CcO in 20 mM Tris/HCl, pH 7.5, 0.02% (w/v) DDM and alternatively 150 

mM NaCl was eventually concentrated to a protein concentration of about 15 mg/ml, flash frozen 

in liquid nitrogen and stored at -80°C.  

2.2.2.5 Purification of Strep-tagged recombinant cbb3-CcO from P. stutzeri  

The purification of Strep-tagged rec. cbb3-CcO from P. stutzeri (with or without EGFP fusion) was 

performed after solublization at 4°C using the following steps: 

1. Affinity chromatography 13 : The solubilizate was loaded onto a 30 ml Strep-Tactin 

Superflow® high capacity column (IBA) which was pre-equilibrated with ST-Q-A buffer 

(20 mM Tris/HCl, pH 7.5, 100 mM NaCl, 0.5 mM EDTA, 10% [v/v] glycerol, 0.02% [w/v] 

DDM), at a flow rate of 0.2 to 0.5 ml/min. The unusually low flow rate was necessary to 

allow sufficient binding of rec. cbb3-CcO to the column. The unbound proteins were washed 

off the column with ST-Q-A buffer until the absorbance at 280 nm returned to baseline, at a 

flow rate of 1 to 1.5 ml/min. The bound proteins were eluted with ST-E buffer (ST-Q-A 

buffer + 5 mM desthiobiotin) at a flow rate of 2 ml/min.  

2. Ion exchange chromatography: The eluate from Strep-Tactin column was applied directly 

onto a 10 ml Q Sepharose High Performance anion exchange column (GE Healthcare) 

which was pre-equilibrated with ST-Q-A buffer. After washing with 10 column volumes 

(CV) of ST-Q-A buffer the cbb3-CcOs bound to the matrix were eluted with QS-E buffer 

(ST-Q-A + 300 mM NaCl). The cbb3-CcO was concentrated using Amicon concentrators 

(Ultra-4 & Ultra-15, 100K MWCO, Millipore).  

3. Size exclusion chromatography: The purified cbb3-CcO was loaded onto a Superdex 200 

10/300 GL column connected to an ÄKTA Purifier chromatography system (GE 

Healthcare). The gel filtration chromatography was performed with ST-Q-A buffer at a flow 

rate of 0.5 ml/min. Absorbance at 280 nm and 411 nm was monitored and the 

chromatography fractions containing cbb3-CcO were collected. 

                                                        
13 D-Desthiobiotin was purchased from IBA. A single path monitor UV-1 (Pharmacia Biotech) combined 
with a data chart recorder (BD41, Kipp & Zonen) was used for monitoring protein in column effluents. The 
Strep-Tactin Superflow high capacity column was regenerated with ST-R buffer (100 mM Tris/HAc, pH 8.0, 
1 mM EDTA, 4 mM HABA). HABA can be efficiently removed by washing with 2 CV of ST-S buffer (20 
mM Tris/HCl) at pH 7.5 followed by washing with 2 CV of ST-S buffer at pH 10.5. 
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The purified rec. cbb3-CcO was concentrated to a protein concentration of 100 to 200 µM and 

flash frozen in liquid nitrogen for storage at -80°C. A typical protein yield was 2 to 4 mg purified 

rec. cbb3-CcO per liter of main culture. 

In this study, both Strep-tagged isoforms of rec. cbb3-CcO were also purified to a relatively high 

homogeneous level for the crystallization, and the purification was performed in sequence with 

Strep-tag affinity chromatography, chromatofocusing, IMAC and ion exchange chromatography as 

described above (see 2.2.2.4 and 2.2.2.5). 

2.2.2.6 Purification of His-tagged recombinant cbb3-CcO from P. stutzeri 

The purification of His-tagged rec. cbb3-CcO was performed using IMAC on nickel nitrilotriacetic 

acid (Ni-NTA) resins (Qiagen) in a batch procedure. 3 ml of Ni-NTA agarose resin was 

pre-equilibrated with 5 CV of Ni-NTA-A buffer (20 mM Tris/HCl, pH 7.5, 300 mM NaCl, 

0.02% [w/v] DDM). 10 ml of solubilizate in Ni-NTA-B buffer (Ni-NTA-A buffer + 10 mM 

imidazole) was added to the resin in a final volume of 20 ml. The protein-resin mixture was gently 

mixed on a rotator (SB3, Stuart) at 4°C for 2 hours prior to loading into a 5 ml column. The resin 

was washed with 5 CV of Ni-NTA-B buffer and eluted by gravity flow with a step-gradient of 

Ni-NTA-B buffer with increasing concentrations of imidazole (20 mM, 50 mM, 100 mM, 150 mM, 

250 mM and 350 mM). Elution fractions were collected and analyzed by SDS-PAGE and heme 

staining (see 2.2.2.13 and 2.2.2.16).  

2.2.2.7 Cultivation of E. coli  

For the heterologous expression and purification of P. stutzeri cytochrome c (c4, c5 and c551) from 

E. coli BL21(DE3), cultivation of E. coli was performed using the following steps14: 

1. 50 ml LB medium (100 ml unbaffled Erlenmeyer flask), supplemented with 100 µg/ml Amp 

and 68 µg/ml Cam, was inoculated with 100 µl of E. coli cells from a glycerol stock. This 

preculture was incubated at 160 rpm and 30°C overnight (Lab-Shaker, Adolf Kühner). 

2. 3 × 10 ml of the overnight culture were added into 3 × 50 ml LB medium with 100 µg/ml 

Amp and 68 µg/ml Cam (100 ml unbaffled Erlenmeyer flask) and incubated at 32°C with 

shaking at 180 rpm until an OD600 of 1.0 to 1.4 was attained (6 to 8 hours in Shaker 

CH-4103, Infos-HT). 

3. 6 × 2.5 liter of LB medium (5 liter unbaffled Erlenmeyer flask), supplemented with 50 µg/ml 

Amp and 34 µg/ml Cam, were inoculated with 6 × 20 ml of the subculture and incubated at 

32°C with shaking at 160 rpm overnight (16 to 18 hours in Shaker CH-4103, Infos-HT). 

                                                        
14 IPTG induction was not used in this expression system. For more details, see 3.6.3. 
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The cells were harvested by centrifugation at 8000 × g at 4°C for 15 min (Centrifuge Avanti 

J-26XP, Rotor JLA-8,1000, Beckman Coulter). A typical cell yield was 3.5 to 5.0 g of wet cells 

per liter of main culture. Cells were not frozen to prevent lysis. 

2.2.2.8 Small-scale preparation of periplasmic protein from E. coli 

The periplasmic and spheroplastic proteins were isolated from 2 × 109 E. coli cells (1 OD600 unit ≈ 

109 cells/ml) at different growth phases using the PeriPreps Periplasting kit (Epicentre) according 

to the manufacture’s protocol. The isolation is based on a combination of lysozyme digestion and 

osmotic shock procedures. The obtained fractions were analyzed by SDS-PAGE followed by heme 

staining (see 2.2.2.13 and 2.2.2.16). 

2.2.2.9 Large-scale preparation of periplasmic protein from E. coli 

A large-scale preparation of periplasmic protein was performed as described elsewhere (Witholt et 

al., 1976; Oubrie et al., 2002) with slight modifications. The freshly harvested cells were 

resuspended in Peri-A buffer (200 mM Tris/HCl, pH 8.0) in a ratio of 10 ml of buffer per gram of 

wet cells. The suspension was diluted 2-fold with Peri-B buffer (200 mM Tris/HCl, pH 8.0, 1 M 

Sucrose, 1 mM EDTA, 1 mM Pefabloc) and briefly incubated with 120 µg/ml lysozyme before the 

osmotic shock. The suspension was diluted 2-fold with ddH2O, followed by gentle stirring on ice 

for 30 min. The addition of MgCl2 for spheroplast stabilization was omitted in favour of stronger 

protein binding during the first chromatographic step of the protein purification procedure (see 

2.2.2.10). Periplasmic fractions were separated from the spheroplasts by centrifugation at 

16,000 × g at 4°C for 30 min (Ultracentrifuge Optima L-90K, Rotor 45 Ti, Beckman Coulter).  

2.2.2.10 Purification of recombinant P. stutzeri cytochrome c in E. coli 

The purification of heterologously expressed P. stutzeri cytochrome c (c4, c5 and c551) in E. coli 

was established and performed by Sabine Buschmann (MPI of Biophysics, Frankfurt am Main). 

Complete purification was carried out at 4°C using the following steps: 

1. Ion exchange chromatography: The red periplasmic fraction was diluted 2-fold with ddH2O 

to reduce the conductivity of the solution and loaded onto a 80 ml pre-equilibrated Q 

Sepharose High Performance anion exchange column (GE Healthcare) at a flow rate of 

8 ml/min. The column was washed with 2.5 CV equilibration buffer (20 mM Tris/HCl, pH 

8.0, 0.5 mM EDTA) and eluted in 6 CV of a linear gradient from 0 to 200 mM NaCl in 

equilibration buffer. The red coloured fractions containing the desired cytochrome c were 

pooled and concentrated approx. 35-fold using Amicon concentrators (Ultra-15, 10 K 

MWCO, Millipore). 
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2. Chromatofocusing: The concentrated protein solution was diluted (1:6) with CF-start buffer 

(25 mM Tris/HCl, pH 7.5) and loaded onto a 125 ml PBE 94 chromatofocusing column (GE 

Healthcare) which was pre-equilibrated with degased CF-start buffer. The proteins were 

eluted with a pH 7 to 4 gradient with CF-elution buffer (1:9 diluted Polybuffer 74/HCl, pH 

4.0, degased). 

3. Size exclusion chromatography: The protein solution was loaded onto a Superdex 75 10/30 

GL column, which was pre-equilibrated with 20 mM Tris/HCl, pH 7.5, 150 mM NaCl. The 

gel filtration chromatography was performed at a flow rate of 0.5 ml/min and absorbance at 

280 nm and 415 nm were monitored. 

The fractions of the final size exclusion chromatography containing the pure cytochrome c of 

interest were collected and concentrated prior to flash freezing in liquid nitrogen and storage at 

-80°C.  

2.2.2.11 Preparation of reduced cytochrome c 

The reduced form of cytochrome c was prepared by addition of a small amount of sodium 

dithionite and the excess of sodium dithionite was removed by using two successive PD-10 

desalting columns (GE Healthcare), which were pre-equilibrated with 20 mM Tris/HCl, pH 7.5, 

150 mM NaCl. The reduction of cytochrome c was confirmed by measuring the absorption 

changes of α, β and Soret band using UV/Vis spectroscopy (see 2.2.3.1). An oxygen electrode was 

used to ensure the complete removal of sodium dithionite after each preparation (see 2.2.3.2). 

2.2.2.12 Determination of protein concentration 

Protein concentration was roughly determined by measuring the absorbance at 280 nm in a 

NanoDrop ND-1000 spectrophotometer (one A280 unit = 1 mg/ml). To determine the concentration 

of total protein during the solubilization and purification precisely, the bicinchoninic acid (BCA) 

protein assay (Smith et al., 1985) and the Bradford protein assay (Bradford 1976) were used. 

The BCA protein assay is based on the colorimetric detection of cuprous ions (Cu+) from cupric 

ions (Cu2+) in alkaline solutions of proteins using BCA. The BCA reagent was obtained from 

Pierce. Bovine serum albumin (BSA) was used to create a calibration curve (0 to 1.0 mg/ml). The 

reaction was performed in 96-well microplate (Nunc) for 30 min at 37 °C. The absorbance at 

562 nm was recorded using a microplate reader (Trista LB 941 Multimode, Berthold) and the 

protein concentration was calculated by comparison to the standard curve using the software 

Origin 8.6 (OriginLab). 

The Bradford protein assay is based on the binding of the Coomassie dye to protein residues (Arg, 

Trp, Tyr, His and Phe). Bradford reagent was purchased from Bio-Rad. Cytochrome c (equine 
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heart) was used as a protein standard. The assay was performed using polystyrene cuvettes 

(Sarstedt) and the absorbance at 595 nm was measured in a spectrophotometer (Spectronic 

BioMate 3, Thermo). 

Protein concentration of purified cbb3-CcO and cytochrome c was spectroscopically determined by 

using the specific extinction coefficients (see 2.2.3.1). 

2.2.2.13 SDS-PAGE 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate the 

proteins and protein subunits by size under denaturing conditions. In this work, 12.5% and 15% 

Tris-glycine gels (Laemmli 1970) were used for the separation of protein subunits of cbb3-CcO. 

The Tris-glycine gels were cast in the 1.0 mm thick gel cassettes (Invitrogen) as described in Table 

2-14. The gels were stored at 4°C. The electrophoresis was carried out with 1× Tris-glycine 

running buffer at 40 mA/gel at 4°C for 90 min (PowerPac HC power supply, Bio-Rad). 

Table 2-14: Components of 12.5% and 15% Tris-glycine gels for SDS-PAGE analysis. 
The recipes given below are used for casting 4 mini Tris-glycine gels (8 cm × 8 cm × 1 mm). The 
acrylamide/bis mixture was obtained from Carl Roth (Rotiphorese® Gel 30; acrylamide/bisacrylamide 
37.5:1). 10% APS was freshly prepared prior to use.  
Chemical component 5% stacking gel 12.5% resolving gel 15% resolving gel 
30% (w/v) acrylamide/bis solution 2 ml 12.5 ml 15 ml 
4 × upper Tris buffer 3 ml - - 
4 × lower Tris buffer - 7.5 ml 5 ml 
TEMED 5 µl 15 µl 15 µl 
10% (w/v) APS 100 µl 300 µl 300 µl 
ddH2O 6.9 ml 9.7 ml 9.7 ml 
Total volume 12 ml 30 ml 30 ml 

 

The NuPAGE® precast gel system was used according to the manufacturer’s instructions 

(Invitrogen). 4-12% Bis-Tris gels with 1× MES/MOPS running buffer were generally used for the 

analysis of proteins mixtures. 12% Bis-Tris gels with 1× MES running buffer were used to 

visualize cytochrome c in the low-molecular-weight range during the expression and purification. 

An appropriate prestained protein ladder was used to estimate the size of protein bands. Gel 

electrophoresis was performed at 200 V at 4°C for 35 to 50 min.  

Gels were stained with Coomassie blue staining solution at RT overnight and destained with 

Coomassie blue destaining solution until the protein bands were clearly visible. Gels were dried on 

Whatman 3MM Chr paper at 80°C under vacuum for 90 min (Membrane vacuum pump MP40 & 

Mididry D62, Biometra). 
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Table 2-15: List of buffers and solutions for SDS-PAGE. 
Buffer and solution Composition 

Coomassie blue staining solution 
0.04% (w/v) Coomassie brilliant blue G-250/R-250 in 40% (v/v) 
MeOH + 50% (v/v) ddH2O + 10% (v/v) HAc 

Coomassie blue destaining solution 30% (v/v) EtOH + 60% (v/v) ddH2O + 10% (v/v) HAc 
SDS PAGE lower Tris buffer (4×) 3 M Tris/HCl, pH 8.8, 0.4% (w/v) SDS 
SDS PAGE MES running buffer 
(1×) 

50 mM MES, 50 mM Tris, 0.1% (w/v) SDS, 1 mM EDTA, approx. 
pH 7.3 

SDS PAGE MOPS running buffer 
(1×) 

50 mM MOPS, 50 mM Tris, 0.1% (w/v) SDS, 1 mM EDTA, approx. 
pH 7.7 

SDS PAGE protein loading 
solution (5×) 

0.25 mM Tris/HCl, pH 8.0, 25% (v/v) glycerol, 12.5% (v/v) β-ME, 
7.5% (w/v) SDS, 0.05% (w/v) bromophenol blue 

SDS PAGE Tris-glycine running 
buffer (5×) 250 mM Tris, 950 mM glycine, 0.5 (w/v) SDS 

SDS PAGE upper Tris buffer (4×) 0.5 M Tris/HCl, pH 6.8, 0.4% (w/v) SDS 

 

2.2.2.14 BN-PAGE 

Blue native polyacrylamide gel electrophoresis (BN-PAGE) was used to separate protein 

complexes under native conditions (Schägger and von Jagow 1991). BN-PAGE was performed 

with precast NativePAGETM 4-16% Bis-Tris gels in an XCell SureLockTM Mini-Cell chamber 

according to the manufacturer’s instructions (Invitrogen). The lower and upper chamber was filled 

with 600 ml of 1× BN-PAGE running buffer and 200 ml of 1× dark blue BN-PAGE cathode buffer, 

respectively. The protein samples were mixed with BN-PAGE sample buffer and with 0.5% (w/v, 

final conc.) Coomassie G-250 before loaded onto the gel. A NativeMark protein standard 

(Invitrogen) was used to determine the molecular weight of separated proteins and protein 

complexes. The electrophoresis was performed at 150 V for 60 min and followed by 250 V for 

30 min at 4°C (Pharmacia LKB ECPS 3000/150 power supply). 

Table 2-16: List of buffers for BN-PAGE. 
Buffer and solution Composition 
BN-PAGE cathode buffer (20×) 0.4% (w/v) Coomassie G-250 in H2O 
BN-PAGE running buffer (20×) 1 M BisTris, 1 M Tricine, without pH adjustment 

BN-PAGE sample buffer (1×) 
50 mM BisTris, 6N HCl, 50 mM NaCl, 10% (w/v) glycerol, 0.001% 
(w/v) Ponceau S, approx. pH 7.2 
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2.2.2.15 Silver staining 

Silver staining was used for sensitive detection (minimum detection limits in the range of 0.3 to 

10 ng) of proteins separated by SDS-PAGE, which is based on the binding of silver ions to certain 

protein residues (Asp, Glu, His, Lys, Cys and Met) and the reduction of silver ions to metallic 

silver (Switzer et al., 1979; Rabilloud 1990). Silver staining was performed with a SilverQuest 

Silver staining kit following the supplier’s basic staining protocol (Invitrogen). 

2.2.2.16 Heme staining 

Heme staining was used to detect the heme-associated peroxidase activity of proteins (cytochrome 

c) or protein subunits (CcoO and CcoP of cbb3-CcO), which contain the covalently attached heme 

c (Thomas et al., 1976; Goodhew et al., 1986). This method is based on the peroxidase-catalyzed 

oxidation of 3,3',5,5'-tetramethylbenzidine (TMBZ) in the presence of hydrogen peroxide (H2O2), 

to yield green-blue colored products (Josephy et al., 1982). After SDS-PAGE, the gels were 

briefly soaked in heme staining solution III and afterwards incubated in 3 volumes of freshly 

prepared heme staining solution I and 7 volumes of heme staining solution II with gentle shaking 

in the dark at RT (Orbital-Rocking Shaker 3011, GFL) for 1 hour. The gels were then washed 2 

times with heme staining solution III and stained by the addition of 0.2% (v/v, ≈ 60 mM) H2O2. 

After shaking in the dark until the bands were developed (2 to 20 min), the gels were washed with 

ddH2O and scanned.  

Table 2-17: List of solutions for heme staining. 
Buffer and solution Composition 
Heme staining solution I 6.3 mM TMBZ in MeOH 
Heme staining solution II 0.25 M sodium acetate/HAc, pH 5.0 
Heme staining solution III 40% (v/v) MeOH + 60% (v/v) heme staining solution II 

 

2.2.2.17 Western blot 

Western blot was used to detect His-tagged or Strep-tagged rec. cbb3-CcO. Prior to blotting, the 

polyvinylidene difluoride (PVDF) membrane (Immobilon-P, Millipore) was pre-wetted for 30 sec 

in methanol and then soaked briefly in ddH2O. The SDS-PAGE gels, Whatman filter papers and 

the pre-activated membrane were soaked and equilibrated in transfer buffer for 10 min. The 

blotting setup was assembled carefully to avoid air bubbles between gel and PVDF membrane. 

The proteins were transferred from SDS-PAGE gels onto a PVDF membrane using Novex® 

Semi-Dry Blotter (Invitrogen) and the blotting was performed at 20 V for 1 hour at 4°C. A 

prestained protein ladder was used to check the efficiency of transfer. The gel was post-stained 
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with Coomassie blue staining solution overnight, while the membrane was stained with Ponceau S 

solution for 5 min. The membrane was blocked with blocking buffer at 4°C overnight15. The 

membrane was washed three times for 5 min each with 1× TBST buffer and afterwards incubated 

with alkaline phosphatase conjugated antibody at RT for 2 hours16. Subsequently, the membrane 

was washed three times for 5 min each with 1× TBST buffer and three times for 5 min each with 

AP buffer. The colour was developed in staining buffer containing BCIP and NBT and stopped by 

washing with ddH2O. The membrane was allowed to air dry and then scanned. In this work, the 

i-Blot® Blotting system (Invitrogen) and the SNAP i.d.® system (Millipore) were also used for fast 

transfer and detection according to the manufacturer’s instructions. 

Table 2-18: List of buffers and solution for Western blot. 
Buffer and solution Composition 
Western blot AP buffer 100 mM Tris/HCl, pH 9.5, 100 mM NaCl, 5 mM MgCl2 
Western blot blocking buffer 1× TBST buffer + 2% (w/v) BSA 
Western blot Ponceau S solution 0.1% (w/v) Ponceau S + 5% (v/v) HAc 
Western blot staining buffer AP buffer + 250 µg/ml BCIP in DMF + 500 µg/ml NBT in DMF 
Western blot TBST buffer (10×) 100 mM Tris/HCl, pH 8.0, 1.5 M NaCl, 0.5% (v/v) Tween-20 
Western blot transfer buffer 25 mM Tris/HCl, pH 8.3, 150 mM glycine, 10% (v/v) MeOH 
  

                                                        
15 A biotin-free BSA was used in the blocking buffer for the detection of Strep-tagged cbb3-CcO. 
16 Alkaline phosphatase conjugated secondary antibody was diluted (1:2000) in 1× TBST buffer with 
addition of 1% (w/v) BSA. Monoclonal anti-polyHistidine alkaline phosphatase antibody was obtained from 
Sigma-Aldrich. Anti-Streptavidin alkaline phosphatase conjugate was purchased from Amersham.  
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 Biophysical methods 2.2.3

2.2.3.1 Ultraviolet/visible spectroscopy 

Ultraviolet/visible (UV/Vis) spectroscopy was used to determine the concentration and redox state 

of heme-containing proteins, e.g., CcO and cytochrome c. The measurement was performed using 

a Lambda 35 UV/Vis spectrometer (Perkin Elmer) and 10 mm quartz micro-cuvettes (104.002-B, 

Hellman). The concentrated heme-containing protein solutions were diluted with an appropriate 

buffer17. The absorption of the Soret band was checked to be in the range of 0.5 to 1.2 in all 

experiments (≈ 0.8 to 2.0 µM cbb3-CcO). Absorption spectra were measured between 380 and 

650 nm with a scan rate of 120 nm/min (data interval: 0.2 nm; slit width: 1 nm). The specific 

extinction coefficients, which were used for determination of protein concentrations according to 

the Beer-Lambert law, are listed in Table 2-19. 

Table 2-19: List of used extinction coefficients. 
Protein Extinction coefficient Reference 
cbb3-CcO (P. stutzeri) ε411 = 5.85 × 105 M-1cm-1 (oxidized) (Pitcher et al., 2003) 
Cytochrome c4 (P. stutzeri) ε550 = 44.4 × 103 M-1cm-1 (reduced) (Pettigrew and Brown 1988) 
Cytochrome c5 (P. stutzeri) ε555 = 19.3 × 103 M-1cm-1 (reduced) (Ogawa et al., 2007) 
Cytochrome c551 (P. stutzeri) ε551 = 27.8 × 103 M-1cm-1 (reduced) (Miller et al., 2000) 

Cytochrome c (equine heart) 
Δε550 = 19.6 × 103 M-1cm-1  
(reduced minus oxidized) 

(Yonetani and Ray 1965) 

Cytochrome c (S. cerevisiae) 
Δε550 = 21.2 × 103 M-1cm-1  
(reduced minus oxidized) 

(Yonetani and Ray 1965) 

 

For measuring the spectroscopic changes in different redox states, air-oxidized (as purified) 

cbb3-CcO was further oxidized with 10-fold molar excess of potassium hexacyanoferrate(III) and 

afterwards fully reduced by adding a small amount of sodium dithionite (crystalline powder). The 

cyanide-induced changes were obtained by addition of 2 mM (> 1,000-fold molar excess) 

potassium cyanide to the reduced cbb3-CcO and spectra were recorded after different incubation 

times. Hydrogen peroxide (5, 50 and 500 molar equivalents) was added to the oxidized cbb3-CcO 

to test the formation of reaction intermediates. The concentration of hydrogen peroxide in solution 

was determined spectrophotometrically from absorption at 240 nm using a disposable UV/Vis 

cuvette (UV-Cuvette micro, BRAND) and an extinction coefficient of ε240 = 39.4 M-1cm-1 (Nelson 

and Kiesow 1972; Aebi 1984). The obtained spectra were analyzed using the software Origin 8.6. 

                                                        
17 For cbb3-CcO: 20 mM Tris/HCl, pH 7.5, 100 mM NaCl, 50 µΜ EDTA, 0.02% (w/v) DDM. For 
cytochrome c: 20 mM Tris/HCl, pH 7.5, 150 mM NaCl.  
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2.2.3.2 Polarographic oxygen measurement 

The oxygen reductase activity of cbb3-CcO was determined polarographically using a Clark-type 

oxygen electrode (OX-MR, Unisense), based on the diffusion of oxygen through a silicone 

membrane to an oxygen-sensing platinum cathode, which is polarized against an Ag/AgCl anode 

(Revsbech 1989). The electrode was polarized at -0.8 V for at least 24 hours prior to use. The 

electrode was connected to a picoammeter (PA2000 Multimeter, Unisense) to enable the recording 

of current signals in the pA range. The analog signals were converted into digital signals using an 

A/D-converter (ADC-216, Unisense) and then recorded with the software (Sensor Trace Basic 2.1) 

supplied by the manufacturer. 

A two-point calibration of the oxygen sensor was performed every day before starting the 

measurements. An oxygen-free aqueous solution containing 0.1 M NaOH and 0.1 M sodium 

ascorbate was used to measure the 0% oxygen calibration point, while air-saturated buffer (by 

stirring for at least 20 min) was used to determine the oxygen saturation. The oxygen 

concentration in air-saturated buffer was calculated as a function of temperature and salinity 

(Weiss 1970; Garcia and Gordon 1992). Oxygen consumption was measured in 2 ml glass vials 

with stirring in a water bath at RT. The reaction vial was filled with standard cbb3-measuring 

buffer (50 mM Tris/HCl, pH 7.5, 100 mM NaCl, 50 µM EDTA, 0.02% [w/v] DDM18) followed by 

addition of 3 mM sodium ascorbate and 1 mM N,N,N',N'-tetramethyl-p-phenylenediamine 

dihydrochloride (TMPD) to a final volume of 600 µl. The reaction was then initiated by adding 

5 pmol of the cbb3-CcO. The reaction was inhibited by the addition of 1 mM potassium cyanide.  

In this work, the dependence of oxygen reduction activity on pH and ionic strength was measured 

by varying the pH from 5.7 to 8.7 and the concentration of NaCl from 0 to 500 mM, respectively. 

The measurements were also performed with different concentrations of TMPD (0.5 to 4.0 mM) 

and with different molar ratios of ascorbate to TMPD. Cytochrome c was used to investigate the 

natural electron donor of the cbb3-CcO. The concentrations of cytochrome c were varied from 20 

to 100 µM in a reaction volume of 400 µl. 

To compare the catalase activity between wt. cbb3-CcO and rec. cbb3-CcO, oxygen production was 

determined using the oxygen electrode. The measurements were performed as described elsewhere 

(Hilbers et al., 2013). Briefly, hydrogen peroxide was added to the standard cbb3-measuring buffer 

to a final concentration of 600 µM and the reaction was initiated by adding cbb3-CcO to a final 

                                                        
18 After addition of ascorbate and TMPD, the pH of the buffer changes approx. 0.1 to 0.5 units depending 
on the buffer composition and concentration of ascorbate/TMPD. Tris, HEPES and phosphate buffer were 
tested on their ability to maintain the pH during the measurement, and for effects on the enzymatic activity 
assay (data not shown). Tris buffer was chosen for all the experiments. The pH values, which are given to 
describe the activity, are the measured pH of the reaction (± 0.05). 
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concentration of 500 nM.  

The steady-state activity of cbb3-CcO was determined from the slope within 10 sec after the 

reaction initiation. Data processing and analyses were performed with the software Origin 8.6. 

2.2.3.3 Circular dichroism spectroscopy 

Circular dichroism (CD) spectroscopy was used to compare the secondary structure of wt. 

cbb3-CcO and rec. cbb3-CcO. CD measurements were performed on a spectropolarimeter (J-810, 

Jasco) equipped with a Peltier thermoelectric type temperature control system (PTC-423S, Jasco). 

Far-UV CD spectra were recorded from 190 to 260 nm with a scanning speed of 20 nm/min at RT 

(data pitch: 0.5 nm; response: 1 sec; band width: 1 nm). The cbb3-CcO proteins were diluted in 

200 µl potassium phosphate (KPi) buffer (20 mM KPi, pH7.5, 20 mM NaCl, 0.02% [w/v] DDM) 

to a final concentration of 0.3 µΜ. For all experiments the high tension voltage was controlled to 

be less than 600 V. Each spectrum was averaged over 10 continuous scans (accumulation: 10). The 

spectrum of the buffer was subtracted from the spectrum of the proteins. The spectra obtained 

were normalized to the concentration of cbb3-CcO and smoothened with a Savitzky-Golay 

algorithm (Savitzky and Golay 1964). Afterwards, the resulting ellipticity data (millidegrees) were 

converted to mean molar ellipticity per residue ([Θ], deg×cm2×dmol-1). 

2.2.3.4 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was used to characterize the thermophysical properties of 

cbb3-CcO, which was performed on a VP-DSC Capillary Cell Micro-Calorimeter (Microcal) with 

an external nitrogen pressure at approx. 380 kPa (≈ 55 psi). The cell volume was 0.137 ml. Prior to 

use, all sample/reference solutions were degassed and then loaded into the 96-well plate 

(MicroLiter Analytical Supplies) at 4°C. Protein samples were added shortly (5 to 10 min) before 

each scan. The protein sample (3.5 mg/ml cbb3-CcO in 20 mM Tris/HCl, pH7.5, 100 mM NaCl, 

0.02% [w/v] DDM) and the corresponding buffer were loaded into sample and reference cells via 

an autosampler (Microcal). Scans were carried out using the following parameter settings: 10 to 

120°C, 90°C/hour, 10 sec filtering period and low feedback mode. Data were normalized and 

analyzed with the software supplied by the manufacturer. Thermophysical parameters (e.g., Tm and 

ΔΗ) were further validated using a Gaussian function in Origin 8.6 software. 

2.2.3.5 Mass spectrometry 

Peptide mass fingerprinting (PMF) was used to identify the SDS-PAGE- and BN-PAGE-separated 

membrane proteins and the periplasmic proteins in solution. PMF was performed in the mass 

spectrometry (MS) facility of the department of molecular membrane biology (Dr. Julian Langer, 
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ESFRI-INSTRUCT Core Centre, MPI of Biophysics, Frankfurt am Main).  

Before digestion, disulfide bonds in proteins were reduced and free cysteines were alkylated. The 

chemically modified proteins were digested with trypsin, chymotrypsin or a combination of both 

enzymes using customized digestion protocols (Buschmann et al., 2010). For in-solution digests, 

proteins were denatured using up to 4M urea when applicable. The proteolytic digests were 

separated by reverse-phase high performance liquid chromatography (HPLC) using two C18 

columns in series (trapping column: particle size 3µm or 5µm, L = 20mm; analytical column: 

particle size 3µm or 5µm, L = up to 15cm; NanoSeparations) on a nano-HPLC system 

(EASY-nLC, Proxeon). Peptides were eluted in gradients of buffer A (water with 0.1% [v/v] 

formic acid, HPLC grade) and buffer B (acetonitrile with 0.1% [v/v] formic acid, HPLC grade). 

Typically, gradients were ramped from 5% to 65% of buffer B in up to 120 min at a flow rate of 

300 nl/min. Peptides eluting from the column were ionized online using a Bruker Apollo 

electrospray ionization (ESI)-source with a nanoSprayer emitter or a chip-based nano-ESI source 

(TriVersa NanoMate, Advion BioSciences) and analysed in a quadrupole time-of-flight (Q-TOF) 

mass spectrometer (maXis, Bruker Daltonics). Mass spectra were acquired over the mass range of 

50 to 2200 m/z, and sequence information was acquired by computer-controlled, data-dependent 

automated switching to MS/MS mode using collision energies based on mass and charge state of 

the candidate ions. When applicable, the obtained peptides form nano-HPLC were simultaneously 

loaded onto a 384 AnchorChip matrix-assisted laser desorption/ionization (MALDI) target (Bruker 

Daltonics) and subsequently analysed using MALDI-TOF/TOF mass spectrometry (Autoflex III 

Smartbeam, Bruker Daltonics). 

The data sets were processed using a standard proteomics script with the software Compass/Hystar 

(Bruker Daltonics) and exported as mascot generic format files. Spectra were internally 

recalibrated on autoproteolytic trypsin fragments when applicable. Proteins were identified by 

matching the derived mass lists against the NCBI non-redundant protein database or a custom 

Pseudomonas database (FASTA files were updated on a monthly basis) on a local Mascot server 

(version 2.3). In general, a mass tolerance of ± 0.05 Da for parent ion and fragment spectra, two 

missed cleavages, oxidation of methionine and fixed modification of carbamidomethyl cysteine 

were selected as matching parameters in the search program. Data and results from re-sequencing 

the open reading frames were analyzed and validated using the Bruker BioTools 3.1 software. 

2.2.3.6 Crystallization screening 

Initial crystallization screening of EGFP-fused 2nd isoform of rec. cbb3-CcO was performed on the 

Rigaku CrystalMation system in the crystallization unit of the department of molecular membrane 

biology (ESFRI-INSTRUCT Core Centre, MPI of Biophysics, Frankfurt am Main (Thielmann et 
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al., 2012)). After gel filtration, the purified homogeneous protein was concentrated to a final 

concentration of 12 mg/ml. For screening, 100 nl protein solution was added to 100 nl reservoir 

solution using the Phoenix drop setter (Rigaku). The drops were equilibrated against 50 µl 

reservoir solution by sitting-drop vapour diffusion at 18°C. Sparse matrix screens, which were 

used to test initial conditions for protein crystallization, are listed in Table 2-20. Crystallization 

trials were incubated over a period of three months and imaged on an automated and regular basis. 

Evaluation of the crystallization outcome was performed using the software CrystalTrak web 

(Rigaku) and by manual inspection on a Leica M165C microscope. 

Table 2-20: List of crystallization screens. 
Screen Reference Number of conditions 
MbClass Suite Qiagen 96 
MemGold Molecular Dimensions 96 
MemStart + MemPlus Molecular Dimensions 96 
MemSys Molecular Dimensions 96 
MPI pHScreen MPI of Biophysics, Frankfurt am Main 96 
MPI Custom pH 7.0 A MPI of Biophysics, Frankfurt am Main 96 
MPI Custom pH 7.0 B MPI of Biophysics, Frankfurt am Main 96 
MPI Custom pH 7.0 C MPI of Biophysics, Frankfurt am Main 96 
MPI Custom pH 7.0 D MPI of Biophysics, Frankfurt am Main 96 
JBScreen Pentaerythritol HTS Jena Bioscience 96 
PGA Screen Molecular Dimensions 96 

 

2.2.3.7 Cyclic voltammetry 

Cyclic voltammetry was used to investigate the electrochemical properties of immobilized 

cbb3-CcO on gold nanoparticles. The measurements were performed by Thomas Meyer and Dr. 

Frédéric Melin at the University of Strasbourg in France in the group of Prof. Petra Hellwig. The 

gold colloid was prepared and stabilized with sodium citrate and subsequently deposited on a 

polished polycrystalline gold disc electrode as described elsewhere (Meyer et al., 2011). The 

electrode was then modified with a mixture of thiols (1 mM hexanethiol and 1 mM 

6-mercapto-1-hexanol in EtOH) overnight. The protein was deposited on the electrode at 4°C 

overnight. Measurements were carried out in 50 mM KPi buffer pH 7.0 with and without oxygen. 

The oxygen-free buffer was prepared by flushing with argon. The cyclic voltammograms were 

obtained using a VersaSTAT 4 potentiostat (Princeton Applied Research) with a conventional 

three-electrode cell. An Ag/AgCl electrode was used as a reference electrode and a platinum wire 

as a counter electrode. Cyclic voltammetry was performed from +0.3 V to -0.65 V (vs. Ag/AgCl, 

3M KCl) at a scan rate of 0.02 V/s for 2 cycles at RT. 



2. MATERIALS AND METHODS 

 62 

2.2.3.8 Fourier transform infrared spectroscopy 

The measurements were performed in the group of Prof. Petra Hellwig (University of Strasbourg, 

France). The electrochemically induced Fourier-transformed infrared (FTIR) difference spectra of 

cbb3-CcO were recorded using the optically transparent thin layer electrochemical cell (Moss et al., 

1990; Hellwig et al., 1998). A gold grid electrode was chemically modified with an equal mixture 

of 2 mM cysteamine and 2 mM 3-mercaptopropionic acid. To accelerate electron transfer, 

mediators were added to the protein solution to a final concentration of 40 µΜ. The FTIR 

difference spectra as a function of applied potential were recorded at 12°C in the spectral range 

1800-1200 cm-1 using a FTIR spectrophotometer (Vertex 70, Bruker). After equilibration with an 

initial potential for 7 min, the full potential step from -0.4 V to +0.4 V (vs. Ag/AgCl, 3M KCl) was 

applied. For each single-beam spectrum, 256 interferograms at 4 cm-1 resolution were coadded and 

Fourier-transformed using triangular apodization. Scans were carried out in 20 mM Tris/HCl, 

pH7.5, 100 mM NaCl, 0.02% (w/v) DDM.  

2.2.3.9 Potentiometric titration 

Potentiometric titration was performed in the group of Prof. Petra Hellwig (University of 

Strasbourg, France). A mixture of 17 mediators with a final concentration of 25 µM was added to 

the protein sample. The titration was performed using an electrochemical thin layer cell mounted 

with CaF2 windows. A gold grid functionalized with a 1:1 solution of mercaptopropionic acid and 

cysteamine was used as working electrode. An aqueous Ag/AgCl 3M KCl was used as reference 

electrode and a platinum contact as counter electrode. The experiments were performed at 12°C. 

The spectra were recorded using a Cary 300 spectrometer coupled to a potentiostat. For the 

oxidative titration, the spectrum at -300 mV was taken as reference whereas for the reductive, the 

spectrum at +300 mV was taken as reference. A spectra was recorded every 25 mV with an 

equilibration time of at least 20 minutes. The potential was changed when the spectra did not 

evolve anymore. 
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3 Results 

This work describes the characterization of the two isoforms of cbb3-CcO from P. stutzeri ZoBell. 

A homologous expression system was developed for obtaining both genetically engineered Cbb3-1 

and Cbb3-2. Both purified recombinant cbb3-isoforms were compared to the wild-type cbb3-CcO, 

and studied by biochemical and biophysical techniques. 

3.1 Identification of the two cbb3-operons 
To identify the organization of cbb3-operons from P. stutzeri ZoBell, three genomic DNA-derived 

PCR products were amplified and sequenced (Figure 3-1). Primers were designed based on the 

highly conserved regions identified by comparison of the published genome sequences from 

several related Pseudomonas species. The following primer pairs were used: 1_Fw/3_Rev for 

PCR-1, 5_Fw/4_Rev for PCR-101 and 7_Fw/6_Rev for PCR- M6263. Sequence data were 

submitted to GenBank under the accession number HM130676. 
 

 

Figure 3-1: Schematic representation of the organization of two cbb3-operons and the ccoGHIS gene 
cluster on the P. stutzeri ZoBell chromosome. Genes are denoted by arrowheads according to their 
encoded products. The ccoGHIS gene cluster (in grey) is located downstream of ccoNOQP-2. The ANR box 
is found in the upstream region of ccoN-1. PCR products used for the sequencing are underlined. Length 
standard (1 kb) is shown on the right. 

 

P. stutzeri ZoBell possesses two cbb3-operons (ccoNOP-1 and ccoNOQP-2) and one ccoGHIS 

gene cluster. The numbering order of the two cbb3-operons is based on the genome annotation of 

P. stutzeri strain A1501 (Yan et al., 2008). Each of the two cbb3-operons, separated by a 352-bp 

segment, encodes the subunits of two isoforms of cbb3-CcO, namely, Cbb3-1 and Cbb3-2. Both 

cbb3-operons contain the genes coding for CcoN, CcoO and CcoP of cbb3-CcO, whereas the gene 

ccoQ is only present in ccoNOQP-2. A consensus ANR-box (TTGAT-N4-gTCAA), the binding 

site for the FNR-type transcriptional regulator (ANR), is located directly upstream of the 

transcription start site of the gene ccoN-1. The ccoGHIS cluster is located 137 bp downstream 

of the stop codon of the ccoP-2 gene, and their gene products are required for the maturation and 

assembly of a functional cbb3-CcO (Ekici et al., 2011).  

ccoN-1 ccoO-1 ccoP-1 ccoN-2 ccoO-2
ccoQ

ccoP-2 ccoG ccoH ccoI ccoS

1 kb

ccoGHISANR 1st operon: ccoNOP-1 2nd operon: ccoNOQP-2

PCR-1
PCR-101

PCR-M6263
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3.2 Microbiological characterization of P. stutzeri ZoBell 
Although P. stutzeri ZoBell has been extensively used for the studies of denitrification processes 

(Zumft 1997), basic microbiological information needed for this work was limited. Therefore, 

P. stutzeri ZoBell cells were examined for their doubling time, relationship between the number of 

cells and optical density, and their antibiotic resistance profiles.  

 Growth of P. stutzeri ZoBell 3.2.1

  

Figure 3-2: Growth of wild-type P. stutzeri ZoBell in LB and asparagine medium. The culture was 
inoculated with a glycerol stock, which was stored at -80°C prior to use. Cells were grown with shaking in 
100 ml of culture medium in a 300 ml unbaffled Erlenmeyer flask at 32°C (A) and 37°C (B). Samples were 
collected every 60 min for 12 hours, and the optical density was measured at 550 nm. Cell growth in each 
condition was measured in two independent experiments (1 and 2).  

 

To study the growth behavior of wild-type P. stutzeri ZoBell, growth experiments were performed 

at two different temperatures (32°C and 37°C) using LB and asparagine medium. Figure 3-2 

shows the logarithmic plot of optical density at 550 nm against time. In LB medium, the 

exponential growth phase of P. stutzeri cells was observed to occur between 2 and 6 hours after 

the start of incubation, and the cells entered the early stationary phase at an OD550 of about 0.8. 

Compared to LB medium, P. stutzeri cells needed 5 hours (32°C) or 7 hours (37°C) to adapt to 

asparagine medium before dividing. After adaptation, a fast growth phase was observed. Doubling 

times19 were calculated from an average slope of the linear relationship between log OD550 and 

time of two experiments. The P. stutzeri cells grew in LB medium at 32°C or 37°C with a 

doubling time of 50 and 59 min, respectively. In contrast, doubling time in asparagine medium, 

which is usually used for cultivation of denitrifying bacteria, was 34 to 36 min.  
                                                        
19 The doubling time, however, varies with culture conditions, e.g., culture volume and shaking speed. 
Therefore, the values shown here can only play a reference role to monitor the growth of P. stutzeri. 
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 Relationship between cell number and optical density 3.2.2
The relationship between cell number and optical density is linear and shown in Table 3-1. Cell 

numbers were counted using a Neubauer chamber and a phase contrast microscope. From the 

OD550 reading, an average number of 1.12 ± 0.36 × 109 P. stutzeri cells per OD550 unit was 

calculated. The number of viable cells was further determined by dilution plating of a cell culture 

on LB agar plates. The number of colony-forming units (CFU)/ml was determined to be 

0.55 ± 0.28 × 109 at an OD550 of 1.0. 

Table 3-1: Correlation between cell number and optical density. 
OD550 Cells / ml (± SD)a Cells / one unit of OD550 
0.050 2.88 ± 0.47 × 107 0.57 × 109 
0.109 1.34 ± 0.21 × 108 1.23 × 109 
0.243 1.86 ± 0.10 × 108 0.77 × 109 
0.301 4.06 ± 1.11 × 108 1.35 × 109 
0.435 6.06 ± 1.30 × 108 1.39 × 109 
0.567 7.94 ± 1.85 × 108 1.40 × 109 

a Cell numbers were averaged by a count of four random squares of Neubauer chamber. 
Each square contained 20-50 cells. 

