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Zusammenfassung

Die Cytochrom-c-Oxidase (CcO) gehort der Superfamilie der Him-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 iiber die innere Mitochondrien- oder
Zellmembran. Der durch diesen Prozess generierte elektrochemische Protonengradient wird von
der FoF-ATP Synthase fiir die Synthese von ATP aus ADP und anorganischem Phosphat

verwendet.

Die Superfamilie der Him-Kupfer-Oxidasen wird auf Grund der Ergebnisse phylogenetischer
Studien in drei Familien (A, B und C) unterteilt. Die A-Familie der Him-Kupfer-Oxidasen wird
durch die gut charakterisierten aa;-Typ Cytochrom-c-Oxidasen représentiert, welche sowohl in
Mitochondrien als auch in vielen Bakterienstimmen vorkommen. In der B-Familie findet sich eine
Vielzahl bakterieller und archaealer terminaler Oxidasen. Die c¢bbs;-Typ Cytochrom-c-Oxidasen
(cbb3-CcO) bilden die C-Familie. Sie sind am weitesten entfernte Verwandte der Oxidase aus der

mitochondrialen Atmungskette.

Die ¢bb;-Oxidasen kommen ausschlielich im Bakterienreich vor, wo sie weit verbreitet sind.
Besonders hiufig 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. Chb;-Oxidasen werden hauptsichlich bei niedrigen Sauerstoffkonzentrationen beobachtet.
Aufgrund ihrer hohen Affinitét fiir 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 Bakterienstimme, wie z.B.
Helicobacter pylori und Neisseria meningitids, kommt der cbb;-Oxidase eine essenticlle
Bedeutung fiir die Kolonisierung von sauerstoffarmen Geweben zu. Sie repridsentiert daher

moglicherweise einen spezifischen Faktor fiir die bakterielle Pathogenitét.

Der Schwerpunkt dieser Arbeit liegt auf der Untersuchung der cbb;-CcO aus Pseudomonas
stutzeri ZoBell, einem nicht-fluoreszierenden stickstofffixierenden Bakterium, welches sowohl in
wissrigen als auch lidndlichen Habitaten weit verbreitet ist. Entgegen fritheren Analysen wurde in
dieser Arbeit gezeigt, dass dieser Stamm zwei cbbs;-Operons (ccoNOP-1 und ccoNOQP-2) besitzt.

Das Cbbs;-1 Wildtypenzym konnte aus nativen Membranen aufgereinigt und seine Struktur mit
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einer Auflosung von 3,2 A geldst werden. Die Struktur zeigt, dass die katalytische Untereinheit der
cbbs-CcO Ahnlichkeiten zur denen der A- und B-Familien aufweist. Signifikante Unterschiede
wurden in Bezug auf Elektronentransfer und Protonentranslokation gefunden. Chb;-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 chb;-Oxidasen aus P. stutzeri
besondere Beachtung geschenkt: (i) ein homologes Expressionssystem fiir die zwei
cbbs-Isoformen von P. stutzeri wurde etabliert; (ii) beide Isoformen wurden biochemisch und
biophysikalisch charakterisiert; (iii) die natiirlichen Elektronendonoren der beiden chbs-Isoformen

wurden ermittelt.

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

Das Genom von P. stutzeri ZoBell war zu Beginn dieser Arbeit nicht sequenziert. Zur
Bestimmung der eigentlichen Nukleotidsequenz des cbb;-Operons wurde deshalb eine Serie von
Primern entworfen. Die Sequenz der Primer entsprach hoch konservierten Regionen anderer
verwandter Pseudomonas-Stimme, deren Genomsequenz bekannt war. Die Ergebnisse zeigten,
dass P. stutzeri ZoBell zwei unabhingige cbbs;-Operons besitzt, die im Genom in einer
Tandem-Anordnung vorliegen. Beide chb;-Operons beinhalten die drei strukturellen Gene fiir die
Untereinheiten CcoN, CcoO und CcoP; zusitzlich besitzt das zweite cbbs-Operon das Gen ccoQ.
Die Sequenz-Identititen der zwei cbbs-Isoformen sind mit 87% fiir die Untereinheit CcoN, 97%
fiir Untereinheit CcoO und 63% fiir Untereinheit CcoP sehr hoch. Aufgrund der hohen
Sequenzhomologie zwischen Cbbs-1 und Cbb;-2 liegen beide Isoformen wihrend des
chromatographischen Aufreinigungsprozesses fiir gewo6hnlich als Mischung vor. Mithilfe von vier
chromatographischen Aufreinigungsschritten gelang es jedoch, die native Cbbs-1 aus Membranen
von P. stutzeri homogen zu isolieren. Die homogene Aufreinigung der nativen Isoform Cbb;-2

gelang bis zum jetzigen Zeitpunkt nicht.

Zum detaillierten Studium und zum Vergleich der beiden cbbs-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 cbb;-CcO involviert sind, von groBem Vorteil. Die Etablierung eines
solchen Systems stellte aufgrund des Mangels an physiologischem und mikrobiologischem Wissen
iiber 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 Deletionsstimme zu
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kreieren (ACbbs-1 and ACbb;-2). Eine spezifische Besonderheit des ,,Suicide-Plasmids war dabei
die Einbringung eines griin-fluoreszierenden Proteins als zusétzlichen Selektionsmarker, wodurch
der Auswahlprozess deutlich vereinfacht wurde. Fiir die rekombinante Expression wurde eine
Serie von pBBR-basierenden Expressionsvektoren konstruiert und getestet. Diese Vektoren
unterschieden sich hinsichtlich der Platzierung des Affinititsanhdngsels, der regulatorischen
Elemente und der kodierten Isoformen. Da eine voneinander unabhingige Expression der beiden
[soformen nicht moglich war, wurde jede der beiden rekombinanten chbs-Isoformen im
entsprechenden Deletionsstamm exprimiert, so dass sich jeweils ein cbb;-Operon im Genom und
eines auf dem Plasmid befanden. Die Isolierung der jeweiligen cbbs-Isoformen wurde mittels
Affinitdtschromatographie erreicht. Eine homogene Aufreinigung konnte mit Hilfe dreier
aufeinanderfolgenden chromatographischen Schritten erreicht werden. Mittels Promotoraustausch
gelang es, das Expressionsniveau der Cbb;-2-Isoform zu erhdhen. Fiir gewohnlich lag die
Ausbeute von beiden rekombinant aufgereinigten cbbs-Isoformen bei 2-4 mg pro Liter
Kulturmedium. Die Identitdt beider cbbs-Isoformen wurde mittels Peptidmassenfingerprint von
Trypsin/Chymotrypsin-verdauten Proben bestétigt. Des Weiteren konnte durch die
massenspektrometrischen Messungen das Vorliegen von chiméren c¢bbs-CcO-Formen

ausgeschlossen warden.

(i) Charakterisierung beider cbb;-isoformen.

Die Ergebnisse dieser Arbeit zeigen, dass beide chbs-Isoformen ein hohes Maf3 an biochemischen

und biophysikalischen Gemeinsamkeiten aufweisen.

Der oligomere Zustand der beiden aufgereinigten rekombinanten cbbs-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
cbbs-Isoformen als Monomere vorliegen. UV/Vis Spektroskopie wurde verwendet, um die
Kofaktoren der chb;-Oxidase zu untersuchen. Die Differenzspektren beider Isoformen stimmen
mit dem Spektren der Wildtyp-Cbbs-1 iiberein, woraus auf eine korrekte Assemblierung der Ham-
und Metallzentren geschlossen werden kann. Die Sekundirstrukturen beider chbs-Isoformen
wurde mittels Circulardichroismus-Spektroskopie (CD) verglichen. Beide cbbs-Isoformen zeigen
identische CD-Spektren. Zusétzlich wurde Fourier-Transform-Infrarotspektroskopie (FTIR)
verwendet, um die rekombinanten cbbs;-Oxidasen zu charakterisieren. Auch hier weisen beide

Isoformen dhnliche spektroskopische Charakteristika auf.

Die Sauerstoffreduktase-Aktivitdt beider cbbs-Isoformen wurde polarographisch mittels einer

Clark-Typ Sauerstoffelektrode und eines artifiziellen Elektronendonor-Systems (Na-Ascorbat und

Xi
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N,N,N',N"-Tetramethyl-p-phenylendiamin [TMPD]) gemessen. Nach Optimierung der
Bedingungen fiir den pH-Wert, die lonenstidrke und das molare Verhiltnis von Na-Ascorbat zu
TMPD konnten fiir die aufgereinigten rekombinanten Proteine Cbbs;-1 und Cbbs-2
Sauerstoffreduktase-Aktivititen gemessen werden, welche dhnlich wie die des Wildtyp-Cbbs-1
sind. Dadurch wurde nachgewiesen, dass beide rekombinanten Enzyme vollstindig aktiv sind. Des
Weiteren konnte eine nichtlineare Abhédngigkeit der cbb;-CcO Enzymaktivitdit von der
Konzentration von TMPD beobachtet werden. Die Raten der Sauerstoffreduktion folgen einer
Michaelis-Menten-Kinetik mit einem Vy.-Wert von ca. 4000 e/s und einem K, von 3.6 mM.
Beide Werte wurden bei nicht eindeutiger Sattigung ermittelt und sind ungewohnlich hoch.
Moglicherweise geben sie nicht die tatsdchlichen kinetischen Parameter wieder. Nichtsdestotrotz
kann mit Sicherheit gesagt werden, dass die chbs;-Oxidasen aus P. stutzeri die Reduktion von
Sauerstoff mit mindestens 2000 e’/s katalysieren konnen. Dies ist die hochste Aktivitét, die jemals
fiir eine chb3-CcO gemessen wurde. Eine solch hohe Aktivitét ist vermutlich auf die drei c-Typ
Héame in den Untereinheiten CcoO und CcoP zuriickzufiihren, welche mehrere Eintrittsstellen fiir
Elektronen bieten und gleichzeitig mit TMPD reagieren konnten. Moglicherweise ist unter den
gegebenen Bedingungen auch der Elektronentransfer in der cbbs;-CcO effizienter als in der
aaz-CcO.  Zusitzlich  zur  Sauerstoffreduktase-Aktivitit wurde die  Aktivitdt  der
Katalase-Nebenreaktion gemessen. Es konnten keine signifikanten Unterschiede in der
Katalase-Aktivitdt zwischen der Wildtyp-Cbb;-1 und den rekombinanten Proteinen Cbb;-1 und
Cbbs-2 nachgewiesen werden. Die Katalase-Aktivitdt der cbb;-CcO ist dhnlich wie die der

Wildtyp-aa;-CcO aus Paracoccus denitrificans.

UV/Vis-Redoxtitrationen wurden durchgefiihrt, um das Redoxpotential der Him-Kofaktoren in
den beiden cbbs-Isoformen zu ermitteln und so zu einem besseren Verstindnis des
Elektronentransfers in der ¢bb;-CcO beizutragen. Da jedoch die Redoxpotentiale der c-Typ Héame
zu dicht beieinander liegen, um sie unterscheiden zu konnen, konnte nur ein Wert fiir beide
cbbs-Isoformen ermittelt werden (155 mV for Cbbs-1 und 185 mV fiir Cbb;-2). Diese Ergebnisse
lassen darauf schlieBen, dass die drei c-Typ Hdme durch His/Met-Ligandenpaare axial koordiniert
werden. Das hochste Redoxpotential wurde fiir das low-spin Him b (+262 mV fiir Cbbs-1 und
+278 mV fiir Cbb;-2) ermittelt. Das high-spin Ham b; besitzt ein niedriges Potential (+132 mV fiir
Cbbs-1 und +158 mV fiir Cbbs-2).