 Antibiotic resistance analysis 3.2.3
Antibiotic resistance profiles were generated by measuring the ability of P. stutzeri ZoBell cells to 

grow in the LB medium in the presence of each of several antibiotics at different concentrations (5 

to 100 µg/ml). The growth was monitored by measuring the optical density of overnight cultures at 

550 nm. The results were summarized in Table 3-2. It was shown that P. stutzeri ZoBell cells are 

naturally resistant to ampicillin and spectinomycin. However, they are sensitive to several other 

antibiotics, including chloramphenicol, gentamicin, kanamycin, streptomycin and tetracycline. 

These antibiotics could potentially be used as selection markers for later molecular genetic studies.  

Table 3-2: Antibiotic sensitivities of wild-type P. stutzeri ZoBella. 

Antibiotic 
Final concentration (µg/ml) 

Overall results 
5  10 25 50 100 

Ampicillin R R R R R R 
Chloramphenicol R/S n.d. R/S S S S 
Gentamicin S S S S S S 
Kanamycin R/S S S S S S 
Spectinomycin R R R R R R 
Streptomycin R/S n.d. S S S S 
Tetracycline S S S S S S 
a R, resistant; S, sensitive; n.d., not determined. 
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3.3 Construction of ccoNO(Q)P knock-out strains 
Using the method of homologous recombination, two deletion strains lacking either the ccoNOP-1 

or the ccoNOQP-2 operon were constructed. This method requires a non-replicative plasmid, 

which has to be transformed into P. stutzeri competent cells with a relatively high efficiency. 

 Transformation of P. stutzeri ZoBell 3.3.1
P. stutzeri chemically competent cells were prepared using the standard rubidium chloride method 

(Hanahan 1983), and the transformation efficiency was determined to be 310 CFU/µg DNA. 

Transformation efficiency was increased to 510 CFU/µg DNA by using magnesium chloride 

instead of rubidium chloride. Ultrasound-mediated DNA delivery was performed using a 

previously published method20 (Song et al., 2007). Although this method was reported to be 

efficient for delivery of plasmids into P. putida, the efficiency examined in this work was low 

(370 CFU/µg DNA). Because the transformation efficiencies mentioned above were extremely 

low, both methods were not further optimized nor used. 

For high transformation efficiency, electrocompetent cells were prepared using different protocols 

and resuspension buffers21 (Smith and Iglewski 1989; Diver et al., 1990), and the related data are 

summarized in Table 3-3. At a fixed electrical field strength of 8 kV/cm, the best results with P. 

stutzeri cells was obtained using LB medium, which yielded a transformation efficiency of 3 × 103 

CFU/µg DNA. In contrast, a lower efficiency of 370 CFU/µg DNA was observed when the cells 

were grown in the asparagine minimal medium and subsequently treated with 300 mM sucrose. In 

addition, a supplement of magnesium ions (1 mM) into resuspension buffer could improve the 

yield of asparagine-grown cells, while it showed no effect on LB-grown cells (Table 3-3). 

Table 3-3: Transformation efficiency of electrocompetent cells. 
Growth medium Resuspension buffer Transformation efficiency (CFU/µg DNA) 
LB medium 300 mM sucrose 3100 
LB medium SMEB buffera 2960 
Asparagine medium 300 mM sucrose 370 
Asparagine medium SMEB buffera 1210 
Asparagine medium 10% (v/v) glycerol 10 
a SMEB, sucrose-magnesium electroporation buffer (1 mM Hepes, pH 7.0, 300 mM sucrose, 1 mM MgCl2), 
according to Diver et al., 1990. 

                                                        
20 The parameters used in this experiment were as follows: an ultrasound frequency of 35 kHz, ultrasound 
exposure time of 10 s, 50 mM CaCl2, plasmid concentration of 0.8 ng/µl, 2 × 109 cells/ml, 22°C. 
21 P. stutzeri cells were grown in LB or asparagine medium at 37°C to OD550 = 0.8 to 1.0. The cells were 
chilled on ice and centrifuged at 4°C. The pellet was gently resuspended three times in ice-cold resuspension 
buffer. The cells were electroporated with 100 ng of pBBR1MCS-2 at 25 µF, 200 Ω and 0.8 kV.  
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To examine the effect of the electric field strength on transformation efficiency, applied field 

strength was varied between 6 and 18 kV/cm with an increment of 2 kV/cm (data not shown). 

Using LB medium and 300 mM sucrose, the highest efficiency (3 × 105 CFU/µg DNA) was 

reached at 18 kV/cm. It was also found that P. stutzeri cells could be electroporated after being 

frozen at -80 °C for three days; however, its efficiency was dramatically decreased (about 50 fold) 

(data not shown).  

Although the optimized transformation efficiency (about 105 CFU/µg DNA) is high enough for 

routine molecular cloning procedures, a higher efficiency is still required for the construction of 

specific gene deletions in P. stutzeri because of the relatively low frequency of double 

recombination events. By applying a rapid electroporation method (for details, see Material and 

methods), which was developed for P. aeruginosa (Choi et al., 2006), an efficiency ranging from 

105 to 108 CFU/µg DNA was achieved. 

 Maintenance of plasmids in P. stutzeri ZoBell 3.3.2
For general cloning and expression of cbb3-CcOs, a shuttle plasmid that replicates in both E. coli 

and P. stutzeri is required. A broad-host-range cloning vector pBBR1MCS has been found to 

replicate in P. fluorescens and P. putida (Kovach et al., 1995). Four derivatives of pBBR1MCS 

were tested for their ability to replicate and confer antibiotic resistance in P. stutzeri (Table 3-4). 

Chloramphenicol- and kanamycin-resistant transformants were isolated following electroporation 

with pBBR1MCS and pBBR1MCS-2, respectively, which indicates that pBBR-based plasmids are 

capable of replication in P. stutzeri. Subsequent plasmid isolation and agarose gel electrophoresis 

also confirmed the stable maintenance of both plasmids. However, no transformants were obtained 

with pBBR1MCS-3 and pBBR1MCS-5, which might have been caused by the lack of expression 

of the antibiotic-resistance genes present in the plasmids in P. stutzeri cells. 

Table 3-4: Maintenance of a variety of plasmids in P. stutzeri ZoBell. 
Plasmid Size (bp) Replicon Antibiotic resistance Maintenance in P. stutzeri  
pBBR1MCS 4707 pBBR CamR yes 
pBBR1MCS-2 5144 pBBR KanR yes 
pBBR1MCS-3 5228 pBBR TetR  no 
pBBR1MCS-5 4768 pBBR GenR no 
pACYC184 4245 p15A CamR, TetR no 
pBR325 5996 pMB1 CamR, TetR, AmpR no 

 

In addition to the pBBR-based plasmids, two E. coli plasmids, including pACYC184 and pBR325, 

were also evaluated (Table 3-4). The plasmid pACYC184 harbours the p15A replicon, while 
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pBR325 carries the pMB1 replicon (a close relative of ColE1). When these two plasmids were 

separately electroporated into P. stutzeri, no transformants were obtained, indicating that both 

replicons do not function in P. stutzeri cells. Thus, the plasmids containing the p15A or pMB1 

replicon may serve as suicide vectors in P. stutzeri and could therefore be used for the targeted 

disruption of genes on its chromosome. 

 Construction of suicide plasmids and gene deletion 3.3.3
In order to disrupt the genes coding for cbb3-CcO, suicide plasmids were constructed, which 

contain a p15A replicon, a kanamycin resistance gene flanked by two large fragments (~ 500 bp) 

homologous to the DNA sequences bordering the target site and a second selectable marker for the 

identification of double-crossover gene replacement events.  

The construction of EGFP-based suicide plasmids was accomplished in the following steps 

(Figure 3-3): (i) a 751-bp BamHI-XbaI fragment from pEGFP-N1 was ligated into pBBR1MCS-2 

digested by the same enzymes, resulting in pBBR1MCS-2-EGFP. This plasmid was electroporated 

into P. stutzeri ZoBell and the green fluorescent cells confirmed the expression of EGFP (Figure 

3-3). Since EGFP is expressed from the lac promoter without any induction, it could be potentially 

used as a reporter protein to distinguish the single-crossover recombination from the desired 

double-crossover events; (ii) a 2.6-kb fragment containing the pBBR1 replicon and mobilization 

(mob) gene was replaced by the p15A replicon of pACYC184, yielding the plasmid pXH-B. This 

plasmid was electroporated into P. stutzeri to test its ability to replicate in the cells. As expected, 

no transformants were obtained; (iii) three plasmids were designed to delete ccoNOP-1 and 

ccoNOQP-2 operons separately or together by flanking a kanamycin resistance cassette of pXH-B 

with the corresponding homologous regions (H1, H2 and H3) of the desired deletion. For 

pXH-ΔI-EGFP, the kanamycin resistance cassette was flanked by the H1-fragment (-532 to +1 bp 

upstream of the translation start of ccoN-1) and the H2-fragment (-57 to +448 bp of the stop codon 

of ccoP-1) as 5’ and 3’ homologous regions. Correspondingly, the same cassette was flanked at 5’ 

by the H2-fragment and at 3’ by the H3-fragment (-365 to +100 bp of the stop codon of ccoP-2), 

yielding the vector pXH-ΔII-EGFP. Furthermore, the same procedures were used to generate 

pXH-ΔI+II-EGFP, which contains H1- and H3-fragments at 5’ and 3’ sites, respectively. 

In addition to EGFP, the sacB gene22 from Bacillus subtilis was also used as a counter-selectable 

marker. Three sacB-based negative selection plasmids were constructed and used for the selection 

of deletion strains (data not shown).  

                                                        
22 The sacB gene encodes the enzyme levansucrase. It catalyzes the conversion of sucrose into levan, 
which is toxic for most bacteria. 
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Figure 3-3: Schematic representation of the construction of the suicide plasmids. Three suicide 
plasmids were designed to create the deletion strains of P. stutzeri cbb3-CcOs. For details, see text. 
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All suicide vectors were electroporated individually into P. stutzeri ZoBell cells. In the case of 

EGFP-based suicide plasmids, the double crossover event was selected for by an EGFP-negative 

and kanamycin-resistant phenotype. Although different strategies with different plasmids were 

used, only two deletion strains ΔCbb3-1 and ΔCbb3-2 were obtained by using the plasmid 

pXH-ΔI-EGFP and pXH-ΔII-EGFP, respectively (Figure 3-4). No mutant strain containing a 

double deletion of both cbb3-operons was detected.  

 

 

Figure 3-4: Genetic maps of two cbb3-CcO deletion strains. Three homologous regions (H1, H2 and H3) 
are shown in boxes. The regions deleted and replaced with a kanamycin gene in deletion strains ΔCbb3-1 
and ΔCbb3-2 are indicated as dashed lines. Length standard (1 kb) is shown on the right. 

 

In addition to circular plasmids, the linear double-stranded DNA fragment containing the 

kanamycin resistance cassette and two flanking regions were generated either by PCR (for 

non-methylated DNA) or by restriction digestion (for methylated DNA). They were transformed 

into P. stutzeri cells to test the linear DNA-mediated genomic deletion. However, no transformants 

were observed in all cases, even when the recovery time following electroporation was extended to 

5 h. The failure of using linear DNA to obtain deletion mutants might be caused by the low 

transformation efficiency and the rapid degradation of linear DNA fragments. 

 Verification of deletion strains 3.3.4
PCR analysis was performed to verify the deletion of one of two cbb3-operons in the two deletion 

strains (ΔCbb3-1 and ΔCbb3-2) by using their genomic DNA as a template (Figure 3-5). The 

primer pairs used (Table 3-5) were selected to give a maximal coverage of the putatively deleted 

regions.  

PCR analysis confirmed the substitution of the desired ccoNO(Q)P operons with the kanamycin 

resistance cassette in both deletion strains, because the relative positions of all amplicons accorded 

well with the expected sizes. As an example, analysis of the wild-type P. stutzeri stain harboring 

both cbb3-operons yielded a DNA fragment of 2210 bp using primers 9_Fw and 8_Rev (Figure 3-5 

A, lane 5). As expected, this fragment was not detected in the genome when the operon ccoNOP-1 

was deleted in strain ΔCbb3-1 (Figure 3-5 B, lane 5).  

ccoN-1 ccoO-1 ccoP-1 ccoN-2 ccoO-2
ccoQ

ccoP-2 ccoG ccoH ccoI ccoS

1 kb
H1 H2 H3

ΔccoNOP-1 ΔccoNOQP-2

ccoGHISANR Cbb3-1 Cbb3-2
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Table 3-5: Primer pairs used to verify the deletion of cbb3-CcOs loci. The lane numbers are 
corresponding to the numbers of Figure 3‑4 (see below). The expected PCR product sizes for each amplicon 
length are indicated in base pairs. 
Lane 1 2 3 4 5 6 7a 8b 9 10 11 12 
Primer 
pair 

8_Fw 
8_Rev 

9_Fw 
9_Rev 

10_Fw 
10_Rev 

11_Fw 
11_Rev 

9_Fw 
8_Rev 

11_Fw 
10_Rev 

Km_N 
Km_C 

lacZ_N 
lacZ_C 

2_Fw 
7_Rev 

4_Fw 
5_Rev 

2_Fw 
5_Rev 

2_Fw 
4_Rev 

WT 1223 1034 1320 1363 2210 2356 - - 3526 3680 6431 6770 
ΔCbb3-1 - - 1320 1363 - 2356 919 - 1666 - 4571 4910 
ΔCbb3-2 1223 1034 - - 2210 - 919 - 3526 2146 4897 5236 
a Primers Km_N and Km_C are specific for the kanamycin resistance cassette. b Primers lacZ_N and lacZ_C 
are specific for the second selectable marker, e.g., EGFP-gene. 
 
 

  

 

Figure 3-5: Qualitative PCR analysis of the 
deletion of cbb3-CcO loci. PCR amplifications were 
performed using 100 ng P. stutzeri genomic DNA in 
a 50 µl reaction volume. The genomic DNA was 
isolated from wild type (A), deletion strain ΔCbb3-1 
(B) and ΔCbb3-2 (C). The primer pairs and the 
expected amplicon sizes are shown in Table 3-5. 
PCR products were resolved on 1% agarose gels in 
0.5× TBE buffer and visualized by staining with 
EtBr. Lane number is at the top of each lane. “M” is 
the GeneRuler 1 kb Plus DNA Ladder and the size 
of each marker band is shown in base pairs on the 
left. 

 

In addition to the PCR-based verification of a gene disruption, the results of the direct sequencing 

of the target region showed that no unexpected mutations had taken place in ΔCbb3-1 and ΔCbb3-2 

strains (the sequence data are shown in Appendix J and K).  
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3.4 Construction and purification of the tagged cbb3-CcOs 
To express and purify both isoforms of cbb3-CcO from P. stutzeri, two cbb3-operons were 

individually cloned into a low-copy-number vector pBBR1MCS and two different affinity tags 

were separately introduced into the recombinant proteins. Both cbb3-CcOs were purified to 

apparent homogeneity in two chromatographic steps. 

 Construction of the expression vectors  3.4.1
To construct the expression vectors for both isoforms of cbb3-CcO, two DNA fragments 

containing ccoNOP-1 (3,932 bp) and ccoNOQP-2 (4,033 bp) with corresponding promoter regions 

were first amplified from P. stutzeri ZoBell genomic DNA (Figure 3-1) and cloned separately into 

the plasmid pJET1.2, resulting in two vectors pJET-M6263 and pJET-PCR101, respectively. Both 

vectors were used for subcloning since they have a relatively small size and high copy number.  

To efficiently purify both cbb3-CcOs, it was decided to test two small affinity tags (the His6-tag 

and Strep-tag II), and to compare their effect on the protein expression and purification. The two 

affinity tags were fused to the N- and C-terminus of the ccoN-1 (in pJET-M6263) and ccoN-2 

(pJET-PCR101) using the site-directed mutagenesis method. To construct the expression vector 

for Cbb3-1, the 3.4-kb fragment containing Strep- or His6-tagged ccoNOP-1 was amplified, 

digested with BamHI and HindIII endonucleases, and subcloned into the same site of 

pBBR1MCS, resulting in pXH21-24 (Figure 3-6). Because the ccoNOQP-2 operon contained all 

the restriction sites needed for subcloning, the 3.6-kb fragment containing tagged ccoNOQP-2 was 

cloned into pBBR1MCS using a ligation independent cloning strategy, yielding pXH25-28 (Figure 

3-6). All constructed expression vectors were electroporated into the corresponding P. stutzeri 

cbb3-deletion strains, and the resulting recombinant strains were cultivated for the expression of 

target proteins. It should be noted that all vectors (pXH21-28) were designed for the expression of 

recombinant Cbb3-1 or Cbb3-2 under the control of their native promoters. 
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Figure 3-6: A schematic summary of the constructed expression vectors for both cbb3-CcOs. Only the 
cbb3-operon with corresponding promoter region is shown. Constructs pXH21-24 were designed for the 
expression of the Cbb3-1, and vectors pXH25-28 were used for the expression of the Cbb3-2. The N- and 
C-terminal affinity tags are shown in red and blue, respectively. 

 

 Expression screening of Strep- and His6-tagged cbb3-CcOs 3.4.2
To monitor the expression of the recombinant cbb3-CcOs, the P. stutzeri deletion strains 

containing the respective complementation plasmids were cultured in asparagine medium for the 

small-scale expression trials. Membranes were prepared and solubilized as described in the 

Materials and Methods section. For purification of Strep-tagged recombinant Cbb3-1 and Cbb3-2, 

each solubilizate was loaded onto a Strep-Tactin affinity column. After washing, the bound 

proteins were eluted using 10 mM desthiobiotin. The obtained eluate was collected and analyzed 

by SDS-PAGE, followed by heme staining and Coomassie staining. As shown in the lane 1 of 

Figure 3-7 A, no obvious bands corresponding to subunits of Cbb3-1 were detected from the 

recombinant strain, which harbors an expression vector (pXH21) with Strep-tag II on the 

N-terminus of ccoN-1. The same results were observed for the Cbb3-2 with an N-terminal 

Strep-tag II (Figure 3-7 B, lane 3). In both cases, the recombinant cbb3-CcOs were neither found in 

the flow-through nor in the wash fractions of the Strep-Tactin column (data not shown). Therefore, 

it is suggested that the absence of the desired proteins in the eluate is not due to the deficiency of 

the specific binding, but possibly to the lack of cbb3-CcO at least in the membrane.  
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When the Strep-tag II is fused to the C-terminus of the ccoN gene, the CcoNOP subunits of both 

isoforms of cbb3-CcO can be found in the affinity eluate (lane 2 of Figure 3-7 A and lane 4 of 

Figure 3-7 B). In addition, the heme-staining assay indicated the incorporation of hemes c into 

CcoO and CcoP subunits of both enzymes. Furthermore, protein bands on both gels (Figure 3-7, 

lane 2 and 4, Coomassie staining) were sliced out and identified by peptide mass fingerprinting 

(data not shown). The identity of three major bands as CcoNOP of each isoform of cbb3-CcO was 

confirmed. Besides the subunits of cbb3-CcO, several ribosomal proteins as general contaminants 

were also identified, which could be observed as weak bands between CcoO and CcoP.  

 

Figure 3-7: SDS-PAGE gels of the small-scale expression and purification of Strep-tagged cbb3-CcOs. 
The solubilized membranes of four recombinant strains were loaded onto a Strep-Tactin affinity column. 
The eluate was collected and analyzed on a 12.5% Tris-glycine gel. (A) The Strep-tag II was fused to the 
N-terminus (lane 1) or the C-terminus (lane 2) of the subunit CcoN of Cbb3-1. (B) The Strep-tag II was 
fused to the N-terminus (lane 3) or the C-terminus (lane 4) of the subunit CcoN of Cbb3-2. Coomassie 
staining (left of each panel) and heme staining (right of each panel) were used to visualize the protein bands. 
The standard molecular weights (kDa) of the marker proteins (M, PageRuler Prestained protein ladder) are 
indicated on the left. Bands of interest (subunit N, P and O) are indicated in the middle. 

 

To check the effect of a His6-tag on the expression level of the desired recombinant cbb3-CcOs, the 

solubilizate was loaded onto a Ni-NTA affinity column and the bound proteins were eluted with a 

multiple-step gradient of imidazole. In contrast to the Strep-tag II, expression and purification of 

Cbb3-2 with either a N-terminal (Figure 3-8, lane 1) or a C-terminal His6-tag (Figure 3-8, lane 2) 

were achieved. It was found that the bound His6-tagged cbb3-CcOs could be eluted with 50 to 

100 mM imidazole. However, a large amount of impurities still remained after the Ni-NTA 

column (Figure 3-8). An additional purification step was performed using Superdex 200 column, 

but little improvement in purity was obtained (data not shown). 
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Figure 3-8: SDS-PAGE gels of the small-scale 
expression and purification of His6-tagged 
Cbb3-2. The solubilized membranes of two 
recombinant strains were loaded onto a Ni-NTA 
affinity column. The eluate (100 mM imidazole 
fraction) was collected and analyzed on the 12.5% 
Tris-glycine gel. The His6-tag was fused to the 
N-terminus (lane 1) or the C-terminus (lane 2) of 
the Cbb3-2. Coomassie staining (left of each 
panel) and heme staining (right of each panel) 
were used to visualize the protein bands. The 
standard molecular weights (kDa) of the marker 
proteins (M, PageRuler Prestained protein ladder) 
are indicated on the left. Bands of interest (subunit 
N, P and O) are indicated in the middle. 

 

A summary of the test of expression vectors is given in Table 3-6. Because the recombinant 

cbb3-CcOs can be more efficiently purified using Strep-tag II, two expression vectors (pXH22 and 

pXH26, shown in blue in Table 3-6) were selected for the further optimization of the purification 

of both isoforms of cbb3-CcO.  

Table 3-6: Summary of eight expression vectorsa. Two expression vectors, pXH22 
and pXH26 (blue), are used for the routine expression of Cbb3-1 and Cbb3-2. 

Vector Isoform Terminus Affinity tag Expression 
pXH21 

Cbb3-1 

N-terminus Strep-tag II no 
pXH22 C-terminus Strep-tag II yes 
pXH23 N-terminus His6-tag n.d. 
pXH24 C-terminus His6-tag n.d. 
pXH25 

Cbb3-2 

N-terminus Strep-tag II no 
pXH26 C-terminus Strep-tag II yes 
pXH27 N-terminus His6-tag yes 
pXH28 C-terminus His6-tag yes 

a n.d., not determined. 

 Large-scale purification of Strep-tagged cbb3-CcOs 3.4.3
As mentioned in the previous section, affinity purification (Strep-tag II and Strep-Tactin column) 

allows the specific isolation of both recombinant Cbb3-1 and Cbb3-2, although small amounts of 

impurities and aggregates were present. To remove traces of impurities, protein samples were 

further purified by ion exchange chromatography using a Q Sepharose column. After intensive 

washing, the specifically bound protein (reddish in color) was eluted in the presence of 300 mM 
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NaCl (Figure 3-10 B). Afterwards, the concentration of NaCl in the buffer was reduced to 100 mM 

during the concentration steps. As an example23 shown in Figure 3-9, homogenous Cbb3-1 was 

obtained after two purification steps, although some aggregates were still visible in the high 

molecular weight region of the gel (lane 2). Both recombinant Cbb3-1 and Cbb3-2 purified by 

two-step chromatography were used for further biochemical and biophysical analysis. 

 

 

 

 

Figure 3-9: SDS-PAGE gels of the two-step  
purification of recombinant Cbb3-1. After each 
purification step, the protein samples were collected 
and analyzed on the 15% Tris-glycine gel. The 
pooled samples obtained after affinity 
chromatography and ion exchange chromatography 
are shown in lane 1 and 2, respectively. Coomassie 
staining (left) and heme staining (right) were used to 
visualize the protein bands. The standard molecular 
weights (kDa) of the marker proteins (M, PageRuler 
Prestained protein ladder) are indicated on the left. 
Bands of interest (subunit N, P and O) are indicated 
in the middle. 

 

The homogeneity of cbb3-CcOs could be further improved using an additional size-exclusion 

chromatography step. However, this was only necessary when the enzymatic activity of 

recombinant cbb3-CcOs was compared to the true wild-type Cbb3-1, because the latter was 

purified by four chromatographic steps (see 2.2.2.4)24. As an example, the chromatograms 

obtained from the three-step purification of recombinant Cbb3-1 is presented in Figure 3-10. The 

absorbance was monitored at 280 and 411 nm, in which absorbance at 411 nm is specifically 

related to the oxidized cbb3-CcOs. During size exclusion chromatography (Figure 3-10 C), the 

recombinant Cbb3-1 was eluted as a single peak centered at approx. 12.2 ml. As shown in Table 

3-7, Strep-Tactin affinity chromatography led to a 15.2-fold enrichment of purification, and a final 

22.7-fold enrichment was achieved after three purification steps. 

 

                                                        
23 Both cbb3-isoforms exhibited similar properties during the purification process. Therefore, only the 
recombinant Cbb3-1 is shown as an example for the demonstration in this section. 
24 The wild-type Cbb3-1 is purified for the crystallization experiments and, therefore, more homogeneous. 
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Figure 3-10: Elution profiles of the purification of 
recombinant Cbb3-1. Elution profile of the affinity 
chromatography (Strep-Tactin column), ion 
exchange chromatography (Q Sepharose column) 
and size exclusion chromatography (Superdex 200 
column) is shown in A, B and C, respectively. A part 
of the profile is shown as the dashed line because the 
corresponding absorbance is higher than 2 
absorbance units. During all purification steps, 
fractions were monitored at 280 nm (black) and 411 
nm (blue). The peak fractions containing the desired 
Cbb3-1 are indicated as red arrows and red dashed 
lines. 

 

Table 3-7: Purification of Strep-tagged Cbb3-1. 
Purification step Volume 

(ml) 
Total protein 
concentration 
(mg/ml)a 

Total 
protein 
(mg) 

Total 
activity  
(U)b 

Specific 
activity 
(U/mg) 

Yield 
(%) 

Purification 
fold 

Crude cell extract 250.0 13.66 3,415.0 4,052 1.2 - - 
Crude membrane 107.5 10.09 1,084.7 3,484 3.2 100 1.0 
Solubilization 380.0 2.33 885.4 2,913 3.3 82 1.0 
Strep-Tactin 50.0 0.17 8.5 412 48.5 0.78 15.2 
Q Sepharose 23.0 0.33 7.6 433  57.1 0.70 17.8 
Superdex 200 9.6 0.78 7.5 544 72.6 0.69 22.7 
a Protein concentration determined by BCA assay using BSA as a standard protein. b Enzyme activity was 
measured using an oxygen electrode. One U is defined as the amount of Cbb3-1 required to reduce 1 µmol of 
O2 in 1 min at 25°C. 

 

 Control of the expression of two cbb3-isoforms 3.4.4
In the vectors pXH22 and pXH26, expression of cbb3-CcOs is under the control of their native 

promoter. Figure 3-11 shows the nucleotide sequences of the two native promoters of the 

ccoNOP-1 and the ccoNOQP-2 operon. The potential ribosomal binding site (Shine-Dalgarno 
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sequence, SD) is located directly upstream (6-7 bases) of the start codon of ccoN-1 and ccoN-2. 

Both promoters contain the putative binding motif for RNA polymerase σ70 subunit. Despite the 

similarities, a putative ANR binding site (TTGAT-N4-gTCAA), which is required for the 

activation of transcription under low oxygen tension, is only present in the promoter region of the 

ccoN-1 gene.  
 

 

Figure 3-11: Structure of the promoter region of the gene ccoN. The nucleotide sequences (5’-3’) with 
the predicted promoter regions of ccoN-1 (A) and ccoN-2 genes (B) are shown. An ANR-box 
(TTGAT-N4-gTCAA) is located upstream from transcription start site of the ccoN-1 gene and is shown in 
blue. The putative RpoD (σ70) recognition site is shown in red, both -35 and -10 promoter regions are 
indicated. In panel A, the -35 and -10 regions are proposed based on the previously identified data from P. 
putida (Ugidos et al., 2008). The putative Shine-Dalgarno sequence is shown in green. Conserved 
nucleotides (as compared to the consensus sequence) are shown in bold and capitalized. The start site of 
translation is indicated by arrows. The first six amino acids are underlined.  

 

Under the control of the native promoter, the yield of Cbb3-1 was determined to be 2 to 4 mg per 

liter of culture medium after two purification steps, as measured using the specific extinction 

coefficient for cbb3-CcO. In contrast, a relatively low yield was observed for the Cbb3-2, which is 

approx. 0.5 mg per liter of culture medium (Table 3-8). To increase the expression level of Cbb3-2, 

the native promoter region of Cbb3-2 was first replaced by the exogenous lac promoter, yielding 

pXH36. By using this vector, the protein yield could be increased by twofold without any 

induction treatment. The yield of Cbb3-2 was further improved by the replacement of the Cbb3-2 

promoter with the endogenous promoter of Cbb3-1. The yield was increased 4- to 6-fold to 2 to 

3 mg purified protein per liter of culture medium, which is comparable to the yield of Cbb3-1 

(Table 3-8). Therefore, instead of pXH26, the expression vector pXH39 was used for the 

expression of recombinant Cbb3-2 throughout the present work.  

gacgagatgtcctttgtcactttgtgtgtaTTGATccgtgTCAATacCgg
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Table 3-8: A summary of typical protein yields of cbb3-CcOs.  
Recombinant isoform Promoter Feature of promoter Plasmid Yield 
Cbb3-1 cbb3-1 native pXH22 2-4 mg/liter 
Cbb3-2 cbb3-2 native pXH26 < 0.5 mg/liter 
Cbb3-2 lac exogenous (from E. coli) pXH36 > 1 mg/liter 
Cbb3-2 cbb3-1 endogenous pXH39 2-3 mg/liter 

 

 SDS-PAGE analysis of Cbb3-1 and Cbb3-2 3.4.5
 

 

Figure 3-12: SDS-PAGE gels of both purified recombinant Cbb3-1 and Cbb3-2. The Cbb3-1 (lane 1) and 
Cbb3-2 (lane 2) were separated on a 15% Tris-glycine gel. After electrophoresis, the gels were stained with 
Coomassie brilliant blue (A) and silver (B). Heme staining (C) was performed to detect the subunit CcoO 
and CcoP, which contain covalently bound heme c. Western blot (D) was used to detect the Strep-tagged 
CcoN subunit. The standard molecular weights (kDa) of the marker proteins (M, PageRuler Prestained 
protein ladder) are indicated on the left in panel A. Bands of interest (subunit N, P and O) are indicated. 

 

Both purified recombinant Cbb3-1 and Cbb3-2 were analyzed by SDS-PAGE (Figure 3-12). After 

staining with Coomassie blue or silver, three distinct bands with apparent molecular weights of 42, 

36 and 24 kDa were visible, which correspond to subunits CcoN, CcoP and CcoO of the cbb3-CcO 

as mentioned above (Figure 3-12 A and B). When heme staining was performed, two major 

stained bands corresponding to subunits CcoP and CcoO were observed (Figure 3-12 C). Due to 

the strong hydrophobic properties of CcoN and the binding of detergent, CcoN of both isoforms 

migrated significantly faster than expected from their molecular masses (52.79 kDa for CcoN-1 

and 53.17 kDa for CcoN-2). Although the predicted masses of CcoP-1 (34.89 kDa) and CcoP-2 

(35.01 kDa) are very similar, a difference in the migration distance has been observed. In contrast 

to subunit CcoP, the sizes of CcoO-1 (23.43 kDa) and CcoO-2 (23.46 kDa) were too close to show 

2
170
130
100
70

55

40

35

25

Coomassie staining

15
10

M 1 2

CcoN

CcoP

CcoO

M 1 2 M 1

Silver staining Heme staining Western blot

2M 1

CcoN

CcoP

CcoO

CcoP

CcoO

CcoN

A B C D



3. RESULTS 

 80 

any difference. The subunit CcoQ was not detectable using the current electrophoresis protocol 

due to its low molecular weight (6.91 kDa) and poor staining properties. Since subunit CcoN of 

both recombinant cbb3-CcOs carried a Strep-Tag II, they could be detected by Western blot using 

anti-Strep-tag antibody. However, two nonspecific bands are also observed (Figure 3-12 D).  

 Determination of the oligomeric state of Cbb3-1 and Cbb3-2 3.4.6
To evaluate the oligomeric state and molecular weight of purified recombinant Cbb3-1 and Cbb3-2 

in their native state, protein samples were separated on BN-PAGE (Figure 3-13). Considering the 

mass contribution of bound heme ligands, the molecular weight of Cbb3-1 and Cbb3-2, based on 

the amino acid sequence of the monomeric form, was calculated to be 112.3 and 119.8 kDa, 

respectively. On the BN-PAGE, both isoforms were resolved as a single sharp band with an 

apparent molecular weight of 165 kDa. Although this value is slightly higher than expected for its 

calculated molecular weight, it still suggests that Cbb3-1 and Cbb3-2 are both present in a 

monomeric state because the migration behavior of membrane proteins is strongly affected by the 

binding of lipids and detergents to the hydrophobic surface. Furthermore, the BN-PAGE gels 

demonstrated that both purified isoforms are highly monodisperse and homogeneous. 
 

 

 

 

 
 

 

Figure 3-13: BN-PAGE gels of purified recombinant cbb3-isoforms. 
Cbb3-1 (lane 1) and Cbb3-2 (Lane 2) were solubilized and purified with 
DDM, and analyzed on 4-16% (v/v) NativePAGE Bis-Tris gels. The 
molecular weights (kDa) of the marker proteins (lane M) are indicated on 
the left. 

 

 Subunit composition of both cbb3-isoforms 3.4.7
To determine the subunit composition, protein bands in BN-PAGE were cut out and subsequently 

analyzed by MS based PMF. The overall sequences coverage for each of the three subunits of 

Cbb3-1 were 36.1% (CcoN-1), 74.5% (CcoO-1) and 66.6% (CcoP-1), and a similar sequence 

coverage for Cbb3-2 was observed, which was 31.9% (CcoN-2), 69.6% (CcoN-2) and 82.6% 

(CcoP-2). The low sequence coverage of subunit CcoN was due to its hydrophobic character. In 
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addition, the PMF analysis provided the following results: (i) Unique peptides from subunits 

CcoNOP of Cbb3-1 and Cbb3-2 were found only in the corresponding isoforms. No chimeric 

proteins or fragments were detected (Figure 3-14 A-C). (ii) The CcoQ subunit was observed only 

in Cbb3-2 with a sequence coverage of 35.5% (Figure 3-14 D). (iii) The assembly protein CcoH 

was observed in both rec. cbb3-CcO complexes (Figure 3-15). (iv) Ribosomal proteins and a 

histone-like DNA binding protein were also detected as general contaminants. 
 

 

 

(Figure continued on next page) 

A ! ! ! ! ! ! !N Subunit!
!

1st isoform of cbb3-CcO (Cbb3-1)!

161 

321 STFEGPMMAI KTVNALSHYT DWTIGHVHAG ALGW

481 PQFEK!
!

2nd isoform of cbb3-CcO (Cbb3-2)!

161 GNWFFGAFIL VTAMLHIVNN LEIPVSLFKS YSIYAGATDA MVQW

401 W

481 PQFEK!

B ! ! ! ! ! ! !O Subunit!
!

1st isoform of cbb3-CcO (Cbb3-1)!
1   

81  ERYGHYSVAG ESVYDHPFLW GSKRTGPDLA RVGGRYSDDW HRAHLYNPRN VVPESKMPSY PWLVENTLDG KDTAKKMSAL !
161 RMLGVPYTEE DIAGAR
!

2nd isoform of cbb3-CcO (Cbb3-2)!
1   

81  ERYGHYSVAG ESVYDHPFLW GSKRTGPDLA RVGGRYSDDW HRAHLYNPRN VVPESKMPSY PWLVENTLDG KDTAKKMSAL!
161 RMLGVPYTEE DIAGAR
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Figure 3-14: Peptide mass fingerprinting analysis of two cbb3-isoforms (Cbb3-1 and Cbb3-2). Amino 
acid sequences of the four subunits, CcoN, CcoO, CcoP and CcoQ, are shown in A-D, respectively. The first 
amino acid on each line is numbered on the left. The unique residues associated with both cbb3-isoforms are 
shown as enlarged characters. The sequence coverage obtained using simultaneous nLC-ESI- and 
nLC-MALDI-MS/MS is indicated in red (ESI only), blue (MALDI only) and purple (detected in both ESI 
and MALDI-MS). Eight amino acids of Strep-tag II are indicated by black underlining. The CcoQ subunit 
was detected only in Cbb3-2. 
 

 

Figure 3-15: The sequence coverage obtained by peptide mass fingerprinting analysis for the assembly 
protein CcoH. CcoH was found in both recombinant Cbb3-1 and Cbb3-2. The first amino acid on each line 
is numbered on the left. Peptides detected by ESI-MS peptide mass fingerprinting are shown in red. 
  

C ! ! ! ! ! ! !P Subunit!
!

1st isoform of cbb3-CcO (Cbb3-1)!

81  NWKGVLPGYE 

2nd isoform of cbb3-CcO (Cbb3-2)!

81  NWKGILPGYE 

D ! ! ! ! ! ! !Q Subunit!
!

2nd isoform of cbb3-CcO (Cbb3-2)!
1   MMEIGTLRGL GTILVVVAFI GVVLWAYSSK RKQSFDEAAN LPFADDETDA KKREEEASRS KKxxxxxxxxxxxxxxxxxxx!

! ! ! ! ! ! !    CcoH!
!

1   MRSDNEQTRW YTQFWAWFVI AILLSSVVLG LSLLTIAIRN SDSLVADNYY DAGKGINQSL EREKLAESLE MRAQLVLNDE 
81  RGLAEVQLSG ASRPQQLVLN LLSPTQPERD RRVILQPQGD GLYQGQMQEP VSGRRFIELI GREGEQDWRL YEEKTIETGH 
161 ALELTP!
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3.5 Characterization of Cbb3-1 and Cbb3-2 

 UV/Vis spectra of cbb3-CcO 3.5.1
For comparison, the room temperature electronic absorption spectra of fully oxidized, fully 

reduced and reduced-minus-oxidized difference spectra of wild-type Cbb3-1 are shown in Figure 

3-16. As expected, all spectra are identical to those obtained from the recombinant Cbb3-1. 

Therefore, a detailed description is given below using the recombinant Cbb3-1 as an example. 
 

  

Figure 3-16: UV/Vis spectra of wild-type Cbb3-1. The absorption spectra were recorded from 380 to 640 
nm at 25°C. The insert shows an enlarged view of the α and β bands from 480 to 590 nm. (A) The wild-type 
Cbb3-1 was fully oxidized (red) by adding potassium hexacyanoferrate (III) and was subsequently reduced 
(black) by addition of sodium dithionite. (B) The reduced-minus-oxidized difference spectrum of wild-type 
Cbb3-1. 

 

For a better comparison between both recombinant Cbb3-1 and Cbb3-2, their oxidized, reduced and 

reduced-minus-oxidized spectra are shown together in Figure 3-17. In the oxidized state, the 

absorption spectra of both cbb3-isoforms are characterized by an intense Soret maximum at 

411 nm. In addition, two broad features centered at 529 and 559 nm, which are mostly contributed 

by heme b and b3, are also observed (Figure 3-17 A). After reduction with dithionite, the Soret 

band was shifted to 418 nm with increased intensity (Figure 3-17 B). Two absorption maxima 

appeared at 521 and 552 nm, which are attributed to the ferrous forms of hemes c. Moreover, the 

intensity of the 552-nm peak is higher than that of the 521-nm peak. In addition to hemes c, the 

reduction of both hemes b is accompanied by changes in two regions at 529 and 559 nm. However, 

the maximum at 529 nm is only slightly increased. In contrast, an obvious increasing trend was 

observed at 559 nm. Two slight differences between Cbb3-1 and Cbb3-2 were found in the alpha 

band of the reduced spectra. Cbb3-2 has a maximum at 551.2 nm with a more intense shoulder at 

559 nm, whereas the same maximum is red-shifted to 551.8 nm with a less intense shoulder in 
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Cbb3-1. In the reduced-minus-oxidized difference spectra, one distinction occurs in the region of 

420 to 440 nm (Figure 3-17 C), which indicates that the environment of heme b of the two 

cbb3-isoforms reacts slightly differently upon the reduction. Furthermore, the 

reduced-minus-oxidized difference spectra of both cbb3-isoforms have a small peak centered at 

695 nm (Figure 3-17 D). This spectral feature is characteristic of heme c with methionine as an 

axial ligand (García-Horsman et al., 1994). 
 

  

  

Figure 3-17: UV/Vis spectra of both recombinant cbb3-isoforms. The absorption spectra of 2 µΜ Cbb3-1 
(black line) and Cbb3-2 (red line) were recorded from 380 to 640 nm (panel A to C) at 25°C. The insert in 
panel A and B shows an enlarged view of the α and β bands. (A) The cbb3-CcOs are fully oxidized by 
adding potassium hexacyanoferrate (III). (B) The cbb3-CcOs are fully reduced by adding sodium dithionite. 
(C) The reduced-minus-oxidized difference spectra of cbb3-CcOs. (D) The reduced-minus-oxidized 
difference spectra in the near-infrared region.  

 

 Circular dichroism spectra of cbb3-CcO 3.5.2
To compare the secondary structure of the two recombinant Cbb3-1 and Cbb3-2, as well as the 

wild-type Cbb3-1, the far-UV CD spectra between 190 and 260 nm were recorded at 25 °C. As 

shown in Figure 3-18, spectra of three proteins are indistinguishable. The CD spectra are 
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characterized by two troughs at 222 and 209 nm with mean residue molar ellipticity of about 

-19,000 deg cm2 dmol-1, and by a maximum centered at 193 nm with an amplitude of 

39,000 deg cm2 dmol-1. These structural features indicate a predominantly alpha-helical secondary 

structure as expected from the X-ray structure of wild-type Cbb3-1. In addition, identical spectra 

revealed that both recombinant Cbb3-1 and Cbb3-2 have essentially the same secondary structure 

as the wild-type Cbb3-1, which confirms a correct folding of the recombinant cbb3-CcOs. 
 

 

 

 

 

 

 

Figure 3-18: Far-UV circular dichroism spectra 
of cbb3-CcOs. Far-UV (190 to 260 nm) CD spectra 
were recorded for wild-type Cbb3-1 (blue), 
recombinant Cbb3-1 (black) and recombinant Cbb3-2 
(red) at a concentration of 0.3 µM in 20 mM 
potassium phosphate buffer (pH 7.5) at 25°C. The 
recorded spectra were normalized and converted to 
mean residue ellipticity ([Θ]). 

 

 Thermal stability of cbb3-CcO 3.5.3
To determine the thermal stability of both recombinant cbb3-isoforms and the wild-type Cbb3-1, 

the differential scanning calorimetry analyses were performed in the range between 10 and 120°C 

(Figure 3-19). As a rescan of the same protein sample displayed no endothermic signal, this 

thermal denaturation was found to be irreversible (Figure 3-19 B). The calculated thermodynamic 

parameters are shown in Table 3-9. 

With wild-type Cbb3-1, two well-separated steps of temperature dependent denaturation were 

observed. Two midpoint temperatures (Tm) at 54.0 and 74.6°C are associated with the enthalpy 

change (ΔH) of 760 and 1,512 kJ mol-1, respectively. The ratio of the enthalpy of the 

high-temperature to the low-temperature phase transition (ΔHH / ΔHL) is calculated to be 2. 

Compared to the wild-type Cbb3-1, recombinant Cbb3-1 has two similar peaks centered at 51.2 and 

75.0°C, whereas the latter has an enlarged shoulder at about 88°C. Although the intensities of both 

peaks are significantly decreased, ΔH values only change slightly to 705 and 1,311 kJ mol-1 for 

190 200 210 220 230 240 250 260

-20000

-10000

0

10000

20000

30000

40000

(d
eg

 c
m

2  d
m

ol
-1
)

Wavelength (nm)

 wt. Cbb
3
-1

 rec. Cbb
3
-1

 rec. Cbb
3
-2

[Θ
]



3. RESULTS 

 86 

low and high temperature transition, respectively, due to the broadening of the peaks (Table 3-9). 

The calculated ΔHH / ΔHL ratio is 1.9, which is consistent with the observation from wild-type 

Cbb3-1. In the case of recombinant Cbb3-2, two transition peaks are apparently less intense and 

less separated. The Tm of both peaks shifted to 41.4 and 65.1°C, which indicates that recombinant 

Cbb3-2 denatures 10°C earlier in comparison to the recombinant Cbb3-1. Moreover, ΔHL and ΔHH 

are correspondingly decreased to 402 and 1,154 kJ mol-1, respectively, which confirmed that 

recombinant Cbb3-2 is less stable. The ΔHH / ΔHL ratio of 2.9, as calculated for Cbb3-2, is different 

to the observed ratio of Cbb3-1.  
 

  

Figure 3-19: Differential scanning calorimetry curves of cbb3-CcOs. (A) DSC curves of wild-type 
Cbb3-1 (blue), recombinant Cbb3-1 (black) and recombinant Cbb3-2 (red) were measured at a concentration 
of 3.5 mg/ml. (B) A rescanned DSC curve of recombinant Cbb3-1 (red). Measurements were performed at a 
heating rate of 90°C per hour. The dependence of heat capacity ([Cp]) on temperature was further analyzed 
to obtain thermophysical properties. 

 

Table 3-9: Thermodynamic parameters for the thermal denaturation of cbb3-CcOs. 
Protein  The 1st transition peak The 2nd transition peak 

Tm (°C) ΔH (kJ/mol) FWHMa (°C) Tm (°C) ΔH (kJ/mol) FWHM (°C) 
wt. Cbb3-1 54.0 759.6 10.0 74.6 1512.1 10.8 
rec. Cbb3-1 51.2 705.2 12.9 75.0 1311.0 22.5 
rec. Cbb3-2 41.4 402.1 13.0 65.1 1154.2 13.0 
a FWHM: full width at half maximum. 
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 Fourier transform infrared spectra of cbb3-CcO 3.5.4
Figure 3-20 shows the oxidized-minus-reduced FTIR difference spectra of the recombinant Cbb3-1 

and Cbb3-2 for the potential step from the reduced (-400 mV) to the oxidized (400 mV) state. Both 

difference spectra are quite similar to each other and show the same band shapes. However, clear 

differences between the two isoforms can be observed in the amide I region (1,690 to 1,610 cm-1) 

and the v(C=O) spectral region (above 1,710 cm-1). Two signals at 1687 (Cbb3-1) and 1,690 cm-1 

(Cbb3-2) can be assigned to the protonated heme propionates, while the v(C=O) mode of 

protonated aspartic or glutamic acid side chains can be observed at 1,712, 1,741 (Cbb3-1) and 

1,744 cm-1 (Cbb3-2). Although differences exist, further site-directed mutagenesis experiments are 

required for the precise assignment of the obtained signals to any heme vibrational modes or 

individual amino acid. 

 

Figure 3-20: Oxidized-minus-reduced FTIR difference spectra of two recombinant cbb3-isoforms from 
P. stutzeri. Spectra of recombinant Cbb3-1 (black) and recombinant Cbb3-2 (red) were measured from -400 
to 400 mV (vs. Ag/AgCl, 3 M NaCl) in 20 mM Tris/HCl, pH 7.5, 100 mM NaCl and 0.02% (w/v) DDM.  
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 Electrochemical measurement of cbb3-CcO  3.5.5
The UV/Vis redox titrations were undertaken to determine the midpoint redox potentials of heme 

cofactors of both cbb3-isoforms. The redox titrations were performed by stepwise setting the 

potentials in the range of -300 and +300 mV. Figure 3-21 and 3-22 show the titration curves and 

the corresponding spectral changes of heme cofactors of Cbb3-1 and Cbb3-2, respectively. And the 

potentials obtained for each redox titration are summarized in Table 3-10. 
 

  

Figure 3-21: Potentiometric titration of recombinant Cbb3-1. Potential dependence of the α band of 
heme c at 551 nm and of heme b at 558 nm is shown in panel A and B, respectively. Black squares represent 
the oxidative redox titration. The data were fitted to a Nernst equation (n=1 for heme c and n=2 for heme b) 
and the calculated Nernst fittings are shown as the solid curves. All potentials (mV) are shown against the 
reference electrode (Ag/AgCl, 3 M NaCl). 

 

  

Figure 3-22: Potentiometric titration of recombinant Cbb3-2. Potential dependence of the α band of 
heme c at 550 nm and of heme b at 559 nm is shown in panel A and B, respectively. Black squares represent 
the oxidative redox titration. The data were fitted to a Nernst equation (n=1 for heme c and n=2 for heme b) 
and the calculated Nernst fittings are shown as the solid curves. All potentials (mV) are shown against the 
reference electrode (Ag/AgCl, 3 M NaCl). 
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The midpoint redox potentials of three hemes c are too close to be distinguished, therefore, only 

one value can be determined for each cbb3-isoform from the theoretical Nernst curve (155 mV for 

Cbb3-1 and 185 mV for Cbb3-2). For hemes b of Cbb3-1, two midpoint redox potentials were 

obtained. The low-spin heme b has a higher midpoint redox potential (263 mV) than the high-spin 

heme b3 (132 mV). In the case of Cbb3-2, the midpoint redox potentials of both hemes b are only 

slightly higher than the values obtained for Cbb3-1 (Table 3-10).  

Table 3-10: Summary of midpoint redox potentials of heme cofactors of cbb3-CcOs. The midpoint 
redox potentials are shown in mV (vs. standard hydrogen electrode) at pH 7.5. 
 Midpoint potential of heme (vs. SHE) 

hemes c heme b heme b3 
recombinant Cbb3-1 155 mV 263 mV 132 mV 
recombinant Cbb3-2 185 mV 278 mV 158 mV 

 

 Determination of the oxygen reductase activity 3.5.6
 

  

  

Figure 3-23: Measurements of oxygen reductase activity of wild-type Cbb3-1. The addition of 3 mM 
ascorbate, 1 mM TMPD, 8.3 nM cbb3-CcO and 1 mM KCN is indicated by arrows. (A) No oxygen 
consumption was observed in the absence of TMPD. (B) The reaction was initiated by adding cbb3-CcO to a 
reaction mixture containing ascorbate and TMPD. (C) Inhibition of the cbb3-CcO by KCN during the 
turnover. (D) No oxygen consumption was present when KCN was added before the reaction initiation. 
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The oxygen reductase activity of cbb3-CcO was measured using a Clark-type oxygen electrode. A 

combination of ascorbate and TMPD was used as the artificial respiratory substrate to deliver the 

electrons required for the oxygen reduction reaction. As shown in Figure 3-23, oxygen 

consumption does not occur in the absence of TMPD, and can be completely inhibited by addition 

of 1 mM KCN. 

 

  

 

Figure 3-24: Optimization of the activity assay of 
cbb3-CcO. Each data point (turnover number) 
represents the mean value ± standard deviation (SD), 
which is calculated from at least five independent 
measurements. (A) pH-dependence of the cbb3-CcO 
activity was measured by varying the pH from 
5.8-8.7. The indicated pH was measured after the 
addition of ascorbate and TMPD, prior to the 
reaction initiation. (B) Dependence of the cbb3-CcO 
activity on the concentration of NaCl (0-500 mM). 
(C) Dependence of the cbb3-CcO activity on the 
molar ratio of ascorbate to TMPD (2:1 to 10:1). 

 

To accurately measure the enzymatic activity of cbb3-CcO, the reaction conditions were first 

optimized by varying the pH, salt concentration and the ascorbate/TMPD ratio. Upon addition of 

various concentrations of ascorbate and TMPD, it was found that the pH value of the reaction 

system dropped approx. 0.1 to 0.5 units depending on the buffer composition. Therefore, three 

different buffers (Tris, Hepes and phosphate) were tested for their effects on the enzymatic activity 

assay. Tris buffer was chosen, and the pH was checked to verify that it was within ± 0.05 units of 

the desired value during all the experiments. As shown in Figure 3-24 A, the optimal pH for the 

activity of cbb3-CcO is approximately 7.5. By varying the concentration of NaCl in the range of 0 

to 500 mM, the interaction between TMPD and cbb3-CcO appears independent of ionic strength 

(Figure 3-24 B). Moreover, a molar ratio of 2:1 to 10:1 for ascorbate to TMPD shows no strong 
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effect on the TMPD-mediated oxygen reductase activity of cbb3-CcO (Figure 3-24 C). 

 

  

  

 

Figure 3-25: Dependence of the cbb3-CcO activity 
on the concentration of TMPD. Each data point 
(turnover number) represents the mean value ± 
standard deviation (SD), which is calculated from at 
least five independent measurements. (A) Activity 
was measured by varying the TMPD concentration 
from 0.5 to 4 mM. (B) Michaelis-Menten plot of raw 
data. (C) Lineweaver-Burk plot of raw data. (D) 
Eadie-Hofstee plot of raw data. (E) Hanes-Woolf plot 
of raw data. “V” is the reaction velocity and “S” is 
the substrate concentration. 

 

Under the optimized conditions (50 mM Tris/HCl, pH 7.5, 100 mM NaCl, 50 µM EDTA, 0.02% 

[w/v] DDM and ascorbate:TMPD = 3:1), a non-linear dependence of enzyme activity of wild-type 

Cbb3-1 as a function of the concentration of TMPD was observed (Figure 3-25 A). At a high 

concentration of TMPD (4 mM), the highest steady-state turnover rate of wild-type Cbb3-1 was 

measured to be 2,000 e-/s. Although a saturation plateau was not reached, the rates of oxygen 

reduction catalyzed by cbb3-CcO still followed Michaelis-Menten kinetics (Figure 3-25 B). In 

order to determine the kinetic parameters (Vmax and Km) of this reaction, the measured activity data 
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were transformed into a linear curve by using different plotting methods, including 

Lineweaver-Burk, Eadie-Hofstee and Hanes-Woolf analysis. As shown in Figure 3-25 C, a 

Lineweaver-Burk plot of reciprocal of the initial rates against reciprocal of TMPD concentration 

was linear with a R-squared value of 0.991, and Vmax and Km values were estimated to be 3,978 e-/s 

and 3.6 mM, respectively. In addition, similar results were obtained from Eadie-Hofstee and 

Hanes-Woolf plots of transformed data. In both cases, the resulting values for Vmax and Km are 

about 4,000 e-/s and 3.6 mM, respectively. 

 

 

 

 

 

 

Figure 3-26: Comparison of the oxygen reductase 
activity between wild-type Cbb3-1, recombinant 
Cbb3-1 and Cbb3-2. Each bar represents the mean 
value ± SD, which are calculated from at least five 
independent measurements. The relative activity was 
calculated by assuming that the activity observed 
from wild-type Cbb3-1 was 100%. Oxygen reductase 
activity was measured in the presence of 3 mM 
ascorbate, 1 mM TMPD and 8.3 nM cbb3-CcO at pH 
7.5. 

 

In order to compare the oxygen reductase activity of both recombinant cbb3-isoforms with the 

wild-type Cbb3-1, 3 mM ascorbate and 1 mM TMPD were used. As shown in Figure 3-26, the 

activities of recombinant Cbb3-1 and Cbb3-2 were determined to be between 700 and 800 e-/s, 

which is only slightly lower than that of wild-type Cbb3-1. This indicates that there is no 

significant difference either between the wild-type and the recombinant proteins or between the 

two cbb3-isoforms.  

 Determination of the catalase activity 3.5.7
Besides the reduction of oxygen, a side reaction, in which hydrogen peroxide (H2O2) can be 

decomposed into H2O and O2, was also observed for both cbb3-isoforms. This so-called “catalase 

activity” was originally found in A-type HCOs, e.g., aa3-CcO from bovine heart (Orii and 

Okunuki 1963), and was measured as described for aa3-CcO from P. denitrificans (Hilbers et al., 

2013) using 600 µΜ H2O2 and 500 nM cbb3-CcOs. Catalase activity measurements of the 

cbb3-CcO show no significant difference either between the wild-type and the recombinant Cbb3-1 
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or between the recombinant Cbb3-1 and Cbb3-2 (Figure 3-27). Moreover, the catalase activity of 

cbb3-CcO was measured to be in the range of 1.6-2.4 O2/min/oxidase (Figure 3-27), which is 

comparable to the reported values for wild-type aa3-CcO from P. denitrificans (Hilbers et al., 

2013). 

 

 

 

 

 

 

 

Figure 3-27: Comparison of the catalase activity 
between wild-type Cbb3-1, recombinant Cbb3-1 
and Cbb3-2. Each bar represents the mean value ± 
SD, which are calculated from at least five 
independent measurements. The relative activity was 
calculated by assuming that the activity observed 
from wild-type Cbb3-1 was 100%. Catalase activity 
was measured in the presence of 600 µΜ hydrogen 
peroxide and 500 nM cbb3-CcO. 

 

 The redox active tyrosine residue 3.5.8
 

 

 

Figure 3-28: The His-Tyr cross-link in cbb3-CcO 
and the location of the selected residues for 
site-directed mutagenesis studies. The Y251 is 
covalently bound to a CuB ligand (H207). The 
copper ion is shown as a cyan sphere. The 
transmembrane helices (TMH) 6 and 7 are shown  
in ribbon representation and coloured red and blue, 
respectively. The residues I252 and G211 are 
separately replaced by tyrosine (for details, see text). 
Atomic coordinates were taken from PDB entry 
3MK7. The figure was prepared using the PyMol 
software. 

 

In the active site of all CcOs, one of the three histidine ligands of CuB is covalently linked to a 

tyrosine residue. In A- and B-type CcOs, this critical tyrosine is located four amino acids away 

from the histidine ligand and both residues (His and Tyr) reside in the same helix (TMH6). By 
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comparison, in the cbb3-CcOs, this redox active tyrosine (Tyr251) is located in a different helix 

(TMH7). In addition, sequence alignments show that the P. stutzeri cbb3-CcO has a glycine 

(Gly211) at the equivalent position in the subunit CcoN (Figure 3-28). 

To investigate the role of the cross-linked tyrosine in cbb3-CcO, four variants of the Cbb3-1 were 

created by site-directed mutagenesis, namely, Y251F, Y251A, Y251A/I252Y and Y251A/G211Y. 

The variants Y251F and Y251A were created to prevent the enzymatic formation of the tyrosine 

radical, whereas the double variants Y251A/I252Y and Y251A/G211Y were designed to test the 

possibility that the His-Tyr cross-link could be restored if the tyrosine residue was present in an 

alternative location. 

The four Tyr251 variants were purified to apparent homogeneity, and subsequently analyzed by 

SDS-PAGE followed by heme staining. All four variants contained wild-type amounts of the 

CcoN, CcoO and CcoP subunits, and the results of heme staining confirmed the correct 

incorporation of the heme c (data not shown). In addition, all variants exhibited the same UV/vis 

spectra as the wild-type cbb3-CcO (Figure 3-29), which indicated that the substitution of this 

tyrosine residue did not alter the environments of heme b and heme b3. 
 

 

Figure 3-29: The reduced-minus-oxidized difference 
spectra of wild-type Cbb3-1 and four variants. 

 

Table 3-11: Comparison of activities of wild 
type and variants. 

Enzyme Relative activity 
Wild type 100% 
Y251F 0% 
Y251A 0% 
Y251A/I252Y 0% 
Y251A/G211Y 0% 

 

 

The oxygen reducatse activities of the wild-type cbb3-CcO and four variants were measured 

polarographically in the presence of ascorbate and TMPD and the results are summarized in Table 

3-11. The results showed that two variants of the cbb3-CcO were totally inactive when the tyrosine 

was substituted by a phenylalanine (Y251F) or an alanine (Y251A) residue. Moreover, both 

double variants Y251A/I252Y and Y251A/G211Y also lost the enzymatic activity completely. 
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 Variants of Glu323 3.5.9
In the cbb3-CcO of P. stutzeri, one glutamate residue (E323) is hydrogen-bonded to the histidine 

ligand (H345) of the high spin heme (Figure 3-30). This glutamate residue is highly conserved in 

the bacterial cbb3-CcOs, but not present in other oxidases (Hemp et al., 2007).  

In order to investigate the role of E323, three variants of the Cbb3-1 were created by site-directed 

mutagenesis, namely, E323A, E323Q and E323D. All variants were purified from the 

detergent-solubilized membrane of P. stutzeri. The oxygen reducatse activities of the variants were 

measured polarographically and compared with the wild-type cbb3-CcO (Table 3-12). It was found 

that the enzymatic activity was completely abolished when this glutamate residue was replaced by 

an alanine (E323A) or a glutamine (E323Q) residue, whereas the variant E323D had about 40% of 

the wild-type oxidase activity (Table 3-12). 
 

 

 

Table 3-12: Variants of Glu323.  
Enzyme Relative activity 
Wild type 100% 

E323A 0% 
E323Q 0% 
E323D 40% 

 

Figure 3-30: The active site of cbb3-CcO of P. 
stutzeri. E323 is hydrogen-bonded to His345. Heme 
b and b3 are represented as sticks. The copper ion is 
shown as a cyan sphere. Atomic coordinates were 
taken from PDB entry 3MK7. The figure was 
prepared using the PyMol software. 
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3.6 Identification and characterization of the natural 
electron donor of cbb3-CcO  

Following well established procedures (Reincke et al., 1999; Londer 2011), untagged recombinant 

cytochromes c from P. stutzeri ZoBell were heterologously expressed in E. coli to investigate the 

physiological electron donors of cbb3-CcO. 

 Prediction of c-type cytochromes of P. stutzeri 3.6.1
Cytochromes c are characterized by the covalent attachment of heme c to an apocytochrome via a 

CXXCH motif (Ambler 1991). By analyzing this motif in the recently published draft genome 

sequence of P. stutzeri ZoBell (Peña et al., 2012), a total of 63 matches were found in 45 

proteins25. Among them, 16 proteins were predicted to be cytochromes c based on homology 

analyses (see Appendix B). Four cytochromes c (Table 3-13) are considered as reasonable 

candidates for heterologous expression in E. coli because their existence was previously reported 

and verified by biochemical experiments (Liu et al., 1983; Pettigrew and Brown 1988). Besides 

the well-known electron donor (cytochrome c551) for cytochrome cd1 nitrite reductase, the 

cytochromes c4 and c552 are believed to be involved in electron transfer to oxygen and nitrite, 

respectively (Pettigrew and Brown 1988; Jüngst et al., 1991). However, like cytochrome c5, their 

virtual ability to transfer electrons to cbb3-CcO in P. stutzeri has not been experimentally 

validated. 

Table 3-13: Selected cytochromes c of P. stutzeria. 
Protein Gene UniProt 

ID 
Location No. of 

hemes 
MW-1 
(Da) 

MW-2 
(Da) 

CL Function 

Cyt. c4 cycA H7EVH9 IM, PP 2 21,718 20,886 IC oxygen reduction? 
Cyt. c5 cycB  H7EWL8 IM, PP 1 13,900 11,963 IE unknown 
Cyt. c551 nirM H7EQG5  PP 1 10,797 9,179 ID e- donor for NIR 
Cyt. c552 nirB H7EQG6  PP 2 30,426 29,413 - nitrite reduction? 
a CL: Ambler’s classification; IM: inner membrane; MW-1: molecular weight of gene product; MW-2: 
molecular weight of mature holocytochrome; NIR: cytochrome cd1 nitrite reductase; PP: periplasm. 

 Construction of expression vectors for cytochromes c 3.6.2
Three DNA fragments containing the cycA gene encoding cytochrome c4 (1498 bp), the cycB gene 

encoding cytochrome c5 (1163 bp) and nirMB encoding cytochromes c551 and c552 (2874 bp) were 

amplified by PCR using genomic DNA from P. stutzeri ZoBell as a template. The following 

                                                        
25 Protein motif analyzing was performed using a web-based scanning tool (ScanProsite) against the protein 
database UniProt (taxonomy:32042). 
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primer pairs were used: C4-Fw/C4-Rev for cycA, C5-Fw/C5-Rev for cycB and C551-C552-Fw/ 

C551-C552-Rev for nirMB. These fragments were cloned into the vector pJET1.2 and their 

sequence was verified. All four cytochromes c are predicted to have a signal peptide preceding the 

N-terminus of the mature protein (Table 3-14). Using the primer pairs C4-IF-N/C4-IF-C and 

C551-IF-N/C551-IF-C, two DNA fragments encoding the mature cytochromes c4 and c551 were 

cloned via ligation-independent cloning into the pET-22b(+) vector, resulting in pET-22-C4 and 

pET-22-C551. Correspondingly, two DNA fragments encoding the mature cytochromes c5 and c552 

were amplified using the primer pairs C5-NcoI/C5-BamHI and C552-NcoI/C552-BamHI and 

subsequently inserted into the NcoI/BamHI site of pET-22b(+) to generate pET-22-C5 and 

pET-22-C552. Afterwards, the resulting expression vectors were sequenced and the fusion of the 

genes encoding the mature cytochromes c to the pelB leader sequence was confirmed. 

Table 3-14: The predicted signal peptides of 4 selected cytochromesa. 
Protein N-terminal signal peptide sequence Length (amino acids) 
Cytochrome c4 M-N-K-V-L-V-S-L-L-L-T-L-G-I-T-G-M-A-H-A 20 
Cytochrome c5 M-N-L-I-K-K-I-L-V-A-Q-T-A-V-V-A-L-W-A-M-S-A-Q-A 24 
Cytochrome c551 M-K-K-I-L-I-P-M-L-A-L-G-G-A-L-A-M-Q-P-A-L-A 22 
Cytochrome c552 M-K-K-T-L-M-A-S-A-V-G-A-V-I-A-F-G-T-H-G-A-M-A 23 
a Signal peptide prediction was performed using the SignalP 4.1 server. The predicted signal peptides of 
cytochromes c551 and c552 are in agreement with previously published data (Jüngst et al., 1991). 

 Cell growth and small-scale expression of cytochromes c 3.6.3

 

 
Figure 3-31: Comparison of uninduced and 
IPTG-induced cells containing the expression 
vector with the gene encoding cytochrome c. Cells 
were pelleted from 50 ml of overnight culture by 
centrifugation at 5,000 × g for 20 min. 

 

Four recombinant expression vectors were introduced individually into the E. coli BL21 Star (DE3) 

strain which was previously transformed with pEC86 containing the E. coli cytochrome c 

maturation genes ccmABCDEFGH (Arslan et al., 1998)26. For small-scale expression and analysis, 

the cells were grown aerobically in 50 ml of LB medium at 32°C containing 50 µg/ml Amp and 

34 µg/ml Cam. In addition to uninduced cells, 0.5 mM IPTG was added to the bacterial culture 

                                                        
26 The plasmid pEC86 was kindly provided by Prof. Linda Thöny-Meyer (Empa Materials Science and 
Technology, St. Gallen, Switzerland), which allows the aerobic expression of cytochrome c in E. coli. 
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when an OD600 of 0.5 to 0.8 was reached. By monitoring the cell density, an inhibition of cell 

growth was observed as the result of treatment with IPTG, and which is believed to be caused by 

the toxicity of overproduced apocytochrome in E. coli. On the other hand, high-yield expression of 

cytochromes c4, c5, and c551 was achieved without IPTG induction. The red color of pelleted cells 

indicated the incorporation of heme c into the apocytochrome c (Figure 3-31). 

To determine the expression pattern and the location of the recombinant cytochromes c in the 

cellular fractions of E. coli, the periplasmic and spheroplastic fractions were prepared from cells 

treated with lysozyme (see 2.2.2.8). The periplasmic and spheroplastic proteins were analyzed by 

SDS-PAGE followed by heme staining and Coomassie staining (Figure 3-32). As shown in Figure 

3-32 A (left part of each gel), no specific band was detected in control cells containing an empty 

vector. This result confirms that the E. coli does not express its endogenous cytochromes c under 

normal aerobic conditions.  

 

Figure 3-32: SDS-PAGE gels of small-scale expression of recombinant cytochromes c. The cells 
(approx. 2 × 109 cells) were collected at different cell densities (OD600 of 1.5 to 5.0). Total spheroplastic “S” 
and periplasmic “P” proteins of E. coli cells expressing cytochromes c from P. stutzeri ZoBell were 
separated on 12% Bis-Tris SDS-PAGE gels. Proteins that contain covalently bound heme c were detected by 
heme staining (on the left of each panel). Afterwards the total proteins were visualized by Coomassie 
staining, which are shown on the right of each panel. “M” is the PageRuler Prestained Protein Ladder and 
the molecular weights of marker proteins are shown in kDa. Samples from E. coli cells containing empty 
pET-22(b)+ vector served as negative control (A). The expression of cytochromes c552, c4, c5 and c551 are 
shown in panel A-D, respectively. “C” indicates the native cytochromes, which are purified from wild-type 
P. stutzeri ZoBell cells.  
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In contrast to the negative control, expression of the four recombinant cytochromes c was 

observed, although the expression level of cytochrome c552 (Figure 3-32 A, right part of each gel) 

was relatively lower in comparison to the other three cases. In the case of cytochromes c4, c5, and 

c551 (Figure 3-32 B-D), the results of SDS-PAGE analysis showed that: (i) the heterologously 

expressed cytochromes c are mostly found in the periplasm of E. coli. The heme signals, which 

were detected in the spheroplastic fractions, are believed to be predominantly caused by 

cross-contamination of periplasmic fractions with the spheroplastic proteins; (ii) the highest level 

of expression was observed at high cell density (OD600 = 5); (iii) the recombinant cytochromes c 

showed a profile similar to that of wild-type proteins. 

To increase the yield of cytochrome c552, different culture conditions were tested, including 

cultivation temperature, IPTG concentration and induction time. However, only a little 

improvement was observed (data not shown). Therefore, only three cytochromes c (c4, c5, and c551) 

were selected for the further large-scale expression and purification. 

 Purification of recombinant cytochromes c 3.6.4
The recombinant cytochromes c were purified from the periplasm of E. coli cells by a three-step 

procedure, consisting of ion exchange chromatography, chromatofocusing and size exclusion 

chromatography.  
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Figure 3-33: Purification of recombinant cytochrome c4. Elution profile of the ion exchange 
chromatography (Q Sepharose column), chromatofocusing (PBE 94 column) and size exclusion 
chromatography (Superdex 75 column) is shown in A, B and C, respectively. During all purification steps, 
fractions were monitored at 280 nm (black). The peak fractions containing the desired cytochrome c4 are 
indicated as red arrows and red dashed lines. The blue line in panel A indicates the gradient used for elution, 
and the percentage represents the concentration of NaCl in the elution buffer (100% = 1M NaCl). During 
size exclusion chromatography (panel C), fractions were also monitored at 415 nm (blue) for heme c 
detection. Panel D shows the SDS-PAGE (12% Bis-Tris) analysis of eluted fractions collected from three 
chromatographic steps. “M” is the PageRuler Prestained Protein Ladder and the molecular weights of 
marker proteins are shown in kDa. 

 

 

  

  

Figure 3-34: Purification of recombinant cytochrome c5. Elution profile of the ion exchange 
chromatography (Q Sepharose column), chromatofocusing (PBE 94 column) and size exclusion 
chromatography (Superdex 75 column) is shown in A, B and C, respectively. During all purification steps, 
fractions were monitored at 280 nm (black). The peak fractions containing the desired cytochrome c5 are 
indicated as red arrows and red dashed lines. The blue line in panel A indicates the gradient used for elution, 
and the percentage represents the concentration of NaCl in the elution buffer (100% = 1M NaCl). During 
size exclusion chromatography (panel C), fractions were also monitored at 415 nm (blue) for heme c 
detection. Panel D shows the SDS-PAGE (12% Bis-Tris) analysis of eluted fractions collected from three 
chromatographic steps. “M” is the PageRuler Prestained Protein Ladder and the molecular weights of 
marker proteins are shown in kDa. 
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Figure 3-35: Purification of recombinant cytochrome c551. Elution profile of the ion exchange 
chromatography (Q Sepharose column), chromatofocusing (PBE 94 column) and size exclusion 
chromatography (Superdex 75 column) is shown in A, B and C, respectively. During all purification steps, 
fractions were monitored at 280 nm (black). The peak fractions containing the desired cytochrome c551 are 
indicated as red arrows and red dashed lines. The blue line in panel A indicates the gradient used for elution, 
and the percentage represents the concentration of NaCl in the elution buffer (100% = 1M NaCl). During 
size exclusion chromatography (panel C), fractions were also monitored at 415 nm (blue) for heme c 
detection. Panel D shows the SDS-PAGE (12% Bis-Tris) analysis of eluted fractions collected from three 
chromatographic steps. “M” is the PageRuler Prestained Protein Ladder and the molecular weights of 
marker proteins are shown in kDa. 

 

Figure 3-33 to 34 show the typical purification profiles of cytochromes c4, c5, and c551, respectively. 

During the first chromatographic step (panel A in Figure 3-33 to 34), three cytochromes c were 

eluted at relatively low concentrations of NaCl (160 to 240 mM for c4, 160 to 190 mM for c5 and 

50 to 130 mM for c551). Subsequently, chromatographic fractions were subjected to 

chromatofocusing separation. At this purification step, cytochrome c551 was resolved as two peaks 

(Figure 3-35 B), representing the oxidized and reduced forms of the protein, as determined 

spectrophotometrically. In contrast, both cytochrome c4 and c5 were eluted as a single peak. After a 

final size exclusion chromatography step, all three recombinant cytochromes c were purified to 

apparent homogeneity, as indicated by single bands on SDS–PAGE gels stained for protein and 

heme. In addition, the apparent size of the protein band corresponds well to the calculated 

molecular mass of the three mature cytochromes c.  
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Table 3-15 shows the typical yields of recombinant cytochromes c, which were determined 

spectrophotometrically using specific extinction coefficients (see 2.2.3.1). The cytochrome c5 has 

the highest yield of 10 mg per liter of culture medium, while the yield of purified cytochrome c4 

and c551 was around 2 and 4 mg per liter of culture medium, respectively. Despite the difference 

between the three proteins, their yields are sufficient for the further biochemical analysis. 

Table 3-15: Summary of typical protein yields of recombinant cytochromes c. 
 Cytochrome c4 Cytochrome c5 Cytochrome c551 
Yield  2 mg/liter 10 mg/liter 4 mg/liter 

 

 UV/Vis spectra of recombinant cytochromes c 3.6.5
Figure 3-36, 3-36 and 3-37 show the oxidized, reduced and reduced-minus-oxidized spectra of 

purified recombinant cytochrome c4, c5 and c551, respectively. The spectra of the three recombinant 

cytochromes c are identical to the spectra obtained from the wild-type proteins (data not shown). 

Furthermore, the spectral features of cytochrome c4 and c551 are consistent with previously 

published data (Liu et al., 1983; Pettigrew and Brown 1988). 

In the oxidized form, the Soret maximum was observed at 410 nm for cytochrome c4, 414 nm for 

cytochrome c5 and 409 nm for cytochrome c551. Upon complete reduction of the protein with 

dithionite, this Soret peak was red-shifted to 415, 419 and 417 nm for cytochrome c4, c5 and c551, 

respectively (Figure 3-36 to 3-38).  
 

   

Figure 3-36: UV/Vis spectra of recombinant cytochrome c4. The absorption spectra were recorded from 
380 to 640 nm at 25°C. (A) The recombinant cytochrome c4 was fully oxidized (red) by adding potassium 
hexacyanoferrate (III) and was subsequently reduced (black) by addition of sodium dithionite. (B) The 
reduced-minus-oxidized difference spectrum of recombinant cytochrome c4. 
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The reduced absorption spectrum of cytochrome c4 has two additional maxima at 550 and 522 nm, 

corresponding to the α and β bands, respectively (Figure 3-36). The ratio of the peak maximum 

(α/β) is calculated to be 1.2. In the case of reduced cytochrome c5, the maxima of α and β band are 

at 555 and 525 nm and the α/β ratio is 1.4 (Figure 3-37). In addition, the peaks at 551 and 522 nm 

are characteristic of the reduced cytochrome c551, and a high ratio (α/β = 2.0) was observed (Figure 

3-38).  

 

   

Figure 3-37: UV/Vis spectra of recombinant cytochrome c5. The absorption spectra were recorded from 
380 to 640 nm at 25°C. (A) The recombinant cytochrome c5 was fully oxidized (red) by adding potassium 
hexacyanoferrate (III) and was subsequently reduced (black) by addition of sodium dithionite. (B) The 
reduced-minus-oxidized difference spectrum of recombinant cytochrome c5. 

 

   

Figure 3-38: UV/Vis spectra of recombinant cytochrome c551. The absorption spectra were recorded from 
380 to 640 nm at 25°C. (A) The recombinant cytochrome c551 was fully oxidized (red) by adding potassium 
hexacyanoferrate (III) and was subsequently reduced (black) by addition of sodium dithionite. (B) The 
reduced-minus-oxidized difference spectrum of recombinant cytochrome c551. 
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 Electrochemical measurement of recombinant cytochromes c 3.6.6
The cyclic voltammetry measurements were performed to determine the midpoint redox potentials 

of heme cofactors for the three recombinant cytochromes c. In all three cases, well-defined anodic 

and cathodic peaks are observed (Figure 3-39). The midpoint potentials were calculated as the 

average of the oxidation (Epa) and reduction (Epc) peaks, and 208 mV was added to the 

experimental data to convert these values into the potentials vs. SHE (Table 3-16). For the diheme 

cytochrome c4, two distinctly different redox potentials were determined to be 208 and 308 mV. 

And the midpoint potentials measured for cytochrome c5 and c551 are 273 and 248 mV, 

respectively. 

 

Figure 3-39: Cyclic voltammetry of three recombinant cytochromes c. Cyclic voltammograms of 
cytochrome c4, c5 and c551 are shown as red, blue and black curves. Protein samples were immobilized on 
gold nanoparticles modified with a mixture of thiols. The solution contained 50 mM KPi (pH 7.5). The 
experimental potential was measured against Ag/AgCl reference electrode (3M NaCl). 

 

The UV/Vis redox titration curves of the three recombinant cytochromes c are presented in Figure 

3-40. The redox titrations were performed by stepwise setting of the potentials in the range of -400 

and +300 mV for cytochrome c4 and between -200 and +300 for cytochrome c5 and c551. In order 

to calculate the midpoint potential of each heme c, the measured data was fitted to a calculated 

Nernst curve (n=2 for cytochrome c4 and n=1 for cytochrome c5 and c551). The calculated 

potentials are given in Table 3-16. In the case of cytochrome c4, two redox midpoint potentials 

were also determined, which are identical to the results obtained from the cyclic voltammetry 

measurements. On the other hand, for cytochrome c5 and c551, the potentials observed by UV/Vis 

redox titration are slightly shifted when compared to the corresponding values from the cyclic 

voltammetry measurements (Table 3-16). 
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Figure 3-40: Potentiometric titration of 
recombinant cytochromes c. Potential dependence 
of the α band of cytochrome c4, c5 and c551 are shown 
in panel A, B and C, respectively. Black squares 
represent the oxidative titration and red circles 
represent the reductive titration. The data obtained 
from cytochrome c4 were fitted to a Nernst equation 
for a two-electron process, and the data obtained 
from cytochrome c5 and c551 were fitted to a Nernst 
equation with n = 1. The calculated Nernst fittings 
are shown as the solid curves. All potentials (mV) 
are shown against the reference electrode (Ag/AgCl, 
3 M NaCl). 

 

Table 3-16: Summary of midpoint redox potentials of heme c. The midpoint redox potentials determined 
by two methods are shown in mV (vs. standard hydrogen electrode) at pH 7.5. 
 Midpoint potential of heme (vs. SHE) 

Cyclic voltammetry Potentiometric titration (UV/Vis) 
Cytochrome c4 208 mV and 308 mV 208 mV and 308 mV 
Cytochrome c5 273 mV 308 mV 
Cytochrome c551 248 mV 223 mV 

 

 Determination of the natural electron donor of cbb3-CcOs 3.6.7
Three different recombinant cytochromes c were used to test their ability to serve as the 

physiological electron donor for cbb3-CcOs. The oxygen reductase activity of cbb3-CcO was 

measured with an oxygen electrode in the absence of TMPD, since TMPD can be exploited to 

directly donate electrons to the oxidase. As shown in Figure 3-41, apparent oxygen consumption 

could be observed when the reduced cytochrome c was used as the sole substrate. The observed 

oxidase activity can be further inhibited upon addition of KCN.  
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Figure 3-41: Inhibition of the oxidase activity by KCN. The reaction was initiated by adding wild-type 
Cbb3-1 to a reaction system containing 40 µΜ cytochrome c4 (A), cytochrome c5 (B) and cytochrome c551 
(C). The oxygen reductase activity of cbb3-CcO was inhibited by adding 1 mM KCN. The oxygen 
consumption was measured using an oxygen electrode at RT.  

 

Using cytochrome c as the substrate, the optimum ionic strength for the activity assay of cbb3-CcO 

was determined by adding 0 to 500 mM NaCl to the reaction mixture (Figure 3-42). The resulting 

bell-shaped curves indicate that interactions between the three cytochromes c and cbb3-CcO are 

sensitive to ionic strength. In all cases, the lowest activity was observed in the absence of NaCl, as 

well as at 500 mM NaCl. Furthermore, it was found that cytochrome c5 and c551 are less dependent 

on ionic strength than cytochrome c4. Additionally, the optimal conditions concerning the ionic 

strength were determined and used for the later studies. For the activity assay using cytochrome c5 

or c551 as the electron donor, 150 mM NaCl was added. And 250 mM NaCl was used for the 

measurements with cytochrome c4.  

 

 

 

Figure 3-42: Dependence of the cytochrome 
c-mediated oxygen reductase activity of 
cbb3-CcO on the ionic strength. The 
measurements were performed in the presence 
of 20 µM cytochrome c4 (red curve), 40 µM 
cytochrome c5 (blue curve) and 20 µM 
cytochrome c551 (grey curve). The salt 
concentration was varied from 0 mM to 500 
mM. The reaction was initiated by adding 5 
pmol of the wild-type Cbb3-1. 
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Figure 3-43 shows the comparison of the results using wild-type or recombinant cytochrome c551 

as a substrate for cbb3-CcO. There are apparently no significant differences between both proteins. 

This indicates that the recombinant cytochromes c produced in E. coli exhibit the same properties 

as the native protein. Although the wild-type cytochrome c4 and c5 could be also isolated from 

P. stutzeri, their amounts were not adequate for this assay. 
 

 

 

 

Figure 3-43: A comparison between the 
wild-type and the recombinant cytochrome 
c551. The oxygen reductase activity of cbb3-CcO 
was measured in the presence of different 
concentrations of wild-type (white circles) or 
recombinant (black triangles ) cytochrome c551. 
The reaction was initiated by adding 5 pmol of 
the wild-type Cbb3-1.!

 

 
 

 

Figure 3-44: Oxygen reductase activity of wild-type 
Cbb3-1. Dependence on the concentration of 
recombinant cytochrome c4 (red), cytochrome c5 (blue), 
cytochrome c551 (grey), cytochrome c form S. cerevisiae 
(green) and from horse heart (orange). The reaction 
system contained 50 mM Tris/HCl, pH 7.5, 50 µM 
EDTA, 0.02% (w/v) DDM, 5 mM sodium ascorbate and 
the indicated amount of cytochrome c. The reaction was 
initiated by adding 5 pmol of the wild-type Cbb3-1. Each 
data point represents the mean value ± SD, which is 
calculated from at least three independent measurements. 
The data were fitted with a linear regression (dotted 
lines). (B) A comparison between five different 
cytochromes c. The relative activity was calculated by 
assuming that the activity observed for cytochrome c4 
was 100%.  
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Figure 3-44 compares the oxygen reductase activity of wild-type Cbb3-1 measured with five 

different cytochromes c. All data show a linear dependence on the concentration of cytochromes c 

and exhibit no saturation at a concentration of substrate up to 100 µΜ. At this highest 

concentration tested, the turnover measured with cytochrome c4 was 515 e-/s, which is higher than 

that obtained for cytochrome c551 (418 e-/s) and for cytochrome c5 (104 e-/s) (Figure 3-44 A). In 

contrast, the activities determined using eukaryotic cytochrome c as a substrate are quite low, 

29 e-/s for cytochrome c from yeast and 12 e-/s for cytochrome c from horse heart (Figure 3-44 A). 

Due to the lack of saturation in the activity measurements, the relative activity was calculated from 

the slope of linear regression and by assuming that the rate of cytochrome c4 was 100%. As shown 

in Figure 3-44 B, cytochrome c551 and c5 can support the oxidase activity at a rate of 81% and 20%, 

respectively, when compared to cytochrome c4. In addition, the cytochromes c from yeast (5%) 

and from horse heart (2%) are virtually ineffective as substrates for cbb3-CcO. 

 

  

Figure 3-45: Oxygen reductase activity of recombinant Cbb3-1. (A) Dependence on the concentration of 
recombinant cytochrome c4 (red), cytochrome c5 (blue) and cytochrome c551 (grey). The reaction system 
contained 50 mM Tris/HCl, pH 7.5, 50 µM EDTA, 0.02% (w/v) DDM, 5 mM sodium ascorbate and the 
indicated amount of cytochrome c. The reaction was initiated by adding 5 pmol of the recombinant Cbb3-1. 
Each data point represents the mean value ± SD, which is calculated from at least three independent 
measurements. The data were fitted with a linear regression (dotted lines). (B) A comparison between three 
different cytochromes c. The relative activity was calculated by assuming that the activity observed for 
cytochrome c4 was 100%. 
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81% and 22%, respectively. For recombinant Cbb3-2, the highest rate of oxygen reduction was 

determined to be 158 e-/s for cytochrome c4, 157 e-/s for cytochrome c551 and 29 e-/s for 

cytochrome c5 (Figure 3-46 A). Although the overall activity is low, the results from the 

comparison between the three cytochromes c are similar to the observations from Cbb3-1. 

Specifically, the relative activities calculated for cytochrome c4, c551 and c5 are 100%, 92% and 

16%, respectively (Figure 3-46 B). 

 

  

Figure 3-46: Oxygen reductase activity of recombinant Cbb3-2. (A) Dependence on the concentration of 
recombinant cytochrome c4 (red), cytochrome c5 (blue) and cytochrome c551 (grey). The reaction system 
contained 50 mM Tris/HCl, pH 7.5, 50 µM EDTA, 0.02% (w/v) DDM, 5 mM sodium ascorbate and the 
indicated amount of cytochrome c. The reaction was initiated by adding 5 pmol of the recombinant Cbb3-2. 
Each data point represents the mean value ± SD, which is calculated from at least three independent 
measurements. The data were fitted with a linear regression (dotted lines). (B) A comparison between three 
different cytochromes c. The relative activity was calculated by assuming that the activity observed for 
cytochrome c4 was 100%. 
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In contrast, although the activity of the recombinant Cbb3-2 is also comparable to that of wild-type 

Cbb3-1 when using TMPD as an electron donor (Figure 3-26), an obvious difference between 

Cbb3-2 and Cbb3-1 was observed using the recombinant cytochromes c as the substrate. As shown 

in the Figure 3-47, the three different cytochromes c can only support the activity of recombinant 

Cbb3-2 to a level of 26 to 36%, when compared to the wild-type Cbb3-1. This finding indicates 

that both cbb3-isoforms have different substrate specificity. 

 

Figure 3-47: Comparison of the oxidase activity between wild-type Cbb3-1 and recombinant Cbb3-1 
and Cbb3-2. Enzymatic activities of cbb3-CcOs were measured in the presence of cytochrome c4 (red 
column), cytochrome c5 (blue column) and cytochrome c551 (grey column). The relative activity was 
calculated by assuming that the activity observed for the wild-type Cbb3-1 was 100%. 
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4 Discussion 

4.1 The presence of the two cbb3-CcOs in P. stutzeri 
P. stutzeri is a facultative anaerobic bacterium27, capable of respiring aerobically using cbb3-CcO 

as the terminal enzyme of the electron transport chain. The presence of a cbb3-CcO in P. stutzeri 

ZoBell was initially suggested by Vollack et al. (1998 and 1999) based on the analysis of the ccoN 

gene both at DNA and mRNA level. Later, Pitcher et al. (2002) sequenced the operon encoding 

the cbb3-CcO by using degenerate primers and reported that this bacterium possesses only one 

ccoNOQP operon.  