Ungeachtet der hohen Ahnlichkeit zwischen den beiden chbs-Isoformen wurden auch einige
signifikante Unterschiede beobachtet. Die DNA-Sequenzanalysen zeigten, dass die Promotoren
der beiden c¢bbs;-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 Cbbs-1, welche
unter Kontrolle des ANR-abhéngigen Promotors exprimiert wurde, um das 6-8 fache hdher als die
von Cbbs-2. Diese Ergebnisse weisen darauf hin, dass beide cbbs-Isoformen verschiedene
energetische und regulatorische Funktionen haben. Ein weiterer Unterschied besteht in der
Untereinheitenzusammensetzung der beiden cbbs-Isoformen hinsichtlich der An-/Abwesenheit der
CcoQ-Untereinheit. Eine massenspektrometrische Analyse zeigte, dass CcoQ eine Untereinheit der
Cbbs-2 ist. Die Abwesenheit von CcoQ in Cbbs-1 ist moglicherweise dadurch bedingt, dass Cbbs-1
hauptsdchlich bei niedrigen Sauerstoffkonzentrationen exprimiert wird, wenn ein Schutz der
CcoP-Untereinheit gegen proteolytischen Abbau unter acroben Bedingungen nicht notwendig ist.
Ein deutlicher Unterschied zwischen beiden cbbs-Isoformen liegt in ihrer thermischen Stabilitét.
Die Ergebnisse der dynamischen Differenzkalorimetrie (DSC) zeigen, dass Cbbs-1 stabiler ist als
Cbbs-2. Die gesamte kalorimetrische Enthalpiednderung der rekombinanten Cbbs-1 (2,016 kJ
mol™) ist hoher als die der Cbbs-2 (1.556 kJ mol™"). Des Weiteren denaturiert Cbbs-2 im Vergleich

zur rekombinanten Cbbs-1 10°C friiher.

Mutagenese-Studien wurden durchgefiihrt, um die funktionelle Bedeutung zweier hoch
konservierter Aminosduren in der Nédhe des aktiven Zentrums zu untersuchen: Y251 und E323. Es
ist bekannt, dass das redoxaktive Tyrosin kovalent mit einem der drei Histidin-Liganden des Cug
verbunden ist. Es wurde bereits frither nachgewiesen, dass dieses Tyrosin eine wichtige Rolle fiir
die katalytische Aktivitit der Him-Kupfer-Oxidasen spielt. Im Vergleich zu den A- und B-Typ-
Oxidasen liegt dieses kritische Tyrosin (Y251) in den cbbs-Oxidasen auf einer anderen
Transmembranhelix. Die Varianten Y251F und Y251A wurden erstellt, um die enzymatische
Bildung eines Tyrosinradikals zu verhindern. Die Doppel-Varianten Y251A/1252Y und
Y251A/G211Y wurden konstruiert, um zu testen, ob es moglich ist die His-Tyr Verbindung an
einer alternativen Stelle wiederherzustellen. Alle vier Varianten hatten ihre Sauerstoffreduktase-
Aktivitdit verloren. Die Aminosdure E323 ist durch Wasserstoffbriickenbindung mit den
Histidin-Liganden des Him b5 verkniipft. Es wurde nachgewiesen, dass die enzymatische Aktivitit
komplett aufgehoben wird, wenn E323 durch ein Alanin (E323A) oder ein Glutamin (E323Q)
ersetzt wird. Die Variante E323D weisst noch ca. 40% der Wildtyp-cbb;-CcO Aktivitit auf.

(iii)  Identifizierung und Charakterisierung der natiirlichen Elektronendonoren von

P. stutzeri cbb;-CcO .
Um die physiologische Bedeutung und die Unterschiede beider chbs-Isoformen zu verstehen,
bedarf es der Identifizierung ihrer endogenen Elektronendonoren, die bis jetzt bei P. stutzeri
unbekannt waren. Die Suche nach einem Ham-C Bindungsmotiv im Genom und

Homologieanalysen ergaben das Vorkommen von 16 potenziellen Cytochrom-c-Proteinen. Vier
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dieser Proteine (Cytochrom c4, cs, ¢ss1, und css;) 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, ¢s und css; konnten in relativ groBen Mengen exprimiert und in
drei  Aufreinigungsschritten bis zur Homogenitit 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, ¢s und css; wurden auf ihre Eignung als natiirliche
Elektronendonoren der cbbs-Isoformen untersucht. Die Cytochrom-c abhéngige Oxidaseaktivitdt
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 ionenstirkeabhidngig. (ii) Alle drei Cytochrome dienen beiden cbbs-Isoformen als
Elektronendonor, jedoch mit unterschiedlich hoher Effizienz. Die hochste Sauerstoffreduktase-
Aktivitdit wurde mit 100 pM reduziertem Cytochrom c4 beobachtet (z.B. ca. 500 e’/s fiir
Wildtyp-Cbbs-1). Die Umsatzraten von reduziertem css; waren &dhnlich hoch wie die von
Cytochrom c4 (80 bis 90%), wohingegen die Umsatzraten mit ¢s um ungefahr 80% reduziert waren.
Diese Ergebnisse zeigen, dass die beiden Cytochrome ¢4 und css; als effiziente endogene Substrate
fiir die cbbs-Oxidasen von P. stutzeri dienen, wihrend Cytochrom c¢s ein schwacher
Elektronendonor ist. Elektrochemische Messungen weisen darauf hin, dass die relativ hohen
Reaktionsraten, welche mit Cytochrom ¢, and c¢ss; beobachtet wurden, darauf zuriickzufiihren sind,
dass beide Cytochrome mindestens ein /ow-spin Hdm C enthalten. Im Vergleich dazu hat
Cytochrom c¢s ein hohes Redoxpotential, welches moglicherweise einen Elektronentransfer zur
cbb3-CcO verhindert. (iii) Eine Anpassung der Daten zeigte eine unerwartete lineare Abhingigkeit
der Oxidase-Aktivitdt von der Konzentration der reduzierten c-Typ-Cytochrome (20 bis 100 mM).
Aufgrund der fehlenden Sattigung konnten die tatsdchlichen 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 fiir die zwei

P. stutzeri cbbs-Oxidasen darstellen.

Zusitzlich zu den beobachteten Unterschieden in den Umsatzraten mit drei endogenen
Cytochrome-c-Proteinen, wurden weitere signifikante Unterschiede zwischen beiden
cbbs-Isoformen gefunden. Die katalytischen Aktivititen, welche fiir die Cbb;-2 gemessen wurden,
sind im Vergleich zu Cbbs;-1 um 70% reduziert. Ein Modell der Cbbs-2, welches unter

Einbeziehung von Aminosduresequenz und Oberflichenladung und Rontgenstruktur der Cbb;-1

Xiv
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erstellt wurde, lasst potentielle Strukturverinderungen und Oberflichenladungsunterschiede im
Vergleich zu Cbb;-1 erkennen. Diese konnten die Grundlage fiir die verschiedenen

Substratspezifitiaten der beiden cbbs-Isoformen bilden.

In dieser Arbeit wurden zum ersten Mal eine umfassende Charakterisierung und ein Vergleich der
beiden cbbs-Isoformen von P. stutzeri ZoBell vorgenommen. Die gereinigten chbs-Isoformen
weisen ein hohes Mall an Gemeinsamkeiten in Bezug auf ihre biochemischen und
biophysikalischen Eigenschaften auf. Unterschiede wurden beziiglich ihrer
Untereinheitenzusammensetzung, der thermalen Stabilitdt, der Substratspezifitit und der
Expressionsregulierung beider c¢bbs;-Oxidasen festgestellt. Diese Arbeit bietet sehr gute
Perspektiven fiir weiterfilhrende funktionelle und strukturelle Untersuchungen der beiden

¢cbbs-CcO Isoformen.
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SUMMARY

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

FoF-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 aas-type cytochrome ¢ oxidases (aa;-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 cbbs-type cytochrome c¢ oxidase

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

The c¢bb;-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 cbb;-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, cbb;-CcO is the sole respiratory enzyme. This finding indicates that cbbs;-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 cbb;-CcO. However,
we showed that this strain actually possesses two cbbs-operons (ccoNOP-1 and ccoNOQP-2),
encoding isoforms of cbb;-CcO (Cbbs-1 and Cbbs-2). In 2010, the structure of wild-type Cbbs-1
purified from the native membranes was solved in our laboratory at a resolution of 3.2 A. It
revealed that, although the catalytic subunit of ¢bb;-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 cbb;-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 cbb;-CcOs and persues three major objectives: (i) to establish a
homologous expression system for the two P. stutzeri cbbs-isoforms; (ii) to characterize both
isoenzymes by biochemical and biophysical analyses; (iii) to investigate the natural electron

donor(s) of the two cbbs-isoforms.

(i) Construction of a homologous expression system for the separate isolation
of both cbbs-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 cbhbs-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 cbbs-operons, and the two cbbs-operons are tandemly
arranged in a 7-kb segment of the genome. Both cbbs-operons contain the three structural genes
for the subunits CcoN, CcoO and CcoP, whereas the gene ccoQ is only present in the second
cbbs-operon. The amino acid sequence identities of the two cbbs-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 Cbbs-1 and Cbbs-2, both wild-type isoforms are usually found as a
mixture in the same chromatographic fractions during the purification process. Although the
wild-type Cbbs-1 has been successfully purified to homogeneity from the native membranes of
P. stutzeri by four chromatographic steps, the isolation of Cbb;-2 from the protein mixture was not

achieved.

To enable a detailed investigation and comparison of the two cbbs-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 cbb;-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 (ACbbs-1 and ACbb;-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 pPBBR-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 cbhbs-isoforms was found to be

interdependent, the presence of both chbs-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 cbbs-operon in the genome and the previously deleted operon on an
expression vector with an additional affinity tag. Isolation of the individual cbbs-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 Cbbs-2,
and a typical yield of both purified recombinant chb;-isoforms was 2 to 4 mg per liter of culture
medium. The identity of both chbs-isoforms was confirmed by peptide mass fingerprinting (PMF)
of trypsin/chymotrypsin-digested cbb;-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 ¢bb;-CcO.

(i) Characterization of the two cbbsz-isoforms.

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

similarity in their biochemical and biophysical properties.

The oligomeric state of the two purified recombinant cbbs-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 cbbs-isoforms are monomeric.
Ultraviolet/visible (UV/Vis) spectroscopy was used to study the cofactors of cbb;-CcOs. The
oxidized, reduced and reduced-minus-oxidized difference spectra of both recombinant
cbbs-isoforms are well consistent with the results observed with the wild-type Cbb;-1, which
indicated a proper assembly of heme and metal centers. A comparison of the secondary structural
content of the two cbbs-isoforms was carried out by using circular dichroism (CD) spectroscopy,
and identical CD spectra were obtained for both cbbs-isoforms. Additionally, Fourier transform
infrared (FTIR) spectroscopy was applied to characterize the recombinant cbb;-CcOs. Both

isoforms showed similar spectroscopic characteristics.

The oxygen reductase activity of both cbbs-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 Cbb;-1 and
Cbbs-2 catalyze the reduction of oxygen at a rate comparable to the wild-type Cbbs-1, which
indicated that the recombinant proteins produced in this work are fully active. Moreover, a
non-linear dependence of enzyme activity of chb;-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 K, 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 Kkinetic parameters.
Nevertheless, it could be safely concluded that the P. stutzeri cbb;-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 cbb;-CcO is more efficient than that in aa;-CcO under these in vitro assay
conditions. In addition to the oxygen reductase activity, the catalase side reaction of c¢bb;-CcOs
was measured. This assay shows no significant difference in catalase activity, neither between
wild-type and recombinant proteins nor between Cbb;-1 and Cbb;-2. Furthermore, the observed
catalase activity of cbb;-CcO is comparable to that of the wild-type aa;-CcO from Paracoccus

denitrificans.

To contribute to a better understanding of the electron transfer processes in cbb;-CcO, UV/Vis
redox titrations were carried out to determine the midpoint redox potentials of heme cofactors in
the two cbbs-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 cbbs-isoforms (155 mV for
Cbbs-1 and 185 mV for Cbbs-2). These results imply that all three c-type hemes exhibit His/Met
axial coordination. Among the five hemes of c¢bb;-CcO, the highest redox potential was obtained
for the low-spin heme b (+263 mV for Cbb;-1 and +278 mV for Cbbs-2). The high-spin heme b;
has a low potential (+132 mV for Cbbs-1 and +158 mV for Cbbs-2).

A high similarity between two cbbs-isoforms was experimentally confirmed; even so, a number of
differences was observed. DNA sequence analysis revealed that the promoters of the two
cbbs-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 Cbbs-1, which is expressed under this ANR-dependent promoter,
was 6- to 8-fold higher than that of Cbb;-2. These results indicate that both cbbs-isoforms have
different energetic and regulatory roles. Another difference between both chbs-isoforms is the
subunit composition concerning the presence/absence of the CcoQ subunit. PMF analysis revealed
that CcoQ is associated with Cbbs-2, yet not with Cbbs-1. This absence of CcoQ in Cbbs-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 chbs-isoforms. Although for either cbbs-isoform, a two-step temperature-dependent
denaturation was observed using differential scanning calorimetry (DSC), the DSC results show

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

denatures 10°C earlier in comparison to the recombinant Cbb;-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 Cup, and is considered to play an
important role in the catalytic activities of CcOs. In the cbb;-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/1252Y 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 b;. 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 cbb;-CcOs.