In 2010, during the process of structure determination of the P. stutzeri cbb3-CcO, the presence of 

only one cbb3-CcO was questioned on the basis of the following observations: (i) the original 

deduced amino acid sequences of cbb3-CcO (kindly provided by R. S. Pitcher) did not match the 

electron density map; (ii) these sequences were also not in accordance with the results of mass 

spectroscopic identification of the dissolved crystals (Buschmann et al., 2010). In addition, the 

published genome sequence of another P. stutzeri strain (A1501) revealed the presence of two 

cbb3-operons encoding the subunits of two different cbb3-CcOs (Yan et al., 2008). 

The first goal of this study was to determine the authentic nucleotide sequences of the cbb3-operon 

from P. stutzeri ZoBell. For this purpose, a series of primers was designed, based on highly 

conserved regions identified by comparison of the published genome sequences from P. stutzeri 

strain A1501 and several related Pseudomonas species. Our sequence data show that the two 

cbb3-operons are tandemly arranged in a 7-kb segment of the genome (see Figure 3-1) and the 

gene organization in the two cbb3-operons is identical to that in P. stutzeri strain A150128. This 

was also later confirmed by the draft genome sequence of P. stutzeri ZoBell (Peña et al., 2012 and 

our unpublished data)29. A comparison of DNA sequences showed that the previously reported 

sequence was a PCR artifact that fused the 5’ region of the ccoN-1 gene of the first cbb3-operon 

(around 200 bp) to the second cbb3-operon. This could explain why only one cbb3-CcO was found 

previously.  

                                                        
27 P. stutzeri has a branched electron transport chain that utilizes several terminal respiratory pathways. 
28 For cbb3-CcOs, the average nucleotide identity between these two P. stutzeri strains (ZoBell and A1501) 
is 90%, and the average amino acid identiy is 98%. 
29 At the beginning of this work, no genome sequence data were available for P. stutzeri ZoBell. Later on, 
we sequenced the genome of this strain at the Max-Planck Genome Centre Cologne. The obtained sequence 
contained 10 scaffolds that cover 4.6 Mb of the genome. However, during our assembly process, the draft 
genome sequence was published by Peña et al. (2012). 
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4.2 The presence of multiple cbb3-CcOs in proteobacteria 
The cbb3-CcOs are widely distributed within the bacterial phyla, but particularly abundant in 

proteobacteria30 (Cosseau and Batut 2004; Ducluzeau et al., 2008). Unlike P. stutzeri ZoBell, 

many proteobacteria (including representatives from all subgroups of the proteobacteria) possess 

only one cbb3-operon on the chromosome. Within this single operon, the structural genes are 

generally arranged in the same order: ccoN-ccoO-ccoQ-ccoP (Figure 4-1).  

 

 Gene organization and location of the cbb3-Operon Bacterium 
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Paracoccus denitrificans (α) 
Rhodobacter capsulatus (α) 
Rhodobacter sphaeroides (α) 
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Rhizobium etli (α) 

3 

 

Sinorhizobium meliloti (α) 

Figure 4-1: Organization of the ccoNOQP genes in proteobacteria. The canonical cbb3-operon contains 
four genes ordered as ccoNOQP (denoted by arrowheads). Different operons are shown using different 
colors. The subclass of proteobacteria is shown in parentheses behind each bacterium. The genome database 
(NCBI) was used to identify the organization and location of cbb3-operons.  

 

                                                        
30 The phylum proteobacteria is divided into five major classes (α-, β-, γ-, δ- and ε-proteobacteria). 
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Tandem repeats of the cbb3-operon are frequently found in the genomes of pseudomonads, such as 

P. aeruginosa (Stover et al., 2000), P. putida (Nelson et al., 2002) and P. fluorescens (Silby et al., 

2009). In all these species, two cbb3-operons are located close to each other on the chromosome 

and each cbb3-operon is comprised of a complete set of the ccoNOQP genes. Although the 

organization of the two cbb3-operons is similar, a significant difference could be observed between 

P. stutzeri and other Pseudomonas species. In P. stutzeri, the ccoQ gene is missing in the first 

cbb3-operon (Figure 4-1), whereas it is present in both cbb3-operons in other Pseudomonas 

species. 

Besides pseudomonads, two cbb3-operons have also been identified in several rhizobial species. 

However, in the case of rhizobia, two copies of the ccoNOQP are normally located on separate 

genetic elements. For instance, in Rhizobium leguminosarum and Rhizobium etli, one cbb3-operon 

is located on the symbiotic plasmid, whereas the other resides either on the chromosome or on a 

second megaplasmid (Schlüter et al., 1997; Girard et al., 2000; Granados-Baeza et al., 2007; Talbi 

et al., 2012). In addition, in the endosymbiotic diazotroph Sinorhizobium meliloti, three copies of 

cbb3-operons are located far apart from each other on the symbiotic plasmid pSymA (Torres et al., 

2013).  

Due to its high affinity for oxygen, many bacteria employ the cbb3-CcO as the sole terminal 

oxidase to adapt to microaerophilic conditions (Preisig et al., 1996; Jackson et al., 2007). 

Accordingly, it has been suggested that cbb3-CcO is produced only under low oxygen tensions 

(Pitcher and Watmough 2004). However, this might be true only for certain bacteria, which have a 

single cbb3-CcO. Previous studies on the two cbb3-isoforms from P. aeruginosa indicated that two 

isoforms are differentially expressed in response to environmental oxygen levels (Comolli and 

Donohue 2004; Kawakami et al., 2010). Thus, it is likely that the presence of multiple cbb3-CcOs 

contributes to the respiratory flexibility of these bacteria.  

 

4.3 Construction of a homologous expression system to 
produce both cbb3-isoforms from P. stutzeri 

 Homologous vs. heterologous protein expression 4.3.1
The cbb3-CcOs are multi-subunit membrane protein complexes that contain several cofactors, 

including metal ions. In addition to the structural genes (ccoNOQP) for cbb3-CcO, the P. stutzeri 

genome contains a number of open reading frames encoding proteins that are essential for the 

cofactor biosynthesis and for the proper assembly of a fully functional cbb3-CcO. Therefore, the 

selection of an appropriate expression system is crucial to achieve successful production of the 
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recombinant cbb3-CcO. 

For heterologous expression, the E. coli-based system is commonly employed for the 

over-production of membrane proteins, but it is not suitable for the production of cbb3-CcO 

because E. coli does not possess either the cbb3-CcO or the genes responsible for the biosynthesis 

of cbb3-CcO. The P. denitrificans strain AO1, which carries a deletion in the gene coding for the 

subunit CcoN of cbb3-CcO and lacks the expression of aa3-CcO (Pfitzner et al., 1998), has been 

used for the heterologous production of R. sphaeroides cbb3-CcO (Rauhamäki et al., 2012). 

However, the presence of the original ccoOQP genes of P. denitrificans cbb3-CcO in its genome 

may be problematic for the production of the exogenous cbb3-CcO. In P. aeruginosa, a close 

relative of P. stutzeri, two cbb3-operons have been separately or jointly deleted from the genome 

(Comolli and Donohue 2004). Nevertheless, the cbb3-operon-deletion strain of P. aeruginosa was 

not considered as a host to produce the P. stutzeri cbb3-CcO, because P. aeruginosa is a human 

pathogenic microorganism (biosafety level 2). 

For homologous expression, the advantages are rooted in the availability of the gene cluster 

assuring proper assembly of the cbb3-CcO. Consequentially, for the retention of the functional and 

structural properties of the enzyme, the production of both cbb3-isoforms in a homologous system 

would be preferable. Moreover, well-established procedures have been developed for obtaining the 

cbb3-CcO in high yield from P. stutzeri membranes (Urbani et al., 2001; Buschmann et al., 2010). 

In contrast, new deletion strains have to be constructed.  

 Construction of the cbb3-knockout strains 4.3.2
For functional studies, especially for the mutagenesis studies, it is necessary to produce the 

recombinant cbb3-CcO in a host strain that contains a deletion of the entire cbb3-operon. Therefore, 

two P. stutzeri deletion strains, each lacking one of the two cbb3-operons, were first constructed. 

Two approaches are commonly used for the disruption of a target gene of interest: the insertional 

inactivation and the gene replacement/deletion (Beliaev 2005; Narayanan and Chen 2011). The 

first approach, involving the insertion of foreign sequences (e.g., transposon or plasmid) into the 

target gene, was not used in this study because a single insertion may not be sufficient to inactivate 

all structural genes in one cbb3-operon substantially. The second approach, based on the gene 

replacement/deletion by homologous recombination, is capable of replacing or deleting a desired 

region in the genome, and has been used for the construction of cbb3-operon-deletion mutants in 

R. sphaeroides (Oh and Kaplan 2002) and P. aeruginosa (Comolli and Donohue 2004). Therefore, 

the gene replacement strategy was chosen for the construction of cbb3-operon-deletion strains of 

P. stutzeri in this work. 



4. DISCUSSION 

 115 

Traditionally, gene replacement involves transformation of a suicide plasmid containing a mutated 

allele followed by integration of this vector into the host genome via homologous recombination 

and subsequent selection for double-crossover events (Beliaev 2005; Ortiz-Martín et al., 2006). In 

this work, we constructed a suicide plasmid for the genetic manipulation of P. stutzeri (see Figure 

3-3). This plasmid contains several important elements, including the origin of replication, two 

selection marker genes and the homologous flanking regions. The features of these elements are 

discussed as follows: 

(i) Our results showed that the p15A- and pMB1-derived plasmids do not replicate in 

P. stutzeri, which is consistent with the previous observation that most E. coli replicons 

do not function in pseudomonads (Choi et al., 2008). The narrow-host-range p15A 

replicon was used in this work to construct the suicide plasmid (pXH-B). Since this 

plasmid cannot autonomously replicate in P. stutzeri, under the selective pressure of 

antibiotics plasmid integration (single crossover event) or allelic exchange (double 

crossover event) have to occur in order to ensure that the P. stutzeri cells become 

resistant to the lethal effects (Figure 4-2). Moreover, genetic manipulation of this 

plasmid containing the E. coli p15A replicon can be easily achieved using E. coli cells. 

(ii) The suicide plasmid must contain a selectable marker, e.g., an antibiotic resistance gene, 

to identify transformants. Our sensitivity tests showed that P. stutzeri cells are sensitive 

to many antibiotics (see Table 3-2). However, among these antibiotics, only 

chloramphenicol and kanamycin resistance genes from the pBBR1MCS-based plasmids 

were able to confer resistance in P. stutzeri (see Table 3-4). Rather than 

chloramphenicol, the kanamycin resistance gene was chosen as the selectable marker 

because P. stutzeri cells showed high sensitivity to this antibiotic. 

(iii) The recombination efficiency can be affected by the length of homologous sequences, 

and the minimal length required for efficient recombination varies greatly among 

different organisms. In E. coli, recombination can be efficiently achieved with 20 to 

90 bp of sequence homology (Watt et al., 1985; Shen and Huang 1986), while relatively 

long homologous flanking fragments (from several hundreds to a few thousand bp) are 

generally used in other bacteria (Nelson et al., 2003; Ortiz-Martín et al., 2006; Bao et al., 

2012; Kung et al., 2013). In P. stutzeri, the minimum length of homology required for 

efficient recombination has not been assessed. Therefore, we used flanking regions of 

about 500 bp in length, because this is usually sufficient to produce recombination.  

(iv) Since single crossover recombinations occur more often than double crossovers, a way 

of screening for allelic exchange is needed. The commonly used approach is to 

incorporate a counter-selection marker (e.g., the sacB gene from B. subtilis, conferring 
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sucrose sensitivity) into the suicide plasmid (Davison 2002; Philippe et al., 2004; 

Beliaev 2005; Choi et al., 2008). However, using a counter-selection marker is 

technically demanding and time-consuming because a three-step procedure has to be 

performed to yield the mutant strain. First, integration of the suicide plasmid into the 

chromosome by a single crossover event is selected by antibiotic pressure. Second, 

spontaneous excision of the integrated plasmids (a second single crossover event) can be 

selected with counter-selection markers. During this step, the recombination event can 

take place at two different locations, which leads to either a wild-type or mutant 

phenotype. Therefore, in the final step, the presence of the desired deletion in the 

resulting strains must be checked by PCR or Southern blot. 
 

 

Figure 4-2: Selection of allelic exchange mutant using one-step selection strategy based on the 
EGFP-based suicide plasmid. (A) When a single crossover recombination occurs, the suicide plasmid is 
integrated into the chromosome. The resulting merodiploid strains are resistant to kanamycin and positive 
for EGFP. (B) A double crossover event results in the deletion of cbb3-operon. The resulting deletion strains 
are resistant to kanamycin and negative for EGFP.  
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Instead of a counter-selection marker, we used the EGFP protein as a second selection 

marker to distinguish the desired double crossover event from the single crossover 

recombination event. When a single crossover event occurs, entire plasmid integration is 

observed and the resulting recombinant strain is resistant to kanamycin and shows EGFP 

expression under the control of a constitutive promoter (lac promoter) (Figure 4-2 A). 

Alternatively, double crossover recombination results in the exclusive replacement of the 

cbb3-operon with the kanamycin resistance cassette and in an EGFP-negative phenotype 

(Figure 4-2 B). Using an UV illuminator, positive cbb3-deletion strains can be easily 

selected from negative strains on the kanamycin plate by the direct visualization of 

EGFP fluorescence. As a result, using of an EGFP-based suicide plasmid greatly 

simplifies the screening procedures. 

Using our constructed suicide plasmids, two single deletion strains, ΔCbb3-1 and ΔCbb3-2, were 

successfully created. However, our attempts to isolate a double-deletion strain (ΔCbb3-1+2), based 

on the above-mentioned strategy, were unsuccessful. This is unlikely to be due to the lethal effects 

induced by the simultaneous lack of both cbb3-isoforms, because P. stutzeri also contains other 

terminal oxidases (see Figure 1-10) for aerobic respiration. Furthermore, construction of a mutant 

strain carrying a targeted deletion of both cbb3-operons has been achieved in P. aeruginosa 

(Comolli and Donohue 2004). Therefore, future experiments (e.g., optimization of the composition 

of the suicide plasmid; increasing the transformation efficiency) are required to obtain a 

double-deletion strain. 

 Purification of the wild-type cbb3-CcOs 4.3.3
Previously, a purification method has been developed to obtain large amounts of stable cbb3-CcOs 

from the native membranes of P. stutzeri ZoBell (Urbani et al., 2001). The purification procedure 

involved the solubilization of membrane proteins with the mild detergent DDM followed by three 

chromatographic separations. Such a preparation has been used by different research groups to 

isolate and characterize the P. stutzeri cbb3-CcO (Forte et al., 2001; Urbani et al., 2001; Pitcher et 

al., 2002). However, it should be noted that this method is not applicable to specifically separate 

the two cbb3-isoforms.  

Due to the high homology between Cbb3-1 and Cbb3-2, both isoforms are usually found as a 

mixture in the same chromatographic fractions during the purification process. The difficulty in 

the separation of both isoforms has been partially resolved by the utilization of an improved 

purification procedure, which involved four conventional chromatographic steps (Buschmann et 

al., 2010). By applying the new protocol, the wild-type Cbb3-1 was successfully purified to 

homogeneity and its structure was determined by X-ray crystallography (Buschmann et al., 2010). 
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However, isolation of the Cbb3-2 from the protein mixture could not be achieved using the same 

purification strategy. 

Since two cbb3-operon-deletion strains are available, we have tried to isolate the individual 

wild-type cbb3-isoform directly from the corresponding deletion strains, namely, isolation of 

Cbb3-1 from the P. stutzeri ΔCbb3-2 strain and of Cbb3-2 from the ΔCbb3-1 strain. However, we 

found that this strategy was not applicable for P. stutzeri because the expression of both isoforms 

seems to be interdependent. Based on the heme staining analysis on the solubilized membrane 

proteins (Sabine Buschmann, data not shown), it was observed, that the expression of Cbb3-2 was 

nearly not detectable when ΔCbb3-1 cells were grown under microaerobic and aerobic growth 

conditions. Furthermore, if the operon ccoNOQP-2 was deleted from the genome (ΔCbb3-2 strain), 

the amount of Cbb3-1 was also drastically decreased. These observations are, however, not in line 

with published data obtained on the two P. aeruginosa cbb3-isoforms with a similar methodology, 

where the expression of a respective cbb3-isoform was not influenced by the presence or absence 

of the second one (Comolli and Donohue 2004). Because of a lack of experimental evidence, we 

cannot propose a straightforward explanation for these diverging results. In addition, compared 

with the wild type, the growth rate of the two P. stutzeri deletion stains was only moderately 

changed under the same growth conditions. Therefore, it can be assumed that P. stutzeri cells 

could use other oxidases as substitute for the missing cbb3-CcOs.  

 Design of expression vectors for recombinant cbb3-CcOs 4.3.4
In order to simplify the separation and purification of the two recombinant cbb3-isoforms, we 

decided to use the affinity purification strategy. Two affinity tags (His6-tag and Strep-tag II) were 

selected because they are small and, therefore, often do not need to be removed prior to 

downstream applications (Terpe 2003). Furthermore, a polyhistidine-tag has been successfully 

used for purification of the cbb3-CcO from R. sphaeroides (Oh and Kaplan 2002; Lee et al., 2011) 

and V. cholerae (Hemp et al., 2005; Chang et al., 2010).  

The cbb3-CcO consists of three major subunits (CcoNOP) and both N- and C-terminal ends of 

each subunit could potentially serve as the attachment site for the affinity tag. The position of 

affinity tags was first evaluated using the reported structure of Cbb3-1 (Figure 4-3) because their 

placement can interfere with the expression, folding and complex formation of the protein. Both 

N- and C-termini of the CcoN subunit were chosen as the candidates on the basis of two following 

considerations. First, they are exposed on the cytoplasmic face of the enzyme and may thus allow 

a sufficient exposure of the peptide tags to affinity matrices. Second, they are located relatively 

distant from any function-related component such as subunit interfaces, redox cofactors and 

proton/electron transfer pathways.  
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Figure 4-3: Location of the both N- and C-termini of the three subunits CcoNOP. Two orthogonal 
views, the “front” (left) and the “side” (right), of the molecular surface of Cbb3-1 are shown. The N- and 
C-termini of the CcoN subunit are colored red and blue, respectively. Hemes are represented as yellow 
sticks. Amino acids, which are involved in proton translocation, are shown as sticks. The structural image 
was generated using PDB entry 3MK7 and the PyMOL software. 
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the deletion stain ΔCbb3-1 to produce the recombinant Strep-tagged Cbb3-1. Likewise, the 

expression vectors pXH26 or pXH39 containing the operon ccoNOQP-2 were introduced into the 

deletion strain ΔCbb3-2 to obtain the recombinant Cbb3-2.  

Despite the fact, that now both cbb3-operons are present again in the same strain, purification of 

the recombinant cbb3-CcO can be easily achieved by affinity chromatography on Strep-Tactin 

columns. However, due to the current genetic situation, the presence of a chimeric protein 

complex of cbb3-CcO between Cbb3-1 and Cbb3-2 must be considered and investigated thoroughly. 

Therefore, both purified cbb3-isoforms were analyzed by electrophoresis followed by peptide mass 

fingerprinting. Because the sequence identity between the two cbb3-isoforms is very high (87% for 

subunit CcoN, 97% for subunit CcoO and 63% for subunit CcoP), two approaches were used to 

increase the sequence coverage and number of peptide identification. First, samples were digested 

with a combination of trypsin and chymotrypsin. Second, proteolytic digests were analyzed by a 

coupling of nLC-ESI- and nLC-MALDI-MS/MS. With a sequence coverage ranging from 32% to 

80%, the isoform-specific peptides of interest could be only detected in the corresponding 

cbb3-isoforms (see Section 3.4.7). Thus, the presence of a chimeric form of cbb3-CcO can be 

excluded in our enzyme preparation.  

Using the newly established expression system and purification procedure, a homogeneous 

preparation of the two cbb3-isoforms was obtained. In addition, as both recombinant cbb3-isoforms 

are expressed from a plasmid, targeted functional studies become possible. 

 

4.4 Characterization of the two cbb3-isoforms  

 Regulation of the expression of both cbb3-isoforms 4.4.1
Based on the DNA sequence analysis, we found that the promoters of the two cbb3-operons 

contain different regulatory elements (Figure 3-11). Both promoters (P1 and P231) contain the 

putative sigma factor RpoD (σ70) recognition site, while only the P1 promoter possesses a 

consensus binding site (ANR box) for the transcription activator ANR (a homologue of E. coli 

FNR), which is centered at position -95.5 relative to the start codon of ccoN-1. This ANR box 

overlaps with the -35 region of the P1 promoter by one base pair. Such overlapping is a typical 

feature of the ANR/FNR-dependent promoters, and allows the activation of transcription of a 

target gene by direct interaction with the RNA polymerase (Wing et al., 2000; Körner et al., 2003). 

In the genomes of P. aeruginosa and P. putida, which contain two cbb3-operons, also only one of 

                                                        
31 P1 and P2 represent the promoter region of the operon ccoNOP-1 and ccoNOQP-2, respectively. 
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the two operons is preceded by an ANR binding site in its promoter region (Comolli and Donohue 

2004; Ugidos et al., 2008). Moreover, we found that the organization of the ANR binding site and 

-35 promoter elements in P. stutzeri is similar to those published previously for P. putida (Ugidos 

et al., 2008). 

For the cbb3-CcOs, ANR has been reported to function as a positive regulator of gene expression 

in response to oxygen deficiency (Mouncey and Kaplan 1998; Swem and Bauer 2002; Comolli 

and Donohue 2004; Ugidos et al., 2008; Kawakami et al., 2010). In P. aeruginosa, the expression 

pattern and regulation of the two cbb3-isoforms under different growth conditions have been 

investigated in detail (Comolli and Donohue 2004; Kawakami et al., 2010). It has been shown that 

the expression of P. aeruginosa Cbb3-2 (corresponding to P. stutzeri Cbb3-1) from its 

ANR-dependent promoter is highly dependent on the oxygen concentration in the environment 

and is dramatically upregulated under low oxygen conditions or in the stationary phase. The 

induction of P. aeruginosa Cbb3-2 in the latter case was also suggested to be the result of an 

excessive oxygen consumption due to the high cell density (Arai 2011). In contrast, the genes 

coding for P. aeruginosa Cbb3-1 (corresponding to Cbb3-2 of P. stutzeri) are constitutively 

expressed under regulation of an ANR-independent cbb3-promoter, and its expression is not 

directly correlated to the different levels of oxygen or certain growth phases (Comolli and 

Donohue 2004; Kawakami et al., 2010). Similar observations have been also reported for the 

cbb3-CcO from P. putida, in which ANR is required for efficient expression of Cbb3-1 under 

conditions of oxygen limitation (Ugidos et al., 2008). 

In this work, although the oxygen level was not controlled during the cultivation of both 

recombinant strains, we found that the oxygen concentration in the culture was normally below 

5 µM (≈ 3 mm Hg) after the cells had entered the exponential growth phase. Under this 

microaerobic condition, the yield of pure Cbb3-1 was 6- to 8-fold higher than that of Cbb3-2 if the 

proteins were expressed under control of their native promoters in the respective P. stutzeri 

deletion strains (see Table 3-8). This observation is well consistent with the previously reported 

finding that the ANR-dependent cbb3-promoter in P. aeruginosa showed an 8-fold-higher activity 

than the ANR-independent one under low oxygen conditions (Kawakami et al., 2010). To increase 

the yield of recombinant Cbb3-2, we changed the promoter region of the operon ccoNOQP-2. Our 

results show that the yield of recombinant Cbb3-2 can be increased to the same level as Cbb3-1 

when its native ANR-independent promoter P2 is replaced by the ANR-dependent promoter P1. 

Additionally, a slightly increased expression of Cbb3-2 from the lac promoter could be observed, 

which is in agreement with the concept that the lac promoter has a constitutive activity in most 

pseudomonads (Choi et al., 2008). 

Confirming the literature (Comolli and Donohue 2004; Kawakami et al., 2010), our data indicate 
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that the expression of Cbb3-1 (P. stutzeri nomenclature) is regulated by the environmental oxygen 

concentration and that this isoform plays a primary role under oxygen-limited conditions. 

Supposedly, the different expression patterns of the two cbb3-isoforms could reflect their different 

affinities for oxygen which awaits further investigation. 

 The role of the CcoQ subunit 4.4.2
As already mentioned above (see Section 4.2), a distinct feature of the two cbb3-operons in 

P. stutzeri is that the ccoQ gene is only present in the second operon (ccoNOQP-2). Nevertheless, 

it is still possible that CcoQ can associate with both cbb3-isoforms. Because CcoQ has a low 

molecular weight (6.91 kDa) and poor staining properties, identification of this subunit by 

SDS-PAGE and subsequent peptide mass fingerprinting is more difficult. To determine the 

presence and distribution of CcoQ, in-gel digestion of the native cbb3-complex following 

BN-PAGE was performed and the resulting peptides were analyzed by a combination of ESI- and 

MALDI-based LC-MS. Our results clearly revealed that CcoQ is only associated with Cbb3-2, 

which is in line with the observations that the ccoQ gene is only found in the ccoNOQP-2 operon 

and that this gene product does not associate with the Cbb3-1 complex as has already been 

documented by its X-ray structure (Buschmann et al., 2010).  

The physiological role of CcoQ in cbb3-CcOs is still under debate. In B. japonicum and 

R. sphaeroides, it was shown that deletion of CcoQ had no effect on assembly or catalytic activity 

of cbb3-CcO (Zufferey et al., 1996; Oh and Kaplan 1999). In contrast, the activity of R. capsulatus 

cbb3-CcO was significantly reduced in the absence of CcoQ (Peters et al., 2008). In addition, it has 

been demonstrated that CcoQ is required to protect the R. sphaeroides cbb3-CcO from degradation 

under aerobic conditions (Oh and Kaplan 2002). The absence of CcoQ in the P. stutzeri Cbb3-1 

may be a consequence of the fact that this isoform is mainly expressed at very low oxygen 

tensions, i.e., CcoQ is not required to protect the core complex from the oxygen-induced 

instability and degradation. 

 Identification of an unknown transmembrane helix in the 4.4.3
crystal structure of Cbb3-1 

Unexpectedly, an extra transmembrane helix of unknown identity is present as seen in the crystal 

structure of wild-type Cbb3-1 (Buschmann et al., 2010). It consists of 29 amino acids and is 

located in close contact to helices IX and XI of the CcoN subunit. It was initially presumed that 

this α-helix was the CcoQ subunit of the cbb3-CcO. However, this possibility was subsequently 

excluded because our data clearly demonstrated that the P. stutzeri Cbb3-1 does not contain a 

subunit corresponding to CcoQ (see Section 4.4.2). Furthermore, the amino acid sequence of 
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CcoQ was observed not to be capable to match the electron density map. 

In an attempt to identify this helix, dissolved crystals of Cbb3-1 were investigated by mass 

spectrometry (Sabine Buschmann and Julian D. Langer). Among all amino acid sequences derived 

from the mass spectra, several putative peptides (8 to 14 amino acids long) were detected, which 

could be potentially assigned to the uncharacterized α-helix. The putative peptides were searched 

within the NCBI protein database as well as our custom Pseudomonas database32. Unfortunately, 

no matches to known protein sequences were found, although we cannot rule out the possibility 

that the sequences obtained from our MS analysis were incorrect. 

In R. capsulatus, the putative assembly factor CcoH can interact directly with the assembly 

intermediates of the R. capsulatus cbb3-CcO (Kulajta et al., 2006; Pawlik et al., 2010). It has been 

also suggested that this protein may function as a bona fide subunit of cbb3-CcO (Pawlik et al., 

2010; Ekici et al., 2011). In this work, we found that CcoH can be detected in both purified 

cbb3-isoforms by MS analysis (see Section 3.4.7). The P. stutzeri CcoH is predicted to contain one 

transmembrane spanning α-helix between residues 15 and 37. Therefore, it is possible that the 

uncharacterized α-helix observed in the crystal structure may originate from CcoH. However, due 

to the relatively low resolution (3.2 Å) of the Cbb3-1 structure, attempts to fit the residues of CcoH 

into the electron density map were unsuccessful. So far, the identity of this α-helix remains 

unclear, and further investigation of its exact nature is necessary. 

 Both cbb3-isoforms share high levels of similarity 4.4.4
As mentioned before, the earlier spectroscopic and functional studies of P. stutzeri cbb3-CcO 

(Forte et al., 2001; Pitcher et al., 2002) were performed with a mixture of both cbb3-isoforms. 

Since the two cbb3-isoforms can be separately purified for the first time (this work), it is now 

possible to accurately investigate the enzymatic characteristics of the individual cbb3-CcOs. The 

basic biochemical and biophysical properties of the recombinant Cbb3-1 and Cbb3-2 were 

compared to each other and also to the true wild-type Cbb3-1.  

SDS-PAGE analyses of the two purified recombinant cbb3-isoforms showed the presence of three 

major protein bands corresponding to the subunit CcoN, CcoO and CcoP (see Section 3.4.5). The 

electrophoretic pattern is identical to that of the wild-type Cbb3-1 and similar to the previously 

reported results for cbb3-CcOs from other organisms (García-Horsman et al., 1994; Gray et al., 

1994). In the case of subunit CcoP, a small but significant difference of migration could be 

observed between the two cbb3-isoforms. This result is consistent with that reported for the two 

                                                        
32 Besides the protein sequences for known pseudomonads, this database also contains all possible open 
reading frame sequences that are derived from the genome of the P. stutzeri ZoBell.  
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P. aeruginosa cbb3-isoforms (Comolli and Donohue 2004).  

Both purified cbb3-isoforms appeared as a single band with an apparent size of 165 kDa on 

BN-PAGE (see Section 3.4.6). This indicates that the recombinant protein was successfully 

purified to homogeneity. Since the electrophoretic mobility of integral membrane proteins on 

BN-PAGE is strongly affected by the binding of detergents, lipids and Coomassie dyes 

(Heuberger et al., 2002), we concluded that the two cbb3-isoforms are monomeric, which 

supported the previous suggestion based on the analytical ultracentrifugation experiments (Urbani 

et al., 2001). In R. capsulatus membranes, the presence of a monomeric cbb3-CcO complex has 

been also suggested (Kulajta et al., 2006). Moreover, in all three-dimensional structures solved so 

far, the bacterial CcOs are present in the monomeric state (Iwata et al., 1995; Soulimane et al., 

2000; Buschmann et al., 2010). 

To compare the heme content of each cbb3-isoform, heme staining was carried out and UV/Vis 

spectra were recorded using the purified cbb3-CcOs. The heme-staining assays revealed that 

hemes c are covalently bound in the subunit CcoO and CcoP of both recombinant cbb3-isoforms. 

The oxidized, reduced and reduced-minus-oxidized difference spectra of both recombinant Cbb3-1 

and Cbb3-2 are well consistent with the results observed with the wild-type Cbb3-1, which 

indicates a proper assembly of heme and metal centers (see Section 3.5.1). Furthermore, the 

spectral features of the P. stutzeri cbb3-CcOs are very similar to those of the previously 

characterized cbb3-CcOs from other bacteria (García-Horsman et al., 1994; Gray et al., 1994; 

Pereira et al., 2000; Hemp et al., 2005). 

Far-UV circular dichroism spectroscopy was also employed to compare the secondary structural 

content of the two cbb3-isoforms. However, no differences were observed either between Cbb3-1 

and Cbb3-2 or between wild-type and recombinant cbb3-CcOs (see Section 3.5.2).  

 The thermal stability of both cbb3-isoforms 4.4.5
DSC analyses were performed to investigate the thermal stability of both cbb3-isoforms. We 

showed that the thermal denaturation of the cbb3-CcOs is an irreversible process, which is 

consistent with the results obtained from the yeast and P. denitrificans aa3-CcOs (Morin et al., 

1990; Haltia et al., 1994). Due to the irreversible nature of the thermal denaturation process, the 

calorimetric data cannot be directly analyzed in terms of equilibrium thermodynamics (Manetto et 

al., 2005). Therefore, the calorimetric enthalpy change (ΔH) of thermal transition may not 

represent the true enthalpy change of unfolding. Nevertheless, the calorimetric enthalpy change 

can still be used to compare the thermal stability of the two cbb3-isoforms. 

Our DSC results show that Cbb3-1 is more stable than Cbb3-2. The total calorimetric enthalpy 
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changes of the recombinant Cbb3-1 and Cbb3-2 are 2,016 and 1,556 KJ mol-1, respectively. Both 

values are similar to the reported value of 1,560 KJ mol-1 for the aa3-CcO from P. denitrificans 

(Haltia et al., 1994). The DSC scan of aa3-CcO showed two transition peaks. The low-temperature 

transition centered at 48°C was assigned to the denaturation of subunit III of aa3-CcO, while 

subunit I and II denatures as a single cooperative unit at 68°C (Haltia et al., 1994). In the case of 

cbb3-CcO, two transition peaks can be identified, although they are not as well separated as 

observed for Cbb3-2. Based on the observation that two assembly intermediates are present in 

cbb3-CcO (Kulajta et al., 2006; Ekici et al., 2011), we hypothesize that the low-temperature peak 

corresponds to the thermal denaturation of subunit CcoP, whereas the second peak is caused by 

denaturation of subunits CcoN and CcoO. In addition, besides the presence of CcoQ in Cbb3-2, 

small structural differences may lead to the difference in thermal stability between Cbb3-1 and 

Cbb3-2. 

When the total calorimetric enthalpy changes of both cbb3-isofroms were normalized on a weight 

basis, two different values are obtained (4.3 and 3.1 cal/g for the recombinant Cbb3-1 and Cbb3-2, 

respectively). Both values are slightly higher than those (2.4 to 2.9 cal/g) reported for the 

aa3-CcOs (Morin et al., 1990; Haltia et al., 1994), but significantly lower than the enthalpy change 

associated with unfolding of a typical water-soluble protein (Haltia et al., 1994; Grinberg et al., 

2001). These results may indicate that the thermal denaturation of cbb3-CcOs does not lead to a 

complete unfolding of the molecule, which has been suggested to be a common feature of 

membrane protein unfolding (Haltia et al., 1994; Haltia and Freire 1995; Grinberg et al., 2001). 

 Oxygen reductase activity of the two cbb3-isoforms using an 4.4.6
artificial electron donor  

The physiological function of the bacterial cbb3-CcOs is to catalyze the reduction of O2 to water. 

Since the combination of TMPD and ascorbate is widely used in respiratory assays for CcOs, we 

also applied such an artificial electron-donating system to determine the enzymatic activity of both 

cbb3-isoforms. As a substrate, TMPD can directly donate electrons to cbb3-CcO, while ascorbate 

maintains TMPD in the reduced state. Under conditions optimized for pH, ionic strength and the 

molar ratio of ascorbate to TMPD, we showed that the purified recombinant Cbb3-1 and Cbb3-2 

catalyze the reduction of oxygen at a rate comparable to the wild-type Cbb3-1 (Figure 3-26). This 

suggests that the recombinant proteins produced in our newly established expression system are 

fully active.  

We found that the oxygen reductase activity of cbb3-CcO increased with increasing concentrations 

of TMPD up to a maximum at 4 mM (Figure 3-25 A). At 0.5 mM TMPD, the enzymatic activity 

of 450 e- s-1 is comparable with the activities of 200 to 600 e- s-1 measured for the purified 
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cbb3-CcO from R. sphaeroides under similar conditions33 (Sharma et al., 2006; Huang et al., 2008; 

Lee et al., 2011). Moreover, our values of 700 to 800 e- s-1 determined at 1 mM TMPD are in good 

agreement with the values previously reported for the P. stutzeri cbb3-CcO using the same TMPD 

concentration (Forte et al., 2001; Urbani et al., 2001). However, we found that the oxygen 

reductase activity of cbb3-CcO is not saturated by 1 mM TMPD. With an increased TMPD 

concentration of 4 mM, a rate of about 2,000 e- s-1 was determined. Although the activity displayed 

Michaelis-Menten kinetics for the substrate TMPD, a saturation plateau was still not attained due 

to two technical difficulties in using a concentration of TMPD above 4 mM. First, it was difficult 

to maintain the pH of the reaction buffer at 7.5 (the optimal pH for cbb3-CcO) because the addition 

of large amounts of TMPD and ascorbate led to a dramatic decrease in pH. Second, at high 

concentrations of TMPD, a relatively high level of TMPD autoxidation caused a significant 

decrease of the oxygen concentration, which resulted in a very long equilibrium time before the 

reaction could be initiated.  

According to our analysis, two kinetic parameters could be calculated (a Km of 3.6 mM and a Vmax 

of about 4,000 e- s-1). Both values, obtained in the absence of well-defined saturation, are 

unusually high and may not represent true kinetic constants. Nevertheless, we can safely conclude 

that the P. stutzeri cbb3-CcOs can catalyze the reduction of oxygen at a rate of at least 2,000 e- s-1 

in vitro, and that the Km for TMPD must be higher than 1 mM. These kinetic features do not seem 

to apply to other cbb3-CcOs because kinetic studies on the H. pylori cbb3-CcO showed a very high 

affinity for TMPD (Km = 108 µΜ), but a relatively low Vmax (247 e- s-1) (Tsukita et al., 1999). It 

has to be noted that in the case of H. pylori cbb3-CcO, the catalytic activity was measured by 

monitoring the pH shift with sodium ascorbate as the ultimate electron donor (Nagata et al., 1996; 

Tsukita et al., 1999). This excludes a direct comparison between our results and those from the H. 

pylori cbb3-CcO. In the caa3-CcO, a member of the A2 subclass of the A-type HCOs (Pereira et 

al., 2001), subunit II contains a single c-type heme, which can directly receive the electrons from 

TMPD. Interestingly, it has been shown that for the caa3-CcO of Bacillus subtilis, a high level of 

TMPD (at least 5 mM) is also required to reach the maximal activity of caa3-CcO (Assempour et 

al., 1998). 

The oxygen reducatse activities of aa3-CcOs are normally in the range of 400 to 600 e- s-1 (Dürr et 

al., 2008), which is about four-fold lower than the highest activity (2,000 e- s-1) observed for 

cbb3-CcO in this work. In the case of aa3-CcO, TMPD functions only as a redox mediator between 

                                                        
33 It should be noted that the oxygen reductase activity of R. sphaeroides cbb3-CcO was measured in the 
presence of both TMPD (0.5-0.6 mM) and horse heart cytochrome c (34 µΜ or 100 µΜ). Due to the lack of 
experimental evidence, it is unclear if either TMPD or horse heart cytochrome c are direct electron donors to 
R. sphaeroides cbb3-CcO.  
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the mobile cytochrome c and the CuA-containing subunit II of aa3-CcO. The formation and 

dissociation of a complex between cytochrome c and aa3-CcO are required for the electron transfer 

to occur (Maneg et al., 2004; Richter and Ludwig 2009). This may represent a rate-limiting step in 

the overall reaction sequence and result in a less efficient electron transfer compared to cbb3-CcO. 

By contrast, the presence of three c-type cytochromes in the subunit CcoO and CcoP of the 

cbb3-CcOs may provide multiple electron entry sites and support simultaneous interaction between 

TMPD and cbb3-CcOs. As confirmed by the cbb3-CcO structure (Buschmann et al., 2010), the 

edge-to-edge distances from heme c of CcoO to heme b and from heme b to heme b3 are clearly 

shorter than the distances observed for the corresponding redox centers in aa3-CcO. As previously 

suggested (Verkhovsky et al., 1996; Buschmann et al., 2010), the shorter distance may accelerate 

the rate of electron transfer and therefore increase the rate of oxygen reduction. All of these 

features led us to propose that electron transfer in the cbb3-CcOs is more efficient than that in 

aa3-CcOs under these in vitro assay conditions. 

Comparison of the oxygen reductase activity of the two isoforms Cbb3-1 and Cbb3-2, however, 

revealed only marginal differences. It may be due to the fact that an artificial electron donor was 

used, which has a high efficiency for both cbb3-isoforms. A different picture may evolve if a 

specific endogenous electron donor for the isoforms is available for activity assays (see discussion 

in Section 4.5). 

 Catalase activity of the two cbb3-isoforms 4.4.7
The catalase activity is a side reaction of CcOs, in which H2O2 is dismutated to water and oxygen. 

In earlier works, this reaction has been studied biochemically with respect to its mechanism 

(Bolshakov et al., 2010) and to its biological significance (Sedlák et al., 2010). Rencently, Hilbers 

et al. (2013) reported that the recombinant wild-type aa3-CcO from P. denitrificans exhibited a 

20-fold increase in turnover number of the catalase activity compared to the native wild-type 

aa3-CcO, whereas no difference in oxygen reductase activity was observed. It was suggested that 

this unexpected difference in catalase activity might be attributed to the potential overproduction 

of one plasmid-encoded subunit of the recombinant aa3-CcO. Such overproduction may reduce the 

extent of cofactor incorporation into the protein complex and may cause small structural changes 

(Hilbers et al., 2013). 

In order to investigate if such a difference in catalase activity exists between the recombinant and 

native cbb3-CcO, as well as between both cbb3-isoforms, measurements were performed according 

to Hilbers et al. (2013). It was shown that the P. stutzeri cbb3-CcOs could catalyze the dismutation 

of hydrogen peroxide at a rate comparable to the P. denitrificans aa3-CcO (see Section 3.5.7). 

Furthermore, no significant difference was observed between the recombinant cbb3-isoforms and 
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the native enzyme. This observation does not match the result for the P. denitrificans aa3-CcOs, 

which might be due to the advantage that an expression plasmid carrying the entire cbb3-operon 

was used for the expression of both recombinant cbb3-isoforms.  

 Electrochemical properties of the redox cofactors  4.4.8
The cbb3-CcO contains five heme cofactors, four of them are hexa-coordinated low spin hemes 

(three hemes c and one heme b), whereas one is a penta-coordinated high spin heme (heme b3). 

The determination of midpoint redox potentials of individual heme centers is a prerequisite for the 

understanding of the electron transfer processes in cbb3-CcOs. Previously, the electrochemical 

properties of cbb3-CcOs from several organisms have been investigated (Table 4-1). However, the 

results are partly contradictory in the different publications. In this work, we have determined the 

midpoint redox potentials of the heme cofactors in the two cbb3-isoforms from P. stutzeri using 

redox titrations in the UV/Vis spectral range. We were particularly interested in the reduction 

potential of the hemes c from CcoP, as well as that of the heme b3 in the active site. 

Table 4-1: Summary of the midpoint redox potentials of five heme cofoactors in cbb3-CcOs.  
Midpoint redox potentials (Em) are shown in mV (vs. standard hydrogen electrode) at different pH values. 

Redox cofactor 
Em (mV) 

R. marinusa P. stutzerib B. japonicum R. sphaeroidese P. stutzerif 
pH 7.0 pH 7.0 pH 7.7c pH 8.0d pH 7.0 pH 7.5 

Heme c (low) -50 +185 +220 +180 +234 
+155, +185 Heme c (middle)  +245 +300 +180 +320 

Heme c (high) +195 +245 +390 +400 +351 
Heme b +120 +310 +375  +418 +263, +278 
Heme b3 -50 +225 +290  -59 +132, +158 
a Values are taken from Pereira et al. (2000). The value of “-50 mV” was assigned to both heme c and b3. 
b Values are taken from Pitcher and Watmough (2004).  
c Values are taken from Veríssimo et al. (2007). 
d Values are taken from Todorovic et al. (2008). 
e Values are taken from Rauhamaki et al. (2009). 
f This work; In each cell, the first value was obtained with Cbb3-1 and the second was obtained with Cbb3-2. 

 

Contrary to the results in the previous studies, we found that the redox potentials of the three 

c-type hemes in the P. stutzeri cbb3-CcOs are too close to be differentiated. The redox potentials 

that we determined for the c-type hemes in Cbb3-1 and Cbb3-2 are +155 mV and +185 mV, 

respectively (Table 4-1). Both values are comparable to those previously reported for the lowest 

potential c-type heme (+180 to +234 mV) in the cbb3-CcO and fall within the range expected for a 

His/Met-coordinated c-type heme (Moore and Pettigrew 1990). This result is in disagreement with 

previous studies (Pitcher and Watmough 2004; Todorovic et al., 2008), which suggest that the 
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CcoP subunit of cbb3-CcO possesses two different c-type hemes, one of which is a bis-His 

coordinated heme c and the other exhibits His/Met axial coordination. Furthermore, the redox 

potential of this bis-His ligated heme c from CcoP has been determined to be +185 mV for the P. 

stutzeri cbb3-CcO (Pitcher and Watmough 2004) and +400 mV for the B. japonicum cbb3-CcO 

(Todorovic et al., 2008). Nevertheless, our result is supported by the following observations: (i) in 

the crystal structure of P. stutzeri Cbb3-1, the irons of both c-type hemes in CcoP are axially 

ligated to His and Met (Buschmann et al., 2010); (ii) multiple sequence alignment of CcoP shows 

that there is no third conserved histidine residue near the ligand binding site of the heme group 

(see Appendix F); (iii) due to a reduced ability to stabilize ferrous iron, hemes with bis-His 

ligation are generally expected to have low reduction potentials that range from 0 to -400 mV 

(Moore and Pettigrew 1990; Dolla et al., 1994).  

Potentiometric titrations indicated that the low-spin heme b has the highest redox potential among 

the five hemes (+263 mV for Cbb3-1 and +278 mV for Cbb3-2), whereas the high-spin heme b3 has 

a low potential (+132 mV for Cbb3-1 and +158 mV for Cbb3-2). The observed spacing of redox 

potentials between heme b and b3 was found to be approximately 120 mV in both cbb3-isoforms. 

These electrochemical characteristics are consistent with previous observations obtained with P. 

stutzeri cbb3-CcO (Pitcher and Watmough 2004) and with B. japonicum cbb3-CcO (Veríssimo et 

al., 2007), although our values are slightly lower than reported previously. In contrast to our 

results, a very low potential of approximately -50 mV has been determined for the heme b3 in both 

R. marinus and R. sphaeroides cbb3-CcOs (Pereira et al., 2000; Rauhamaki et al., 2009). The 

conflicting results might be due to the different species studied. However, the redox potential 

difference between two hemes b is close to 500 mV in the case of the R. sphaeroides enzyme 

(Rauhamaki et al., 2009), which is considered to be a thermodynamic barrier for the reduction of 

heme b3. 
 

4.5 The physiological electron donor for the cbb3-CcO 

 The presence of c-type cytochromes in P. stutzeri 4.5.1
Understanding the physiological significance and difference of both cbb3-isoforms requires the 

identification of their endogenous electron donor(s). Like many other bacteria, pseudomonads 

have multiple cytochromes c in the electron transport system. Based on the search for the heme c 

binding motif and homology analyses of the deduced amino acid sequences, a total of 16 proteins 

in P. stutzeri are predicted to represent the c-type cytochromes, which are targeted to the cell 

envelope (see Section 3.6.1). Of these, several c-type cytochromes, including cytochrome c4, c5, 
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c551 and c552, have already been detected and isolated from aerobically grown cells (Liu et al., 1981; 

Liu et al., 1983; Pettigrew and Brown 1988; Hunter et al., 1989). Although they have been studied 

extensively for their biochemical properties, there is no indication which of these c-type 

cytochromes is the natural electron donor for the P. stutzeri cbb3-CcOs. Thus, they were 

investigated in this study for their ability to donate electrons to the both cbb3-isoforms. 

 Production of the P. stutzeri cytochromes c in E. coli 4.5.2
We could purify three endogenous cytochromes c (c4, c5 and c551) from the periplasm of wild-type 

P. stutzeri cells (Sabine Buschmann); however, relatively low yields rendered detailed 

biochemical studies difficult.  

Due to its well-studied genetic properties and the absence of endogenous cytochromes c under 

aerobic growth conditions, the E. coli expression system has been widely used for the production 

of recombinant c-type cytochromes (Miller et al., 2003; Londer 2011). In this work, four 

cytochromes c (c4, c5, c551 and c552) from P. stutzeri were cloned and expressed heterologously in 

E. coli under aerobic growth conditions. However, only cytochrome c4, c5 and c551 were 

successfully expressed at reasonable levels (see Section 3.6.3).  

Three untagged cytochromes c (c4, c5 and c551) were successfully purified to homogeneity (see 

Section 3.6.4). The results of SDS-PAGE followed by heme staining indicated the proper 

incorporation of the c-type heme. MALDI-MS analysis showed that all recombinant cytochromes 

c had the expected molecular weight of the mature holocytochrome (data not shown). Three 

purified recombinant proteins have spectroscopic properties identical to those observed for the 

native one and also similar to those reported in the literatures (Liu et al., 1983; Pettigrew and 

Brown 1988). In addition, electrochemical measurements were performed to determine the redox 

potential of heme cofactors (see Section 3.6.6). For all three cytochromes c, the results obtained 

with two different methods (voltammetry and potentiometric titration) confirm each other and are 

similar to previous reports (Carter et al., 1985; Leitch et al., 1985; Pettigrew and Brown 1988; 

Scott and Mauk 1996). 

During the purification of the recombinant cytochromes c, we have observed that the cytochrome 

c4 is present in both soluble and membrane-attached forms in E. coli. This observation is well 

consistent with the report that cytochrome c4 from several bacterial species, including P. stutzeri, 

was predominantly membrane-bound (around 80%) (Pettigrew and Brown 1988; Hunter et al., 

1989). Nevertheless, only the soluble cytochrome c4 was isolated and used for downstream 

analyses in this work because it has been reported that both free and membrane-attached forms of 

cytochrome c4 are indistinguishable concerning their spectroscopic and electrochemical properties 
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(Pettigrew and Brown 1988). 

 The natural electron donor for the P. stutzeri cbb3-CcOs 4.5.3
Although cbb3-CcOs have been isolated and characterized from several different species of 

proteobacteria, little is known about their natural electron donor(s). In this study, we investigated 

the abilities of three cytochromes c (c4, c5 and c551) to donate their electrons to the P. stutzeri 

cbb3-CcOs (see Section 3.6.7). The cytochrome c-dependent oxidase activity was measured 

polarographically in the presence of ascorbate and reduced cytochrome c. All measurements were 

carried out in the absence of TMPD because it can transfer electrons directly to cbb3-CcOs at a 

high rate (see 4.4.6). Since the electrostatic interaction between cytochrome c and CcO is an ionic 

strength-dependent process (Witt et al., 1998; Drosou et al., 2002), the dependence of activity of 

cbb3-CcOs on ionic strength was studied by varying the concentration of NaCl from 0 to 500 mM. 

For all three cytochromes c tested, nearly bell-shaped ionic strength dependence was observed and 

the maximum turnover number was obtained at higher ionic strength conditions (150 to 250 mM). 

For both cbb3-isoforms from P. stutzeri, the highest rate of oxygen reduction (e.g., 515 e-/s for the 

wild-type Cbb3-1) was obtained when 100 µM reduced cytochrome c4 was used. The oxygen 

reductase activities measured with cytochrome c551 are comparable (80 to 90%) to those found 

with cytochrome c4, while the ones observed with cytochrome c5 are reduced by about 80%. These 

results indicate that all three cytochromes c can undoubtedly donate electrons to the cbb3-CcOs 

from P. stutzeri. However, only cytochrome c4 and c551 can serve as efficient substrates. In an 

attempt to explain this discrepancy, we investigated the electrochemical properties of the three 

cytochromes c. The relatively high reaction rate observed with cytochrome c4 and c551 can 

probably be attributed to the fact that both cytochromes harbour one low-potential heme c (i.e., 

208 mV in c4 and 223 to 248 mV in c551). In contrast, cytochrome c5 exhibits a high redox 

potential of 273 to 308 mV, which may hinder the electron transfer to the cbb3-CcO.  

Our results obtained with cytochrome c4 confirm an earlier study by Chang et al. (2010), in which 

the cytochrome c4 from V. cholera, supporting oxygen reductase activity at a rate of 300 e-/s, was 

identified as a natural electron donor to the V. cholera cbb3-CcO. Furthermore, our data are 

consistent with the proposal that cytochrome c4 provide alternative electron flows to the cbb3-CcO, 

as in the case of Azotobacter vinelandii (Bertsova and Bogachev 2002) and Neisseria gonorrhoeae 

(Li et al., 2010).  

Cytochrome c551 is most often found in Pseudomonas species as well as in Azotobacter. This 

cytochrome is known to function as the physiological electron donor for the cytochrome cd1 nitrite 

reductase (Jüngst et al., 1991; Zumft 1997; Hasegawa et al., 2001). Interestingly, our analysis 
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demonstrates that cytochrome c551 is also an efficient substrate for both cbb3-isoforms from 

P. stutzeri, indicating its dual role in promoting both oxygen respiration and anaerobic nitrate 

respiration (i.e., denitrification). Such degeneracy is a common feature of many bacteria (e.g., 

cytochrome c550 is the electron donor both to the aa3-CcO and to the nitrite reductase in 

P. denitrificans [Otten et al., 2001]) and may provide high efficiency and adaptability in response 

to environmental changes.  

In all the experiments performed in this work, saturation kinetics were not obtained within the 

concentration range examined (20 to 100 µM cytochromes c). The lack of saturation is unusual 

and makes it impossible to determine the true kinetic parameters (Km and Vmax). Similar to our 

observations, the nearly linear dependence of enzymatic activity of V. cholera cbb3-CcO on the 

concentration of cytochrome c4 (up to 100 µM) has been reported (Chang et al., 2010). The 

authors proposed that the apparent lack of saturation was due to the presence of significant 

amounts of oxidized cytochrome c4 during the assay, which suppressed the interaction between 

reduced cytochrome c4 and the cbb3-CcO and significantly changed the kinetic behavior of the 

reaction (Chang et al., 2010). So far, we could only assume that this unexpected kinetic behavior 

is an in vitro artifact rather than a natural phenomenon. Further studies are required to improve our 

understanding of the kinetic interaction between cbb3-CcOs and their physiological redox partners.  

Besides the three endogenous cytochromes c, assays were also performed using two eukaryotic 

cytochromes c (from horse heart and from S. cerevisae). Our data clearly show that reaction rates 

obtained with both eukaryotic cytochromes c were 20- to 50-fold lower as compared with the 

cytochrome c4, indicating that neither the horse heart cytochrome c nor the yeast cytochrome c is 

effective as electron donor for P. stutzeri cbb3-CcOs. This is consistent with a published report that 

horse heart cytochrome c is a poor substrate for V. cholera cbb3-CcO (Chang et al., 2010). 

Otherwise, horse heart cytochrome c has been widely used for measuring the oxygen reductase 

activity of R. sphaeroides cbb3-CcO (García-Horsman et al., 1994; Sharma et al., 2006; Huang et 

al., 2008; Lee et al., 2011). However, in these cases, the results may be misleading because 

significant amounts of TMPD were also present in the reaction mixture. 

 Substrate specificity of both cbb3-isoforms 4.5.4
When oxidase activity was measured using endogenous cytochrome c as substrate, substantial 

differences between the two cbb3-isoforms were found. Catalytic activities measured for the 

Cbb3-2 were reduced by about 70% when compared with Cbb3-1 (see Figure 3-47). This is 

apparently not consistent with our observation that, using TMPD as an artificial electron donor, 

both cbb3-isoforms catalyzed the reduction of oxygen at a comparable level (see Figure 3-26).  
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Figure 4-4: Comparison of the electrostatic surface potentials of both cbb3-isoforms. The electrostatic 
surface potentials were calculated on the crystal structure of Cbb3-1 (3MK7) and on a model of Cbb3-2. Red 
and blue colors indicate negatively charged and positively charged regions, respectively. Black boxes 
highlight the charge differences in the CcoP subunit of both cbb3-isoforms.  
 

Inferring from the amino acid sequences and a surface charge calculation based on the X-ray 

structure of Cbb3-1 as well as a model of Cbb3-2, we found that the most pronounced structural 

changes and surface charge differences may occur in the solvent exposed domains of subunits 

CcoP-1 and CcoP-2 (Figure 4-4). In this area, Cbb3-2 possesses more negatively charged residues 

when compared to the Cbb3-1. Because this area may constitute the putative cytochrome c binding 

site with the respective electron entry area, even small changes may influence the electron transfer 

rate between the cytochrome c and the cbb3-CcO. This could provide a partial explanation for the 

differences in rates of oxygen reduction between the two cbb3-CcOs. Future studies, including 

docking experiments and mutagenesis studies, are warranted to shed light on this issue. 

In summary of this section, we conclude that cytochrome c4 and c551 are both efficient substrates to 

the two cbb3-isoforms in P. stutzeri and both cbb3-isoforms have different substrate specificity. 

Our results do not exclude the possibility that this bacterium contains other electron donors for 

cbb3-CcO. As previously suggested, a membrane-anchored tetraheme cytochrome c (NirT) as well 

as a monoheme cytochrome c (NirC) may also have putative electron donor function (Zumft 

1997). Hopefully, a more detailed picture of electron transfer network will emerge from future 

investigations, which will help to improve our understanding of the physiology of aerobic and 

anaerobic energy metabolism in P. stutzeri.  

 

 

 

Cbb3-1 Cbb3-2
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6 Appendix 

A. Oligonucleotide primers 

The oligonucleotide primers designed and used in this work (Table 6-1) were purchased from 

Eurofins MWG Operon (Ebersberg, Germany). Lyophilized primers were dissolved in 

nuclease-free H2O. The stock oligos are stored in aliquots at -20ºC.  

Table 6-1: List of oligonucleotide primersa. 
 Oligonucleotide Sequence (5’-3’) Description  
General 
sequencing 
primers for 
ccoNOP-1 

1_Seq CCTCGGGATCATGTACTACTTC 

 

2_Seq TCGGTGGTGCGATCTTCTTC 
3_Seq AGCCGTCAGGGACTTCAATCG 
12_Seq GCAAGGTCAAGCACATCTAC 
2_Fw TGCTCATTACCCGTGGATGGAAGCCCATAC 
3_Fw ACAGCAACCAGTACCGCCTACAGTTACAAG 
4_Fw GCCATCGGCGAAGAAGGCGTGAAGAAC 
8_Fw AGATCGTCCCGCTGTTCTTCCAGGACTC 
9_Fw CCTGGAAATCCCGGTTACCGCGATGAAG 
9_Rev TTCAACCGGCTCGTTGACGGAGTCCTGG 

General 
sequencing 
primers for 
ccoNOQP-2 

5_Seq TTCTTCGGCACCATCATGAAGC 

 

6_Seq GATCAATGCGCACTTCTGGCTG 
7_Seq GGTAACGCATGATGGAAATCGG 
8_Seq GATGTGCTTGGCCTTGCGCTTC 
9_Seq TAGAACGCCAGCGATACCAC 
10_Seq CGCCTGCGTAGATCGAGTAG 
11_Seq GGAAAGACGTGATCGGCGAAGAAGG 
4_Fw GCCATCGGCGAAGAAGGCGTGAAGAAC 
10_Fw CAACGAAGACGGCACCCTGACCTACTCC 
11_Fw TCGGTGGTTGCGCACTGTTTGCCACGTC 
3_Rev CGACGTTCTTCACGCCTTCTTCGCCGATGG 
5_Rev TTGGCTTCCGGTCCATGGCAGACTACAC 
6_Rev AAACGGCGGCAAGTATGGAGAAAGCAG 
7_Rev GATGGCGAATTGGCGAACCACCTTATAG 
8_Rev TCTTCACGCCTTCTTCGCCGATGGCTTG 
10_Rev GGCCTTGTCCATCTCACGCTGCCATTCC 
11_Rev AACCGGCTCGTTCACTGCGTCCTGAAAG 

General 
sequencing 
primers 

bla_789_Fw GAGTCAGGCAACTATGGATG ampicillin resistance 
gene bla_39_Rev AAAGGGAATAAGGGCGACAC 

T7-pro TAATACGACTCACTATAGGG 
T7 promoter 

T7-term CTAGTTATTGCTCAGCGGT 
Seq1 pBBR TACGAGCCGGAAGCATAAAG 

pBBR-based plasmid 
Seq2 pBBR GGGAGGCAGACAAGGTATAG 
Km-N TCTGGTAAGGTTGGGAAGCCCTGCAAAG kanamycin resistance 

gene Km-C AGAGTCCCGCTCAGAAGAACTCGTCAAG 
lacZα-N CGCGCAATTAACCCTCACTAAAGGGAAC 

lacZ alpha gene 
lacZα_N1 AGGTTTCCCGACTGGAAAGC 
lacZα-C TACGACTCACTATAGGGCGAATTGGAGC 
lacZα_C1 GCGGGCCTCTTCGCTATTAC 
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lacZα_C2 TGTGCTGCAAGGCGATTAAG 
pMB1_Fw TCGCCACCTCTGACTTGAGC pMB1 origin 

Primers used 
for generation 
of pXH-B and 
pXH-R 

1_Fw pBBR CCGCCCTATACCTTGTCTGC Kanr and EGFP from 
pBBR1MCS-2-EGFP 1_Rev pBBR GGAAGTCCAGCGCCAGAAAC 

1_Fw 184 H2 TGGCGCTGGACTTCCGTGATGCTGCCAACTTACTG p15A origin from 
pACYC184 (pXH-B) 1_Rev 184 H1 CAAGGTATAGGGCGGGACGATGAGCGCATTGTTAG 

1_Fw 184 H1 
1_Rev 184 H2 

CAAGGTATAGGGCGGGTGATGCTGCCAACTTACTG 
TGGCGCTGGACTTCCGACGATGAGCGCATTGTTAG 

p15A origin from 
pACYC184 

1_Fw 322 H1 
1_Rev 322 H2 

CAAGGTATAGGGCGGCTTGCGGAGAACTGTGAATG 
TGGCGCTGGACTTCCAGGTGCCTCACTGATTAAGC 

pMB1 origin from 
pBR322 (pXH-R) 

1_Fw 322 H2 
1_Rev 322 H1 

TGGCGCTGGACTTCCCTTGCGGAGAACTGTGAATG 
CAAGGTATAGGGCGGAGGTGCCTCACTGATTAAGC 

pMB1 origin from 
pBR322 

Primers used 
for generation 
of pXH-ΔI, 
pXH-ΔII and 
pXH-ΔΙ+ΙΙ 

3181 CCW TGCCACCTGGGATGAATGTC linearized pXH-B, 5’ 
insertion site 3228 CW TGTTTCTGGCGCTGGACTTC 

1969 CCW TCTCATGCTGGAGTTCTTCG linearized pXH-B, 3’ 
insertion site 2016 CW CGAAGCCCAACCTTTCATAG 

3228 CW/cbb3I-F CCAGCGCCAGAAACACTTGCAGATGGGCCACTCG H1-flanking arm, 5’ 
homologous regions 3181 CCW/Cbb3I-R TCATCCCAGGTGGCATGTATGGGCTTCCATCCAC 

3228 CW/cbb3II-F CCAGCGCCAGAAACACTCGCCGCCTATGTTTACAG H2-flanking arm, 5’ 
homologous regions 3181 CCW/cbb3II-R TCATCCCAGGTGGCACAGGCCCATCCCAATGATTC 

2016 CW/cbb3II-F AAAGGTTGGGCTTCGCTCGCCGCCTATGTTTACAG H2-flanking arm, 3’ 
homologous regions 1969 CCW/cbb3II-R AACTCCAGCATGAGACAGGCCCATCCCAATGATTC 

2016 CW/cbb3III-F AAAGGTTGGGCTTCGTGATGCCTGGCTGGAAAGAC H3-flanking arm, 3’ 
homologous regions 1969 CCW/cbb3III-R AACTCCAGCATGAGAGATACGTGCCAACCAGGATC 

Cm-C SacI AGTGAGCTCGAGGCGGTTTGCGTATTGGG 
CamR-based suicide 
plasmid Cm-N1 Bam CTCGGATCCAGTGCCACCTGACGTCTAAG 

Cm-N2 Bam CTCAGGGATCCTTCAGGAGCTAAGGAAGC 
sacB-C SacI AGTGAGCTCTCCTTAGCTCCTGCCCTATG sacB-based suicide 

plasmid sacB-N BamHI CTCGGATCCAAGAAGCAGACCGCTAACAC 
Primers used 
for generation 
of pXH21-24 

7_Fw (M6263) CTTGCAGATGGGCCACTCGAGGCTTGTC amplification of 
ccoNOP-1 6_Rev (M6263) AAACGGCGGCAAGTATGGAGAAAGCAG 

1.N Strep Fw GAAGCCCATACATGGCTAGCTGGAGCCACCCGCAGT
TCGAAAAAGGCGCCAACACAGCAACCAG Strep-tag II at 

N-terminus of ccoN-1 
(pXH21) 1.N Strep Rev CTGGTTGCTGTGTTGGCGCCTTTTTCGAACTGCGGGT

GGCTCCAGCTAGCCATGTATGGGCTTC 

1.C Strep Fw CGCGCAGATCGCCAGCGCTTGGAGCCACCCGCAGTT
CGAAAAATGAGGAGCCTAGG Strep-tag II at 

C-terminus of ccoN-1 
(pXH22) 1.C Strep Rev CCTAGGCTCCTCATTTTTCGAACTGCGGGTGGCTCCA

AGCGCTGGCGATCTGCGCG 

1.N His Fw GAAGCCCATACATGGCTAGCAGAGGATCGCATCACC
ATCACCATCACGGCGCCAACACAGCAACCAG His6-tag at N-terminus 

of ccoN-1 (pXH23) 
1.N His Rev CTGGTTGCTGTGTTGGCGCCGTGATGGTGATGGTGAT

GCGATCCTCTGCTAGCCATGTATGGGCTTC 

1.C His Fw CGCGCAGATCGCCAGAGGATCGCATCACCATCACCA
TCACTGAGGAGCCTAGG His6-tag at C-terminus 

of ccoN-1 (pXH24) 
1.C His Rev CCTAGGCTCCTCAGTGATGGTGATGGTGATGCGATCC

TCTGGCGATCTGCGCG 
ccoN-1-N BamHI AGTGGATCCCAAGGCGCTCAGCCATTTCG cloning of ccoNOP-1 

into pBBR1MCS ccoP-1-C HindIII CGTAAGCTTTCGCAGAGTAGCGGAAGTTG 
Primers used 
for generation 
of pXH25-28 

5_Fw (PCR101) CGGCCTGGGGCCAAGCCATCGGCGAAG amplification of 
ccoNOQP-2  4_Rev (PCR101) AGTCATCGAGTGCGTACCACGGCGGAAG 

2.N Strep Fw 
GGAAGCCTTGCATGGCTAGCTGGAGCCACCCGCAGT
TCGAAAAAGGCGCCAGCACAGCAATCAG Strep-tag II at 

N-terminus of ccoN-2 
(pXH25) 2.N Strep Rev CTGATTGCTGTGCTGGCGCCTTTTTCGAACTGCGGGT

GGCTCCAGCTAGCCATGCAAGGCTTCC 
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2.C Strep Fw 
CCGCGCAGATCGCTAGCGCTTGGAGCCACCCGCAGT
TCGAAAAATGAGGAACGGATAG Strep-tag II at 

C-terminus of ccoN-2 
(pXH26) 2.C Strep Rev CTATCCGTTCCTCATTTTTCGAACTGCGGGTGGCTCC

AAGCGCTAGCGATCTGCGCGG 

2.N His Fw GGAAGCCTTGCATGGCTAGCAGAGGATCGCATCACC
ATCACCATCACGGCGCCAGCACAGCAATCAG His6-tag at N-terminus 

of ccoN-2 (pXH27) 
2.N His Rev CTGATTGCTGTGCTGGCGCCGTGATGGTGATGGTGAT

GCGATCCTCTGCTAGCCATGCAAGGCTTCC 

2.C His Fw 
CCGCGCAGATCGCTAGAGGATCGCATCACCATCACC
ATCACTGAGGAACGGATAG His6-tag at C-terminus 

of ccoN-2 (pXH28) 
2.C His Rev CTATCCGTTCCTCAGTGATGGTGATGGTGATGCGATC

CTCTAGCGATCTGCGCGG 
IF ccoN-2-N TAGAACTAGTGGATCTCCGCTACTCTGCGACTATC cloning of ccoNOQP-2 

into pBBR1MCS IF ccoP-2-C CGGTATCGATAAGCTGTCCAGCTGCGAATGGTACG 
Primers used 
for generation 
of pXH39, 
promoter 
exchange 

pXH22-Pro-N GTATGGGCTTCCATCCAC promoter region from 
ccoNOP-1 (pXH22) pXH22-Pro-C ATCGATACCGTCGACCTC 

IF-Pro-N GATGGAAGCCCATACATGAGCACAGCAATCAG structural genes from 
ccoNOQP-2 (pXH26) IF-Pro-C GTCGACGGTATCGATGTCCAGCTGCGAATGGTACG 

Primers used 
for promoter 
exchange 

IF-Plac-cbb3I-Fw  GCAGCCCGGGGGATCATGGAAGCCCATACATGAAC 

lac promoter 

IF-Plac-cbb3I-Rev  TGGCGGCCGCTCTAGGCCCTTTTGGGGCTCACTG 
IF-Plac-cbb3II-Fw  GCAGCCCGGGGGATCCGTGGAAGCCTTGCATGAG 
IF-Plac-cbb3II-Rev  TGGCGGCCGCTCTAGCGACCTCGAGCAATCAC 
PCR B GATCCCCCGGGCTGCAGG 
PCR X CTAGAGCGGCCGCCAC 
Del1 CACAGGAAACAGCTATGAGCACAGCAATC 
Del2 GATTGCTGTGCTCATAGCTGTTTCCTGTG 
Del3 ATGAGCACAGCAATCAGTGAGAC 
Del4 AGCTGTTTCCTGTGTGAAATTG 

Primers used 
for generation 
of EGFP-fused 
Cbb3-1 and 
Cbb3-2 

22-TEV-Fw GCAGATCGCCGAAAACCTGTACTTTCAAGGTCAATTC
AGCGCTTGGAG 

insertion of TEV 
protease cleavage site  

22-TEV-Rev CTCCAAGCGCTGAATTGACCTTGAAAGTACAGGTTTT
CGGCGATCTGC 

IF1 TTTCAAGGTCAATTCGTGAGCAAGGGCGAGGAGC 
IF2 GTGGCTCCAAGCGCTCTTGTACAGCTCGTCCATGC 
TEV1 GAATTGACCTTGAAAGTACAGGTTTTCGGCGATCTGC 
TEV2 AGCGCTTGGAGCCACCCGCAGTTCGAAAAATG 
22-TEV-Fw-2 CTGCCGCGCAGATCGCCGAAAACCTGTACTTTCAAG

GTCAATTCAGCGCTTGGAGCCAC 
22-TEV-Rev-2 GTGGCTCCAAGCGCTGAATTGACCTTGAAAGTACAG

GTTTTCGGCGATCTGCGCGGCAG 
L22 GGCGATCTGCGCGGCAGCGTCGTACTC 

insertion of EGFP into 
the ccoN gene 

L2226 AGCGCTTGGAGCCACCCGCAGTTCG 
L26 AGCGATCTGCGCGGCAGTGTC 
IF3-22 GCCGCGCAGATCGCCGAAAACCTGTACTTTCAAGGT

CAATTCGTGAGCAAGGGCGAGGAGC 
IF4-26 GCCGCGCAGATCGCTGAAAACCTGTACTTTCAAGGTC

AATTCGTGAGCAAGGGCGAGGAGC 
IF5 GTGGCTCCAAGCGCTCTTGTACAGCTCGTCCATGCCG

AGAGTG 
Primers used 
for 
amplification 
of cytochrome 
c genes 

C4-Fw CCAGATTGGCGTGGGTCAGCGTGTTCAG 
cytochrome c4 

C4-Rev GGCAGCCGCTTGAAATCGACATCCTCCG 
C5-Fw GAGACCTATCCGCCCGGTTCCGATACTG 

cytochrome c5 
C5-Rev CTCGTGAGCGGTGGAGTGGTAGTGATGG 
C551-C552-Fw CGCACAAGATGGTGCGCAAGGTAGAAGC 

cytochrome c551 + c552 
C551-C552-Rev TCGCCGAACAGCCCGGCAATGTAGTAAC 
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Primers used 
for generation 
of expression 
vectors of 
cytochrome c 

C4-IF-N CCGGCGATGGCCATGGCTGGAGACGCCGAAG 
cytochrome c4  

C4-IF-C GCTCGAATTCGGATCACGCCCTACTGCTCAGAC 
C5-NcoI ATACCATGGCGACCGACGATGCAATC 

cytochrome c5  
C5-BamHI ATAGGATCCTCGACGCTCGATCAGAG 
C551-IF-N CCGGCGATGGCCATGCAAGACGGTGAAGCGCTGTTC 

cytochrome c551  
C551-IF-C GCTCGAATTCGGATCTCCGGAGCAGCTTACTTGAG 
C552-NcoI ATACCATGGCCGCGCCTGCCGATTGG 

cytochrome c552 
C552-BamHI ATAGGATCCCGGCCCGTTGCTTGCC 

Primers used 
for mutagenesis 
studies of 
Cbb3-1  

E323A-Fw CATGTCGACCTTCGCGGGTCCGATGATGG 
E323A 

E323A-Rev CCATCATCGGACCCGCGAAGGTCGACATG 
E323D-Fw CATGTCGACCTTCGACGGTCCGATGATGG 

E323D 
E323D-Rev CCATCATCGGACCGTCGAAGGTCGACATG 
E323Q-Fw CATGTCGACCTTCCAGGGTCCGATGATGG 

E323Q 
E323Q-Rev CCATCATCGGACCCTGGAAGGTCGACATG 
G211Y-Fw CACAACGCCGTGTACTTCTTCCTCACCG 

G211Y 
G211Y-Rev CGGTGAGGAAGAAGTACACGGCGTTGTG 
H337I-Fw CAACGCCCTGTCCATCTACACCGACTGG 

H337I 
H337I-Rev CCAGTCGGTGTAGATGGACAGGGCGTTG 
H337V-Fw CAACGCCCTGTCCGTCTACACCGACTGG 

H337V 
H337V-Rev CCAGTCGGTGTAGACGGACAGGGCGTTG 
N333D-Fw GATCAAGACCGTCGATGCCCTGTCCCAC 

N333D 
N333D-Rev GTGGGACAGGGCATCGACGGTCTTGATC 
N333L-Fw GATCAAGACCGTCCTGGCCCTGTCCCAC 

N333L 
N333L-Rev GTGGGACAGGGCCAGGACGGTCTTGATC 
T215V-Fw GGGCTTCTTCCTCGTCGCCGGCTTCCTC 

T215V 
T215V-Rev GAGGAAGCCGGCGACGAGGAAGAAGCCC 
Y251A-Fw CTGATCACCGTCGCAATCTGGGCCG 

Y251A 
Y251A-Rev CGGCCCAGATTGCGACGGTGATCAG 
Y251F-Fw CTGATCACCGTCTTCATCTGGGCCG 

Y251F 
Y251F-Rev CGGCCCAGATGAAGACGGTGATCAG 
Y251G-Fw CTGATCACCGTCGGTATCTGGGCCG 

Y251G 
Y251G-Rev CGGCCCAGATACCGACGGTGATCAG 
Y317F-Fw CGCTGGCGTTCTTCGGCATGTCGACC 

Y317F 
Y317F-Rev GGTCGACATGCCGAAGAACGCCAGCG 
Y251A-I252Y-Fw CTGATCACCGTCGCATACTGGGCCGGCCCGCAC 

Y251A/I252Y 
Y251A-I252Y-Rev GTGCGGGCCGGCCCAGTATGCGACGGTGATCAG 
Y251G-I252Y-Fw CTGATCACCGTCGGTTACTGGGCCGGCCCGCAC 

Y251G/I252Y 
Y251G-I252Y-Rev GTGCGGGCCGGCCCAGTAACCGACGGTGATCAG 

a The nucleotide sequence encoding the Strep-tag II (with a two amino acid linker) is shown in blue. 
Restriction enzymes sites are underlined. Point mutations are shown in red. 
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B. Predicted cytochromes c of P. stutzeri 

The published genome sequences of P. stutzeri ZoBell were analyzed for the existence of the 

heme-binding motif (CXXCH). A total of 63 matches were found in 45 proteins. Of these, 16 

proteins were predicted to be cytochromes c based on homology analyses (Table 6-2). 

Table 6-2: Predicted cytochromes c of P. stutzeria.  

Protein Gene UniProt ID Location 
No. of 
heme 

MW of gene 
product (Da) Protein existence 

Cyt. c4 cycA H7EVH9 PP, IM 2 21,718 
Evidence at 
protein level 

Cyt. c5 cycB H7EWL8 PP, IM 1 13,900 
Evidence at 
protein level 

Cyt. c551 nirM H7EQG5 PP 1 10,797 
Evidence at 
protein level 

Cyt. c552 nirB H7EQG6 PP 2 30,426 
Evidence at 
protein level 

Cyt. c55X nirC H7EQG4 PP 1 11,924 
Inferred by 
homology 

Tetraheme 
cytochrome nirT H7EQG7 IM 4 22,825 

Evidence at 
tanscript level 

Cyt. c? nirN H7EQH4 PP 1 55,483 Predicted 

Cyt. c4 PstZobell_01147 H7EQK4 PP 2 25,175 
Inferred by 
homology 

Cyt. c? PstZobell_01752 H7EQX1 PP 2 22,448 
Inferred by 
homology 

Cyt. c? PstZobell_01757 H7EQX2 PP 2 33,487 Predicted 
Cyt. c? PstZobell_08092 H7EUF9 PP 1 15,809 Predicted 
Cyt. c? PstZobell_08245 H7EUI8 IM 2 30,557 Predicted 
Cyt. c550? PstZobell_08596 H7EUQ5 PP 1 15,920 Predicted 
Cyt. c? PstZobell_09337 H7EV52 ? 1 16,456 Predicted 
Cyt. c? PstZobell_11344 H7EW95 IM 1 28,084 Predicted 
Cyt. c? PstZobell_13446 H7EXF9 IM 1 24,231 Predicted 
a Cyt, cytochrome; MW, molecular weight; IM, inner membrane; PP, periplasm.  
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C. Multiple sequence alignment of the central subunit of CcOs  
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Figure 6-1: Multiple sequence alignment of the central subunit of the cytochrome c oxidases. The 
sequences of the central subunit of the aa3-CcO from Paracoccus denitrificans, aa3-CcO from bovine heart 
mitochondria, ba3-CcO from Thermus thermophilus and cbb3-CcO from Pseudomonas stutzeri are compared 
based on a structural alignment. The positions of helices α1-α12 are marked with a black line. The alignment 
of the connecting loops and the termini are ambiguous because of structural differences. Residues conserved 
in all aligned HCOs are highlight in yellow. Highly conserved residues are colored dark grey Alignments 
were constructed using MacVector and manually adjusted. 
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D. Multiple sequence alignment of the CcoN subunit of cbb3-CcOs  
Table 6-3: List of the sequences used for the multiple sequence alignment in Figure 6-2. 
Phylum Bacteria Abbreviation CcoN subunit Accession No. 
α-Proteobacteria Bradyrhizobium japonicum USDA 6 BraJa_CcoN YP_005611848.1 

Brucella suis ATCC 23445 BruSu_CcoN YP_001627054.1 
Paracoccus denitrificans PD1222 ParDe_CcoN YP_915641.1 
Rhodobacter capsulatus SB 1003 RhoCa_CcoN YP_003577322.1 
Rhodobacter sphaeroides 2.4.1 RhoSp_CcoN YP_353773.1 

β-Proteobacteria Neisseria gonorrhoeae FA 1090 NeiGo_CcoN YP_208434.1 
Neisseria meningitidis MC58 NeiMe_CcoN NP_274728.1 

ε-Proteobacteria Campylobacter jejuni NCTC 11168 CamJe_CcoN YP_002344870.1 
Helicobacter pylori 26695 HelPy_CcoN NP_206943.1 

γ-Proteobacteria Azotobacter vinelandii DJ AzoVi_CcoN YP_002799183.1 

Pseudomonas aeruginosa PAO1 
PseAe_CcoN1 NP_250245.1 
PseAe_CcoN2 NP_250248.1 

Pseudomonas fluorescens Pf0-1 
PseFl_CcoN1 YP_347559.1 
PseFl_CcoN2 YP_347555.1 

Pseudomonas putida KT2440 
PsePu_CcoN1 NP_746366.1 
PsePu_CcoN2 NP_746371.1 

Pseudomonas stutzeri ZoBell 
PseSt_CcoN1 ADI99999.1 
PseSt_CcoN2 ADJ00003.1 

Pseudomonas syringae pv. syringae B728a PseSy_CcoN YP_236483.1 
Vibrio cholerae O1 N16961 VibCh_CcoN NP_231085.1 

 

 



6. APPENDIX 

 165 

 



6. APPENDIX 

 166 

 

 

Figure 6-2: Multiple sequence alignment of the CcoN subunit of cbb3-CcOs. The alignment was 
generated using the ClustalW method with Jalview software. Amino acids are colored according to the 
standard Clustal color scheme. Color intensity reflects the degree of conservation at each position in the 
alignment.  
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E. Multiple sequence alignment of the CcoO subunit of cbb3-CcOs  
Table 6-4: List of the sequences used for the multiple sequence alignment in Figure 6-3. 
Phylum Bacteria Abbreviation CcoO subunit Accession No. 
α-Proteobacteria Bradyrhizobium japonicum USDA 6 BraJa_CcoO YP_005611847.1 

Brucella suis ATCC 23445 BruSu_CcoO YP_001627053.1 
Paracoccus denitrificans PD1222 ParDe_CcoO YP_915640.1 
Rhodobacter capsulatus SB 1003 RhoCa_CcoO YP_003577323.1 
Rhodobacter sphaeroides 2.4.1 RhoSp_CcoO YP_353772.1 

β-Proteobacteria Neisseria gonorrhoeae FA 1090 NeiGo_CcoO YP_208433.1 
Neisseria meningitidis MC58 NeiMe_CcoO NP_274727.1 

ε-Proteobacteria Campylobacter jejuni NCTC 11168 CamJe_CcoO YP_002344869.1 
Helicobacter pylori 26695 HelPy_CcoO NP_206944.1 

γ-Proteobacteria Azotobacter vinelandii DJ AzoVi_CcoO YP_002799182.1 

Pseudomonas aeruginosa PAO1 
PseAe_CcoO1 NP_250244.1 
PseAe_CcoO2 NP_250247.1 

Pseudomonas fluorescens Pf0-1 
PseFl_CcoO1 YP_347558.1 
PseFl_CcoO2 YP_347554.1 

Pseudomonas putida KT2440 
PsePu_CcoO1 NP_746367.1 
PsePu_CcoO2 NP_746372.1 

Pseudomonas stutzeri ZoBell 
PseSt_CcoO1 ADJ00001.1 
PseSt_CcoO2 ADJ00004.1 

Pseudomonas syringae pv. syringae B728a PseSy_CcoO YP_236484.1 
Vibrio cholerae O1 N16961 VibCh_CcoO NP_231084.1 
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Figure 6-3: Multiple sequence alignment of the CcoO subunit of cbb3-CcOs. The alignment was 
generated using the ClustalW method with Jalview software. Amino acids are colored according to the 
standard Clustal color scheme. Color intensity reflects the degree of conservation at each position in the 
alignment. 
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F. Multiple sequence alignment of the CcoP subunit of cbb3-CcOs  
Table 6-5: List of the sequences used for the multiple sequence alignment in Figure 6-4. 
Phylum Bacteria Abbreviation CcoP subunit Accession No. 
α-Proteobacteria Bradyrhizobium japonicum USDA 6 BraJa_CcoP YP_005611845.1 

Brucella suis ATCC 23445 BruSu_CcoP YP_001627051.1 
Paracoccus denitrificans PD1222 ParDe_CcoP YP_915638.1 
Rhodobacter capsulatus SB 1003 RhoCa_CcoP YP_003577325.1 
Rhodobacter sphaeroides 2.4.1 RhoSp_CcoP YP_353770.1 

β-Proteobacteria Neisseria gonorrhoeae FA 1090 NeiGo_CcoP YP_208431.1 
Neisseria meningitidis MC58 NeiMe_CcoP NP_274726.1 

ε-Proteobacteria Campylobacter jejuni NCTC 11168 CamJe_CcoP YP_002344867.1 
Helicobacter pylori 26695 HelPy_CcoP NP_206946.1 

γ-Proteobacteria Azotobacter vinelandii DJ AzoVi_CcoP YP_002799180.1 

Pseudomonas aeruginosa PAO1 
PseAe_CcoP1 NP_250243.1 
PseAe_CcoP2 NP_250246.1 

Pseudomonas fluorescens Pf0-1 
PseFl_CcoP1 YP_347556.1 
PseFl_CcoP2 YP_347552.1 

Pseudomonas putida KT2440 
PsePu_CcoP1 NP_746369.1 
PsePu_CcoP2 NP_746374.1 

Pseudomonas stutzeri ZoBell 
PseSt_CcoP1 ADJ00002.1 
PseSt_CcoP2 ADJ00006.1 

Pseudomonas syringae pv. syringae B728a PseSy_CcoP YP_236486.1 
Vibrio cholerae O1 N16961 VibCh_CcoP NP_231082.1 
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Figure 6-4: Multiple sequence alignment of the CcoP subunit of cbb3-CcOs. The alignment was 
generated using the ClustalW method with Jalview software. Amino acids are colored according to the 
standard Clustal color scheme. Color intensity reflects the degree of conservation at each position in the 
alignment. 
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G. Multiple sequence alignment of the CcoQ subunit of cbb3-CcOs  
Table 6-6: List of the sequences used for the multiple sequence alignment in Figure 6-5. 
Phylum Bacteria Abbreviation CcoP subunit Accession No. 
α-Proteobacteria Bradyrhizobium japonicum USDA 6 BraJa_CcoQ YP_005611846.1 

Brucella suis ATCC 23445 BruSu_CcoQ YP_001627052.1 
Paracoccus denitrificans PD1222 ParDe_CcoQ YP_915639.1 
Rhodobacter capsulatus SB 1003 RhoCa_CcoQ YP_003577324.1 
Rhodobacter sphaeroides 2.4.1 RhoSp_CcoQ YP_353771.1 

β-Proteobacteria Neisseria gonorrhoeae FA 1090 NeiGo_CcoQ YP_208432.1 
Neisseria meningitidis 053442 NeiMe_CcoQ YP_001599742.1 

ε-Proteobacteria Helicobacter pylori 26695 HelPy_CcoQ NP_206945.1 
γ-Proteobacteria Azotobacter vinelandii DJ AzoVi_CcoQ YP_002799181.1 

Pseudomonas aeruginosa PAO1 
PseAe_CcoQ1 YP_003933610.1 
PseAe_CcoQ2 YP_003933611.1 

Pseudomonas fluorescens Pf0-1 
PseFl_CcoQ1 YP_347557.1 
PseFl_CcoQ2 YP_347553.1 

Pseudomonas putida KT2440 
PsePu_CcoQ1 NP_746368.1 
PsePu_CcoQ2 NP_746373.1 

Pseudomonas stutzeri ZoBell PseSt_CcoQ ADJ00005.1 
Pseudomonas syringae pv. syringae B728a PseSy_CcoQ YP_236485.1 
Vibrio cholerae O1 N16961 VibCh_CcoQ NP_231083.1 

 

 

Figure 6-5: Multiple sequence alignment of the CcoQ subunit of cbb3-CcOs. The alignment was 
generated using the ClustalW method with Jalview software. Amino acids are colored according to the 
standard Clustal color scheme. Color intensity reflects the degree of conservation at each position in the 
alignment. 
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H. Suppliers 
All suppliers and their products and services are listed in Table 6-7. 