Understanding the physiological significance and differences of both cbbs-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 ¢ binding motif and homology
analyses, 16 proteins were predicted to be c-type cytochromes. Cytochromes cy4, ¢s, ¢ss;and c¢ss;
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 ¢y, ¢s, and css; 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 ¢ exhibit spectroscopic and electrochemical properties identical to the

native proteins.

The three recombinant cytochromes ¢ (cs, ¢s, and css;) were tested for their ability to serve as
natural electron donors for both cbbs-isoforms. Therefore, cytochrome c-dependent oxidase
activity was measured polarographically in the presence of reduced cytochrome ¢ and ascorbate.
Our results indicate the following significant findings: (i) Interaction between the cbb;-CcO and
cytochrome c is an ionic strength-dependent process. (ii) All three cytochromes can clearly donate

electrons to the two cbbs-isoforms, however, at different rates. The highest rate of oxygen
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reduction was obtained when 100 uM reduced cytochrome ¢, was used (e.g., approx. 500 e’/s for
the wild-type Cbbs-1). The turnover rates measured with cytochrome css; are comparable to those
found with cytochrome ¢4 (80 to 90%), while the ones observed with cytochrome cs are reduced by
about 80%. These results show that both cytochrome ¢4 and c¢ss5; can serve as efficient endogenous
substrates for the cbb;-CcOs from P. stutzeri, whereas cytochrome cs is a poor electron donor.
Furthermore, the results of electrochemical measurements suggest that the relatively high reaction
rate observed with cytochrome ¢4 and css; may be attributed to the fact that both cytochromes
harbor at least one low-potential heme c. In contrast, cytochrome c¢s has a high redox potential,
which may hinder the electron transfer to the cbb;-CcOs. (iii) The fit of the data shows an
unexpected linear dependence of the oxidase activity on the concentration of reduced cytochromes
¢ (20 to 100 mM). Due to the lack of saturation, the kinetic parameters could not be determined.
(iv) Measurements performed with two eukaryotic cytochromes ¢ (from yeast and horse heart)

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

In addition to the difference in turnover rates observed with three endogenous cytochromes c,
significant differences between the two cbbs-isoforms were also found. Catalytic activities
measured for the Cbbs-2 were reduced by about 70% when compared with Cbbs-1. Inferring from
the amino acid sequences and a surface charge calculation based on the X-ray structure of Cbbs-1
as well as a model of Cbbs-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

cbbs-isofroms.

In conclusion, this work, for the first time, gives a comprehensive characterization and comparison
of the two isoforms of cbb;-CcO from any bacterium, here from P. stutzeri ZoBell. The two
purified cbbs-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 ¢bb3-CcO.
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Kurzzusammenfassung

Die cbb;-Typ Cytochrom-c-Oxidasen (cbb;-CcOs) bilden die zweitgrofite Familie innerhalb der
Ham-Kupfer-Oxidasen-Superfamilie. Sie sind evolutiondr am weitesten von den mitochondrialen
aaz-Oxidasen entfernt. Sie sind im Bakterienreich weit verbreitet, kommen aber hauptsichlich in
Proteobakterien vor. Die chbs;-Oxidasen katalysieren in einer gekoppelten Reaktion die Reduktion
von molekularem Sauerstoff zu Wasser und den Transport von Protonen iiber die bakterielle
Cytoplasmamembran. Cbbs;-Oxidasen werden hauptsdchlich bei niedrigen Sauerstoff-
konzentrationen exprimiert und weisen eine hohe Affinitdt zu Sauerstoff auf. Bekannt ist die
Bedeutung der chhs;-Oxidasen fiir Stickstoff fixierende Bakterien. Uberdies kommt ihnen als
einzige terminale Oxidase in einigen pathogenen Bakterien eine Schliisselrolle bei der Besiedlung

sauerstoffarmer Gewebe zu.

Entgegen fritherer Studien wurde in dieser Arbeit gezeigt, dass das Gamma-Proteobakterium
Pseudomonas stutzeri ZoBell zwei unabhdngige cbbs-Operons (ccoNOP-1 und ccoNOQP-2)
besitzt, die fiir zwei cbbs-Isoformen (Cbbs-1 und Cbbs-2) kodieren. In der Abteilung Molekulare
Membranbiologie des MPI fiir Biophysik konnte das Cbbs-1 Wildtypenzym aus nativen
Membranen aufgereinigt und die Struktur mit einer Auflésung von 3,2 A bestimmt werden. Die
Struktur offenbarte signifikante Unterschiede in Bezug auf Elektronentransfer und

Protonentranslokation im Vergleich mit anderen Oxidase-Familien.

Chb3-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 cbbs-Isoformen getrennt voneinander
isoliert werden konnen, was aufgrund der hohen Sequenzhomologie aus dem Wildtyp von P.
stutzeri nicht moglich ist. In dieser Arbeit wurde ein homologes Expressionssystem in P. stutzeri
ZoBell etabliert, das eine spezifische Isolierung beider Isoformen ermdglicht. Zur Deletion der
beiden chromosomalen c¢bb;-Operons durch homologe Rekombination wurde ein neues
EGFP-basierendes ,,Suicide-Plasmid“ entwickelt. Die rekombinanten cbbs-Isoformen konnten
danach in dem jeweiligen Deletionsstamm mit einem Affinitdtsanhdngsel homolog exprimiert
werden. Die Identitdt beider chbs-Isoformen wurde mittels Peptidmassenfingerprint-Analyse
bestdtigt. Die funktionelle und strukturelle Charakterisierung der cbbs-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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Aktivititsmessungen. Die Ergebnisse zeigten, dass die beiden cbbs-Isoformen eine grofe Anzahl
von Ahnlichkeiten aufweisen. Allerdings wurden auch einige Unterschiede in Bezug auf
Untereinheitenzusammensetzung, thermale Stabilitdt, Substratspezifitit und Regulation der

Expression zwischen beiden chb;-Oxidasen festgestellt.

Die Sauerstoffreduktase-Aktivitit der cbbs-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 fiir den
pH-Wert, die Ionenstirke und das molare Verhiltnis von Na-Ascorbat zu TMPD konnten fiir die
aufgereinigten rekombinanten Proteine Cbbs-1 und Cbb;-2 Sauerstoffreduktase-Aktivititen
gemessen werden, welche denen der nativen Cbbs-1 dhneln. Interessanterweise wurden eine hohe
Umsatzrate von mindestens 2000 /s und eine hohe Michaelis-Menten-Konstante (K, ~ 3.6 mM),
fir beide cbb;-Oxidasen ermittelt. Dies ist die hochste Aktivitdt, die bisher fiir eine cbb;-CcO
gemessen wurde. Zusitzlich zur Sauerstoffreduktase-Aktivitdt wurde die Aktivititmessung der
Katalase-Nebenreaktion durchgefiihrt. Es konnten keine signifikanten Unterschiede in der
Katalase-Aktivitdt zwischen der nativen Cbbs-1 und den rekombinanten Proteinen Cbbs-1 und

Cbbs-2 nachgewiesen werden.

Um die nativen Elektronendonoren der cbb;-CcO zu untersuchen, wurden drei ¢-Typ Cytochrome
¢y, ¢s und css; aus P. stutzeri Kkloniert und heterolog in Escherichia coli exprimiert. Die
rekombinanten Cytochrome wurden bis zur Homogenitdt aufgereinigt und wiesen identische
spektroskopische und elektrochemische Eigenschaften wie die entsprechenden Wildtyp-Proteine
auf. Es konnte gezeigt werden, dass die Cytochrome ¢4 und css; als effiziente native Substrate fiir
die ¢bb;-CcO dienen, wiahrend Cytochrom c¢s ein schwacher Elektronendonor ist. Dabei sind die
katalytischen Aktivitdten, die fiir die rekombinante Cbb;-2 gemessen wurden, im Vergleich zur
rekombinanten Cbbs-1 bis auf 30% reduziert. Diese Ergebnisse weisen auf unterschiedliche

Substratspezifitaten beider cbbs-Isoformen hin.

Mit dieser Arbeit ist erstmals eine umfangreiche Charakterisierung beider Isoformen der cbb;-CcO
von P. stutzeri ZoBell gelungen. Das etablierte Expressionssystem dient als grundlegende Basis

fiir zukiinftige funktionelle und strukturelle Studien.
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Abstract

The cbbs-type cytochrome ¢ oxidases (cbbs;-CcOs) constitute the second most abundant family of
the heme-copper terminal oxidases (HCOs) and are most distantly related to the mitochondrial
aa;-CcOs. They are found exclusively in bacteria, especially in proteobacteria. The cbb;-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 ¢bb;-CcO. In this work, we showed that this
strain actually possesses two independent cbb; operons encoding two isoforms of cbb;-CcO
(Cbbs-1 and Cbbs-2) In our laboratory, the wild-type Cbbs-1 was purified from the native
membranes and its structure was determined at 3.2 A 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 chb;-CcOs. As a prerequisite for a detailed
investigation, both isoforms must be isolated separately. However, this is difficult due to the high
homology between Cbbs-1 and Cbbs-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
cbbs-isoforms. To delete each of the two chromosomal c¢bb; operons by homologous
recombination, a novel EGFP-based suicide plasmid was constructed. Both recombinant
cbbs-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 cbbs-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
cbbs-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 chb3-CcOs.

The oxygen reductase activity of both c¢bb;-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 cbb;-CcOs, and both recombinant isoforms
catalyze the reduction of oxygen at a rate similar to the wild-type Cbbs-1. Interestingly, a
surprisingly high turnover of at least 2,000 e¢/s and a high Michaelis-Menten constant (K, ~ 3.6
mM) were characteristic for both ¢bb;-CcOs. To date, this is the highest activity reported for a
cbb3-CcO. In addition, the catalase side reaction of cbb;-CcO was measured. This assay shows no
significant difference, neither between wild-type and recombinant proteins nor between Cbb;-1

and Cbbs-2.

To investigate the natural electron donor(s) of c¢bb;-CcOs, three cytochromes ¢ (cs, ¢s and css;)
from P. stutzeri were cloned and expressed heterologously in Escherichia coli. The recombinant
cytochromes ¢ were purified to homogeneity, and exhibited spectroscopic and electrochemical
properties identical to the wild-type proteins. It could be shown that cytochrome ¢4 and css; are
very likely the natural substrates for both chbs-isoforms, whereas cytochrome cs is not a good
substrate. In addition, these three endogenous cytochromes ¢ can only support the activity of
Cbbs-2 to a level of 30%, when compared to the Cbbs-1. This finding indicates that both

cbbs-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 cbb;-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
ddH,0 double-distilled water (=Milli-Q ultrapure water, Millipore)
dNTP deoxyribonucleotide triphosphate

DDM (=LM) n-dodecyl-p-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 B-D-1-thiogalactopyranoside
B-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 B-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 ¢ oxidase

CD circular dichroism

CFU colony-forming unit

CMC critical micelle concentration

Ccv column volumes

AH 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
K 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 (x g) relative centrifugal force
rec. recombinant

PAGE polyacrylamide gel electrophoresis
PCR polymerase chain reaction
pl 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
T transition temperatur

TMH transmembrane helix

TOF time-of-flight

UuQ oxidized form of quinone
UQH, reduced form of quinone, also hydroquinone or quinol
UV/Vis ultraviolet/visible

Vinax the maximum reaction velocity
wt. wildtype

Table C: Abbreviations of units and other general abbreviations.

Abbreviation/Symbol Name

3D three-dimensional

A angstrom

approx. approximate

bp base pair(s)

°C degree celsius

conc. concentration

€ extinction coefficient

e.g. exempli gratia (latin), for example (english)
etal et alii (latin), and others (english)
J joule

1 liter

min minute

Pa Pascal

psi pound per square inch

rpm revolutions per minute

RT room temperature

c standard deviation

sec second

v volt

VS. versus (latin), against (english)
v/v volume/volume

w/v weight/volume

W/W weight/weight
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1. INTRODUCTION

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

1.1.1 ATP and oxidative phosphorylation

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 (P;). The cleavage of the terminal phosphoanhydride bond is
highly exergonic (AG™ = -30.5 kJ/mol), because one hydrolysis product, the orthophosphate group
(HPO4Y), 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 & FADH;), which are produced predominantly by the citric acid cycle and the B-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 (O,). 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
FoF,-ATP-synthase to synthesize ATP from ADP and P;. 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).