Table 6-7: List of suppliers and their products and services. 
Supplier Product / Service Location 
Adolf Kühner (Kuhner AG) Lab-Shaker, Lab-Therm Birsfelden, CH 
Agilent Technologies Molecular biology products Böblingen, DE 
Alfa Aesar Research chemicals Karlsruhe, DE 
AppliChem Research chemicals Darmstadt, DE 

Bandelin Sonorex Sonification bath RK 255 S Mörfelden-Walldorf, 
DE 

Beckman Coulter Centrifuge Avanti J-26XP, Ultracentrifuge Optima L-90K, 
Ultracentriguge L8-70M Krefeld, DE 

Berthold Technologies Microplate multimode reader Trista LB 941 Bad Wildbad, DE 
Biohit (Sartorius) mLINE 8-channel pipettor (m300, m10) Helsinki, FI 

Biometra Membrane vacuum pump MP40, Geldryer Mididry D62, 
TI1 transilluminator, T-Gradient thermocycler Göttingen, DE 

Biomol Cytochrome c (quine heart) Hamburg, DE 

Bio-Rad Power supply (PowerPac HC, PowerPac Basic), Gel Doc 
system München, DE 

BRAND Laboratory glassware, UV-Cuvette micro Wertheim, DE 

Bruker Mass spectrometer maXis, Mass spectrometer 
micrOTOF-Q-II, FTIR spectrometer Vertex 70 Billerica, MA, US 

Carl Roth General laboratory consumables and chemicals Karlsruhe, DE 

Clontech In-Fusion Cloning Kit Mountain View, CA, 
US 

Du Pont Instruments Refrigerated superspeed centrifuge Sorvall RC-5B Bad Homburg v. d. 
Höhe, DE 

Epicentre Molecular biology products Madison, WI, US 

Eppendorf Centrifuge (5415D, 5424, 5417R), Thermomixer (comfort, 
compact), Multipette plus Hamburg, DE 

Eurofins MWG Operon DNA sequencing, Oligonucleotide synthesis Ebersberg, DE 
Fermentas (Thermo Fisher 
Scientific) Molecular biology products Vilnius, LT 

Finnzymes (Thermo Fisher 
Scientific) Molecular biology products Schwerte, DE 

Fluka (Sigma-Aldrich) Research chemicals Seelze, DE 

GE Healthcare Life Sciences 
(Formerly Amersham 
Biosciences) 

ÄKTA Prime chromatography system, ÄKTA Purifier 
chromatography system, Chelating Sepharose Fast Flow 
resin, PBE 94, PD-10 desalting column, Q Sepharose High 
Performance resin 

München, DE 

GERBU Biotechnik GmbH Research chemicals Heidelberg, DE 
GFL Orbital-Rocking shaker 3011 Burgwedel, DE 
Gilson Pipetman pipettes, Microman pipettes Middleton, WI, US 
GLYCON Biochemicals Detergents Luckenwalde, DE 
Hamilton Precision syringes, Gastight syringes Bonaduz, CH 
Hansatech Oxygraph oxygen electrode system King’s Lynn, UK 
Heidolph Magentic stirrer (MR Hei-mix L, MR3000) Schwabach, DE 
Hellma Analytics Cuvettes Müllheim, DE 
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Heraeus (Thermo Fisher 
Scientific) Incubator BK-600 Schwerte, DE 

Hirschmann-Laborgeräte Pipetus Eberstadt, DE 
IBA Strep-Tactin Superflow high capacity resin Göttingen, DE 

IKA Magentic stirrer IKAMAG RCT basic, Homogenizer 
Ultra-Turrax T25 basic Staufen, DE 

Infors-HT Shaker CH-4103 Bottmingen, CH 

Invitrogen i-Blot Blotting system, Novex Semi-Dry Blotter, Novex 
gel system (NuPAGE and NativePAGE) Karlsruhe, DE 

iNtRON Genomic DNA Extraction Kit Jungwon-gu, KR 
(South) 

Julabo Incubator Biotherm 37 Seelbach, DE 
Jasco Jasco J-810 spectropolarimeter Gross-Umstadt, DE 
Knick pH-Meter 766 Calimatic Berlin, DE 
Merck Research chemicals Darmstadt, DE 
Mettler Toledo pH-Meter S20 SevenEasy Giessen, DE 
MicroCal (GE Healthcare Life 
Sciences) VP-Capillary DSC system München, DE 

Microfluidics High pressure homogenizer 110LA Westwood, MA, US 

Millipore (Merck Millipore) Immobilon-P membrane, SNAP I.d system, Concentrators 
(Amicon and Centriprep), Ultrafree centrifugal devices 

Schwalbach am Taunus, 
DE 

NanoDrop Technologies NanoDrop ND-1000 spectrophotometer Wilmington, DE, US 
New England Biolabs Molecular biology products Ipswich, MA, US 
Novagen (EMD Millipore) Molecular biology products Darmstadt, DE 
Pharmacia Biotech (GE 
Healthcare Life Sciences) Power supply LKB ECPS 3000/150 München, DE 

Perkin-Elmer UV/Vis Spectrophotometer LAMBDA 35 Waltham, MA, US 
PEQLAB Molecular biology products Erlangen, DE 
Pierce (Thermo Fisher 
Scientific) Protein assay Rockford, IL, US 

Qiagen Molecular biology products, Research chemicals Hilden, DE 
Rigaku CrystalMation system Tokyo, JP 
Roche Research chemicals Mannheim, DE 
Sarstedt General laboratory consumables Nümbrecht, DE 

Sartorius Laboratory balance Cubis (individual), Analytical balance 
R180D Göttingen, DE 

SEQLAB DNA sequencing Göttingen, DE 
Sigma Centrifuge 4K10 and 4K15 Osterode am Harz, DE 
Sigma-Aldrich Research chemicals Seelze, DE 
Stratagene (Agilent 
Technologies) Site-Directed Mutagenesis Kit Waldbronn, DE 

Thermo Scientific Spectrophotometer Spectronic BioMate 3 Bonn, DE 
Unisense OX-MR oxygen microsensor Aarhus, DK 
Varian (Agilent Technologies) UV/Vis Spectrophotometer Cary 100 and Cary 300 Böblingen, DE 
Vivaproducts Concentrators (Vivaspin) Littleton, MA, US 
VWR General laboratory consumables and chemicals Darmstadt, DE 
Whatman Chromatography paper 0.34 mm 3MM Chr Dassel, DE 
Zymo Research Molecular biology products Irvine, CA, US 
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I. The nucleotide sequences of the two ccoNO(Q)P operons and the 
ccoGHIS operon of wild-type P. stutzeri ZoBell 

 
 

     1  cgaggcttgt cctgcttgcc agcaggatgg aacggatagc ccaggcagac cagcgcatcc acccctgttt catcggccaa aaggctggcc atgcggccgc 
        gctccgaaca ggacgaacgg tcgtcctacc ttgcctatcg ggtccgtctg gtcgcgtagg tggggacaaa gtagccggtt ttccgaccgg tacgccggcg 
 
   101  ccatcgactt gccgccaacg gccaaaagcc ctgtggcctg ctgtcgcacc agagcatgga tttcgcgaca ttgcgcaagc agatgcgcct gtgggctggg 
        ggtagctgaa cggcggttgc cggttttcgg gacaccggac gacagcgtgg tctcgtacct aaagcgctgt aacgcgttcg tctacgcgga cacccgaccc 
 
   201  cggccgctta cggccttccg tacgacgcgc agccatgtag gagaactcga agcgacacac cgcaatacca cgccccgcaa ggcgctcagc catttcgttc 
        gccggcgaat gccggaaggc atgctgcgcg tcggtacatc ctcttgagct tcgctgtgtg gcgttatggt gcggggcgtt ccgcgagtcg gtaaagcaag 
 
   301  atgaacggac tgtccattgg cgcacccgca ccatgggcca ggatcaggct ggcccaggta tcgacctgcg gttggttcca gctgacgaga tgtcctttgt 
        tacttgcctg acaggtaacc gcgtgggcgt ggtacccggt cctagtccga ccgggtccat agctggacgc caaccaaggt cgactgctct acaggaaaca 
 
   401  cactttgtgt gtattgatcc gtgtcaatac cggcagattg ccctttcccc atccttgcct cgctttctat tagaaagaaa aaaactgctc attacccgtg 
        gtgaaacaca cataactagg cacagttatg gccgtctaac gggaaagggg taggaacgga gcgaaagata atctttcttt ttttgacgag taatgggcac 
 
   501  gatggaagcc catacatgaa cacagcaacc agtaccgcct acagttacaa ggtggtccgc caattcgcca tcatgacggt ggtgtgggga atcgtcggga 
        ctaccttcgg gtatgtactt gtgtcgttgg tcatggcgga tgtcaatgtt ccaccaggcg gttaagcggt agtactgcca ccacacccct tagcagccct 
                        >>.........................................ccoN-1...........................................> 
     1                    M   N  T  A  T   S  T  A   Y  S  Y   K  V  V  R   Q  F  A   I  M  T   V  V  W  G   I  V  G 
 
   601  tggggctcgg cgttttcatc gcagcacaat tggcctggcc atttctgaac ttcgacctcc cgtggaccag tttcggtcga ctacgtccat tgcacaccaa 
        accccgagcc gcaaaagtag cgtcgtgtta accggaccgg taaagacttg aagctggagg gcacctggtc aaagccagct gatgcaggta acgtgtggtt 
        >..................................................ccoN-1...................................................> 
    29   M  G  L   G  V  F  I   A  A  Q   L  A  W   P  F  L  N   F  D  L   P  W  T   S  F  G  R   L  R  P   L  H  T 
 
   701  cgcggtgatt ttcgcctttg gcggctgtgc actgttcgca acgtcctact actcggttca gcgcacctgc cagaccaccc tgttcgcgcc gaagctggcc 
        gcgccactaa aagcggaaac cgccgacacg tgacaagcgt tgcaggatga tgagccaagt cgcgtggacg gtctggtggg acaagcgcgg cttcgaccgg 
        >..................................................ccoN-1...................................................> 
    62  N  A  V  I   F  A  F   G  G  C   A  L  F  A   T  S  Y   Y  S  V   Q  R  T  C   Q  T  T   L  F  A   P  K  L  A 
 
   801  gcgttcacct tctggggttg gcagttggtc atcctgctcg ccgcaatatc cctgccgctg ggtttcacca gctccaagga gtatgcggaa ctggagtggc 
        cgcaagtgga agaccccaac cgtcaaccag taggacgagc ggcgttatag ggacggcgac ccaaagtggt cgaggttcct catacgcctt gacctcaccg 
        >..................................................ccoN-1...................................................> 
    96    A  F  T   F  W  G   W  Q  L  V   I  L  L   A  A  I   S  L  P  L   G  F  T   S  S  K   E  Y  A  E   L  E  W 
 
   901  cgatcgacat cctgatcacc atcgtctggg tggcctatgc ggtcgtcttt ttcgggacgc tggctaagcg caaggtcaag cacatctacg tcggtaactg 
        gctagctgta ggactagtgg tagcagaccc accggatacg ccagcagaaa aagccctgcg accgattcgc gttccagttc gtgtagatgc agccattgac 
        >..................................................ccoN-1...................................................> 
   129   P  I  D   I  L  I  T   I  V  W   V  A  Y   A  V  V  F   F  G  T   L  A  K   R  K  V  K   H  I  Y   V  G  N 
 
  1001  gttcttcggt gccttcatcc tgaccgtggc gatcctgcat gtcgtcaaca acctggaaat cccggttacc gcgatgaagt cctattcgct gtatgccggt 
        caagaagcca cggaagtagg actggcaccg ctaggacgta cagcagttgt tggaccttta gggccaatgg cgctacttca ggataagcga catacggcca 
        >..................................................ccoN-1...................................................> 
   162  W  F  F  G   A  F  I   L  T  V   A  I  L  H   V  V  N   N  L  E   I  P  V  T   A  M  K   S  Y  S   L  Y  A  G 
 
  1101  gcgaccgatg cgatggtgca atggtggtac ggccacaacg ccgtgggctt cttcctcacc gccggcttcc tcgggatcat gtactacttc gtgcctaagc 
        cgctggctac gctaccacgt taccaccatg ccggtgttgc ggcacccgaa gaaggagtgg cggccgaagg agccctagta catgatgaag cacggattcg 
        >..................................................ccoN-1...................................................> 
   196    A  T  D   A  M  V   Q  W  W  Y   G  H  N   A  V  G   F  F  L  T   A  G  F   L  G  I   M  Y  Y  F   V  P  K 
 
  1201  aggccgagcg cccggtgtat tcgtatcgcc tgtcgatcgt tcacttctgg gcactgatca ccgtctacat ctgggccggc ccgcaccacc tgcactacac 
        tccggctcgc gggccacata agcatagcgg acagctagca agtgaagacc cgtgactagt ggcagatgta gacccggccg ggcgtggtgg acgtgatgtg 
        >..................................................ccoN-1...................................................> 
   229   Q  A  E   R  P  V  Y   S  Y  R   L  S  I   V  H  F  W   A  L  I   T  V  Y   I  W  A  G   P  H  H   L  H  Y 
 
  1301  cgcgctgcca gattgggcac agagcctggg catggtgatg tcgctgattc tgctggctcc gagctggggc ggcatgatca acggcatgat gacgctgtcg 
        gcgcgacggt ctaacccgtg tctcggaccc gtaccactac agcgactaag acgaccgagg ctcgaccccg ccgtactagt tgccgtacta ctgcgacagc 
        >..................................................ccoN-1...................................................> 
   262  T  A  L  P   D  W  A   Q  S  L   G  M  V  M   S  L  I   L  L  A   P  S  W  G   G  M  I   N  G  M   M  T  L  S 
 
  1401  ggtgcctggc acaaactgcg tagcgacccg atcctgcgct tcctggtggt ttcgctggcg ttctacggca tgtcgacctt cgaaggtccg atgatggcga 
        ccacggaccg tgtttgacgc atcgctgggc taggacgcga aggaccacca aagcgaccgc aagatgccgt acagctggaa gcttccaggc tactaccgct 
        >..................................................ccoN-1...................................................> 
   296    G  A  W   H  K  L   R  S  D  P   I  L  R   F  L  V   V  S  L  A   F  Y  G   M  S  T   F  E  G  P   M  M  A 
  1501  tcaagaccgt caacgccctg tcccactaca ccgactggac catcggccac gtacacgctg gcgccctcgg ctgggttgca atggtctcca tcggcgcgct 
        agttctggca gttgcgggac agggtgatgt ggctgacctg gtagccggtg catgtgcgac cgcgggagcc gacccaacgt taccagaggt agccgcgcga 
        >..................................................ccoN-1...................................................> 
   329   I  K  T   V  N  A  L   S  H  Y   T  D  W   T  I  G  H   V  H  A   G  A  L   G  W  V  A   M  V  S   I  G  A 
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  1601  gtatcacctg gtcccgaaag tgttcggccg cgagcagatg cacagtatcg gtctgatcaa cacccacttc tggctagcca ccatcggcac cgtgctctac 
        catagtggac cagggctttc acaagccggc gctcgtctac gtgtcatagc cagactagtt gtgggtgaag accgatcggt ggtagccgtg gcacgagatg 
        >..................................................ccoN-1...................................................> 
   362  L  Y  H  L   V  P  K   V  F  G   R  E  Q  M   H  S  I   G  L  I   N  T  H  F   W  L  A   T  I  G   T  V  L  Y 
 
  1701  atcgcttcga tgtgggtcaa cggtatcgcg cagggcctga tgtggcgtgc aatcaacgac gacggcacgc tgacctattc cttcgtcgaa tcgctggaag 
        tagcgaagct acacccagtt gccatagcgc gtcccggact acaccgcacg ttagttgctg ctgccgtgcg actggataag gaagcagctt agcgaccttc 
        >..................................................ccoN-1...................................................> 
   396    I  A  S   M  W  V   N  G  I  A   Q  G  L   M  W  R   A  I  N  D   D  G  T   L  T  Y   S  F  V  E   S  L  E 
 
  1801  ccagccaccc cggcttcgta gtgcgaatga tcggtggtgc gatcttcttc gccggcatgc tggtgatggc ctacaacacc tggcgcaccg tgcaggctgc 
        ggtcggtggg gccgaagcat cacgcttact agccaccacg ctagaagaag cggccgtacg accactaccg gatgttgtgg accgcgtggc acgtccgacg 
        >..................................................ccoN-1...................................................> 
   429   A  S  H   P  G  F  V   V  R  M   I  G  G   A  I  F  F   A  G  M   L  V  M   A  Y  N  T   W  R  T   V  Q  A 
 
  1901  caagcccgcc gagtacgacg ctgccgcgca gatcgcctga ggagcctagg taaatgaaat cgcacgagaa actagaaaag aacgtaggtc tgttgaccct 
        gttcgggcgg ctcatgctgc gacggcgcgt ctagcggact cctcggatcc atttacttta gcgtgctctt tgatcttttc ttgcatccag acaactggga 
        >.................ccoN-1.................>> 
   462  A  K  P  A   E  Y  D   A  A  A   Q  I  A  - 
                                                                  >>....................ccoO-1......................> 
     1                                                              M  K   S  H  E   K  L  E  K   N  V  G   L  L  T 
 
  2001  gttcatgatc ctggcggtaa gcatcggcgg tctgacccag atcgtcccgc tgttcttcca ggactccgtc aacgagccgg ttgaaggcat gaagccttac 
        caagtactag gaccgccatt cgtagccgcc agactgggtc tagcagggcg acaagaaggt cctgaggcag ttgctcggcc aacttccgta cttcggaatg 
        >..................................................ccoO-1...................................................> 
    16  L  F  M  I   L  A  V   S  I  G   G  L  T  Q   I  V  P   L  F  F   Q  D  S  V   N  E  P   V  E  G   M  K  P  Y 
 
  2101  accgcgctgc agctcgaagg ccgggacctg tacatccgcg agggctgcgt tggctgccac tcgcagatga tccgcccctt ccgcgctgag accgagcgct 
        tggcgcgacg tcgagcttcc ggccctggac atgtaggcgc tcccgacgca accgacggtg agcgtctact aggcggggaa ggcgcgactc tggctcgcga 
        >..................................................ccoO-1...................................................> 
    50    T  A  L   Q  L  E   G  R  D  L   Y  I  R   E  G  C   V  G  C  H   S  Q  M   I  R  P   F  R  A  E   T  E  R 
 
  2201  acggccacta ctccgtggcc ggtgaaagcg tctacgacca tccgttcctg tggggctcca agcgtaccgg accggatctg gcccgtgtcg gcggccgcta 
        tgccggtgat gaggcaccgg ccactttcgc agatgctggt aggcaaggac accccgaggt tcgcatggcc tggcctagac cgggcacagc cgccggcgat 
        >..................................................ccoO-1...................................................> 
    83   Y  G  H   Y  S  V  A   G  E  S   V  Y  D   H  P  F  L   W  G  S   K  R  T   G  P  D  L   A  R  V   G  G  R 
 
  2301  ctccgatgac tggcaccgtg cgcacctgta caacccgcgc aacgtagttc ctgagtcgaa gatgccgtcc tatccgtggc tggtcgagaa caccctcgac 
        gaggctactg accgtggcac gcgtggacat gttgggcgcg ttgcatcaag gactcagctt ctacggcagg ataggcaccg accagctctt gtgggagctg 
        >..................................................ccoO-1...................................................> 
   116  Y  S  D  D   W  H  R   A  H  L   Y  N  P  R   N  V  V   P  E  S   K  M  P  S   Y  P  W   L  V  E   N  T  L  D 
 
  2401  ggcaaggaca ctgccaagaa gatgtcggct ctgcgcatgc ttggcgttcc ttacaccgaa gaggacatcg ccggcgctcg ggactccgtc aacggcaaaa 
        ccgttcctgt gacggttctt ctacagccga gacgcgtacg aaccgcaagg aatgtggctt ctcctgtagc ggccgcgagc cctgaggcag ttgccgtttt 
        >..................................................ccoO-1...................................................> 
   150    G  K  D   T  A  K   K  M  S  A   L  R  M   L  G  V   P  Y  T  E   E  D  I   A  G  A   R  D  S  V   N  G  K 
 
  2501  ccgagatgga tgcgatggtg gcttacctgc aggtactcgg cacagctctg accaataagc gctgagtcgt actgaccaag aaaaaatgac cggctggcaa 
        ggctctacct acgctaccac cgaatggacg tccatgagcc gtgtcgagac tggttattcg cgactcagca tgactggttc ttttttactg gccgaccgtt 
        >...............................ccoO-1...............................>> 
   183   T  E  M   D  A  M  V   A  Y  L   Q  V  L   G  T  A  L   T  N  K   R  - 
 
  2601  atcagccgtc agggacttca atcgcggaca gccagagttg ctcgggctgt ccaggagtag cacatgagca ctttctggag tggatacatc gccctgctga 
        tagtcggcag tccctgaagt tagcgcctgt cggtctcaac gagcccgaca ggtcctcatc gtgtactcgt gaaagacctc acctatgtag cgggacgact 
                                                                             >>...............ccoP-1................> 
     1                                                                         M  S   T  F  W   S  G  Y  I   A  L  L 
 
  2701  cgctgggcac catcgtcgct ctgttctggt tgatcttcgc cacccgcaag ggcgaatccg ccggcactac ggatcaaacg atgggacatg ccttcgatgg 
        gcgacccgtg gtagcagcga gacaagacca actagaagcg gtgggcgttc ccgcttaggc ggccgtgatg cctagtttgc taccctgtac ggaagctacc 
        >..................................................ccoP-1...................................................> 
    13   T  L  G   T  I  V  A   L  F  W   L  I  F   A  T  R  K   G  E  S   A  G  T   T  D  Q  T   M  G  H   A  F  D 
 
  2801  catcgaggaa tacgacaacc cgctgccgcg ctggtggttc ctgctcttca ttggcaccct ggtgttcggc atcctgtact tggtgctcta ccccggcctg 
        gtagctcctt atgctgttgg gcgacggcgc gaccaccaag gacgagaagt aaccgtggga ccacaagccg taggacatga accacgagat ggggccggac 
        >..................................................ccoP-1...................................................> 
    46  G  I  E  E   Y  D  N   P  L  P   R  W  W  F   L  L  F   I  G  T   L  V  F  G   I  L  Y   L  V  L   Y  P  G  L 
 
  2901  ggtaactgga agggcgttct gccaggctac gagggtggct ggactcaaga gaagcagtgg gaacgcgaag ttgctcaggc cgatgaaaag tacggtccga 
        ccattgacct tcccgcaaga cggtccgatg ctcccaccga cctgagttct cttcgtcacc cttgcgcttc aacgagtccg gctacttttc atgccaggct 
        >..................................................ccoP-1...................................................> 
    80    G  N  W   K  G  V   L  P  G  Y   E  G  G   W  T  Q   E  K  Q  W   E  R  E   V  A  Q   A  D  E  K   Y  G  P 
 
  3001  ttttcgccaa gtacgctgcc atgtcagtgg aagaagtggc acaggacccg caagccgtga aaatgggcgc tcgcctgttc gccaactact gctccatctg 
        aaaagcggtt catgcgacgg tacagtcacc ttcttcaccg tgtcctgggc gttcggcact tttacccgcg agcggacaag cggttgatga cgaggtagac 
        >..................................................ccoP-1...................................................> 
   113   I  F  A   K  Y  A  A   M  S  V   E  E  V   A  Q  D  P   Q  A  V   K  M  G   A  R  L  F   A  N  Y   C  S  I 
 
  3101  ccacggttcc gatgccaagg gttcgctagg tttcccgaac ctcgccgacc aagactggcg ctggggtggt gatgccgctt cgatcaaaac cagcatcctc 
        ggtgccaagg ctacggttcc caagcgatcc aaagggcttg gagcggctgg ttctgaccgc gaccccacca ctacggcgaa gctagttttg gtcgtaggag 
        >..................................................ccoP-1...................................................> 
   146  C  H  G  S   D  A  K   G  S  L   G  F  P  N   L  A  D   Q  D  W   R  W  G  G   D  A  A   S  I  K   T  S  I  L 
  3201  aacggacgta tcgcagcaat gccggcctgg ggccaagcca tcggcgaaga aggcgtgaag aacgtcgcag cgttcgtccg caaggacctc gcgggcttgc 
        ttgcctgcat agcgtcgtta cggccggacc ccggttcggt agccgcttct tccgcacttc ttgcagcgtc gcaagcaggc gttcctggag cgcccgaacg 
        >..................................................ccoP-1...................................................> 
   180    N  G  R   I  A  A   M  P  A  W   G  Q  A   I  G  E   E  G  V  K   N  V  A   A  F  V   R  K  D  L   A  G  L 
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  3301  cgctgccgga aggcaccgat gccgacctca gcgcaggcaa gaacgtctac gcacagacct gcgccgtctg ccacggtcag ggtggcgaag gtatggccgc 
        gcgacggcct tccgtggcta cggctggagt cgcgtccgtt cttgcagatg cgtgtctgga cgcggcagac ggtgccagtc ccaccgcttc cataccggcg 
        >..................................................ccoP-1...................................................> 
   213   P  L  P   E  G  T  D   A  D  L   S  A  G   K  N  V  Y   A  Q  T   C  A  V   C  H  G  Q   G  G  E   G  M  A 
 
  3401  gctgggtgcg cctaagctca acagcgccgc cggctggatc tatggctcga gcctcggcca actgcaacag accattcgcc atggtcgcaa tggccagatg 
        cgacccacgc ggattcgagt tgtcgcggcg gccgacctag ataccgagct cggagccggt tgacgttgtc tggtaagcgg taccagcgtt accggtctac 
        >..................................................ccoP-1...................................................> 
   246  A  L  G  A   P  K  L   N  S  A   A  G  W  I   Y  G  S   S  L  G   Q  L  Q  Q   T  I  R   H  G  R   N  G  Q  M 
 
  3501  cctgctcagc agcaatatct gggcgacgac aaggttcacc tgctcgccgc ctatgtttac agcctgtcgc aaaaaccgga acaactcgct aaccagtgag 
        ggacgagtcg tcgttataga cccgctgctg ttccaagtgg acgagcggcg gatacaaatg tcggacagcg tttttggcct tgttgagcga ttggtcactc 
        >..................................................ccoP-1.................................................>> 
   280    P  A  Q   Q  Q  Y   L  G  D  D   K  V  H   L  L  A   A  Y  V  Y   S  L  S   Q  K  P   E  Q  L  A   N  Q  - 
 
  3601  ccccaaaagg gcggtacact cgtaccgccc ttctcgcctt gtccccaggc aacttccgct actctgcgac tatctgtcgc atcgcaaact gaccaacgtc 
        ggggttttcc cgccatgtga gcatggcggg aagagcggaa caggggtccg ttgaaggcga tgagacgctg atagacagcg tagcgtttga ctggttgcag 
 
  3701  cttccccctc cgcgctagca cttctaagct gtgcttccga ttcgccatcc cgcctagaac cataaggcgc aatcgtaatt tcctacgcac cggcgtggtg 
        gaagggggag gcgcgatcgt gaagattcga cacgaaggct aagcggtagg gcggatcttg gtattccgcg ttagcattaa aggatgcgtg gccgcaccac 
 
  3801  cgatacctcc ctgcacagca cacggaaaac gctttaaatc agggttttgg ccagcaaaga cagcccgggc gcggtttgca ttgcccccct gctttctcca 
        gctatggagg gacgtgtcgt gtgccttttg cgaaatttag tcccaaaacc ggtcgtttct gtcgggcccg cgccaaacgt aacgggggga cgaaagaggt 
 
  3901  tacttgccgc cgtttttgcc ttcgaaaatg ctattagcgt ggaagccttg catgagcaca gcaatcagtg agactgctta taactataag gtggttcgcc 
        atgaacggcg gcaaaaacgg aagcttttac gataatcgca ccttcggaac gtactcgtgt cgttagtcac tctgacgaat attgatattc caccaagcgg 
                                                                >>.....................ccoN-2.......................> 
     1                                                            M  S  T   A  I  S   E  T  A   Y  N  Y  K   V  V  R 
 
  4001  aattcgccat catgacggtg gtgtggggaa tcattgggat gggcctgggt gttttcatcg ccgcgcaatt ggtgtggccc tcgctcaatt tggacctgcc 
        ttaagcggta gtactgccac cacacccctt agtaacccta cccggaccca caaaagtagc ggcgcgttaa ccacaccggg agcgagttaa acctggacgg 
        >..................................................ccoN-2...................................................> 
    17   Q  F  A   I  M  T  V   V  W  G   I  I  G   M  G  L  G   V  F  I   A  A  Q   L  V  W  P   S  L  N   L  D  L 
 
  4101  gtggacgagc ttcggccgtc tgcgcccatt gcacaccaat gcggtgatct tcgcgttcgg tggttgcgca ctgtttgcca cgtcctacta cgtggttcag 
        cacctgctcg aagccggcag acgcgggtaa cgtgtggtta cgccactaga agcgcaagcc accaacgcgt gacaaacggt gcaggatgat gcaccaagtc 
        >..................................................ccoN-2...................................................> 
    50  P  W  T  S   F  G  R   L  R  P   L  H  T  N   A  V  I   F  A  F   G  G  C  A   L  F  A   T  S  Y   Y  V  V  Q 
 
  4201  cgcacctgcc aggcccgtct gttctccgac ggactcgcgg ccttcacctt ctggggttgg caggctgtga tcgtgcttgc ggtcatcacg cttccgatgg 
        gcgtggacgg tccgggcaga caagaggctg cctgagcgcc ggaagtggaa gaccccaacc gtccgacact agcacgaacg ccagtagtgc gaaggctacc 
        >..................................................ccoN-2...................................................> 
    84    R  T  C   Q  A  R   L  F  S  D   G  L  A   A  F  T   F  W  G  W   Q  A  V   I  V  L   A  V  I  T   L  P  M 
 
  4301  gctacaccag ctccaaggag tatgcggaac tggagtggcc gattgatatc ctgatcaccc tggtctgggt gtcgtatatc gccgtgttct tcggcaccat 
        cgatgtggtc gaggttcctc atacgccttg acctcaccgg ctaactatag gactagtggg accagaccca cagcatatag cggcacaaga agccgtggta 
        >..................................................ccoN-2...................................................> 
   117   G  Y  T   S  S  K  E   Y  A  E   L  E  W   P  I  D  I   L  I  T   L  V  W   V  S  Y  I   A  V  F   F  G  T 
 
  4401  catgaagcgc aaggccaagc acatctatgt aggtaactgg ttcttcggtg ccttcatcct ggtgacggcg atgctgcaca tcgttaacaa cctggaaatt 
        gtacttcgcg ttccggttcg tgtagataca tccattgacc aagaagccac ggaagtagga ccactgccgc tacgacgtgt agcaattgtt ggacctttaa 
        >..................................................ccoN-2...................................................> 
   150  I  M  K  R   K  A  K   H  I  Y   V  G  N  W   F  F  G   A  F  I   L  V  T  A   M  L  H   I  V  N   N  L  E  I 
 
  4501  ccggtcagcc tgttcaagtc ctactcgatc tacgcaggcg ctaccgatgc gatggtgcaa tggtggtacg gccacaacgc cgtgggcttc ttcctgacca 
        ggccagtcgg acaagttcag gatgagctag atgcgtccgc gatggctacg ctaccacgtt accaccatgc cggtgttgcg gcacccgaag aaggactggt 
        >..................................................ccoN-2...................................................> 
   184    P  V  S   L  F  K   S  Y  S  I   Y  A  G   A  T  D   A  M  V  Q   W  W  Y   G  H  N   A  V  G  F   F  L  T 
 
  4601  ccggcttcct cggcatgatg tactacttcg tgcctaagca ggccgagcgt ccggtgtact cctatcgcct gtcgatcgtc cacttctggg cactgatcac 
        ggccgaagga gccgtactac atgatgaagc acggattcgt ccggctcgca ggccacatga ggatagcgga cagctagcag gtgaagaccc gtgactagtg 
        >..................................................ccoN-2...................................................> 
   217   T  G  F   L  G  M  M   Y  Y  F   V  P  K   Q  A  E  R   P  V  Y   S  Y  R   L  S  I  V   H  F  W   A  L  I 
 
  4701  cctctatatc tgggccggcc cgcaccacct gcactacacc gccctgccag attgggcgca gagcctgggc atggtgatgt cgatcatcct gctggctccg 
        ggagatatag acccggccgg gcgtggtgga cgtgatgtgg cgggacggtc taacccgcgt ctcggacccg taccactaca gctagtagga cgaccgaggc 
        >..................................................ccoN-2...................................................> 
   250  T  L  Y  I   W  A  G   P  H  H   L  H  Y  T   A  L  P   D  W  A   Q  S  L  G   M  V  M   S  I  I   L  L  A  P 
 
  4801  agctggggcg gcatgatcaa cggcatgatg accctgtcgg gtgcctggca taagctgcgc accgatccga tcctgcgctt cctggtggta tcgctggcgt 
        tcgaccccgc cgtactagtt gccgtactac tgggacagcc cacggaccgt attcgacgcg tggctaggct aggacgcgaa ggaccaccat agcgaccgca 
        >..................................................ccoN-2...................................................> 
   284    S  W  G   G  M  I   N  G  M  M   T  L  S   G  A  W   H  K  L  R   T  D  P   I  L  R   F  L  V  V   S  L  A 
 
  4901  tctacggcat gtcgaccttc gaaggtccga tgatggcgat caagaccgtc aacgcactgt cccactacac cgactggact atcggccacg tacacgccgg 
        agatgccgta cagctggaag cttccaggct actaccgcta gttctggcag ttgcgtgaca gggtgatgtg gctgacctga tagccggtgc atgtgcggcc 
        >..................................................ccoN-2...................................................> 
   317   F  Y  G   M  S  T  F   E  G  P   M  M  A   I  K  T  V   N  A  L   S  H  Y   T  D  W  T   I  G  H   V  H  A 
 
  5001  agccctcggt tgggtagcga tgatcactat cggctcgatg taccacctga ttccgaaagt gttcgggcgc gagcagatgc acagcgtcgg cctgatcaat 
        tcgggagcca acccatcgct actagtgata gccgagctac atggtggact aaggctttca caagcccgcg ctcgtctacg tgtcgcagcc ggactagtta 
        >..................................................ccoN-2...................................................> 
   350  G  A  L  G   W  V  A   M  I  T   I  G  S  M   Y  H  L   I  P  K   V  F  G  R   E  Q  M   H  S  V   G  L  I  N 
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  5101  gcgcacttct ggctggccac catcggcacc gtgctttaca tcgcctcgat gtgggtcaac ggcatcaccc aaggcctgat gtggcgcgcg atcaacgaag 
        cgcgtgaaga ccgaccggtg gtagccgtgg cacgaaatgt agcggagcta cacccagttg ccgtagtggg ttccggacta caccgcgcgc tagttgcttc 
        >..................................................ccoN-2...................................................> 
   384    A  H  F   W  L  A   T  I  G  T   V  L  Y   I  A  S   M  W  V  N   G  I  T   Q  G  L   M  W  R  A   I  N  E 
 
  5201  acggcaccct gacctactcc ttcgtcgaag cgctggaagc cagtcatccc ggcttcatcg tccgcgcagt cggcggcgcg ttcttcctcg ctggcatgct 
        tgccgtggga ctggatgagg aagcagcttc gcgaccttcg gtcagtaggg ccgaagtagc aggcgcgtca gccgccgcgc aagaaggagc gaccgtacga 
        >..................................................ccoN-2...................................................> 
   417   D  G  T   L  T  Y  S   F  V  E   A  L  E   A  S  H  P   G  F  I   V  R  A   V  G  G  A   F  F  L   A  G  M 
 
  5301  gttgatggca tacaacacct ggcgcaccgt acgggccgcc aagtcagccc agtacgacac tgccgcgcag atcgcttgag gaacggatag atgaagaacc 
        caactaccgt atgttgtgga ccgcgtggca tgcccggcgg ttcagtcggg tcatgctgtg acggcgcgtc tagcgaactc cttgcctatc tacttcttgg 
        >.......................................ccoN-2......................................>> 
   450  L  L  M  A   Y  N  T   W  R  T   V  R  A  A   K  S  A   Q  Y  D   T  A  A  Q   I  A  - 
                                                                                                           >>ccoO-2.> 
     1                                                                                                       M  K  N 
 
  5401  acgaaatact cgaaaagaac attggtctgc tgaccctgtt catgatcctg gcagtgagca tcggcggtct gacccagatc gtcccgctgt tctttcagga 
        tgctttatga gcttttcttg taaccagacg actgggacaa gtactaggac cgtcactcgt agccgccaga ctgggtctag cagggcgaca agaaagtcct 
        >..................................................ccoO-2...................................................> 
     4   H  E  I   L  E  K  N   I  G  L   L  T  L   F  M  I  L   A  V  S   I  G  G   L  T  Q  I   V  P  L   F  F  Q 
 
  5501  cgcagtgaac gagccggttg aaggcatgaa gccttacacc gcgctgcagc tcgaaggtcg ggatctgtac atccgcgagg gctgcgttgg ctgccactcg 
        gcgtcacttg ctcggccaac ttccgtactt cggaatgtgg cgcgacgtcg agcttccagc cctagacatg taggcgctcc cgacgcaacc gacggtgagc 
        >..................................................ccoO-2...................................................> 
    37  D  A  V  N   E  P  V   E  G  M   K  P  Y  T   A  L  Q   L  E  G   R  D  L  Y   I  R  E   G  C  V   G  C  H  S 
 
  5601  cagatgatcc gccccttccg cgctgagacc gagcgctacg gccactactc cgtggccggt gaaagcgtct acgaccatcc gttcctgtgg ggctccaagc 
        gtctactagg cggggaaggc gcgactctgg ctcgcgatgc cggtgatgag gcaccggcca ctttcgcaga tgctggtagg caaggacacc ccgaggttcg 
        >..................................................ccoO-2...................................................> 
    71    Q  M  I   R  P  F   R  A  E  T   E  R  Y   G  H  Y   S  V  A  G   E  S  V   Y  D  H   P  F  L  W   G  S  K 
 
  5701  gtaccggacc ggatctggcc cgtgtcggcg gccgctactc cgatgactgg caccgtgcgc acctgtacaa cccgcgcaac gtagttcctg agtcgaagat 
        catggcctgg cctagaccgg gcacagccgc cggcgatgag gctactgacc gtggcacgcg tggacatgtt gggcgcgttg catcaaggac tcagcttcta 
        >..................................................ccoO-2...................................................> 
   104   R  T  G   P  D  L  A   R  V  G   G  R  Y   S  D  D  W   H  R  A   H  L  Y   N  P  R  N   V  V  P   E  S  K 
 
  5801  gccgtcctat ccgtggctgg tcgagaacac cctcgacggc aaggacactg ccaagaagat gtcggctctg cgcatgcttg gcgttccgta caccgaagaa 
        cggcaggata ggcaccgacc agctcttgtg ggagctgccg ttcctgtgac ggttcttcta cagccgagac gcgtacgaac cgcaaggcat gtggcttctt 
        >..................................................ccoO-2...................................................> 
   137  M  P  S  Y   P  W  L   V  E  N   T  L  D  G   K  D  T   A  K  K   M  S  A  L   R  M  L   G  V  P   Y  T  E  E 
 
  5901  gacatcgccg gcgcccgtga tgccgtccgt ggcaagaccg agatggatgc catggtggcc tacctgcaag tgctcggcac tgctctaacc aacaaacggt 
        ctgtagcggc cgcgggcact acggcaggca ccgttctggc tctacctacg gtaccaccgg atggacgttc acgagccgtg acgagattgg ttgtttgcca 
        >..................................................ccoO-2...................................................> 
   171    D  I  A   G  A  R   D  A  V  R   G  K  T   E  M  D   A  M  V  A   Y  L  Q   V  L  G   T  A  L  T   N  K  R 
 
  6001  aacgcatgat ggaaatcggt actcttcgcg gcctgggcac aattctggta gtcgtcgcct tcatcggcgt agtgctctgg gcctacagca gcaaacgcaa 
        ttgcgtacta cctttagcca tgagaagcgc cggacccgtg ttaagaccat cagcagcgga agtagccgca tcacgagacc cggatgtcgt cgtttgcgtt 
        >> ccoO-2 
   204   - 
             >>...............................................ccoQ-2................................................> 
     1         M   M  E  I  G   T  L  R   G  L  G   T  I  L  V   V  V  A   F  I  G   V  V  L  W   A  Y  S   S  K  R 
 
  6101  gcaaagcttc gacgaagcag ccaacctgcc cttcgcagac gacgagaccg acgccaagaa gcgtgaagaa gaagcttcca ggagtaagaa ataaatgacc 
        cgtttcgaag ctgcttcgtc ggttggacgg gaagcgtctg ctgctctggc tgcggttctt cgcacttctt cttcgaaggt cctcattctt tatttactgg 
        >...............................................ccoQ-2...............................................>> 
    32  K  Q  S  F   D  E  A   A  N  L   P  F  A  D   D  E  T   D  A  K   K  R  E  E   E  A  S   R  S  K   K  - 
                                                                                                        ccoP-2 >>...> 
     1                                                                                                           M  T 
 
  6201  tcgttttgga gttggtacgt caccctgctg agcctgggca caattgccgc gctggtatgg ctgctactgg caacgcgcaa gggacaacgc cccgacagca 
        agcaaaacct caaccatgca gtgggacgac tcggacccgt gttaacggcg cgaccatacc gacgatgacc gttgcgcgtt ccctgttgcg gggctgtcgt 
        >..................................................ccoP-2...................................................> 
     3    S  F  W   S  W  Y   V  T  L  L   S  L  G   T  I  A   A  L  V  W   L  L  L   A  T  R   K  G  Q  R   P  D  S 
 
  6301  ccgaagaaac cgtcgggcat tcctatgacg gcatcgagga gtacgacaac ccgctaccgc gctggtggtt catgctgttc gtgggtaccg tgatctttgc 
        ggcttctttg gcagcccgta aggatactgc cgtagctcct catgctgttg ggcgatggcg cgaccaccaa gtacgacaag cacccatggc actagaaacg 
        >..................................................ccoP-2...................................................> 
    36   T  E  E   T  V  G  H   S  Y  D   G  I  E   E  Y  D  N   P  L  P   R  W  W   F  M  L  F   V  G  T   V  I  F 
 
  6401  tcttggatac ctggtgctgt atcccggcct aggcaactgg aagggcattc tgcccggtta cgaaggtggc tggacccagg tcaaggaatg gcagcgtgag 
        agaacctatg gaccacgaca tagggccgga tccgttgacc ttcccgtaag acgggccaat gcttccaccg acctgggtcc agttccttac cgtcgcactc 
        >..................................................ccoP-2...................................................> 
    69  A  L  G  Y   L  V  L   Y  P  G   L  G  N  W   K  G  I   L  P  G   Y  E  G  G   W  T  Q   V  K  E   W  Q  R  E 
 
  6501  atggacaagg ccaatgagca atacggcccg ctgtatgcca agtacgctgc catgccggta gaagaggttg ccaaggatcc gcaagccctg aagatgggtg 
        tacctgttcc ggttactcgt tatgccgggc gacatacggt tcatgcgacg gtacggccat cttctccaac ggttcctagg cgttcgggac ttctacccac 
        >..................................................ccoP-2...................................................> 
   103    M  D  K   A  N  E   Q  Y  G  P   L  Y  A   K  Y  A   A  M  P  V   E  E  V   A  K  D   P  Q  A  L   K  M  G 
 
  6601  gacgtctgtt cgcatccaac tgctcggtct gccatggctc tgatgccaaa ggcgcctatg gcttcccgaa tctgaccgac gacgactggc tgtggggcgg 
        ctgcagacaa gcgtaggttg acgagccaga cggtaccgag actacggttt ccgcggatac cgaagggctt agactggctg ctgctgaccg acaccccgcc 
        >..................................................ccoP-2...................................................> 
   136   G  R  L   F  A  S  N   C  S  V   C  H  G   S  D  A  K   G  A  Y   G  F  P   N  L  T  D   D  D  W   L  W  G 
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  6701  cgagcctgaa accatcaaga ccaccatcct gcacggccgc caggccgtga tgcctggctg gaaagacgtg atcggcgaag aaggcatccg caacgtagct 
        gctcggactt tggtagttct ggtggtagga cgtgccggcg gtccggcact acggaccgac ctttctgcac tagccgcttc ttccgtaggc gttgcatcga 
        >..................................................ccoP-2...................................................> 
   169  G  E  P  E   T  I  K   T  T  I   L  H  G  R   Q  A  V   M  P  G   W  K  D  V   I  G  E   E  G  I   R  N  V  A 
 
  6801  ggctatgttc gcagcctgtc cggacgtgat accccagagg gtattagcgt cgacattgag cagggtcaaa aaatcttcgc ggccaactgt gtagtctgcc 
        ccgatacaag cgtcggacag gcctgcacta tggggtctcc cataatcgca gctgtaactc gtcccagttt tttagaagcg ccggttgaca catcagacgg 
        >..................................................ccoP-2...................................................> 
   203    G  Y  V   R  S  L   S  G  R  D   T  P  E   G  I  S   V  D  I  E   Q  G  Q   K  I  F   A  A  N  C   V  V  C 
 
  6901  atggaccgga agccaagggc gttacagcca tgggcgcgcc gaacctgacc gacaatgtct ggctgtatgg ttcgagcttc gctcagattc agcaaaccct 
        tacctggcct tcggttcccg caatgtcggt acccgcgcgg cttggactgg ctgttacaga ccgacatacc aagctcgaag cgagtctaag tcgtttggga 
        >..................................................ccoP-2...................................................> 
   236   H  G  P   E  A  K  G   V  T  A   M  G  A   P  N  L  T   D  N  V   W  L  Y   G  S  S  F   A  Q  I   Q  Q  T 
 
  7001  gcgctacggt cgcaatggcc gcatgcctgc tcaggaagcg atccttggta atgacaaggt tcacctgctg gcggcctacg tctacagcct gtcgcagcaa 
        cgcgatgcca gcgttaccgg cgtacggacg agtccttcgc taggaaccat tactgttcca agtggacgac cgccggatgc agatgtcgga cagcgtcgtt 
        >..................................................ccoP-2...................................................> 
   269  L  R  Y  G   R  N  G   R  M  P   A  Q  E  A   I  L  G   N  D  K   V  H  L  L   A  A  Y   V  Y  S   L  S  Q  Q 
 
  7101  ccggagcagt gattgctcga ggtcgggggt gacgtcctgt cgcacccgac ctcaaaactc cgggcgtacc attcgcagct ggacagaaaa ttgatcctgg 
        ggcctcgtca ctaacgagct ccagccccca ctgcaggaca gcgtgggctg gagttttgag gcccgcatgg taagcgtcga cctgtctttt aactaggacc 
        >..ccoP-2..>> 
   303    P  E  Q   - 
 
  7201  ttggcacgta tcggccgggg cacccacctt ccgccgtggt acgcactcga tgactgagca gattcccgtt cgtgatgtaa cccccccgtc caaggccgga 
        aaccgtgcat agccggcccc gtgggtggaa ggcggcacca tgcgtgagct actgactcgt ctaagggcaa gcactacatt gggggggcag gttccggcct 
                                                             >>........................ccoG.........................> 
     1                                                          M  T  E   Q  I  P  V   R  D  V   T  P  P   S  K  A  G 
 
  7301  gcgtcagctg acctctacgc cgcgcgtgaa aaaatttaca cccgagcctt cagcggcttg tttcgtaatc tgcgacgcgt aggcggcgcg gtactcttca 
        cgcagtcgac tggagatgcg gcgcgcactt ttttaaatgt gggctcggaa gtcgccgaac aaagcattag acgctgcgca tccgccgcgc catgagaagt 
        >...................................................ccoG....................................................> 
    18    A  S  A   D  L  Y   A  A  R  E   K  I  Y   T  R  A   F  S  G  L   F  R  N   L  R  R   V  G  G  A   V  L  F 
 
  7401  tcctcttctt cggaaccgtc tggctcaact ggaacggccg tcaggctgtc tggtgggacc tgccggatcg caagttccac atcttcgggg cgacgttctg 
        aggagaagaa gccttggcag accgagttga ccttgccggc agtccgacag accaccctgg acggcctagc gttcaaggtg tagaagcccc gctgcaagac 
        >...................................................ccoG....................................................> 
    51   I  L  F   F  G  T  V   W  L  N   W  N  G   R  Q  A  V   W  W  D   L  P  D   R  K  F  H   I  F  G   A  T  F 
 
  7501  gccccaggat ttcatgctgc tgtcgtggct gctaatcatc tgcgccttcg gcctgttctt catcaccgtc ttcgctggcc gcgtctggtg cggctacacg 
        cggggtccta aagtacgacg acagcaccga cgattagtag acgcggaagc cggacaagaa gtagtggcag aagcgaccgg cgcagaccac gccgatgtgc 
        >...................................................ccoG....................................................> 
    84  W  P  Q  D   F  M  L   L  S  W   L  L  I  I   C  A  F   G  L  F   F  I  T  V   F  A  G   R  V  W   C  G  Y  T 
 
  7601  tgcccgcaga gcgtgtttac ttgggtgttc atgtgggcgg agaagatcac cgagggtgat cgcaaccagc gaatgaagct cgacaaggcg ccaatgagcg 
        acgggcgtct cgcacaaatg aacccacaag tacacccgcc tcttctagtg gctcccacta gcgttggtcg cttacttcga gctgttccgc ggttactcgc 
        >...................................................ccoG....................................................> 
   118    C  P  Q   S  V  F   T  W  V  F   M  W  A   E  K  I   T  E  G  D   R  N  Q   R  M  K   L  D  K  A   P  M  S 
 
  7701  ccaacaagtt ccttcgcaaa ctggccaagc acgccatctg gctcgcggtt ggcatcctcg tggcaatcac cttcgtcggc tacttcacgc ccattcgcga 
        ggttgttcaa ggaagcgttt gaccggttcg tgcggtagac cgagcgccaa ccgtaggagc accgttagtg gaagcagccg atgaagtgcg ggtaagcgct 
        >...................................................ccoG....................................................> 
   151   A  N  K   F  L  R  K   L  A  K   H  A  I   W  L  A  V   G  I  L   V  A  I   T  F  V  G   Y  F  T   P  I  R 
 
  7801  gctggttccc gacctgctca ccttgaacgt caacggctgg gcggcgttct ggatcggctt ctttaccctc gccacctacg gcagtgctgg ctacctgcgt 
        cgaccaaggg ctggacgagt ggaacttgca gttgccgacc cgccgcaaga cctagccgaa gaaatgggag cggtggatgc cgtcacgacc gatggacgca 
        >...................................................ccoG....................................................> 
   184  E  L  V  P   D  L  L   T  L  N   V  N  G  W   A  A  F   W  I  G   F  F  T  L   A  T  Y   G  S  A   G  Y  L  R 
 
  7901  gagcaggtgt gcatctacat gtgcccgtac gcgcgcttcc agagcgtgat gttcgacaag gacacgctga tcgtttccta cgacccgcgc cgtggcgaga 
        ctcgtccaca cgtagatgta cacgggcatg cgcgcgaagg tctcgcacta caagctgttc ctgtgcgact agcaaaggat gctgggcgcg gcaccgctct 
        >...................................................ccoG....................................................> 
   218    E  Q  V   C  I  Y   M  C  P  Y   A  R  F   Q  S  V   M  F  D  K   D  T  L   I  V  S   Y  D  P  R   R  G  E 
 
  8001  agcgcggccc gcggaagaaa gataccgact acaaggccat gggacttggc gactgtatcg actgcaccat gtgcgtccag gtctgcccaa ccggtatcga 
        tcgcgccggg cgccttcttt ctatggctga tgttccggta ccctgaaccg ctgacatagc tgacgtggta cacgcaggtc cagacgggtt ggccatagct 
        >...................................................ccoG....................................................> 
   251   K  R  G   P  R  K  K   D  T  D   Y  K  A   M  G  L  G   D  C  I   D  C  T   M  C  V  Q   V  C  P   T  G  I 
 
  8101  catccgcgac ggtctgcaga tcgagtgcat tggctgcgca gcctgcatcg atgcctgcga tgcgatcatg gacaagatga actatccacg cgggttgatc 
        gtaggcgctg ccagacgtct agctcacgta accgacgcgt cggacgtagc tacggacgct acgctagtac ctgttctact tgataggtgc gcccaactag 
        >...................................................ccoG....................................................> 
   284  D  I  R  D   G  L  Q   I  E  C   I  G  C  A   A  C  I   D  A  C   D  A  I  M   D  K  M   N  Y  P   R  G  L  I 
 
  8201  agctacacca ccgagcacaa cctgtctggc cagaagacgc acctgatgcg tccccgcctg atcggttatg ccgtcgccct ggcggccatg atgggtctgt 
        tcgatgtggt ggctcgtgtt ggacagaccg gtcttctgcg tggactacgc aggggcggac tagccaatac ggcagcggga ccgccggtac tacccagaca 
        >...................................................ccoG....................................................> 
   318    S  Y  T   T  E  H   N  L  S  G   Q  K  T   H  L  M   R  P  R  L   I  G  Y   A  V  A   L  A  A  M   M  G  L 
 
  8301  ttgcgtacgc cgtttacgat cgcccgctgg tcaagctgga cgtactcaag gatcgcgtgc tctatcgcga gaacgagcag ggcaacatcg agaacgttta 
        aacgcatgcg gcaaatgcta gcgggcgacc agttcgacct gcatgagttc ctagcgcacg agatagcgct cttgctcgtc ccgttgtagc tcttgcaaat 
        >...................................................ccoG....................................................> 
   351   F  A  Y   A  V  Y  D   R  P  L   V  K  L   D  V  L  K   D  R  V   L  Y  R   E  N  E  Q   G  N  I   E  N  V 
 
 



6. APPENDIX 

 180 

  8401  tacgttgaag gtcatgaaca aggctcagca cgagcgcacc ttcgtgatcg aggcatccgg tctcgatggc ctggtctacg aaggccgcag cgagattcgc 
        atgcaacttc cagtacttgt tccgagtcgt gctcgcgtgg aagcactagc tccgtaggcc agagctaccg gaccagatgc ttccggcgtc gctctaagcg 
        >...................................................ccoG....................................................> 
   384  Y  T  L  K   V  M  N   K  A  Q   H  E  R  T   F  V  I   E  A  S   G  L  D  G   L  V  Y   E  G  R   S  E  I  R 
 
  8501  gccgaagccg gcgagctcgt taccatcccg gtcgagctgt ccatcgcgcc tgaaaagctt ccctcaagca ccaacgaaat cgtcttccac gttcgctcgg 
        cggcttcggc cgctcgagca atggtagggc cagctcgaca ggtagcgcgg acttttcgaa gggagttcgt ggttgcttta gcagaaggtg caagcgagcc 
        >...................................................ccoG....................................................> 
   418    A  E  A   G  E  L   V  T  I  P   V  E  L   S  I  A   P  E  K  L   P  S  S   T  N  E   I  V  F  H   V  R  S 
 
  8601  tagacgacga ttcaattaac gatgatgcag acagccgctt catcggccca agcattcgct aagcaaggta atacatgcgc tctgataacg aacaaacgcg 
        atctgctgct aagttaattg ctactacgtc tgtcggcgaa gtagccgggt tcgtaagcga ttcgttccat tatgtacgcg agactattgc ttgtttgcgc 
        >...............................ccoG..............................>> 
   451   V  D  D   D  S  I  N   D  D  A   D  S  R   F  I  G  P   S  I  R   - 
                                                                                         >>..........ccoH...........> 
     1                                                                                     M  R   S  D  N   E  Q  T 
 
  8701  ttggtacacc cagttctggg cctggtttgt cattgcaatc ctgttgagct cggtggttct ggggctgtca ctgttgacca tcgcgattcg aaactccgac 
        aaccatgtgg gtcaagaccc ggaccaaaca gtaacgttag gacaactcga gccaccaaga ccccgacagt gacaactggt agcgctaagc tttgaggctg 
        >...................................................ccoH....................................................> 
     9  R  W  Y  T   Q  F  W   A  W  F   V  I  A  I   L  L  S   S  V  V   L  G  L  S   L  L  T   I  A  I   R  N  S  D 
 
  8801  tcgctggttg cggacaacta ctacgacgcc ggcaagggca tcaaccagtc actggaacgt gagaagctag ccgaaagcct ggaaatgcgc gctcagctcg 
        agcgaccaac gcctgttgat gatgctgcgg ccgttcccgt agttggtcag tgaccttgca ctcttcgatc ggctttcgga cctttacgcg cgagtcgagc 
        >...................................................ccoH....................................................> 
    43    S  L  V   A  D  N   Y  Y  D  A   G  K  G   I  N  Q   S  L  E  R   E  K  L   A  E  S   L  E  M  R   A  Q  L 
 
  8901  tgctcaacga cgagcgcggc ctggccgaag tgcagctgag cggtgccagt cgcccccagc agctggtgct caacctgctc tctcccaccc aacctgagcg 
        acgagttgct gctcgcgccg gaccggcttc acgtcgactc gccacggtca gcgggggtcg tcgaccacga gttggacgag agagggtggg ttggactcgc 
        >...................................................ccoH....................................................> 
    76   V  L  N   D  E  R  G   L  A  E   V  Q  L   S  G  A  S   R  P  Q   Q  L  V   L  N  L  L   S  P  T   Q  P  E 
 
  9001  tgaccgccgc gtcattctgc agcctcaggg cgacggcttg tatcagggac aaatgcaaga gccggtcagt ggccggcgct tcattgaact gatcggtcgc 
        actggcggcg cagtaagacg tcggagtccc gctgccgaac atagtccctg tttacgttct cggccagtca ccggccgcga agtaacttga ctagccagcg 
        >...................................................ccoH....................................................> 
   109  R  D  R  R   V  I  L   Q  P  Q   G  D  G  L   Y  Q  G   Q  M  Q   E  P  V  S   G  R  R   F  I  E   L  I  G  R 
 
  9101  gagggcgaac aggactggcg tctgtacgaa gaaaaaacca tcgaaaccgg ccatgcgctc gaactgacgc cttgaccccc tgatggcaaa gccccttccc 
        ctcccgcttg tcctgaccgc agacatgctt cttttttggt agctttggcc ggtacgcgag cttgactgcg gaactggggg actaccgttt cggggaaggg 
        >......................................ccoH.....................................>> 
   143    E  G  E   Q  D  W   R  L  Y  E   E  K  T   I  E  T   G  H  A  L   E  L  T   P  - 
                                                                                                  >>.....ccoI.......> 
     1                                                                                              M  A   K  P  L  P 
 
  9201  tgctaccact gtggcctgcc ggtacctgcc ggcagcccct ttcaggcccg cgtgctgggt gaggcgcggg ctttgtgctg tccgggctgc caggcggtcg 
        acgatggtga caccggacgg ccatggacgg ccgtcgggga aagtccgggc gcacgaccca ctccgcgccc gaaacacgac aggcccgacg gtccgccagc 
        >...................................................ccoI....................................................> 
     7    C  Y  H   C  G  L   P  V  P  A   G  S  P   F  Q  A   R  V  L  G   E  A  R   A  L  C   C  P  G  C   Q  A  V 
 
  9301  cggaggcgat cgtcaacggc gggctggaaa gttactacct gcaccgcagc gacacggcaa tcaatcctca ggcgctcccc caggagctcg gcgaggagat 
        gcctccgcta gcagttgccg cccgaccttt caatgatgga cgtggcgtcg ctgtgccgtt agttaggagt ccgcgagggg gtcctcgagc cgctcctcta 
        >...................................................ccoI....................................................> 
    40   A  E  A   I  V  N  G   G  L  E   S  Y  Y   L  H  R  S   D  T  A   I  N  P   Q  A  L  P   Q  E  L   G  E  E 
 
  9401  ggccctttac gatcgtaagg acgtacagga gcccttcgtc cagcatcaag gggagctggc gagcacatcg ctgatgatcg agggcatcag ctgcgcggcc 
        ccgggaaatg ctagcattcc tgcatgtcct cgggaagcag gtcgtagttc ccctcgaccg ctcgtgtagc gactactagc tcccgtagtc gacgcgccgg 
        >...................................................ccoI....................................................> 
    73  M  A  L  Y   D  R  K   D  V  Q   E  P  F  V   Q  H  Q   G  E  L   A  S  T  S   L  M  I   E  G  I   S  C  A  A 
 
  9501  tgtggctggc tgatcgaacg tcatctgcgc aacctcagcg gtgtcgccga ggccagcctg aacctatcca accaccgcct gaatgtgcgc tggagcgacg 
        acaccgaccg actagcttgc agtagacgcg ttggagtcgc cacagcggct ccggtcggac ttggataggt tggtggcgga cttacacgcg acctcgctgc 
        >...................................................ccoI....................................................> 
   107    C  G  W   L  I  E   R  H  L  R   N  L  S   G  V  A   E  A  S  L   N  L  S   N  H  R   L  N  V  R   W  S  D 
 
  9601  cccagctacc gctgagcgag ctgctagctg agctgcggcg gattggctat gcagcacacc cctatcaagc cgatcaggca gccgagcgcc tggccagcga 
        gggtcgatgg cgactcgctc gacgatcgac tcgacgccgc ctaaccgata cgtcgtgtgg ggatagttcg gctagtccgt cggctcgcgg accggtcgct 
        >...................................................ccoI....................................................> 
   140   A  Q  L   P  L  S  E   L  L  A   E  L  R   R  I  G  Y   A  A  H   P  Y  Q   A  D  Q  A   A  E  R   L  A  S 
 
  9701  gaaccggcgc tcgctgcgcc aactaggcgt agccgggctc ctgtggatgc aggtgatgat ggccaccatg gcgacttggc ccgagttcaa cctggatttg 
        cttggccgcg agcgacgcgg ttgatccgca tcggcccgag gacacctacg tccactacta ccggtggtac cgctgaaccg ggctcaagtt ggacctaaac 
        >...................................................ccoI....................................................> 
   173  E  N  R  R   S  L  R   Q  L  G   V  A  G  L   L  W  M   Q  V  M   M  A  T  M   A  T  W   P  E  F   N  L  D  L 
 
  9801  tcggagagct tcttcgttac cctgcgctgg actgccttgt tgctgaccac gccaatcgtc ttctactcct gcacggactt cttcaaaggg gcgctacgcg 
        agcctctcga agaagcaatg ggacgcgacc tgacggaaca acgactggtg cggttagcag aagatgagga cgtgcctgaa gaagtttccc cgcgatgcgc 
        >...................................................ccoI....................................................> 
   207    S  E  S   F  F  V   T  L  R  W   T  A  L   L  L  T   T  P  I  V   F  Y  S   C  T  D   F  F  K  G   A  L  R 
 
  9901  atttgcgcac acgccacctg accatggacg tgtcggtgtc gctggcgatt ggtggtgcct atgtcgccgg catctggtct acgatcaccg gtcagggtga 
        taaacgcgtg tgcggtggac tggtacctgc acagccacag cgaccgctaa ccaccacgga tacagcggcc gtagaccaga tgctagtggc cagtcccact 
        >...................................................ccoI....................................................> 
   240   D  L  R   T  R  H  L   T  M  D   V  S  V   S  L  A  I   G  G  A   Y  V  A   G  I  W  S   T  I  T   G  Q  G 
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 10001  gctgtacttc gatgcggtag gcatgttcgc ccttttcctg ctggccggtc gttatctgga acgaagggcg cgagagcgta ctgcggctgc cacagcgcaa 
        cgacatgaag ctacgccatc cgtacaagcg ggaaaaggac gaccggccag caatagacct tgcttcccgc gctctcgcat gacgccgacg gtgtcgcgtt 
        >...................................................ccoI....................................................> 
   273  E  L  Y  F   D  A  V   G  M  F   A  L  F  L   L  A  G   R  Y  L   E  R  R  A   R  E  R   T  A  A   A  T  A  Q 
 
 10101  ctggtcaatc tgctccccgc ctcctgcctg aagctcgacg cagagggcca cagcaaccgt attctgctca acgagctgca gctagccgac cgcgtgcttg 
        gaccagttag acgaggggcg gaggacggac ttcgagctgc gtctcccggt gtcgttggca taagacgagt tgctcgacgt cgatcggctg gcgcacgaac 
        >...................................................ccoI....................................................> 
   307    L  V  N   L  L  P   A  S  C  L   K  L  D   A  E  G   H  S  N  R   I  L  L   N  E  L   Q  L  A  D   R  V  L 
 
 10201  tccagcccgg cggattgatt cctgcagatg gcgtcatcat cagcggccaa tccagcgtcg acgagtcagt gcttaccggg gagtacatgc ctttgcctcg 
        aggtcgggcc gcctaactaa ggacgtctac cgcagtagta gtcgccggtt aggtcgcagc tgctcagtca cgaatggccc ctcatgtacg gaaacggagc 
        >...................................................ccoI....................................................> 
   340   V  Q  P   G  G  L  I   P  A  D   G  V  I   I  S  G  Q   S  S  V   D  E  S   V  L  T  G   E  Y  M   P  L  P 
 
 10301  cggcgtcggc gatgccgtca ctgccggcac actgaacgtg gaaggtccct tgacgcttga agtgcaagcc ctgggtgacg aaactcgtct gtcggccatc 
        gccgcagccg ctacggcagt gacggccgtg tgacttgcac cttccaggga actgcgaact tcacgttcgg gacccactgc tttgagcaga cagccggtag 
        >...................................................ccoI....................................................> 
   373  R  G  V  G   D  A  V   T  A  G   T  L  N  V   E  G  P   L  T  L   E  V  Q  A   L  G  D   E  T  R   L  S  A  I 
 
 10401  gtccggctgc tcgagcgcgc gcaggcggac aaaccaaagc tggccgagct ggctgaccgg gtcgcgcagt ggtttttgct gatagttctg gtggtggccg 
        caggccgacg agctcgcgcg cgtccgcctg tttggtttcg accggctcga ccgactggcc cagcgcgtca ccaaaaacga ctatcaagac caccaccggc 
        >...................................................ccoI....................................................> 
   407    V  R  L   L  E  R   A  Q  A  D   K  P  K   L  A  E   L  A  D  R   V  A  Q   W  F  L   L  I  V  L   V  V  A 
 
 10501  ctatcgttgg cctggtctgg tggcagatcg acccgcaacg cgcattctgg atcgtcctgg ccttgctggt cgccacctgc ccctgcgccc tgtccttggc 
        gatagcaacc ggaccagacc accgtctagc tgggcgttgc gcgtaagacc tagcaggacc ggaacgacca gcggtggacg gggacgcggg acaggaaccg 
        >...................................................ccoI....................................................> 
   440   A  I  V   G  L  V  W   W  Q  I   D  P  Q   R  A  F  W   I  V  L   A  L  L   V  A  T  C   P  C  A   L  S  L 
 
 10601  gacccctacc gcgctcacga cagcgacagg cacgctgcac aagctcgggc tgttgctgac ccgaggacac gtgctggaag gtctcaatca gatcgacacc 
        ctggggatgg cgcgagtgct gtcgctgtcc gtgcgacgtg ttcgagcccg acaacgactg ggctcctgtg cacgaccttc cagagttagt ctagctgtgg 
        >...................................................ccoI....................................................> 
   473  A  T  P  T   A  L  T   T  A  T   G  T  L  H   K  L  G   L  L  L   T  R  G  H   V  L  E   G  L  N   Q  I  D  T 
 
 10701  gtagtattcg acaagaccgg caccctgacc gagggtcgac tgacgctcag cgccgtgcat ccgctgggcg cgctcgatgc cgatacctgc ctggcgctgg 
        catcataagc tgttctggcc gtgggactgg ctcccagctg actgcgagtc gcggcacgta ggcgacccgc gcgagctacg gctatggacg gaccgcgacc 
        >...................................................ccoI....................................................> 
   507    V  V  F   D  K  T   G  T  L  T   E  G  R   L  T  L   S  A  V  H   P  L  G   A  L  D   A  D  T  C   L  A  L 
 
 10801  cggcagccct cgaaaaccgc tccgagcacc cgatcgcgcg tgctttcggc cgggcgccac aagctgctga atcggtcgag accgttccag gccttgggct 
        gccgtcggga gcttttggcg aggctcgtgg gctagcgcgc acgaaagccg gcccgcggtg ttcgacgact tagccagctc tggcaaggtc cggaacccga 
        >...................................................ccoI....................................................> 
   540   A  A  A   L  E  N  R   S  E  H   P  I  A   R  A  F  G   R  A  P   Q  A  A   E  S  V  E   T  V  P   G  L  G 
 
 10901  tcatggcagg gtcgacgggc gcaacctgcg aatcggccaa cccaatttcg ttgcggaggg tttctcccaa ccagccccta ccattcccgg cgaacagggg 
        agtaccgtcc cagctgcccg cgttggacgc ttagccggtt gggttaaagc aacgcctccc aaagagggtt ggtcggggat ggtaagggcc gcttgtcccc 
        >...................................................ccoI....................................................> 
   573  L  H  G  R   V  D  G   R  N  L   R  I  G  Q   P  N  F   V  A  E   G  F  S  Q   P  A  P   T  I  P   G  E  Q  G 
 
 11001  cagtggctgt tgctgggtga cgaacagggc ccgctggcct ggctggtgct ggacgaccgt cttcgtgacg acgccccggc cctgctcgac gcctgtcgcc 
        gtcaccgaca acgacccact gcttgtcccg ggcgaccgga ccgaccacga cctgctggca gaagcactgc tgcggggccg ggacgagctg cggacagcgg 
        >...................................................ccoI....................................................> 
   607    Q  W  L   L  L  G   D  E  Q  G   P  L  A   W  L  V   L  D  D  R   L  R  D   D  A  P   A  L  L  D   A  C  R 
 
 11101  gtcgcggctg gcagacactt ctactgtctg gcgatagctc acccatggtc agccagatcg ccaacgaact gggcatcgat caggctgagg gcggtatgac 
        cagcgccgac cgtctgtgaa gatgacagac cgctatcgag tgggtaccag tcggtctagc ggttgcttga cccgtagcta gtccgactcc cgccatactg 
        >...................................................ccoI....................................................> 
   640   R  R  G   W  Q  T  L   L  L  S   G  D  S   S  P  M  V   S  Q  I   A  N  E   L  G  I  D   Q  A  E   G  G  M 
 
 11201  gcctgcggct aaactatcca gactgcaggc cttgcaggct caggggcatc gcgttctgat gcttggagat ggcgtcaacg acgttccggt gcttgccgtg 
        cggacgccga tttgataggt ctgacgtccg gaacgtccga gtccccgtag cgcaagacta cgaacctcta ccgcagttgc tgcaaggcca cgaacggcac 
        >...................................................ccoI....................................................> 
   673  T  P  A  A   K  L  S   R  L  Q   A  L  Q  A   Q  G  H   R  V  L   M  L  G  D   G  V  N   D  V  P   V  L  A  V 
 
 11301  gccgacatca gtgtcgcgat gggctctgcg acggatctcg ccaagaccag tgcagatgca gtgctgctgt ccaatcgact ggccagtctt gcgcaggcat 
        cggctgtagt cacagcgcta cccgagacgc tgcctagagc ggttctggtc acgtctacgt cacgacgaca ggttagctga ccggtcagaa cgcgtccgta 
        >...................................................ccoI....................................................> 
   707    A  D  I   S  V  A   M  G  S  A   T  D  L   A  K  T   S  A  D  A   V  L  L   S  N  R   L  A  S  L   A  Q  A 
 
 11401  tcgatgttgc acgccgcagc cggcgcatca tcatcgaaaa cctgacttgg gcaagcctgt acaatggcct cattcttccc tttgctgcga ttggttgggt 
        agctacaacg tgcggcgtcg gccgcgtagt agtagctttt ggactgaacc cgttcggaca tgttaccgga gtaagaaggg aaacgacgct aaccaaccca 
        >...................................................ccoI....................................................> 
   740   F  D  V   A  R  R  S   R  R  I   I  I  E   N  L  T  W   A  S  L   Y  N  G   L  I  L  P   F  A  A   I  G  W 
 
 11501  cacgccgctt tgggccgcac tcgggatgtc tatcagctcg ctgctcgtgg tattgaatgc gctgcgactg acccgccaac caagcagccg caactgaatg 
        gtgcggcgaa acccggcgtg agccctacag atagtcgagc gacgagcacc ataacttacg cgacgctgac tgggcggttg gttcgtcggc gttgacttac 
        >..................................................ccoI.................................................>> 
   773  V  T  P  L   W  A  A   L  G  M   S  I  S  S   L  L  V   V  L  N   A  L  R  L   T  R  Q   P  S  S   R  N  - 
 
 11601  cttcgccgca atgccgcacg ttgtggctcc gctccgtttg cgcatggcca cgaaacaatg gcagctgaag cttcttgctt cagaccctgg aggtcctgat 
        gaagcggcgt tacggcgtgc aacaccgagg cgaggcaaac gcgtaccggt gctttgttac cgtcgacttc gaagaacgaa gtctgggacc tccaggacta 
                                                                                                              ccoS >> 
     1 
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 11701  ggccgctctg tatatcctga ttcctgtcgc tgtagtgctg gtggccctgg ctatatgggt ttttttctgg gcagtggata gcggtcaatt cgatgacctg 
        ccggcgagac atataggact aaggacagcg acatcacgac caccgggacc gatataccca aaaaaagacc cgtcacctat cgccagttaa gctactggac 
        >...................................................ccoS....................................................> 
     1  M  A  A  L   Y  I  L   I  P  V   A  V  V  L   V  A  L   A  I  W   V  F  F  W   A  V  D   S  G  Q   F  D  D  L 
 
 11801  gacggcccgg cacacagcat cctgttcgac gacgacgagc cgcagcgccc ggcagaagac aagcaaccgg agaaaattga agagccgcag gagcagcgca 
        ctgccgggcc gtgtgtcgta ggacaagctg ctgctgctcg gcgtcgcggg ccgtcttctg ttcgttggcc tcttttaact tctcggcgtc ctcgtcgcgt 
        >...................................................ccoS....................................................> 
    35    D  G  P   A  H  S   I  L  F  D   D  D  E   P  Q  R   P  A  E  D   K  Q  P   E  K  I   E  E  P  Q   E  Q  R 
 
 11901  aaggtgattg agctgttgcc cctcctggtg tctgccttcg tgttgggcct actcggtggc ggtcattgcc tgggcatgtg tggcggcttg atgggcgcat 
        ttccactaac tcgacaacgg ggaggaccac agacggaagc acaacccgga tgagccaccg ccagtaacgg acccgtacac accgccgaac tacccgcgta 
        >...ccoS..>> 
    68   K  G  D   - 

 

J. The Nucleotide sequences of ΔCbb3-1 

 
 

    1  cgaggcttgt cctgcttgcc agcaggatgg aacggatagc ccaggcagac cagcgcatcc acccctgttt catcggccaa aaggctggcc atgcggccgc 
       gctccgaaca ggacgaacgg tcgtcctacc ttgcctatcg ggtccgtctg gtcgcgtagg tggggacaaa gtagccggtt ttccgaccgg tacgccggcg 
 
  101  ccatcgactt gccgccaacg gccaaaagcc ctgtggcctg ctgtcgcacc agagcatgga tttcgcgaca ttgcgcaagc agatgcgcct gtgggctggg 
       ggtagctgaa cggcggttgc cggttttcgg gacaccggac gacagcgtgg tctcgtacct aaagcgctgt aacgcgttcg tctacgcgga cacccgaccc 
 
  201  cggccgctta cggccttccg tacgacgcgc agccatgtag gagaactcga agcgacacac cgcaatacca cgccccgcaa ggcgctcagc catttcgttc 
       gccggcgaat gccggaaggc atgctgcgcg tcggtacatc ctcttgagct tcgctgtgtg gcgttatggt gcggggcgtt ccgcgagtcg gtaaagcaag 
 
  301  atgaacggac tgtccattgg cgcacccgca ccatgggcca ggatcaggct ggcccaggta tcgacctgcg gttggttcca gctgacgaga tgtcctttgt 
       tacttgcctg acaggtaacc gcgtgggcgt ggtacccggt cctagtccga ccgggtccat agctggacgc caaccaaggt cgactgctct acaggaaaca 
 
  401  cactttgtgt gtattgatcc gtgtcaatac cggcagattg ccctttcccc atccttgcct cgctttctat tagaaagaaa aaaactgctc attacccgtg 
       gtgaaacaca cataactagg cacagttatg gccgtctaac gggaaagggg taggaacgga gcgaaagata atctttcttt ttttgacgag taatgggcac 
 
  501  gatggaagcc catacatgcc acctgggatg aatgtcagct actgggctat ctggacaagg gaaaacgcaa gcgcaaagag aaagcaggta gcttgcagtg 
       ctaccttcgg gtatgtacgg tggaccctac ttacagtcga tgacccgata gacctgttcc cttttgcgtt cgcgtttctc tttcgtccat cgaacgtcac 
                ccoN-1 > 
 
  601  ggcttacatg gcgatagcta gactgggcgg ttttatggac agcaagcgaa ccggaattgc cagctggggc gccctctggt aaggttggga agccctgcaa 
       ccgaatgtac cgctatcgat ctgacccgcc aaaatacctg tcgttcgctt ggccttaacg gtcgaccccg cgggagacca ttccaaccct tcgggacgtt 
                                                              >>.......................PKm........................>> 
 
  701  agtaaactgg atggctttct tgccgccaag gatctgatgg cgcaggggat caagatctga tcaagagaca ggatgaggat cgtttcgcat gattgaacaa 
       tcatttgacc taccgaaaga acggcggttc ctagactacc gcgtccccta gttctagact agttctctgt cctactccta gcaaagcgta ctaacttgtt 
                                                                                                       >>...Km.....> 
    1                                                                                                     M  I  E  Q 
 
  801  gatggattgc acgcaggttc tccggccgct tgggtggaga ggctattcgg ctatgactgg gcacaacaga caatcggctg ctctgatgcc gccgtgttcc 
       ctacctaacg tgcgtccaag aggccggcga acccacctct ccgataagcc gatactgacc cgtgttgtct gttagccgac gagactacgg cggcacaagg 
       >....................................................Km.....................................................> 
    5    D  G  L   H  A  G   S  P  A  A   W  V  E   R  L  F   G  Y  D  W   A  Q  Q   T  I  G   C  S  D  A   A  V  F 
 
  901  ggctgtcagc gcaggggcgc ccggttcttt ttgtcaagac cgacctgtcc ggtgccctga atgaactgca ggacgaggca gcgcggctat cgtggctggc 
       ccgacagtcg cgtccccgcg ggccaagaaa aacagttctg gctggacagg ccacgggact tacttgacgt cctgctccgt cgcgccgata gcaccgaccg 
       >....................................................Km.....................................................> 
   38   R  L  S   A  Q  G  R   P  V  L   F  V  K   T  D  L  S   G  A  L   N  E  L   Q  D  E  A   A  R  L   S  W  L 
 
 1001  cacgacgggc gttccttgcg cagctgtgct cgacgttgtc actgaagcgg gaagggactg gctgctattg ggcgaagtgc cggggcagga tctcctgtca 
       gtgctgcccg caaggaacgc gtcgacacga gctgcaacag tgacttcgcc cttccctgac cgacgataac ccgcttcacg gccccgtcct agaggacagt 
       >....................................................Km.....................................................> 
   71  A  T  T  G   V  P  C   A  A  V   L  D  V  V   T  E  A   G  R  D   W  L  L  L   G  E  V   P  G  Q   D  L  L  S 
 
 1101  tctcaccttg ctcctgccga gaaagtatcc atcatggctg atgcaatgcg gcggctgcat acgcttgatc cggctacctg cccattcgac caccaagcga 
       agagtggaac gaggacggct ctttcatagg tagtaccgac tacgttacgc cgccgacgta tgcgaactag gccgatggac gggtaagctg gtggttcgct 
       >....................................................Km.....................................................> 
  105    S  H  L   A  P  A   E  K  V  S   I  M  A   D  A  M   R  R  L  H   T  L  D   P  A  T   C  P  F  D   H  Q  A 
 
 1201  aacatcgcat cgagcgagca cgtactcgga tggaagccgg tcttgtcgat caggatgatc tggacgaaga gcatcagggg ctcgcgccag ccgaactgtt 
       ttgtagcgta gctcgctcgt gcatgagcct accttcggcc agaacagcta gtcctactag acctgcttct cgtagtcccc gagcgcggtc ggcttgacaa 
       >....................................................Km.....................................................> 
  138   K  H  R   I  E  R  A   R  T  R   M  E  A   G  L  V  D   Q  D  D   L  D  E   E  H  Q  G   L  A  P   A  E  L 
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 1301  cgccaggctc aaggcgcgca tgcccgacgg cgaggatctc gtcgtgaccc atggcgatgc ctgcttgccg aatatcatgg tggaaaatgg ccgcttttct 
       gcggtccgag ttccgcgcgt acgggctgcc gctcctagag cagcactggg taccgctacg gacgaacggc ttatagtacc accttttacc ggcgaaaaga 
       >....................................................Km.....................................................> 
  171  F  A  R  L   K  A  R   M  P  D   G  E  D  L   V  V  T   H  G  D   A  C  L  P   N  I  M   V  E  N   G  R  F  S 
 
 1401  ggattcatcg actgtggccg gctgggtgtg gcggaccgct atcaggacat agcgttggct acccgtgata ttgctgaaga gcttggcggc gaatgggctg 
       cctaagtagc tgacaccggc cgacccacac cgcctggcga tagtcctgta tcgcaaccga tgggcactat aacgacttct cgaaccgccg cttacccgac 
       >....................................................Km.....................................................> 
  205    G  F  I   D  C  G   R  L  G  V   A  D  R   Y  Q  D   I  A  L  A   T  R  D   I  A  E   E  L  G  G   E  W  A 
 
 1501  accgcttcct cgtgctttac ggtatcgccg ctcccgattc gcagcgcatc gccttctatc gccttcttga cgagttcttc tgagcgggac tctggggttc 
       tggcgaagga gcacgaaatg ccatagcggc gagggctaag cgtcgcgtag cggaagatag cggaagaact gctcaagaag actcgccctg agaccccaag 
       >...........................................Km...........................................>> 
  238   D  R  F   L  V  L  Y   G  I  A   A  P  D   S  Q  R  I   A  F  Y   R  L  L   D  E  F  F   - 
 
 1601  gaaatgaccg accaagcgac gcccaacctg ccatcacgag atttcgattc caccgccgcc ttctatgaaa ggttgggctt cgctcgccgc ctatgtttac 
       ctttactggc tggttcgctg cgggttggac ggtagtgctc taaagctaag gtggcggcgg aagatacttt ccaacccgaa gcgagcggcg gatacaaatg 
                                                                                                 >>....ccoP-1......> 
    1                                                                                              L  A   A  Y  V  Y 
 
 1701  agcctgtcgc aaaaaccgga acaactcgct aaccagtgag ccccaaaagg gcggtacact cgtaccgccc ttctcgcctt gtccccaggc aacttccgct 
       tcggacagcg tttttggcct tgttgagcga ttggtcactc ggggttttcc cgccatgtga gcatggcggg aagagcggaa caggggtccg ttgaaggcga 
       >.................ccoP-1................>> 
    7    S  L  S   Q  K  P   E  Q  L  A   N  Q  - 
 
 1801  actctgcgac tatctgtcgc atcgcaaact gaccaacgtc cttccccctc cgcgctagca cttctaagct gtgcttccga ttcgccatcc cgcctagaac 
       tgagacgctg atagacagcg tagcgtttga ctggttgcag gaagggggag gcgcgatcgt gaagattcga cacgaaggct aagcggtagg gcggatcttg 
 
 1901  cataaggcgc aatcgtaatt tcctacgcac cggcgtggtg cgatacctcc ctgcacagca cacggaaaac gctttaaatc agggttttgg ccagcaaaga 
       gtattccgcg ttagcattaa aggatgcgtg gccgcaccac gctatggagg gacgtgtcgt gtgccttttg cgaaatttag tcccaaaacc ggtcgtttct 
 
 2001  cagcccgggc gcggtttgca ttgcccccct gctttctcca tacttgccgc cgtttttgcc ttcgaaaatg ctattagcgt ggaagccttg catgagcaca 
       gtcgggcccg cgccaaacgt aacgggggga cgaaagaggt atgaacggcg gcaaaaacgg aagcttttac gataatcgca ccttcggaac gtactcgtgt 
                                                                                                    ccoN-2 >>......> 
    1                                                                                                        M  S  T 
 
 2101  gcaatcagtg agactgctta taactataag gtggttcgcc aattcgccat catgacggtg gtgtggggaa tcattgggat gggcctgggt gttttcatcg 
       cgttagtcac tctgacgaat attgatattc caccaagcgg ttaagcggta gtactgccac cacacccctt agtaacccta cccggaccca caaaagtagc 
       >..................................................ccoN-2...................................................> 
    4    A  I  S   E  T  A   Y  N  Y  K   V  V  R   Q  F  A   I  M  T  V   V  W  G   I  I  G   M  G  L  G   V  F  I 
 
 2201  ccgcgcaatt ggtgtggccc tcgctcaatt tggacctgcc gtggacgagc ttcggccgtc tgcgcccatt gcacaccaat gcggtgatct tcgcgttcgg 
       ggcgcgttaa ccacaccggg agcgagttaa acctggacgg cacctgctcg aagccggcag acgcgggtaa cgtgtggtta cgccactaga agcgcaagcc 
       >..................................................ccoN-2...................................................> 
   37   A  A  Q   L  V  W  P   S  L  N   L  D  L   P  W  T  S   F  G  R   L  R  P   L  H  T  N   A  V  I   F  A  F 
 
 2301  tggttgcgca ctgtttgcca cgtcctacta cgtggttcag cgcacctgcc aggcccgtct gttctccgac ggactcgcgg ccttcacctt ctggggttgg 
       accaacgcgt gacaaacggt gcaggatgat gcaccaagtc gcgtggacgg tccgggcaga caagaggctg cctgagcgcc ggaagtggaa gaccccaacc 
       >..................................................ccoN-2...................................................> 
   70  G  G  C  A   L  F  A   T  S  Y   Y  V  V  Q   R  T  C   Q  A  R   L  F  S  D   G  L  A   A  F  T   F  W  G  W 
 
 2401  caggctgtga tcgtgcttgc ggtcatcacg cttccgatgg gctacaccag ctccaaggag tatgcggaac tggagtggcc gattgatatc ctgatcaccc 
       gtccgacact agcacgaacg ccagtagtgc gaaggctacc cgatgtggtc gaggttcctc atacgccttg acctcaccgg ctaactatag gactagtggg 
       >..................................................ccoN-2...................................................> 
  104    Q  A  V   I  V  L   A  V  I  T   L  P  M   G  Y  T   S  S  K  E   Y  A  E   L  E  W   P  I  D  I   L  I  T 
 
 2501  tggtctgggt gtcgtatatc gccgtgttct tcggcaccat catgaagcgc aaggccaagc acatctatgt aggtaactgg ttcttcggtg ccttcatcct 
       accagaccca cagcatatag cggcacaaga agccgtggta gtacttcgcg ttccggttcg tgtagataca tccattgacc aagaagccac ggaagtagga 
       >..................................................ccoN-2...................................................> 
  137   L  V  W   V  S  Y  I   A  V  F   F  G  T   I  M  K  R   K  A  K   H  I  Y   V  G  N  W   F  F  G   A  F  I 
 
 2601  ggtgacggcg atgctgcaca tcgttaacaa cctggaaatt ccggtcagcc tgttcaagtc ctactcgatc tacgcaggcg ctaccgatgc gatggtgcaa 
       ccactgccgc tacgacgtgt agcaattgtt ggacctttaa ggccagtcgg acaagttcag gatgagctag atgcgtccgc gatggctacg ctaccacgtt 
       >..................................................ccoN-2...................................................> 
  170  L  V  T  A   M  L  H   I  V  N   N  L  E  I   P  V  S   L  F  K   S  Y  S  I   Y  A  G   A  T  D   A  M  V  Q 
 
 2701  tggtggtacg gccacaacgc cgtgggcttc ttcctgacca ccggcttcct cggcatgatg tactacttcg tgcctaagca ggccgagcgt ccggtgtact 
       accaccatgc cggtgttgcg gcacccgaag aaggactggt ggccgaagga gccgtactac atgatgaagc acggattcgt ccggctcgca ggccacatga 
       >..................................................ccoN-2...................................................> 
  204    W  W  Y   G  H  N   A  V  G  F   F  L  T   T  G  F   L  G  M  M   Y  Y  F   V  P  K   Q  A  E  R   P  V  Y 
 
 2801  cctatcgcct gtcgatcgtc cacttctggg cactgatcac cctctatatc tgggccggcc cgcaccacct gcactacacc gccctgccag attgggcgca 
       ggatagcgga cagctagcag gtgaagaccc gtgactagtg ggagatatag acccggccgg gcgtggtgga cgtgatgtgg cgggacggtc taacccgcgt 
       >..................................................ccoN-2...................................................> 
  237   S  Y  R   L  S  I  V   H  F  W   A  L  I   T  L  Y  I   W  A  G   P  H  H   L  H  Y  T   A  L  P   D  W  A 
 
 2901  gagcctgggc atggtgatgt cgatcatcct gctggctccg agctggggcg gcatgatcaa cggcatgatg accctgtcgg gtgcctggca taagctgcgc 
       ctcggacccg taccactaca gctagtagga cgaccgaggc tcgaccccgc cgtactagtt gccgtactac tgggacagcc cacggaccgt attcgacgcg 
       >..................................................ccoN-2...................................................> 
  270  Q  S  L  G   M  V  M   S  I  I   L  L  A  P   S  W  G   G  M  I   N  G  M  M   T  L  S   G  A  W   H  K  L  R 
 