1.1.2 The electron transport chain

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 O,/H,0), 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 (Wikstrém 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 ef 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 ef 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 ef 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 FoF-ATP synthase (complex V) to
generate ATP. Together with cytochrome ¢, ubiquinone (Q) and its reduced form (ubiquinol, QH;) serve as
mobile electron carriers. Structural representation of complex I-IV was generated using PDB entries 3M9S,
INEK, 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 bc; 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
¢ 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 (Q, for the
oxidation of ubiquinol and release of protons; Q; for the reduction of ubiquinone) are involved.
During one complete Q-cycle, two ubiquinols are oxidized and therefore donate four electrons to
complex IIl. Two electrons are transferred to the “Rieske” [2Fe-2S] center and from there via
cytochrome ¢, to the final electron acceptor cytochrome c¢. The other two electrons are transferred
through the low potential heme b; to the high potential heme by, 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 ¢ and deprotonation of ubiquinol is
accompanied by proton translocation. The stoichiometry is thermodynamically equivalent to

2 H'/2 ¢ (Hinkle et al., 1991; Wikstrom and Hummer 2012).
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Complex IV (cytochrome c:oxygen oxidoreductase or cytochrome c oxidase) is the terminal
enzyme in the ETC. It catalyzes the four-electron reduction of O, 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 H,O,, O, and "HO)
(Ludwig et al., 2001). The overall reaction is illustrated by the following equation:

4eyt.c® + (n+4) HY + 0, > 4cyt.c® +nHE + 2 H,0 (Eq. 1)

These enzymes use O, as an electron sink. O, diffuses through the membrane to the catalytic
center. During one catalytic cycle, four electrons are subsequently supplied by the reduced
cytochromes ¢, 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 O,, giving a thermodynamic stoichiometry of 4 H'/2 e (Wikstrém
1977; Wikstrom 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 (Schigger and Pfeiffer 2000) and electron microscopy (Schifer
et al., 2007). Several supercomplex assemblies from different organisms have been characterized,
e.g., bovine mitochondrial [;I1L,IV, (Althoff et al., 2011) and plant mitochondrial I;1II, (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

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

1.2.1 Classification of heme-copper terminal oxidases

Heme-copper terminal oxidases (HCOs) are terminal enzymes of the aerobic respiratory chain.
These enzymes catalyze the reduction of O, to water and generally contribute to energy
conservation. HCOs are quite diverse in terms of subunit composition, electron donor, heme type
and proton pathways (Garcia-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 ¢ oxidases (CcOs or COX). One major difference between QOX and CcOs is the lack
of a Cu, 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.

“Heme-copper oxidase superfamily”

aerobic respiration anaerobic respiration
' ¢
Heme-copper oxidase Nitric oxide reductase
(HCO) (NOR)
oxygen as e acceptor nitric oxide as e acceptor
l \
: [ 1 l
v bypassing complex III complex IIT l
Alternative ' Quinol Cytochrome ¢
oxidase (AOX) Quinol Cytochrome ¢ dependent dependent

and bd oxidase oxidase (QOX) oxidase (CcO or COX) NOR (qNOR) NOR (cNOR)

quinol as e donor  quinol as e donor  reduced cyt. ¢ as e donor  quinol as e donor reduced cyt. ¢ as e” donor

|
, , |

A-family (A1/A2) B-family C-family

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.

Despite the high diversity, HCOs are characterized by the presence of a transmembrane catalytic
subunit, which contains a low-spin heme (a or ) and a binuclear center composed of a high spin
heme (a3, b; or 03) and Cug. 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 (bas-like oxidases) and C-family (cbbs-like oxidases) (Pereira et al., 2001; Sousa et al.,
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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). Al-type HCOs are represented by the aa;-CcO from bovine mitochondria and from the
a-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;
Diirr 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 caas;-CcOs from
Thermus thermophilus and Rhodothermus marinus (Srinivasan et al., 2005; Lyons et al., 2012). In
addition, caa;-CcOs contain an extramembrane cytochrome ¢ domain that is fused to its subunit II
(van der Oost et al., 1991; Garcia-Horsman et al., 1994). Despite the differences between A1l 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 Cug 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 bas-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 bas;-CcOs also contain the primary electron
acceptor Cu, 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 a-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 (N,O) at low levels (Giuffré et al., 1999).

The C-family only comprises cbbs-CcOs, which are found exclusively in bacteria, especially in
proteobacteria. The cbb;-CcOs differ from the other members of the HCO superfamily by having a
distinctly different subunit composition and different redox centers. The chb;-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 ¢ dependent (c(NOR) 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 ef 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 (Garcia-Horsman et al., 1994; D'mello ef 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.

1.2.2 Evolutionary origins of heme-copper terminal oxidases

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 c¢bb;-CcOs are mainly expressed at low oxygen
concentrations; (ii) they display higher NO reductase activity compared to the caas- and ba;-CcOs
(Giuffre et al,, 1999; Forte et al, 2001). In addition, the link between cbb;-CcOs and NORs
suggested a single phylogenetic origin of HCOs (Castresana et al., 1994; Garcia-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 c¢bb;-CcOs have a proteobacterial origin and therefore are more recent than A- and

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

1.2.3 Structure of heme-copper terminal oxidases

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

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

In 1995, the crystal structure of the aas;-CcO from P. denitrificans was first determined at 2.8 A
resolution (Iwata et al., 1995), followed by the metal center structure (Tsukihara et al., 1995) and
the whole structure of the mitochondrial aa;-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 aas;-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 enzymes' (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 a; and Cug. Oxygen reduction occurs at the
heme a3-Cug binuclear center. There are two additional metal centers containing Mg”" (or Mn*")
and Ca™". The Mg*"/Mn”" 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 Ca>" 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 B-barrel and
harbors a mixed valence dinuclear Cu, center. The Cua center functions as the primary electron
acceptor of aas;-CcO that mediates the electron transfer from cytochrome ¢ 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 ¢ (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

' The eukaryotic aas;-CcOs consist of three mitochondrially encoded core subunits (I, IT 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 css; 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 caas;-CcO (A2-type HCO) (Figure 1-3 B) from 7. thermophilus has
been recently published (Lyons et al., 2012). It is composed of three subunits, namely, I/II1, Ilc
and IV. The overall architecture of the caas;-CcO 1is similar to that of the aasz-CcO. However,
several significant features are present in the current structure: (i) The core catalytic subunit I/I11 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 Mg®" binding site. Compared to the aas-CcO, both low-
and high-spin hemes are a, type, which have a hydroxyethylgeranylgeranyl group instead of the
hydroxyethylfarnesyl side chain (Lubben and Morand 1994; Lyons et al., 2012). (ii) Subunit Ilc
exists as a fusion of a cytochrome ¢ domain and a classical subunit II containing the dinuclear Cux
center (Mather et al.,, 1993). The covalently bound heme ¢ is proposed to be the initial electron
entry and exit site of the caas;-CcO. (iii) The structure analysis also showed that caa;-CcO has a
previously unknown subunit IV. It consists of two TMHs and is located in the hydrophobic

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

(A) aas (B) caas

(Figure continued on next page)



1. INTRODUCTION

S

/

)
o
’
-
’

Figure 1-3: X-ray structures of different types of HCOs and NORs. (A) aa;-CcO from Paracoccus
denitrificans; (B) caaz-CcO from Thermus thermophilus; (C) bas-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 caa;-CcO is a fusion of a canonical subunit I (green) and subunit IIT (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 gNOR contain an iron atom (Feg, red) and a zinc atom (Zng, dark
blue) in the catalytic subunit instead of Cug, respectively. Coordinates were taken from PDB entries: 1QLE
(aas), 2YEV (caas), 1XME (bas), 3MK7 (cbb;), 300R (cNOR) and 3AYF (qNOR). 3D structural images
were generated using the PyMOL software.
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The crystal structure of bas-CcO (Figure 1-3 C) from T. thermophilus was first obtained at 2.4 A
(Soulimane et al., 2000) and recently at 1.8 A resolution (Tiefenbrunn et al., 2011). The bas-CcO
is composed of three subunits, I, II and Ila. Subunit I consists of thirteen TMHs, which is unique
among the HCOs. The 13™ helix does not superpose with any helix of the aas-CcOs. Subunit 1
binds a heme b and heme a;-Cup binuclear center. Subunit II of ba;-CcO has only one TMH,
which corresponds to the second helix of subunit II of aa;-CcO. The hydrophilic domain of
subunit II also contains a dinuclear Cua center, which is the same as in the A-family HCOs.
Subunit Ila is the smallest subunit with one TMH. This helix superposes with the first TMH of
subunit I of aa;-CcO (Soulimane et al., 2000).

The X-ray structure of the C-family cbb;-CcO (Figure 1-3 D) from Pseudomonas stutzeri was
determined at 3.2 A resolution in 2010, and shows significant structural differences to other HCOs
(Buschmann et al., 2010). Since the ¢bb;-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 Feg center. Heme b; and Feg
form the binuclear active center where the reduction of NO takes place. In contrast to Cug of CcOs,
Feg 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 ¢. The
proposed electron transfer pathway in ¢cNOR from heme ¢ to the active site is similar to the
pathway of cbb;-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 ef 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 a-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 cbb;-CcOs.
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1.3 The aas-type cytochrome c oxidase

Since the aa;-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 aa;-CcOs is
given in the sections below (1.3.1 — 1.3.3). Unless otherwise mentioned, the numbering system of

the aa;-CcO from P. denitrificans is used.

1.3.1 The catalytic reaction cycle

The aa;-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
Cugp) 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
Wikstrom in 1981 by reversing the electron transfer in mitochondria (Wikstrdém 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) (Wikstrom 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 aas;-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
(Fe*"/Cug™) state. Based on the presence of a continuous electron density between both metal ions
in the crystal structure of Paracoccus aas-CcO (Ostermeier et al., 1997), it was proposed that Fe®*
and Cug” 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 Cug. Reduction of Cug (Cug* to Cug') is
accompanied by the protonation of its bound OH™ ligand, forming a water molecule. After
receiving a second electron, the heme as iron is reduced, yielding the ferrous/cuprous (Fe*/Cug'™")
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 Fe*"-O, stretching band is similar to that
observed for oxyhemoglobin and oxymyoglobin (Han et al, 1990; Rousseau and Han 2002).
During the binding of O, to the heme a5 iron, two water molecules are released. The A state is

unstable and spontaneously rearranges to the next reaction state.

The P state (Py) was originally proposed to be a peroxy intermediate, in which two metal centers
in the active site are bridged by a peroxide group (Wikstrom 1981). However, the P state was
redefined as an oxoferryl state (Fe*'=0%) with an OH™ bound to Cug, 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 as iron (Fe*" to
Fe4+), while the third electron is derived from Cug (CuBH to Cu32+). 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
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Figure 1-4: Simplified schematic representation of the oxygen reduction reaction at the heme a3;-Cugp
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 a; iron (Fe) and Cug, as well as of the tyrosine residue (Y280). The tyrosine radical
is indicated by a dot in the “peroxy” state (also called Py 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 ef al., 2004; Wikstrom and Verkhovsky 2007).

1.3.2 Electron transfer process

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 (Cu,) of aas;-CcO. The
rate-limiting step in the electron transfer process is the formation and dissociation of the
cytochrome ¢ and CcO complex (Antalis and Palmer 1982). The interaction between cytochrome ¢
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 aa;-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 ¢ (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 aa;-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 Cu, with a time constant of ~ 15 ps (Hill 1991).

Subsequently, the electron is transferred from Cu, to heme a at a distance of 19.5 A. 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 us in bacterial CcOs (Konstantinov et al., 1997; Zaslavsky et al., 1998;
Verkhovsky et al., 2001) and about 50 to 100 ps in mitochondrial enzymes (Kobayashi et al.,

1989; Farver et al., 2000). In the next stage, electron transfer between heme a and a; was shown to
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have a time constant of about 3 us (Oliveberg and Malmstrom 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 A) using electron tunneling theory in biomolecules (Page et al.,
1999). Furthermore, ultra-fast electron transfer from heme a to a; has been proposed (Verkhovsky
et al., 2001) and the rate was later determined to be 1.2 ns using femtosecond absorption
spectroscopy (Pilet ef al., 2004). The last step of electron transfer is from heme a; to Cug. 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).

1.3.3 Proton pathway and proton pumping

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 aa;-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
Aspl24 via a series of conserved polar residues (Asnl13, Asnl31, Asn199, Tyr35, Ser189 and
Ser193) to highly conserved Glu278 (Pfitzner ef 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 (Wikstrom et al., 2003). Mutagenesis studies on Glu278 confirmed its
importance for the proton pumping (Svensson-Ek et al, 1996; Adelroth et al, 1997;
Verkhovskaya et al., 1997). Interestingly, mutation of Asnl131 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 pK, of Glu278 from 9.4 to 11.0 (Namslauer ef al., 2003). In addition, a conformational change
of the Glu278 side chain was also reported for this variant (Diirr 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 aa;-CcO (Yoshikawa et al, 2006;
Shimokata et al., 2007). However, the existence of this alternative H-pathway has been excluded
from the bacterial aa;-CcOs, since mutations in this region showed no functional influence on

proton translocation (Pfitzner et al., 1998; Lee et al., 2000).
1.4 The cbbs-type cytochrome c oxidase

1.4.1 Distribution of cbb;-CcOs

The c¢bb;-CcOs, comprising more than 20% of the HCOs, are predominantly found in
proteobacteria (Pitcher and Watmough 2004). The cbb;-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 ¢bb;-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; Thony-Meyer et al.,, 1994) and Rhodobacter
sphaeroides (Garcia-Horsman et al., 1994). Early studies reported that cbb;-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 cbb;-CcOs are found in almost all phyla of bacteria, with the exception of Thermotogales,
Deinococcales and Firmicutes (Ducluzeau et al, 2008). To date, no cbb;-CcO was found in
archaea (Ducluzeau et al., 2008), which is consistent with the deficiency of enzymes required for
the assembly of ¢bb;-CcO in archaca (Hemp and Gennis 2008). No representatives of cbb;-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, cbb;-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), cbb;-CcO is the only HCO encoded by
the genome. Due to its high affinity for oxygen, it has been suggested that the cbb;-CcO is
essential for pathogenic bacteria during the colonization of host tissues under oxygen limiting
conditions. Since mammalian cells do not have any cbb;-CcO, it becomes a potential drug target

for these human pathogens.

1.4.2 Subunit composition and structure of chb;-CcOs

Compared to the A- and B-family HCOs, cbb;-CcOs feature a distinctly different subunit
composition. The canonical cbb;-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 ¢bb;-CcO. CcoQ is a small, membrane-spanning subunit and its

function is less characterized.

Recently, the crystal structure of chb3-CcO from P. stutzeri ZoBell has been determined at 3.2 A
resolution (Buschmann et al., 2010). This structure revealed that although the catalytic subunit of
cbb;-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 (Cug) ion (Varotsis et al., 1995; Pinakoulaki et al, 2002). The
center-to-center distance between the iron ions of adjacent hemes is 13.1 A, while the

edge-to-edge distance of both hemes is 3.6 A. Both values are slightly less than those found in
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other members of the HCOs®. The distance between the iron ion of heme b5 and Cug is 4.6 A,
which is similar to that observed in other enzymes. The six histidine residues involved in ligand
binding of two hemes and Cug are conserved in all HCOs. The hexa-coordinated iron center in low
spin heme b is axially ligated to His60 and His347> and, additionally, the A- and D-propionates of
heme b are stabilized by hydrogen-bonding interactions with Arg57 (Figure 1-6 B).

CcoP

CcoO .
heme b _heme b3
: § T321
CcoN Y317

oy RH243

Figure 1-5: Crystal structure of cbb;-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 cbb;-CcO from P. stutzeri
ZoBell. Coordinates were taken from PDB entry 3MK7. The 3D structural image was generated using
PyMOL software.

2 The center-to-center distances between two hemes are 13.2 A for aas-CcO, 13.9 A for ba;-CcO, 14.1 A for
cNOR and 13.7 A for qNOR. The edge-to-edge distances are 5.2 A for aa;-CcO, 5.2 A for ba;-CcO, 4.3 A
for cNOR and 3.8 A for qNOR. Distances are measured from PDB entries: 1QLE (aa3), 1XME (ba3), 300R
(cNOR) and 3AYF (gNOR).

> In this chapter, unless otherwise stated, the residue numbering corresponds to the cbbs-CcO from
Pseudomonas stutzeri ZoBell. Residues in CcoO and CcoP are indicated by superscript letters (O and P).
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Figure 1-6: A close-up view of heme b and heme b3-Cug binuclear center. (A) The oxygen-binding site is
composed of heme b; and Cug. At the distal side of heme b3, Cug 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 b;. Both hemes are associated with a
Ca®" ion. The A-propionate of heme b; 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 cbb;-CcO (Figure
1-6). Compared with other active-site hemes of the A- and B-family HCOs, heme b;is in a more
bent conformation, which might be induced by the absence of the hydroxyethyl farnesyl side chain
of heme b; (Buschmann et al., 2010). The penta-coordinated iron center of heme b; 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 b; and a conserved
glutamate residue (Glu323) was first suggested by EPR and mutagenesis studies (Rauhamaiki et
al., 2009) and further confirmed by X-ray crystallography. This Glu-His-Fe interaction is only
found in c¢bb3-CcO and is similar to the Asp-His-Fe triad at the active site of many
metalloenzymes, e.g., cytochrome ¢ peroxidase. Its function was believed to control the reduction
potential of the active site heme (Goodin and McRee 1993; D'Antonio ef al, 2011). Another
structural difference observed is the noncovalent fixation of D-propionates of heme b and b; by
coordination to a Ca®" ion in ¢hbs-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 Ca® 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 Ca®" ion is crucial for assembly of the
fully functional chbs-complex (Ouyang et al., 2012). Interestingly, interactions between the Ca**
ion and the D-propionates of heme b and b; are also observed in cNOR and gNOR (Hino et al.,
2010; Matsumoto et al., 2012).
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The Cug is ligated to three histidine residues (His207, His257 and His258). Like other members of
HCOs, one of these three histidine ligands

cbbs-CcO aas-CcO is cross-linked to a redox active tyrosine

‘ residue (Figure 1-7). In aa3;-CcOs, this

copper-coordinated His-Tyr cross-link is

H326/ located at the end of the K proton pathway
Dol
H?ZS J § and both residues originate from the same
fete . ) .
i ‘ "y transmembrane  helix (TMH6). The
| ’ S
r p) 1 * . . : .
Y280 ‘,\ﬁ covalently modified tyrosine residue is
( ] ﬁ considered to play an important role in the
X / catalytic mechanism by donating a
€ \/ )
X ’ ‘ . hydrogen atom from its hydroxyl group to
the binuclear center (see 1.3.1). This
TMH7 TMHG6 TMHG6

process facilitates the cleavage of the O-O

bond, resulting in the formation of a
Figure 1-7: Comparison of a copper-coordinated
His-Tyr cross-link between cbb;- and aa;-CcO. In
cbb;-CcO (left), Y251 and H207 derived from two (Buse er al, 1999; MacMillan et al,
transmembrane helices (TMH6 & TMH?7), whereas Y280
and H276 (P. denitrificans numbering) in aa;-CcO 1999). In ¢bb3-CcO, this tyrosine is not
originate from the same TMH6.

tyrosyl radical in the Py intermediate

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; Rauhaméki 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 cbb;-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
cbb;-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 aas;-CcO is relatively small, which is thought to be
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inefficient to mediate the oxygen transfer (Luna ef al., 2008).

Cco0O 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 His69° and Met137°.
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 ¢ of CcoO mediates the electron transfer from CcoP to
heme b of CcoN. The edge-to edge distance between heme ¢ and heme b is 7.0 A, which is much
shorter than the distance between Cu, and heme a in aa;-CcOs. The so-called loop O of CcoO has
strong contacts with the first two o helices and several loops of CcoN. A conserved residue
(Ser102°) within loop O is ligated to the Ca® ion that coordinates both hemes b in CcoN (Figure
1-6 B). This serine residue is functionally replaced by a glycine residue in ¢ctNOR 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 ¢bb3;-CcO. CcoO and CcoN together are
defined as core complex, since only these two subunits are strictly conserved in all ¢bb;-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
(G1u49") in this loop has been suggested to be the entry of the proton pathway (Buschmann e 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 5"
coordination site each. A previous study suggested that one of the two hemes ¢ in CcoP has a
bis-histidine axial ligation based on spectroscopic analysis (Pitcher et al., 2002). However, the
current structure shows that the 6™ coordination site of both hemes ¢ is occupied by a methionine.
Despite the differences in heme coordination, both hemes ¢ are predicted to be involved in electron
transfer processes. The distal heme ¢ 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 ¢ of CcoP to CcoO and from there to the active site of CcoN (Figure 1-5). In
addition to electron binding, one heme ¢ 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 chb;-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
cbbs-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).

1.4.3 Functional studies of cbb;-CcOs

In this section, a brief summary concerning functional studies of chb;-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 cbb;-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 cbb;-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 c¢bb;-CcOs catalyze
the reduction of O, with an activity comparable to the aa;-CcOs, the cbb;-CcOs exhibit a higher
affinity for oxygen than aa;-CcO. For the cbb3;-CcO from B. japonicum, the Michaelis-Menten
constant (K,,) for O, has been experimentally determined to be 7 nM. This K, value is in the range
of the free O, 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 cbb;-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 cbb;-CcO in the

energy supply of cells, it was suggested that this enzyme could serve to protect the O,-sensitive
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nitrogenase by keeping the O, concentration at a very low level (Poole and Hill 1997; Bertsova
and Bogachev 2002). The cbb;-CcOs are also found in many microaerophilic pathogenic bacteria.
C. jejuni, a major cause of diarrhea and gastroenteritis, possesses two terminal oxidases, cbb;-CcO
and CIO. The Campylobacter cbb;-CcO exhibits a high affinity for O, (K, = 40 nM), whereas its
CIO is a low affinity enzyme (K, = 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 O,, the cbb3;-CcOs are found to be able to reduce NO. It has been reported
that the P. stutzeri cbb;-CcO performs NO reduction with a turnover number of 100 mol NO - mol
cbby' - min” (= 1.7 ¢7/s) and a K, of 12 pM (Forte et al., 2001). The cbbs-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 cbb;-CcO is much higher than that
reported for other members of CcO and QOX (0.05 /s and 0.5 ¢7/s for the bas;-CcO and caa;-CcO
from T. thermophilus, respectively and 0.005 e”/s for the bo;-QOX from E. coli) (Giuffre et al.,
1999; Butler et al., 2002). Nevertheless, this activity is lower than that observed for the true NORs
(20 to 50 e7/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 cbb;-CcO is still
fragmentary. It was suggested that cytochrome c4 and cs are required for the transfer of electrons to
cbbs-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 ¢4 can support the oxygen reduction activity of cbb;-CcO at a
rate of at least 300 e7/s, while cytochrome ¢s was excluded as electron donor. Due to the lack of
saturation of activity as a function of the concentration of cytochrome cy4, 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 css; has been identified as the natural electron donor. The kinetics
analysis has shown that the c¢bb;-CcO oxidized cytochrome css; with a small K, of 0.9 uM and a
Vinax of about 250 e/s (Koyanagi et al., 2000). Besides cytochromes ¢, 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 chbs-CcO from B. japonicum (Arslan et al.,
2000), and similar results were obtained for H. pylori cbb;-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 cbb;-CcO is the sole terminal
oxidase in the respiratory chain. In all cases, cbb;-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 cbbs-CcO in both

intact cells and proteoliposomes is very close to unity (Rauhamaki et al., 2012).

1.4.4 Regulation and expression of cbb;-CcOs

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 cbb;-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 HvrA*, are coordinately involved in the regulation of synthesis of chbs-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 ef 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]*" cluster, and a DNA-binding domain that
recognizes a consensus sequence (FNR-box, TTGAT-N*-GTCAA) in the promoter region of the
target gene. ANR-mediated regulation of chb;-CcO has been studied in Rhodobacter species,
which revealed that ANR functions as an activator of cbb;-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]*" cluster per
monomeric unit, activates the transcription of cbb;-CcO genes by binding to the FNR-box. Upon

exposure to oxygen, the dimeric form [4Fe-4S]*" cluster is converted to a [2Fe-2S]*" cluster, which

* 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,

FixLlJ: 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 chbs-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).