 3001  accgatccga tcctgcgctt cctggtggta tcgctggcgt tctacggcat gtcgaccttc gaaggtccga tgatggcgat caagaccgtc aacgcactgt 
       tggctaggct aggacgcgaa ggaccaccat agcgaccgca agatgccgta cagctggaag cttccaggct actaccgcta gttctggcag ttgcgtgaca 
       >..................................................ccoN-2...................................................> 
  304    T  D  P   I  L  R   F  L  V  V   S  L  A   F  Y  G   M  S  T  F   E  G  P   M  M  A   I  K  T  V   N  A  L 
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 3101  cccactacac cgactggact atcggccacg tacacgccgg agccctcggt tgggtagcga tgatcactat cggctcgatg taccacctga ttccgaaagt 
       gggtgatgtg gctgacctga tagccggtgc atgtgcggcc tcgggagcca acccatcgct actagtgata gccgagctac atggtggact aaggctttca 
       >..................................................ccoN-2...................................................> 
  337   S  H  Y   T  D  W  T   I  G  H   V  H  A   G  A  L  G   W  V  A   M  I  T   I  G  S  M   Y  H  L   I  P  K 
 
 3201  gttcgggcgc gagcagatgc acagcgtcgg cctgatcaat gcgcacttct ggctggccac catcggcacc gtgctttaca tcgcctcgat gtgggtcaac 
       caagcccgcg ctcgtctacg tgtcgcagcc ggactagtta cgcgtgaaga ccgaccggtg gtagccgtgg cacgaaatgt agcggagcta cacccagttg 
       >..................................................ccoN-2...................................................> 
  370  V  F  G  R   E  Q  M   H  S  V   G  L  I  N   A  H  F   W  L  A   T  I  G  T   V  L  Y   I  A  S   M  W  V  N 
 
 3301  ggcatcaccc aaggcctgat gtggcgcgcg atcaacgaag acggcaccct gacctactcc ttcgtcgaag cgctggaagc cagtcatccc ggcttcatcg 
       ccgtagtggg ttccggacta caccgcgcgc tagttgcttc tgccgtggga ctggatgagg aagcagcttc gcgaccttcg gtcagtaggg ccgaagtagc 
       >..................................................ccoN-2...................................................> 
  404    G  I  T   Q  G  L   M  W  R  A   I  N  E   D  G  T   L  T  Y  S   F  V  E   A  L  E   A  S  H  P   G  F  I 
 
 3401  tccgcgcagt cggcggcgcg ttcttcctcg ctggcatgct gttgatggca tacaacacct ggcgcaccgt acgggccgcc aagtcagccc agtacgacac 
       aggcgcgtca gccgccgcgc aagaaggagc gaccgtacga caactaccgt atgttgtgga ccgcgtggca tgcccggcgg ttcagtcggg tcatgctgtg 
       >..................................................ccoN-2...................................................> 
  437   V  R  A   V  G  G  A   F  F  L   A  G  M   L  L  M  A   Y  N  T   W  R  T   V  R  A  A   K  S  A   Q  Y  D 
 
 3501  tgccgcgcag atcgcttgag gaacggatag atgaagaacc acgaaatact cgaaaagaac attggtctgc tgaccctgtt catgatcctg gcagtgagca 
       acggcgcgtc tagcgaactc cttgcctatc tacttcttgg tgctttatga gcttttcttg taaccagacg actgggacaa gtactaggac cgtcactcgt 
       >......ccoN-2.....>> 
  470  T  A  A  Q   I  A  - 
                                        >>.................................ccoO-2..................................> 
    1                                     M  K  N   H  E  I   L  E  K  N   I  G  L   L  T  L   F  M  I  L   A  V  S 
 
 3601  tcggcggtct gacccagatc gtcccgctgt tctttcagga cgcagtgaac gagccggttg aaggcatgaa gccttacacc gcgctgcagc tcgaaggtcg 
       agccgccaga ctgggtctag cagggcgaca agaaagtcct gcgtcacttg ctcggccaac ttccgtactt cggaatgtgg cgcgacgtcg agcttccagc 
       >..................................................ccoO-2...................................................> 
   24   I  G  G   L  T  Q  I   V  P  L   F  F  Q   D  A  V  N   E  P  V   E  G  M   K  P  Y  T   A  L  Q   L  E  G 
 
 3701  ggatctgtac atccgcgagg gctgcgttgg ctgccactcg cagatgatcc gccccttccg cgctgagacc gagcgctacg gccactactc cgtggccggt 
       cctagacatg taggcgctcc cgacgcaacc gacggtgagc gtctactagg cggggaaggc gcgactctgg ctcgcgatgc cggtgatgag gcaccggcca 
       >..................................................ccoO-2...................................................> 
   57  R  D  L  Y   I  R  E   G  C  V   G  C  H  S   Q  M  I   R  P  F   R  A  E  T   E  R  Y   G  H  Y   S  V  A  G 
 
 3801  gaaagcgtct acgaccatcc gttcctgtgg ggctccaagc gtaccggacc ggatctggcc cgtgtcggcg gccgctactc cgatgactgg caccgtgcgc 
       ctttcgcaga tgctggtagg caaggacacc ccgaggttcg catggcctgg cctagaccgg gcacagccgc cggcgatgag gctactgacc gtggcacgcg 
       >..................................................ccoO-2...................................................> 
   91    E  S  V   Y  D  H   P  F  L  W   G  S  K   R  T  G   P  D  L  A   R  V  G   G  R  Y   S  D  D  W   H  R  A 
 
 3901  acctgtacaa cccgcgcaac gtagttcctg agtcgaagat gccgtcctat ccgtggctgg tcgagaacac cctcgacggc aaggacactg ccaagaagat 
       tggacatgtt gggcgcgttg catcaaggac tcagcttcta cggcaggata ggcaccgacc agctcttgtg ggagctgccg ttcctgtgac ggttcttcta 
       >..................................................ccoO-2...................................................> 
  124   H  L  Y   N  P  R  N   V  V  P   E  S  K   M  P  S  Y   P  W  L   V  E  N   T  L  D  G   K  D  T   A  K  K 
 
 4001  gtcggctctg cgcatgcttg gcgttccgta caccgaagaa gacatcgccg gcgcccgtga tgccgtccgt ggcaagaccg agatggatgc catggtggcc 
       cagccgagac gcgtacgaac cgcaaggcat gtggcttctt ctgtagcggc cgcgggcact acggcaggca ccgttctggc tctacctacg gtaccaccgg 
       >..................................................ccoO-2...................................................> 
  157  M  S  A  L   R  M  L   G  V  P   Y  T  E  E   D  I  A   G  A  R   D  A  V  R   G  K  T   E  M  D   A  M  V  A 
 
 4101  tacctgcaag tgctcggcac tgctctaacc aacaaacggt aacgcatgat ggaaatcggt actcttcgcg gcctgggcac aattctggta gtcgtcgcct 
       atggacgttc acgagccgtg acgagattgg ttgtttgcca ttgcgtacta cctttagcca tgagaagcgc cggacccgtg ttaagaccat cagcagcgga 
       >...................ccoO-2..................>> 
  191    Y  L  Q   V  L  G   T  A  L  T   N  K  R   - 
                                                        >>.........................ccoQ-2..........................> 
    1                                                     M   M  E  I  G   T  L  R   G  L  G   T  I  L  V   V  V  A 
 
 4201  tcatcggcgt agtgctctgg gcctacagca gcaaacgcaa gcaaagcttc gacgaagcag ccaacctgcc cttcgcagac gacgagaccg acgccaagaa 
       agtagccgca tcacgagacc cggatgtcgt cgtttgcgtt cgtttcgaag ctgcttcgtc ggttggacgg gaagcgtctg ctgctctggc tgcggttctt 
       >..................................................ccoQ-2...................................................> 
   19   F  I  G   V  V  L  W   A  Y  S   S  K  R   K  Q  S  F   D  E  A   A  N  L   P  F  A  D   D  E  T   D  A  K 
 
 4301  gcgtgaagaa gaagcttcca ggagtaagaa ataaatgacc tcgttttgga gttggtacgt caccctgctg agcctgggca caattgccgc gctggtatgg 
       cgcacttctt cttcgaaggt cctcattctt tatttactgg agcaaaacct caaccatgca gtgggacgac tcggacccgt gttaacggcg cgaccatacc 
       >..............ccoQ-2..............>> 
   52  K  R  E  E   E  A  S   R  S  K   K  - 
                                            >>...............................ccoP-2................................> 
    1                                         M  T   S  F  W   S  W  Y   V  T  L  L   S  L  G   T  I  A   A  L  V  W 
 
 4401  ctgctactgg caacgcgcaa gggacaacgc cccgacagca ccgaagaaac cgtcgggcat tcctatgacg gcatcgagga gtacgacaac ccgctaccgc 
       gacgatgacc gttgcgcgtt ccctgttgcg gggctgtcgt ggcttctttg gcagcccgta aggatactgc cgtagctcct catgctgttg ggcgatggcg 
       >..................................................ccoP-2...................................................> 
   23    L  L  L   A  T  R   K  G  Q  R   P  D  S   T  E  E   T  V  G  H   S  Y  D   G  I  E   E  Y  D  N   P  L  P 
 
 4501  gctggtggtt catgctgttc gtgggtaccg tgatctttgc tcttggatac ctggtgctgt atcccggcct aggcaactgg aagggcattc tgcccggtta 
       cgaccaccaa gtacgacaag cacccatggc actagaaacg agaacctatg gaccacgaca tagggccgga tccgttgacc ttcccgtaag acgggccaat 
       >..................................................ccoP-2...................................................> 
   56   R  W  W   F  M  L  F   V  G  T   V  I  F   A  L  G  Y   L  V  L   Y  P  G   L  G  N  W   K  G  I   L  P  G 
 
 4601  cgaaggtggc tggacccagg tcaaggaatg gcagcgtgag atggacaagg ccaatgagca atacggcccg ctgtatgcca agtacgctgc catgccggta 
       gcttccaccg acctgggtcc agttccttac cgtcgcactc tacctgttcc ggttactcgt tatgccgggc gacatacggt tcatgcgacg gtacggccat 
       >..................................................ccoP-2...................................................> 
   89  Y  E  G  G   W  T  Q   V  K  E   W  Q  R  E   M  D  K   A  N  E   Q  Y  G  P   L  Y  A   K  Y  A   A  M  P  V 
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 4701  gaagaggttg ccaaggatcc gcaagccctg aagatgggtg gacgtctgtt cgcatccaac tgctcggtct gccatggctc tgatgccaaa ggcgcctatg 
       cttctccaac ggttcctagg cgttcgggac ttctacccac ctgcagacaa gcgtaggttg acgagccaga cggtaccgag actacggttt ccgcggatac 
       >..................................................ccoP-2...................................................> 
  123    E  E  V   A  K  D   P  Q  A  L   K  M  G   G  R  L   F  A  S  N   C  S  V   C  H  G   S  D  A  K   G  A  Y 
 
 4801  gcttcccgaa tctgaccgac gacgactggc tgtggggcgg cgagcctgaa accatcaaga ccaccatcct gcacggccgc caggccgtga tgcctggctg 
       cgaagggctt agactggctg ctgctgaccg acaccccgcc gctcggactt tggtagttct ggtggtagga cgtgccggcg gtccggcact acggaccgac 
       >..................................................ccoP-2...................................................> 
  156   G  F  P   N  L  T  D   D  D  W   L  W  G   G  E  P  E   T  I  K   T  T  I   L  H  G  R   Q  A  V   M  P  G 
 
 4901  gaaagacgtg atcggcgaag aaggcatccg caacgtagct ggctatgttc gcagcctgtc cggacgtgat accccagagg gtattagcgt cgacattgag 
       ctttctgcac tagccgcttc ttccgtaggc gttgcatcga ccgatacaag cgtcggacag gcctgcacta tggggtctcc cataatcgca gctgtaactc 
       >..................................................ccoP-2...................................................> 
  189  W  K  D  V   I  G  E   E  G  I   R  N  V  A   G  Y  V   R  S  L   S  G  R  D   T  P  E   G  I  S   V  D  I  E 
 
 5001  cagggtcaaa aaatcttcgc ggccaactgt gtagtctgcc atggaccgga agccaagggc gttacagcca tgggcgcgcc gaacctgacc gacaatgtct 
       gtcccagttt tttagaagcg ccggttgaca catcagacgg tacctggcct tcggttcccg caatgtcggt acccgcgcgg cttggactgg ctgttacaga 
       >..................................................ccoP-2...................................................> 
  223    Q  G  Q   K  I  F   A  A  N  C   V  V  C   H  G  P   E  A  K  G   V  T  A   M  G  A   P  N  L  T   D  N  V 
 
 5101  ggctgtatgg ttcgagcttc gctcagattc agcaaaccct gcgctacggt cgcaatggcc gcatgcctgc tcaggaagcg atccttggta atgacaaggt 
       ccgacatacc aagctcgaag cgagtctaag tcgtttggga cgcgatgcca gcgttaccgg cgtacggacg agtccttcgc taggaaccat tactgttcca 
       >..................................................ccoP-2...................................................> 
  256   W  L  Y   G  S  S  F   A  Q  I   Q  Q  T   L  R  Y  G   R  N  G   R  M  P   A  Q  E  A   I  L  G   N  D  K 
 
 5201  tcacctgctg gcggcctacg tctacagcct gtcgcagcaa ccggagcagt gattgctcga ggtcgggggt gacgtcctgt cgcacccgac ctcaaaactc 
       agtggacgac cgccggatgc agatgtcgga cagcgtcgtt ggcctcgtca ctaacgagct ccagccccca ctgcaggaca gcgtgggctg gagttttgag 
       >........................ccoP-2........................>> 
  289  V  H  L  L   A  A  Y   V  Y  S   L  S  Q  Q   P  E  Q   - 
 
 5301  cgggcgtacc attcgcagct ggacagaaaa ttgatcctgg ttggcacgta tcggccgggg cacccacctt ccgccgtggt acgcactcga tgact 
       gcccgcatgg taagcgtcga cctgtctttt aactaggacc aaccgtgcat agccggcccc gtgggtggaa ggcggcacca tgcgtgagct actga 

 

K. The Nucleotide sequences of ΔCbb3-2 

 
 
    1  cgaggcttgt cctgcttgcc agcaggatgg aacggatagc ccaggcagac cagcgcatcc acccctgttt catcggccaa aaggctggcc atgcggccgc 
       gctccgaaca ggacgaacgg tcgtcctacc ttgcctatcg ggtccgtctg gtcgcgtagg tggggacaaa gtagccggtt ttccgaccgg tacgccggcg 
 
  101  ccatcgactt gccgccaacg gccaaaagcc ctgtggcctg ctgtcgcacc agagcatgga tttcgcgaca ttgcgcaagc agatgcgcct gtgggctggg 
       ggtagctgaa cggcggttgc cggttttcgg gacaccggac gacagcgtgg tctcgtacct aaagcgctgt aacgcgttcg tctacgcgga cacccgaccc 
 
  201  cggccgctta cggccttccg tacgacgcgc agccatgtag gagaactcga agcgacacac cgcaatacca cgccccgcaa ggcgctcagc catttcgttc 
       gccggcgaat gccggaaggc atgctgcgcg tcggtacatc ctcttgagct tcgctgtgtg gcgttatggt gcggggcgtt ccgcgagtcg gtaaagcaag 
 
  301  atgaacggac tgtccattgg cgcacccgca ccatgggcca ggatcaggct ggcccaggta tcgacctgcg gttggttcca gctgacgaga tgtcctttgt 
       tacttgcctg acaggtaacc gcgtgggcgt ggtacccggt cctagtccga ccgggtccat agctggacgc caaccaaggt cgactgctct acaggaaaca 
 
  401  cactttgtgt gtattgatcc gtgtcaatac cggcagattg ccctttcccc atccttgcct cgctttctat tagaaagaaa aaaactgctc attacccgtg 
       gtgaaacaca cataactagg cacagttatg gccgtctaac gggaaagggg taggaacgga gcgaaagata atctttcttt ttttgacgag taatgggcac 
 
  501  gatggaagcc catacatgaa cacagcaacc agtaccgcct acagttacaa ggtggtccgc caattcgcca tcatgacggt ggtgtgggga atcgtcggga 
       ctaccttcgg gtatgtactt gtgtcgttgg tcatggcgga tgtcaatgtt ccaccaggcg gttaagcggt agtactgcca ccacacccct tagcagccct 
                       >>.........................................ccoN-1...........................................> 
    1                    M   N  T  A  T   S  T  A   Y  S  Y   K  V  V  R   Q  F  A   I  M  T   V  V  W  G   I  V  G 
 
  601  tggggctcgg cgttttcatc gcagcacaat tggcctggcc atttctgaac ttcgacctcc cgtggaccag tttcggtcga ctacgtccat tgcacaccaa 
       accccgagcc gcaaaagtag cgtcgtgtta accggaccgg taaagacttg aagctggagg gcacctggtc aaagccagct gatgcaggta acgtgtggtt 
       >..................................................ccoN-1...................................................> 
   29   M  G  L   G  V  F  I   A  A  Q   L  A  W   P  F  L  N   F  D  L   P  W  T   S  F  G  R   L  R  P   L  H  T 
 
  701  cgcggtgatt ttcgcctttg gcggctgtgc actgttcgca acgtcctact actcggttca gcgcacctgc cagaccaccc tgttcgcgcc gaagctggcc 
       gcgccactaa aagcggaaac cgccgacacg tgacaagcgt tgcaggatga tgagccaagt cgcgtggacg gtctggtggg acaagcgcgg cttcgaccgg 
       >..................................................ccoN-1...................................................> 
   62  N  A  V  I   F  A  F   G  G  C   A  L  F  A   T  S  Y   Y  S  V   Q  R  T  C   Q  T  T   L  F  A   P  K  L  A 
 
  801  gcgttcacct tctggggttg gcagttggtc atcctgctcg ccgcaatatc cctgccgctg ggtttcacca gctccaagga gtatgcggaa ctggagtggc 
       cgcaagtgga agaccccaac cgtcaaccag taggacgagc ggcgttatag ggacggcgac ccaaagtggt cgaggttcct catacgcctt gacctcaccg 
       >..................................................ccoN-1...................................................> 
   96    A  F  T   F  W  G   W  Q  L  V   I  L  L   A  A  I   S  L  P  L   G  F  T   S  S  K   E  Y  A  E   L  E  W 
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  901  cgatcgacat cctgatcacc atcgtctggg tggcctatgc ggtcgtcttt ttcgggacgc tggctaagcg caaggtcaag cacatctacg tcggtaactg 
       gctagctgta ggactagtgg tagcagaccc accggatacg ccagcagaaa aagccctgcg accgattcgc gttccagttc gtgtagatgc agccattgac 
       >..................................................ccoN-1...................................................> 
  129   P  I  D   I  L  I  T   I  V  W   V  A  Y   A  V  V  F   F  G  T   L  A  K   R  K  V  K   H  I  Y   V  G  N 
 
 1001  gttcttcggt gccttcatcc tgaccgtggc gatcctgcat gtcgtcaaca acctggaaat cccggttacc gcgatgaagt cctattcgct gtatgccggt 
       caagaagcca cggaagtagg actggcaccg ctaggacgta cagcagttgt tggaccttta gggccaatgg cgctacttca ggataagcga catacggcca 
       >..................................................ccoN-1...................................................> 
  162  W  F  F  G   A  F  I   L  T  V   A  I  L  H   V  V  N   N  L  E   I  P  V  T   A  M  K   S  Y  S   L  Y  A  G 
 
 1101  gcgaccgatg cgatggtgca atggtggtac ggccacaacg ccgtgggctt cttcctcacc gccggcttcc tcgggatcat gtactacttc gtgcctaagc 
       cgctggctac gctaccacgt taccaccatg ccggtgttgc ggcacccgaa gaaggagtgg cggccgaagg agccctagta catgatgaag cacggattcg 
       >..................................................ccoN-1...................................................> 
  196    A  T  D   A  M  V   Q  W  W  Y   G  H  N   A  V  G   F  F  L  T   A  G  F   L  G  I   M  Y  Y  F   V  P  K 
 
 1201  aggccgagcg cccggtgtat tcgtatcgcc tgtcgatcgt tcacttctgg gcactgatca ccgtctacat ctgggccggc ccgcaccacc tgcactacac 
       tccggctcgc gggccacata agcatagcgg acagctagca agtgaagacc cgtgactagt ggcagatgta gacccggccg ggcgtggtgg acgtgatgtg 
       >..................................................ccoN-1...................................................> 
  229   Q  A  E   R  P  V  Y   S  Y  R   L  S  I   V  H  F  W   A  L  I   T  V  Y   I  W  A  G   P  H  H   L  H  Y 
 
 1301  cgcgctgcca gattgggcac agagcctggg catggtgatg tcgctgattc tgctggctcc gagctggggc ggcatgatca acggcatgat gacgctgtcg 
       gcgcgacggt ctaacccgtg tctcggaccc gtaccactac agcgactaag acgaccgagg ctcgaccccg ccgtactagt tgccgtacta ctgcgacagc 
       >..................................................ccoN-1...................................................> 
  262  T  A  L  P   D  W  A   Q  S  L   G  M  V  M   S  L  I   L  L  A   P  S  W  G   G  M  I   N  G  M   M  T  L  S 
 
 1401  ggtgcctggc acaaactgcg tagcgacccg atcctgcgct tcctggtggt ttcgctggcg ttctacggca tgtcgacctt cgaaggtccg atgatggcga 
       ccacggaccg tgtttgacgc atcgctgggc taggacgcga aggaccacca aagcgaccgc aagatgccgt acagctggaa gcttccaggc tactaccgct 
       >..................................................ccoN-1...................................................> 
  296    G  A  W   H  K  L   R  S  D  P   I  L  R   F  L  V   V  S  L  A   F  Y  G   M  S  T   F  E  G  P   M  M  A 
 
 1501  tcaagaccgt caacgccctg tcccactaca ccgactggac catcggccac gtacacgctg gcgccctcgg ctgggttgca atggtctcca tcggcgcgct 
       agttctggca gttgcgggac agggtgatgt ggctgacctg gtagccggtg catgtgcgac cgcgggagcc gacccaacgt taccagaggt agccgcgcga 
       >..................................................ccoN-1...................................................> 
  329   I  K  T   V  N  A  L   S  H  Y   T  D  W   T  I  G  H   V  H  A   G  A  L   G  W  V  A   M  V  S   I  G  A 
 
 1601  gtatcacctg gtcccgaaag tgttcggccg cgagcagatg cacagtatcg gtctgatcaa cacccacttc tggctagcca ccatcggcac cgtgctctac 
       catagtggac cagggctttc acaagccggc gctcgtctac gtgtcatagc cagactagtt gtgggtgaag accgatcggt ggtagccgtg gcacgagatg 
       >..................................................ccoN-1...................................................> 
  362  L  Y  H  L   V  P  K   V  F  G   R  E  Q  M   H  S  I   G  L  I   N  T  H  F   W  L  A   T  I  G   T  V  L  Y 
 
 1701  atcgcttcga tgtgggtcaa cggtatcgcg cagggcctga tgtggcgtgc aatcaacgac gacggcacgc tgacctattc cttcgtcgaa tcgctggaag 
       tagcgaagct acacccagtt gccatagcgc gtcccggact acaccgcacg ttagttgctg ctgccgtgcg actggataag gaagcagctt agcgaccttc 
       >..................................................ccoN-1...................................................> 
  396    I  A  S   M  W  V   N  G  I  A   Q  G  L   M  W  R   A  I  N  D   D  G  T   L  T  Y   S  F  V  E   S  L  E 
 
 1801  ccagccaccc cggcttcgta gtgcgaatga tcggtggtgc gatcttcttc gccggcatgc tggtgatggc ctacaacacc tggcgcaccg tgcaggctgc 
       ggtcggtggg gccgaagcat cacgcttact agccaccacg ctagaagaag cggccgtacg accactaccg gatgttgtgg accgcgtggc acgtccgacg 
       >..................................................ccoN-1...................................................> 
  429   A  S  H   P  G  F  V   V  R  M   I  G  G   A  I  F  F   A  G  M   L  V  M   A  Y  N  T   W  R  T   V  Q  A 
 
 1901  caagcccgcc gagtacgacg ctgccgcgca gatcgcctga ggagcctagg taaatgaaat cgcacgagaa actagaaaag aacgtaggtc tgttgaccct 
       gttcgggcgg ctcatgctgc gacggcgcgt ctagcggact cctcggatcc atttacttta gcgtgctctt tgatcttttc ttgcatccag acaactggga 
       >.................ccoN-1.................>> 
  462  A  K  P  A   E  Y  D   A  A  A   Q  I  A  - 
                                                                 >>....................ccoO-1......................> 
    1                                                              M  K   S  H  E   K  L  E  K   N  V  G   L  L  T 
 
 2001  gttcatgatc ctggcggtaa gcatcggcgg tctgacccag atcgtcccgc tgttcttcca ggactccgtc aacgagccgg ttgaaggcat gaagccttac 
       caagtactag gaccgccatt cgtagccgcc agactgggtc tagcagggcg acaagaaggt cctgaggcag ttgctcggcc aacttccgta cttcggaatg 
       >..................................................ccoO-1...................................................> 
   16  L  F  M  I   L  A  V   S  I  G   G  L  T  Q   I  V  P   L  F  F   Q  D  S  V   N  E  P   V  E  G   M  K  P  Y 
 
 2101  accgcgctgc agctcgaagg ccgggacctg tacatccgcg agggctgcgt tggctgccac tcgcagatga tccgcccctt ccgcgctgag accgagcgct 
       tggcgcgacg tcgagcttcc ggccctggac atgtaggcgc tcccgacgca accgacggtg agcgtctact aggcggggaa ggcgcgactc tggctcgcga 
       >..................................................ccoO-1...................................................> 
   50    T  A  L   Q  L  E   G  R  D  L   Y  I  R   E  G  C   V  G  C  H   S  Q  M   I  R  P   F  R  A  E   T  E  R 
 
 2201  acggccacta ctccgtggcc ggtgaaagcg tctacgacca tccgttcctg tggggctcca agcgtaccgg accggatctg gcccgtgtcg gcggccgcta 
       tgccggtgat gaggcaccgg ccactttcgc agatgctggt aggcaaggac accccgaggt tcgcatggcc tggcctagac cgggcacagc cgccggcgat 
       >..................................................ccoO-1...................................................> 
   83   Y  G  H   Y  S  V  A   G  E  S   V  Y  D   H  P  F  L   W  G  S   K  R  T   G  P  D  L   A  R  V   G  G  R 
 
 2301  ctccgatgac tggcaccgtg cgcacctgta caacccgcgc aacgtagttc ctgagtcgaa gatgccgtcc tatccgtggc tggtcgagaa caccctcgac 
       gaggctactg accgtggcac gcgtggacat gttgggcgcg ttgcatcaag gactcagctt ctacggcagg ataggcaccg accagctctt gtgggagctg 
       >..................................................ccoO-1...................................................> 
  116  Y  S  D  D   W  H  R   A  H  L   Y  N  P  R   N  V  V   P  E  S   K  M  P  S   Y  P  W   L  V  E   N  T  L  D 
 
 2401  ggcaaggaca ctgccaagaa gatgtcggct ctgcgcatgc ttggcgttcc ttacaccgaa gaggacatcg ccggcgctcg ggactccgtc aacggcaaaa 
       ccgttcctgt gacggttctt ctacagccga gacgcgtacg aaccgcaagg aatgtggctt ctcctgtagc ggccgcgagc cctgaggcag ttgccgtttt 
       >..................................................ccoO-1...................................................> 
  150    G  K  D   T  A  K   K  M  S  A   L  R  M   L  G  V   P  Y  T  E   E  D  I   A  G  A   R  D  S  V   N  G  K 
 2501  ccgagatgga tgcgatggtg gcttacctgc aggtactcgg cacagctctg accaataagc gctgagtcgt actgaccaag aaaaaatgac cggctggcaa 
       ggctctacct acgctaccac cgaatggacg tccatgagcc gtgtcgagac tggttattcg cgactcagca tgactggttc ttttttactg gccgaccgtt 
       >...............................ccoO-1...............................>> 
  183   T  E  M   D  A  M  V   A  Y  L   Q  V  L   G  T  A  L   T  N  K   R  - 
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 2601  atcagccgtc agggacttca atcgcggaca gccagagttg ctcgggctgt ccaggagtag cacatgagca ctttctggag tggatacatc gccctgctga 
       tagtcggcag tccctgaagt tagcgcctgt cggtctcaac gagcccgaca ggtcctcatc gtgtactcgt gaaagacctc acctatgtag cgggacgact 
                                                                            >>...............ccoP-1................> 
    1                                                                         M  S   T  F  W   S  G  Y  I   A  L  L 
 
 2701  cgctgggcac catcgtcgct ctgttctggt tgatcttcgc cacccgcaag ggcgaatccg ccggcactac ggatcaaacg atgggacatg ccttcgatgg 
       gcgacccgtg gtagcagcga gacaagacca actagaagcg gtgggcgttc ccgcttaggc ggccgtgatg cctagtttgc taccctgtac ggaagctacc 
       >..................................................ccoP-1...................................................> 
   13   T  L  G   T  I  V  A   L  F  W   L  I  F   A  T  R  K   G  E  S   A  G  T   T  D  Q  T   M  G  H   A  F  D 
 
 2801  catcgaggaa tacgacaacc cgctgccgcg ctggtggttc ctgctcttca ttggcaccct ggtgttcggc atcctgtact tggtgctcta ccccggcctg 
       gtagctcctt atgctgttgg gcgacggcgc gaccaccaag gacgagaagt aaccgtggga ccacaagccg taggacatga accacgagat ggggccggac 
       >..................................................ccoP-1...................................................> 
   46  G  I  E  E   Y  D  N   P  L  P   R  W  W  F   L  L  F   I  G  T   L  V  F  G   I  L  Y   L  V  L   Y  P  G  L 
 
 2901  ggtaactgga agggcgttct gccaggctac gagggtggct ggactcaaga gaagcagtgg gaacgcgaag ttgctcaggc cgatgaaaag tacggtccga 
       ccattgacct tcccgcaaga cggtccgatg ctcccaccga cctgagttct cttcgtcacc cttgcgcttc aacgagtccg gctacttttc atgccaggct 
       >..................................................ccoP-1...................................................> 
   80    G  N  W   K  G  V   L  P  G  Y   E  G  G   W  T  Q   E  K  Q  W   E  R  E   V  A  Q   A  D  E  K   Y  G  P 
 
 3001  ttttcgccaa gtacgctgcc atgtcagtgg aagaagtggc acaggacccg caagccgtga aaatgggcgc tcgcctgttc gccaactact gctccatctg 
       aaaagcggtt catgcgacgg tacagtcacc ttcttcaccg tgtcctgggc gttcggcact tttacccgcg agcggacaag cggttgatga cgaggtagac 
       >..................................................ccoP-1...................................................> 
  113   I  F  A   K  Y  A  A   M  S  V   E  E  V   A  Q  D  P   Q  A  V   K  M  G   A  R  L  F   A  N  Y   C  S  I 
 
 3101  ccacggttcc gatgccaagg gttcgctagg tttcccgaac ctcgccgacc aagactggcg ctggggtggt gatgccgctt cgatcaaaac cagcatcctc 
       ggtgccaagg ctacggttcc caagcgatcc aaagggcttg gagcggctgg ttctgaccgc gaccccacca ctacggcgaa gctagttttg gtcgtaggag 
       >..................................................ccoP-1...................................................> 
  146  C  H  G  S   D  A  K   G  S  L   G  F  P  N   L  A  D   Q  D  W   R  W  G  G   D  A  A   S  I  K   T  S  I  L 
 
 3201  aacggacgta tcgcagcaat gccggcctgg ggccaagcca tcggcgaaga aggcgtgaag aacgtcgcag cgttcgtccg caaggacctc gcgggcttgc 
       ttgcctgcat agcgtcgtta cggccggacc ccggttcggt agccgcttct tccgcacttc ttgcagcgtc gcaagcaggc gttcctggag cgcccgaacg 
       >..................................................ccoP-1...................................................> 
  180    N  G  R   I  A  A   M  P  A  W   G  Q  A   I  G  E   E  G  V  K   N  V  A   A  F  V   R  K  D  L   A  G  L 
 
 3301  cgctgccgga aggcaccgat gccgacctca gcgcaggcaa gaacgtctac gcacagacct gcgccgtctg ccacggtcag ggtggcgaag gtatggccgc 
       gcgacggcct tccgtggcta cggctggagt cgcgtccgtt cttgcagatg cgtgtctgga cgcggcagac ggtgccagtc ccaccgcttc cataccggcg 
       >..................................................ccoP-1...................................................> 
  213   P  L  P   E  G  T  D   A  D  L   S  A  G   K  N  V  Y   A  Q  T   C  A  V   C  H  G  Q   G  G  E   G  M  A 
 
 3401  gctgggtgcg cctaagctca acagcgccgc cggctggatc tatggctcga gcctcggcca actgcaacag accattcgcc atggtcgcaa tggccagatg 
       cgacccacgc ggattcgagt tgtcgcggcg gccgacctag ataccgagct cggagccggt tgacgttgtc tggtaagcgg taccagcgtt accggtctac 
       >..................................................ccoP-1...................................................> 
  246  A  L  G  A   P  K  L   N  S  A   A  G  W  I   Y  G  S   S  L  G   Q  L  Q  Q   T  I  R   H  G  R   N  G  Q  M 
 
 3501  cctgctcagc agcaatatct gggcgacgac aaggttcacc tgctcgccgc ctatgtttac agcctgtcgc aaaaaccgga acaactcgct aaccagtgag 
       ggacgagtcg tcgttataga cccgctgctg ttccaagtgg acgagcggcg gatacaaatg tcggacagcg tttttggcct tgttgagcga ttggtcactc 
       >..................................................ccoP-1.................................................>> 
  280    P  A  Q   Q  Q  Y   L  G  D  D   K  V  H   L  L  A   A  Y  V  Y   S  L  S   Q  K  P   E  Q  L  A   N  Q  - 
 
 3601  ccccaaaagg gcggtacact cgtaccgccc ttctcgcctt gtccccaggc aacttccgct actctgcgac tatctgtcgc atcgcaaact gaccaacgtc 
       ggggttttcc cgccatgtga gcatggcggg aagagcggaa caggggtccg ttgaaggcga tgagacgctg atagacagcg tagcgtttga ctggttgcag 
 
 3701  cttccccctc cgcgctagca cttctaagct gtgcttccga ttcgccatcc cgcctagaac cataaggcgc aatcgtaatt tcctacgcac cggcgtggtg 
       gaagggggag gcgcgatcgt gaagattcga cacgaaggct aagcggtagg gcggatcttg gtattccgcg ttagcattaa aggatgcgtg gccgcaccac 
 
 3801  cgatacctcc ctgcacagca cacggaaaac gctttaaatc agggttttgg ccagcaaaga cagcccgggc gcggtttgca ttgcccccct gctttctcca 
       gctatggagg gacgtgtcgt gtgccttttg cgaaatttag tcccaaaacc ggtcgtttct gtcgggcccg cgccaaacgt aacgggggga cgaaagaggt 
 
 3901  tacttgccgc cgtttttgcc ttcgaaaatg ctattagcgt ggaagccttg catgagcaca gcaatcagtg agactgctta taactataag gtggttcgcc 
       atgaacggcg gcaaaaacgg aagcttttac gataatcgca ccttcggaac gtactcgtgt cgttagtcac tctgacgaat attgatattc caccaagcgg 
                                                               >>.....................ccoN-2.......................> 
    1                                                            M  S  T   A  I  S   E  T  A   Y  N  Y  K   V  V  R 
 
 4001  aattcgccat catgacggtg gtgtggggaa tcattgggat gggcctgtgc cacctgggat gaatgtcagc tactgggcta tctggacaag ggaaaacgca 
       ttaagcggta gtactgccac cacacccctt agtaacccta cccggacacg gtggacccta cttacagtcg atgacccgat agacctgttc ccttttgcgt 
       >.....................ccoN-2.....................>> 
   17   Q  F  A   I  M  T  V   V  W  G   I  I  G   M  G  L 
 
 4101  agcgcaaaga gaaagcaggt agcttgcagt gggcttacat ggcgatagct agactgggcg gttttatgga cagcaagcga accggaattg ccagctgggg 
       tcgcgtttct ctttcgtcca tcgaacgtca cccgaatgta ccgctatcga tctgacccgc caaaatacct gtcgttcgct tggccttaac ggtcgacccc 
                                                                                                >>......PKm........> 
 
 4201  cgccctctgg taaggttggg aagccctgca aagtaaactg gatggctttc ttgccgccaa ggatctgatg gcgcagggga tcaagatctg atcaagagac 
       gcgggagacc attccaaccc ttcgggacgt ttcatttgac ctaccgaaag aacggcggtt cctagactac cgcgtcccct agttctagac tagttctctg 
       >..............PKm..............>> 
 
 4301  aggatgagga tcgtttcgca tgattgaaca agatggattg cacgcaggtt ctccggccgc ttgggtggag aggctattcg gctatgactg ggcacaacag 
       tcctactcct agcaaagcgt actaacttgt tctacctaac gtgcgtccaa gaggccggcg aacccacctc tccgataagc cgatactgac ccgtgttgtc 
                           >>.........................................Km...........................................> 
    1                         M  I  E   Q  D  G  L   H  A  G   S  P  A   A  W  V  E   R  L  F   G  Y  D   W  A  Q  Q 
 4401  acaatcggct gctctgatgc cgccgtgttc cggctgtcag cgcaggggcg cccggttctt tttgtcaaga ccgacctgtc cggtgccctg aatgaactgc 
       tgttagccga cgagactacg gcggcacaag gccgacagtc gcgtccccgc gggccaagaa aaacagttct ggctggacag gccacgggac ttacttgacg 
       >....................................................Km.....................................................> 
   28    T  I  G   C  S  D   A  A  V  F   R  L  S   A  Q  G   R  P  V  L   F  V  K   T  D  L   S  G  A  L   N  E  L 
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 4501  aggacgaggc agcgcggcta tcgtggctgg ccacgacggg cgttccttgc gcagctgtgc tcgacgttgt cactgaagcg ggaagggact ggctgctatt 
       tcctgctccg tcgcgccgat agcaccgacc ggtgctgccc gcaaggaacg cgtcgacacg agctgcaaca gtgacttcgc ccttccctga ccgacgataa 
       >....................................................Km.....................................................> 
   61   Q  D  E   A  A  R  L   S  W  L   A  T  T   G  V  P  C   A  A  V   L  D  V   V  T  E  A   G  R  D   W  L  L 
 
 4601  gggcgaagtg ccggggcagg atctcctgtc atctcacctt gctcctgccg agaaagtatc catcatggct gatgcaatgc ggcggctgca tacgcttgat 
       cccgcttcac ggccccgtcc tagaggacag tagagtggaa cgaggacggc tctttcatag gtagtaccga ctacgttacg ccgccgacgt atgcgaacta 
       >....................................................Km.....................................................> 
   94  L  G  E  V   P  G  Q   D  L  L   S  S  H  L   A  P  A   E  K  V   S  I  M  A   D  A  M   R  R  L   H  T  L  D 
 
 4701  ccggctacct gcccattcga ccaccaagcg aaacatcgca tcgagcgagc acgtactcgg atggaagccg gtcttgtcga tcaggatgat ctggacgaag 
       ggccgatgga cgggtaagct ggtggttcgc tttgtagcgt agctcgctcg tgcatgagcc taccttcggc cagaacagct agtcctacta gacctgcttc 
       >....................................................Km.....................................................> 
  128    P  A  T   C  P  F   D  H  Q  A   K  H  R   I  E  R   A  R  T  R   M  E  A   G  L  V   D  Q  D  D   L  D  E 
 
 4801  agcatcaggg gctcgcgcca gccgaactgt tcgccaggct caaggcgcgc atgcccgacg gcgaggatct cgtcgtgacc catggcgatg cctgcttgcc 
       tcgtagtccc cgagcgcggt cggcttgaca agcggtccga gttccgcgcg tacgggctgc cgctcctaga gcagcactgg gtaccgctac ggacgaacgg 
       >....................................................Km.....................................................> 
  161   E  H  Q   G  L  A  P   A  E  L   F  A  R   L  K  A  R   M  P  D   G  E  D   L  V  V  T   H  G  D   A  C  L 
 
 4901  gaatatcatg gtggaaaatg gccgcttttc tggattcatc gactgtggcc ggctgggtgt ggcggaccgc tatcaggaca tagcgttggc tacccgtgat 
       cttatagtac caccttttac cggcgaaaag acctaagtag ctgacaccgg ccgacccaca ccgcctggcg atagtcctgt atcgcaaccg atgggcacta 
       >....................................................Km.....................................................> 
  194  P  N  I  M   V  E  N   G  R  F   S  G  F  I   D  C  G   R  L  G   V  A  D  R   Y  Q  D   I  A  L   A  T  R  D 
 
 5001  attgctgaag agcttggcgg cgaatgggct gaccgcttcc tcgtgcttta cggtatcgcc gctcccgatt cgcagcgcat cgccttctat cgccttcttg 
       taacgacttc tcgaaccgcc gcttacccga ctggcgaagg agcacgaaat gccatagcgg cgagggctaa gcgtcgcgta gcggaagata gcggaagaac 
       >....................................................Km.....................................................> 
  228    I  A  E   E  L  G   G  E  W  A   D  R  F   L  V  L   Y  G  I  A   A  P  D   S  Q  R   I  A  F  Y   R  L  L 
 
 5101  acgagttctt ctgagcggga ctctggggtt cgaaatgacc gaccaagcga cgcccaacct gccatcacga gatttcgatt ccaccgccgc cttctatgaa 
       tgctcaagaa gactcgccct gagaccccaa gctttactgg ctggttcgct gcgggttgga cggtagtgct ctaaagctaa ggtggcggcg gaagatactt 
       >.....Km.....>> 
  261   D  E  F   F  - 
 
 5201  aggttgggct tcgtgatgcc tggctggaaa gacgtgatcg gcgaagaagg catccgcaac gtagctggct atgttcgcag cctgtccgga cgtgataccc 
       tccaacccga agcactacgg accgaccttt ctgcactagc cgcttcttcc gtaggcgttg catcgaccga tacaagcgtc ggacaggcct gcactatggg 
                     >>..........................................ccoP-2............................................> 
    1                  -  C   L  A  G   K  T  -  S   A  K  K   A  S  A   T  -  L  A   M  F  A   A  C  P   D  V  I  P 
 
 5301  cagagggtat tagcgtcgac attgagcagg gtcaaaaaat cttcgcggcc aactgtgtag tctgccatgg accggaagcc aagggcgtta cagccatggg 
       gtctcccata atcgcagctg taactcgtcc cagtttttta gaagcgccgg ttgacacatc agacggtacc tggccttcgg ttcccgcaat gtcggtaccc 
       >..................................................ccoP-2...................................................> 
   30    Q  R  V   L  A  S   T  L  S  R   V  K  K   S  S  R   P  T  V  -   S  A  M   D  R  K   P  R  A  L   Q  P  W 
 
 5401  cgcgccgaac ctgaccgaca atgtctggct gtatggttcg agcttcgctc agattcagca aaccctgcgc tacggtcgca atggccgcat gcctgctcag 
       gcgcggcttg gactggctgt tacagaccga cataccaagc tcgaagcgag tctaagtcgt ttgggacgcg atgccagcgt taccggcgta cggacgagtc 
       >..................................................ccoP-2...................................................> 
   63   A  R  R   T  -  P  T   M  S  G   C  M  V   R  A  S  L   R  F  S   K  P  C   A  T  V  A   M  A  A   C  L  L 
 
 5501  gaagcgatcc ttggtaatga caaggttcac ctgctggcgg cctacgtcta cagcctgtcg cagcaaccgg agcagtgatt gctcgaggtc gggggtgacg 
       cttcgctagg aaccattact gttccaagtg gacgaccgcc ggatgcagat gtcggacagc gtcgttggcc tcgtcactaa cgagctccag cccccactgc 
       >......................................ccoP-2......................................>> 
   96  R  K  R  S   L  V  M   T  R  F   T  C  W  R   P  T  S   T  A  C   R  S  N  R   S  S 
 
 5601  tcctgtcgca cccgacctca aaactccggg cgtaccattc gcagctggac agaaaattga tcctggttgg cacgtatcgg ccggggcacc caccttccgc 
       aggacagcgt gggctggagt tttgaggccc gcatggtaag cgtcgacctg tcttttaact aggaccaacc gtgcatagcc ggccccgtgg gtggaaggcg 
 
 5701  cgtggtacgc actcgatgac t 
       gcaccatgcg tgagctactg a 

 