A B

QHy -0, Q Q
FNR | FNR -0, FNR | | FNR Q RegB |RegB . *—— |RegBRegB
o — +02
+ 0 ‘H S‘H ‘S - ‘S

N
Phosphorylation
= LEe
‘L J. \‘ Photosynthesis ‘

‘FNR—box H cbb3-CcO ‘ ‘ cbb3-CcO ‘ ‘ Nitrogen fixation ‘
C D
. L -02
_—

FixL

Phosphorylation

-G - ()

l
i
][R} o]

Figure 1-8: Regulation of chb;-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]*" cluster is shown as
yellow cube, and [2Fe-2S]*" 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
QH,). 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.

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
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expression of cbb;-CcO by binding to the promoter region of the cbb;-Operon (Swem et al., 2001).
Under anaerobic conditions, RegB protein kinases are phosphorylated and subsequently transfer
their phosphate group to RegA. Expression of the ¢bb;-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 ¢bb;-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 ¢bb;-CcO in
the exponential and early stationary growth phase, and conversely, represses the expression of
aas-CcO under the same growth conditions (Kawakami ef 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 cbbs-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 c¢bb;-CcO (Batut et al, 1989;
Fischer 1996; Rey and Harwood 2010). Besides the rhizobia, the FixLLJ-K regulatory system was

also found in some non-rhizobial bacteria within the a-proteobacteria (Cosseau and Batut 2004).

In addition to the above mentioned regulation systems, a trans-acting photosynthetic activator,
HvrA, also regulates the expression of chb;-CcO. Under microaerobic and anaerobic conditions,
HvrA represses the expression of chb;-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 cbb;-CcO (Zhou et al., 2013).

1.4.5 Assembly of cbb;-CcOs

Cbb;-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 ef al., 2008; Ekici et al., 2011).

In most cbb;-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 c¢bb;-CcO from R. capsulatus have
revealed that gene products of ccoGHIS are indeed required for the assembly of cbb;-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 cbb;-CcO (Preisig et al., 1996).

l Periplasm
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Figure 1-9: Schema of the assembly process for cbb;-CcO in R. capsulatus. (A) The single-spanning
membrane protein CcoH (red) is involved in the assembly of chbs-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 Ccol 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 b;. This figure is reproduced from Ekici et al., 2011.

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 c¢bb;-CcO (Figure 1-9 A).

Deletion of CcoH resulted in the absence of ¢bb3;-CcO as well as CcoP in membranes, which
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indicates that CcoH is essential for the formation and stability of the cbb;-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 cbb;-CcO (Pawlik et al., 2010).

Ccol 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 Ccol is to deliver Cu to the
catalytic center of CcoN, which is the only copper containing subunit in cbb;-CcO. In R.
capsulatus, Ccol appears to be also required for the assembly of cbb;-CcO, since deletion or
mutation of Ccol decreased the steady-state amounts of the cbb;-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 ¢bbs;-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 cbb;-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 ¢ maturation (Ccm) system, containing at least ten membrane-bound proteins
(CecmABCDEFGHI, CcdA and DsbA/B®), is involved in the posttranslational maturation of CcoO
and CcoP subunits (Thony-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 c¢bb;-CcO, e.g., SenC (Scol) and CcoA, although their exact
functions are not known. SenC, a homolog of the assembly factor Scol®, has been reported to be
important for the steady-state stability of chb3-CcO in R. capsulatus (Swem et al., 2005; Lohmeyer
et al.,, 2012), but not in the case of B. japonicum (Biihler 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 cbb;-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 y-proteobacteria. P. stutzeri cells are phenotypically characterized by Gram-negative non-

sporing rods (1 to 3 um in length and 0.5 um in width), positive for oxidase and catalase tests, and

> CcdA refers to the cytochrome ¢ defective A protein. DsbA/B is disulfide bond formation system.

% Scol (synthesis of cytochrome ¢ oxidase) is a universal conserved copper chaperone required for the
copper insertion into subunit II of aa;-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 ef 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).

1.5.1 Respiration in Pseudomonas stutzeri ZoBell

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 O, as the

electron acceptors.
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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 aa;-CcO and two
cbb;-CcOs use cytochromes c as the electron donor. Under anaerobic conditions, denitrification proceeds in
four enzymatic reaction steps: nitrate (NOj) is sequentially reduced to nitrite (NO;), nitric oxide (NO),
nitrous oxide (N,O) and finally to dinitrogen (N>).

In P. stutzeri ZoBell, the cbb;-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 cbb;-CcO (Pitcher et al.,
2002; Cosseau and Batut 2004). More recently, we have reevaluated the sequences and shown the
presence of two chbs-operons in P. stutzeri ZoBell (Buschmann et al., 2010). The existence of two
isoforms of cbb;-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
cbbs-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 (Cbbs-1, P. stutzeri numbering’) appeared to be
expressed mainly under oxygen-limited conditions, whereas the second isoform (Cbb;-2) was
constitutively expressed from low to high oxygen levels. In addition, the overall expression level
of Cbbs-2 is however three- to six-fold lower than the highest level of Cbb;-1 found under the

microaerobic conditions (Kawakami et al., 2010).

In addition to two c¢bb;-CcOs, P. stutzeri ZoBell has three additional terminal oxidases. The

aaz-CcO uses cytochrome c as electron donor and the other two, bd oxidase and CIO, are quinol

7 The numbring system of two cbbs-isoforms in two Pseudomans species is opposite. i.e., the P. stutzeri
Cbbs-1 is equivalent to the P. aeruginosa Cbbs-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 ¢bb3;-CcO from P. stutzeri ZoBell.
Previously, only one c¢bbs-operon was found in P. stutzeri Zobell (Pitcher et al., 2002). This work
first proved the presence of two cbbs-operons, and confirmed that the genes of both cbbs-operons
encode two isoforms of the cbb;-CcO. Although the wild-type Cbbs-1 has been structural
characterized (Buschmann et al., 2010), the isolation of Cbbs-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 cbb;-CcOs, in particular the isoform specificity, and to complement the structural
characterization of both cbbs-isoforms, we set out to produce homologously two recombinant

cbbs-isoforms.

More specifically, this work aims to: (i) determine the organization and sequences of two operons
encoding the cbbs-isoforms in P. stutzeri ZoBell; (ii) establish a homologous expression system
that consists of P. stutzeri cbbs-operon deletion strains and expression vectors carrying the
recombinant ¢bb;-CcOs; (iii) produce, isolate and identify both cbb;-CcOs by chromatography,
electrophoresis and mass spectrometry; (iv) biophysically characterize both cbb;-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 ¢bb;-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 cbbs-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 Cbb;-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

2.1.1 Chemicals

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.

2.1.2 Bacterial strains

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, ACbbs-1 strain and ACbbs-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 Star™ (DE3)

F ompT hsdSs(rg” mg’) gal dem rnel31 (DE3)

Invitrogen

E. coli DH5a

F gyrd496 (Nal') recAl relAl endAl thi-1 hsdR17 (v,

m,') ginV44 deoR A(lacZYA-argF) U169
[®80dA(lacZ)M15]

(Hanahan 1983)

E. coli GM2163

F" dam-13::Tn9 (Cam") dem-6 hsdR2 (r m,') leuB6
hisG4 thi-1 araCl4 lacY1 galK2 galT22 xylA5 mtl-1
rpsL136 (Str') fhuAd31 tsx-78 ginV44 mcrA mcrB1

(Palmer and
Marinus 1994)

rpsL (Str") thr leu thi-1 lacY galK galT ara tonA tsx

E. coli IM110 dam dem supE44 A(lac-proAB) [F traD36 proAB Stratagene
lacl"ZAM 5]
Tet'A (mcrA) 183 A(mcrCB-hsdSMR-mrr)173 endAl

E. coli XL10-Gold® supE44 thi-1 recAl gyrA96 reldl lac Hte [F proAB Stratagene

lac'”ZAM 15 Tn10 (Tet") Amy Cam']

P. stutzeri ZoBell

(ZoBell and

(ATCC14405) Wild type Upham 1944)
P. stutzeri ZoBell ACbbs-1 ATCC14405 AccoNOP-1::Kan" this work
P. stutzeri ZoBell ACbbs-2 ATCC14405 AccoNOQP-2::Kan" this work
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2.1.3 Plasmids

The plasmids used in this work are listed in Table 2-2.

Table 2-2: List of plasmids.

Plasmid Relevant features Reference
pACYC177 Amp" (Tn3), Kan® (Tn903), p15A replication origin NEB
pACYC184 Cam® (Tn9), Tet® (pSC101), p15A replication origin NEB

pBBR1 derivative, multiple cloning site, Cam", T7 promoter, (Kovach et al.,
PBBRIMCS T3 promoter, mobilization gene (mob), pBBR replication origin, | 1994)
pBBRIMCS-2 pBBRIMCS derivative, Kan® (Kovach et al.,

1995)

pBBRIMCS-2- EGFP

pBBRIMCS derivative, Kan®, EGFP gene

this work

(Kovach et al.,

pBBRIMCS-3 pBBRIMCS derivative, Tet® 1995)
K h :
pBBRIMCS-4 pBBRIMCS derivative, Amp® (1 9;’;';‘ chetal,
K h :
pBBRIMCS-5 pBBRIMCS derivative, Gen® (1 9;’;‘0 etal,
Sutcliff
pBR322 Amp" (Tn3), Tet® (pSC101), rop gene, pMBI replication origin (191;90)1 ©
BR325 Amp" (Tn3), Tet® (pSC101), Cam®, rop gene, pMBI replication | (Prentki et al.,
p origin 1981)
pCM433 Amp®, Cam®, sacB gene, pBR322 replication origin (Marx 2008)
R R (Thoény-Meyer
pEC86 Tet", Cam", ccmABCDEFGH genes et al., 1995)
Kan®, T7 promoter, lacZ gene, specific attachment (att) sites, (Campeau et
EF-ENTR-LacZ . .
p N ac pBR322 replication origin al., 2009)
Amp® (Tn3), T7 promoter, pelB coding sequence, lacl coding
- +
PET-22b(*) sequence, pBR322 replication origin, f1 origin Novagen
Kan®, T7 promoter, pelB coding sequence, lacl coding
- +
PET-26b(*) sequence, pBR322 replication origin, f1 origin Novagen
pET-22-C4 pET-22b(+) derivative, Amp", cycA (cytochrome c¢4) gene this work
pET-22-C5 pET-22b(+) derivative, Amp", cyeB (cytochrome cs) gene this work
pET-22-C551 pET-22b(+) derivative, Amp", nirM (cytochrome css;) gene this work
pET-22-C552 pET-22b(+) derivative, Amp", nirB (cytochrome css,) gene this work
pET-26-C551 pET-26b(+) derivative, Kan®, nirB (cytochrome css,) gene this work
pEGFP-N1 Kan®, EGFP gene, pUC replication origin, f1 origin Clontech
Amp", T7 promoter, lethal gene eco47IR, pMBI replication
pJETI.2 origin, insertion site for blunt end ligation Fermentas
pJET-C4 pJET1.2 derivative, Amp®, cyed (cytochrome c,) gene this work
pJET-C5 pJET1.2 derivative, Amp®, cycB (cytochrome c¢s) gene this work
TET-C5514C552 pJET1.2 derivative, Amp~, nirM (cytochrome css;) gene, nirB this work
p (cytochrome css;) gene
pJET-M6263 pJET1.2 derivative, Amp~, amplicon M6263 (ccoNOP-1) this work
pJET-PCR1 pJET1.2 derivative, Amp", amplicon PCR1 this work
pJET-PCR42 pJET1.2 derivative, Amp", amplicon PCR42 this work
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pJET-PCR101 pJET1.2 derivative, Amp~, amplicon PCR101 (ccoNOQP-2) this work
pXH-AL-Cm pXH];B derivative, Kan®, homologous flanking arm H1 and H2, this work
Cam" as counter-selectable marker
XH-ALEGFP pXH-B derivative, Kan®, homologous flanking arm H1 and H2, this work
pAt-ak EGFP as counter-selectable marker sw
pXH-B derivative, Kan®, homologous flanking arm H1 and H2, )
pXH-AI-SacB this work
sacB as counter-selectable marker
pXH-AII-Cm pXH];B derivative, Kan®, homologous flanking arm H2 and H3, this work
Cam'" as counter-selectable marker
pXH-B derivative, Kan®, homologous flanking arm H2 and H3, .
XH-AII-EGFP th k
p G EGFP as counter-selectable marker 18 wor
pXH-AII-SacB pXH-B derivative, Kan®, homologous flanking arm H2 and H3, this work
sacB as counter-selectable marker
pXH-AI+1I-Cm pXH];B derivative, Kan®, homologous flanking arm H1 and H3, this work
Cam'" as counter-selectable marker
NH-ATHI-EGEP pXH-B derivative, Kan®, homologous flanking arm H1 and H3, thi *
pAH- i EGFP as counter-selectable marker s WO
pXH-B derivative, Kan®, homologous flanking arm H1 and H3, .
pXH-AI+II-SacB this work
sacB as counter-selectable marker
BBRIMCS-2-EGFP/pACYC184 derivative, Kan®, EGFP
pXH-B p CS : G . /p C C184 derivative, Kan", EG this work
gene, pl5A replication origin
pXH-R pBBRlMC.S-Z.-EGF?/.pBR322 derivative, Kan®, EGFP gene, this work
pMBI1 replication origin
pXHI1 pJET-M6263 derivative, Amp", N-terminal Strep-tag I this work
(ccoN-1)
JET-M6263 derivative, Amp", C-terminal Strep-tag I
PXHI2 p erivative, Amp, C-terminal Strep-tag this work
(ccoN-1)
pXHI13 pJET-M6263 derivative, Amp", N-terminal Hise-tag (ccoN-1) this work
pXH14 pJET-M6263 derivative, Amp", C-terminal His¢-tag (ccoN-1) this work
pXHI5 pJET-PCR101 derivative, Amp~, N-terminal Strep-tag II this work
(ccoN-2)
pXHI16 pJET-PCR101 derivative, Amp®, C-terminal Strep-tag I this work
(ccoN-2)
pXH17 pJET-PCR101 derivative, Amp~, N-terminal His¢-tag (ccoN-2) | this work
pXHI18 pJET-PCR101 derivative, Amp~, C-terminal Hisq-tag (ccoN-2) this work
pXH19 pBBRIMCS derivative, Cam®, ccoNOP-1 this work
pXH20 pBBRIMCS derivative, Cam®, ccoNOQP-2 this work
pXH21 pXH19 derivative, Cam®, N-terminal Strep-tag II (ccoN-1) this work
pXH22 pXH19 derivative, Cam®, C-terminal Strep-tag II (ccoN-1) this work
pXH22-M1 pXH22 derivative, Cam"®, T215V (ccoN-1) this work
pXH22-M2 pXH22 derivative, Cam®, Y251F (ccoN-1I) this work
pXH22-M5 pXH22 derivative, Cam®, Y251A (ccoN-1) this work
pXH22-M6 pXH22 derivative, Cam®, Y251A/1252Y (ccoN-1) this work
pXH22-M7 pXH22 derivative, Cam®, Y317F (ccoN-1I) this work
pXH22-M8 pXH22 derivative, Cam"®, E323A (ccoN-1) this work
pXH22-M9 pXH22 derivative, Cam", E323D (ccoN-1) this work
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pXH22-M10 pXH22 derivative, Cam", E323Q (ccoN-1) this work
pXH22-M11 pXH22 derivative, Cam®, N333D (ccoN-1) this work
pXH22-M12 pXH22 derivative, Cam", N333L (ccoN-1) this work
pXH22-M13 pXH22 derivative, Cam®, H337I (ccoN-1) this work
pXH22-M14 pXH22 derivative, Cam®, H337V (ccoN-1) this work
pXH22-M16 pXH22 derivative, Cam®, Y251A/G211Y (ccoN-1) this work
pXH22-TEV pXH22 derivative, Cam"®, ccoN-1+TEV+Strep-tagll this work
pXH22-TEV-EGFP pXH22 derivative, Cam"®, ccoN-1+TEV+EGFP+Strep-tagll this work
pXH23 pXH19 derivative, Cam®, N-terminal His¢-tag (ccoN-1) this work
pXH24 pXH19 derivative, Cam®, C-terminal Hisq-tag (ccoN-1) this work
pXH25 pXH20 derivative, Cam®, N-terminal Strep-tag II (ccoN-2) this work
pXH26 pXH20 derivative, Cam®, C-terminal Strep-tag II (ccoN-2) this work
pXH26-TEV pXH26 derivative, Cam", ccoN-2+TEV+Strep-tagll this work
pXH26-TEV-EGFP pXH26 derivative, Cam"®, ccoN-2+TEV+EGFP+Strep-tagll this work
pXH27 pXH20 derivative, Cam®, N-terminal His¢-tag (ccoN-2) this work
pXH28 pXH20 derivative, Cam®, C-terminal Hisq-tag (ccoN-2) this work
pXH29 pXH19 derivative, Cam", Lac promoter + ccoNOP-1 this work
pXH36 pXH26 derivative, Cam®, Lac promoter + ccoNOQP-2 this work
pXH36-TEV pXH36 derivative, Cam"®, ccoN-2+TEV+Strep-tagll this work
pXH39 pXH26 derivative, CamR, Cbbs-1 promoter + ccoNOQP-2 this work
pXH39-TEV pXH39 derivative, Cam", ccoN-2+TEV+Strep-tagll this work
pXH39-TEV-EGFP pXH39 derivative, Cam"®, ccoN-2+TEV+EGFP+Strep-tagll this work

The plasmids pXH22 and pXH39 were used for the expression of recombinant Cbb;-1 and Cbbs-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).

0

Table 2-3: Location of pXH22 features.

Feature Locations
mobilization gene (mob) | 7938-8105, 1-799
pBBR origin 1793-2455
T7 promoter 3188-3206
Cbb;-1 promoter region | 3257-3493
ccoN-1 3495-4949
Strep-tag 11 4917-4946
ccoO-1 4963-5574
ccoP-1 5673-6608
T3 promoter 6732-6751
Strep-tag |l lac promoter 6821-6850
Cam resistance gene 7002-7632

Figure 2-1: Plasmid map of pXH22.
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9

Table 2-4: Location of pXH39 features.

Features Location
mobilization gene (mob) | 8011-8178, 1-799
pBBR origin 1793-2455
T7 promoter 3188-3206
Cbb;-1 promoter region | 3257-3494
ccoN-2 3495-4952
Strep-tag 11 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

Figure 2-2: Plasmid map of pXH39.

2.1.4 Microbial media and supplements

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 um 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 medium®

0.2% (w/v) L-asparagine, 0.7% (w/v) Na;C¢HsO7 * 2H,0, 0.2% (w/v)
KH,POy, 0.2% (w/v) MgSO4* 7H,0, 0.01% (w/v) CaCl, *2H,0, 1% (w/v)
NaCl, 1x trace element mix (see below). Adjust pH to 8.0 with NaOH.

Trace element mix (1000x)
for asparagine medium

3.2% (w/v) FeCl; * 6H,0, 0.017% (w/v) CuCl, *2H,0, 0.16% (w/v) NH4NO;,
2.2% (w/v) KBr, 2.0% (w/v) MnCl, *2H,0, 2.5% (w/v) ZnCl,

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 MgCl,, 12.5 mM MgSO,, 20 mM glucose. Adjust pH
to 7.5 with NaOH.

SOC medium

0.5% (w/v) yeast extract, 2% (w/v) tryptone, 10 mM NacCl, 2.5 mM KCl,
10 mM MgCl,, 10 mM MgSO,, 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.

* According to Urbani et al.

(2001) and further modified by Sabine Buschmann (MPI of Biophysics,

Frankfurt am Main) concerning the supplementation of trace elements.
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Table 2-6: List of medium supplements.

Medium supplement

Composition

Ampicillin (Amp), 1000x

10% (w/v) Amp in 50% (v/v) H,O + 50% (v/v) glycerol

Carbenicillin (Car), 1000x

5% (w/v) Car in 50% (v/v) HO + 50% (v/v) EtOH

Chloramphenical (Cam), 1000x

3.4% (w/v) Cam in EtOH

Gentamicin (Gen), 1000x

1% (w/v) Gen in 50% (v/v) H,O + 50% (v/v) glycerol

Kanamycin (Kan), 1000x

5% (w/v) Kan in 50% (v/v) H,0O + 50% (v/v) glycerol

Spectinomycin (Spc), 1000x

10% (w/v) Spc in 50% (v/v) HO + 50% (v/v) glycerol

Streptomycin (Str), 1000x

2.5% (w/v) Str in 50% (v/v) H,O + 50% (v/v) glycerol

Tetracycline (Tet), 1000x

1.25% (w/v) Tet in H,O

IPTG

IM IPTG in H,O

X-Gal (500)

4% (w/v) X-Gal in DMF

2.1.5 Buffers and solutions

All buffers and solutions used in this work were prepared with ddH,O. The compositions of

buffers and solutions are shown within the text of the corresponding sections.

2.1.6 Enzymes, proteins, markers and Kits

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 Kkits.

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
BenchMark™ Fluorescent Protein Standard Invitrogen Protein standard

Catalase (Micrococcus lysodeikticus) Fluka Catalase activity assay
CloneJET™ PCR Cloning Kit Fermentas Molecular cloning
Crimson™ Tag DNA Polymerase NEB PCR

Cytochrome ¢ (equine heart) Biomol Protein activity assay

Cytochrome ¢ (Saccharomyces cerevisiae)

Sigma-Aldrich

Protein activity assay

Deoxyribonuclease I

Roche

Protein purification

DNA Clean & Concentrator V-25 Kit Zymo Research DNA purification
Fast-Link™ DNA Ligation Kit Epicentre Molecular cloning
Fluorescent Molecular Weight Marker Sigma-Aldrich Protein standard
GeneRuler™ 1 kb Plus DNA Ladder Fermentas DNA standard
GeneRuler™ 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-spin™ 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
NativeMark™ Protein Standard Invitrogen Protein standard
PageRuler™ Prestained Protein Ladder Fermentas Protein standard
PageRuler™ Prestained Protein Ladder Plus Fermentas Protein standard
PeriPreps™ Periplasting Kit Epicentre Protein purification
Phire” Hot Start Il 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
QuickExtract™ 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
SilverQuest™ Staining Kit Invitrogen Protein staining

Zymoclean™ Gel DNA Recovery Kit

Zymo Research

DNA purification

2.1.7 Databases, servers and software

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/servicess 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 Schrédinger, LLC
Unicorn 5.11 Akta control system GE Healthcare
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2.2 Methods

2.2.1 Molecular biological methods

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
DHS5a. 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 Ultrospec™ 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 ddH,O 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 (ODssp = 0.8 to 1.0) according to the

manufacturer’s protocol for gram-negative bacteria. The typical yield was 5 to 10 pug/ml culture.

For genome sequencing, high molecular weight genomic DNA was extracted from 0.6 ml
P. stutzeri cultures (ODsso = 1.0) using the Puregene yeast/bact kit (Qiagen). The average yield
was 50 pg/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/HCI, pH 8.0, I 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 1x 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 1x TAE/TBE buffer. DNA samples were mixed 5:1 (v:v) with
6x 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 (PowerPac™ 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

0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol FF, 15%

DNA gel-loading solution (6%) (wiv) ficoll (type 400)

TAE buffer (50x 2 M Tris, 1 M HAc, 50 mM EDTA, approx. pH 8.4
p

TBE buffer (5x) 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 ul ddH,0.

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 A, unit of double stranded DNA is
equal to 50 pg/ml. Two ratios of absorbance, A,s0/Asso and Axe/Azzp were used to estimate the
purity of nucleic acid samples. In general, pure DNA has an Ajs/Asso ratio between 1.8 and 2.0

and an Ajeo/ A3 ratio slightly higher than the respective Ayeo/Azg 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 ul of Rusconi Mix (25 mM Tris/HCI, 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)®.
The mixture was incubated for 30 min at RT. The total DNA was extracted by adding 10 ul of
phenol/chloroform (1:1) mixture followed by vortexing. The cell debris was removed by
centrifugation for 5 min at 16,000 x 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

Table 2-11: PCR master mix. amplification, PCR master mix (20 x 44 ul)
Component Amount . .

P was prepared as described in Table 2-11,
nuclease-free H,O 560 pl
5% Phusion GC/HF reaction buffer 200 pl which is stable at -20°C for at least three
dNTPs mix (2.5 mM for each DNTP) | 80 pl months. GC buffer was used for amplification
DMSO 30 ul with GC-rich templates, e.g., P. stutzeri
Phusion DNA polymerase (2U/ul) 10 pl

genomic DNA.

A typical reaction mixture
Table 2-12: Reaction mixture for a typical PCR amplification.

using the PCR master mix is

Component Amount | Final concentration
1x reaction buffer, 200 uM of each shown in Table 2-12. In a
PCR master mix 44 ul DNTP, 0.02 U/ul Phusion DNA 50 ul reaction volume, 2-5 ng

polymerase, 3% (v/v) DMSO

. plasmid DNA or 50-200 ng
Primer A (10 uM) | 2.5 pl 0.5 utM

Primer B (10 HM) 25 Hl 0.5 HM genomic DNA were used.

DNA template 1l various concentrations

8 This method is based on several standard procedures: lysozyme digestion, RNase treatment and
phenol/chloroform extraction.
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Analytical and preparative PCR was carried out in a volume of 10 and 50 pl, 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
Denaturation 98°C, 95°C 105,20 s
2 Annealing 63-73°C, 60°C 30s,10s 30-35, 18-20
Extension 72°C, 68°C 20-35 s/kb, 30 s/kb
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 pl. For a scaled up preparative restriction digestion, 0.2
to 2 pg of plasmid DNA were digested in a final volume of 50 pl. 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 (ug 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 cloning” 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 SeqlLab 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 ODggy of 0.4 to
0.6 was reached'®. The cells were then chilled on ice and centrifuged at 4,400 x g at 4 °C for
15 min (Sigma 4K 15 centrifuge, 6 x 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 KCI/HAc, pH 5.8, 50 mM
MnCl,, 30 mM potassium acetate, 10 mM CaCl,, 15% [v/v] glycerol) and incubated on ice for
20 min. The cells were then centrifuged again at 1,600 x g at 4 °C for 5 min (Sigma 4K15

? 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)
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centrifuge). The supernatant was again discarded and the cell pellets were resuspended in 9.6 ml (6
x 1.6 ml) RF2 buffer (10 mM MOPS/NaOH, pH 6.8, 10 mM RbCl, 75 mM CaCl,, 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 pl 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 pl 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 pl
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 (ODsso = 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 x 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 pl of 300 mM sucrose. For electroporation, 100 to
500 ng of plasmid DNA were added to 100 ul 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 uF, 200 Q and 2.5 kV. After applying a pulse, 900 ul 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 pl of 2x YTG medium were added to 500 pl 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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2.2.2 Biochemical methods

2.2.2.1 Cultivation of P. stutzeri ZoBell
For large-scale expression and purification of wt. chb3-CcO from P. stutzeri cells, the culture was
grown using a previously published protocol for microaerobic growth (Urbani ef 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. cbb;-CcO was

performed as described below:

1. 50 pl of P. stutzeri cells from a glycerol stock were plated on LB agar plate containing
100 pg/ml kanamycin (Kan) and 170 pg/ml chloramphenicol (Cam) and incubated at 32°C
overnight (Incubator Biotherm 37, Julabo)''.

2. A bacterial lawn was inoculated in 50 ml of asparagine medium in a 100 ml baffled
Erlenmeyer flask (100 pg/ml Kan and 170 pg/ml Cam). This preculture was incubated at
180 rpm and 32°C for 4 to 6 hours (LabShaker, Adolf Kiihner).

3. 2 x 25 ml of the preculture was subcultured in 2 x 100 ml of asparagine medium in a
300 ml baffled Erlenmeyer flask (100 pg/ml Kan and 170 pg/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 x 1 liter of asparagine medium per 5 liter baffled Erlenmeyer
flask (50 pg/ml Kan and 68 pg/ml Cam). The main culture was inoculated with 6 x 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 x 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

12
procedures

1. P. stutzeri cells were resuspended in ice-cold resuspension buffer I (20 mM Tris/HCIL,

pH 7.5, 500 mM NaCl, 2 mM MgCl,, DNasel and approx. 1 mM Pefabloc) using an

" We often found that a low yield of protein was obtained, when the glycerol stock was used directly for

inoculation of the preculture.
% This preparation was partially described by Urbani ef a/. (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 x 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/HCI, pH 7.5, 50 mM NacCl, 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/HCI,
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. cbb;-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-B-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 x g at 4°C for 60 min (Ultracentrifuge Optima L-90K, Rotor
45 Ti, Beckman Coulter). For preparation of rec. cbb;-CcO, the obtained supernatant containing
solubilized membrane proteins was filtered through a 0.45 um polyethersulfone (PES) membrane

prior to further purification.

2.2.2.4 Purification of wild type cbb3-CcO from P. stutzeri

The purification of the 1% 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

48



2. MATERIALS AND METHODS

chromatography (IMAC) on Chelating Sepharose Fast Flow (GE Healthcare). The final column (Q
Sepharose High Performance), which was pre-equilibrated with 20 mM Tris/HCI, 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 1%
isoform of wt. ¢bb3;-CcO in 20 mM Tris/HCI, 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 cbb;-CcO from P. stutzeri
The purification of Strep-tagged rec. cbb;-CcO from P. stutzeri (with or without EGFP fusion) was

performed after solublization at 4°C using the following steps:

1. Affinity chromatography: 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/HCI, 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. chb3-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. lon 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 cbb;-CcOs bound to the matrix were eluted with QS-E buffer
(ST-Q-A + 300 mM NaCl). The cbb;-CcO was concentrated using Amicon concentrators
(Ultra-4 & Ultra-15, 100K MWCO, Millipore).

3. Size exclusion chromatography: The purified cbb;-CcO was loaded onto a Superdex 200
10/300 GL column connected to an AKTA 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/HCI) 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. ¢bb;-CcO was concentrated to a protein concentration of 100 to 200 uM and
flash frozen in liquid nitrogen for storage at -80°C. A typical protein yield was 2 to 4 mg purified

rec. cbb;-CcO per liter of main culture.

In this study, both Strep-tagged isoforms of rec. cbb;-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 cbb;-CcO from P. stutzeri

The purification of His-tagged rec. cbb;-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/HCI, pH 7.5, 300 mM NacCl,
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, ¢s and css;) from

E. coli BL21(DE3), cultivation of E. coli was performed using the following steps'*:

1. 50 ml LB medium (100 ml unbaffled Erlenmeyer flask), supplemented with 100 pg/ml Amp
and 68 pg/ml Cam, was inoculated with 100 pl of E. coli cells from a glycerol stock. This
preculture was incubated at 160 rpm and 30°C overnight (Lab-Shaker, Adolf Kiihner).

2. 3 x 10 ml of the overnight culture were added into 3 x 50 ml LB medium with 100 pg/ml
Amp and 68 pg/ml Cam (100 ml unbaffled Erlenmeyer flask) and incubated at 32°C with
shaking at 180 rpm until an ODgy of 1.0 to 1.4 was attained (6 to 8 hours in Shaker
CH-4103, Infos-HT).

3. 6 x 2.5 liter of LB medium (5 liter unbaffled Erlenmeyer flask), supplemented with 50 pg/ml
Amp and 34 pg/ml Cam, were inoculated with 6 x 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).

" 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 x 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 x 10° E. coli cells (1 ODggp unit ~
10° 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/HCI, 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/HCI, pH 8.0, 1 M
Sucrose, ] mM EDTA, 1 mM Pefabloc) and briefly incubated with 120 pg/ml lysozyme before the
osmotic shock. The suspension was diluted 2-fold with ddH,O, followed by gentle stirring on ice
for 30 min. The addition of MgCl, 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 x 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 ¢ (c4, ¢s and css1) 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 ddH,O
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/HCI, pH
8.0, 0.5 mM EDTA) and eluted in 6 CV of a linear gradient from 0 to 200 mM NacCl in
equilibration buffer. The red coloured fractions containing the desired cytochrome ¢ 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/HCI, 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/HCI, 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/HCI, 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 ¢ 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 ¢ 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/HCI, pH 7.5,
150 mM NaCl. The reduction of cytochrome ¢ was confirmed by measuring the absorption
changes of a, f 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 A,gp 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 (Cu®) 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 ¢ (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 cbb;-CcO and cytochrome ¢ 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 cbbs;-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 1x 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 (§ cm x 8 cm x 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 x upper Tris buffer 3 ml - -

4 x lower Tris buffer - 7.5 ml 5 ml
TEMED Sul 15 ul 15 ul
10% (w/v) APS 100 pl 300 pl 300 pl
ddH,0 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 1x MES/MOPS running buffer were generally used for the
analysis of proteins mixtures. 12% Bis-Tris gels with 1x 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) ddH,0 + 10% (v/v) HAc

Coomassie blue destaining solution

30% (v/v) EtOH + 60% (v/v) ddH,O + 10% (v/v) HAc

SDS PAGE lower Tris buffer (4x)

3 M Tris/HCI, 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

50 mM MOPS, 50 mM Tris, 0.1% (w/v) SDS, 1 mM EDTA, approx.

(1) pH 7.7

SDS PAGE protein loading
solution (5x)

0.25 mM Tris/HCI, pH 8.0, 25% (v/v) glycerol, 12.5% (v/v) B-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 (4x) | 0.5 M Tris/HCI, 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 (Schigger and von Jagow 1991). BN-PAGE was performed
with precast NativePAGE™ 4-16% Bis-Tris gels in an XCell SureLock™ Mini-Cell chamber
according to the manufacturer’s instructions (Invitrogen). The lower and upper chamber was filled
with 600 ml of 1x BN-PAGE running buffer and 200 ml of 1x 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 (20x) 0.4% (w/v) Coomassie G-250 in H,O

BN-PAGE running buffer (20%) 1 M BisTris, 1| M Tricine, without pH adjustment

50 mM BisTris, 6N HCI, 50 mM NaCl, 10% (w/v) glycerol, 0.001%

BN-PAGE sample buffer (1x) (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
¢) or protein subunits (CcoO and CcoP of ¢bb;-CcO), which contain the covalently attached heme
¢ (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 (H,0,),
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) H,0,.
After shaking in the dark until the bands were developed (2 to 20 min), the gels were washed with
ddH,O 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 I1 0.25 M sodium acetate/HAc, pH 5.0

Heme staining solution I1I 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. cbb;-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 ddH,O. 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 overnight". The
membrane was washed three times for 5 min each with 1x TBST buffer and afterwards incubated
with alkaline phosphatase conjugated antibody at RT for 2 hours'®. Subsequently, the membrane
was washed three times for 5 min each with 1x 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 ddH,O. 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/HCI, pH 9.5, 100 mM NacCl, 5 mM MgCl,
Western blot blocking buffer 1x 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 pg/ml BCIP in DMF + 500 ug/ml NBT in DMF
Western blot TBST buffer (10x) 100 mM Tris/HCI, pH 8.0, 1.5 M NaCl, 0.5% (v/v) Tween-20
Western blot transfer buffer 25 mM Tris/HCI, 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 cbb;-CcO.

16" Alkaline phosphatase conjugated secondary antibody was diluted (1:2000) in 1x 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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2.2.3 Biophysical methods

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
buffer'’. 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 uM ¢bb3;-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

cbbs-CcO (P. stutzeri) €411 =15.85x 10° M'em™ (oxidized) (Pitcher et al., 2003)
Cytochrome ¢4 (P. stutzeri) €ss0=44.4 x 10° M'em™ (reduced) (Pettigrew and Brown 1988)
Cytochrome cs (P. stutzeri) €sss=19.3 x 10° M'em™ (reduced) (Ogawa et al., 2007)
Cytochrome css; (P. stutzeri) €ss1=27.8 x 10° M'em™ (reduced) (Miller et al., 2000)

Agsso=19.6 x 10 M'em™!

Cytochrome ¢ (equine heart) 1y ed minus oxidized)

(Yonetani and Ray 1965)

Agsso=21.2x10° M'em™

Cytochrome c (S. cerevisiae) (reduced minus oxidized)

(Yonetani and Ray 1965)

For measuring the spectroscopic changes in different redox states, air-oxidized (as purified)
cbb;-CcO was further oxidized with 10-fold molar excess of potassium hexacyanoferrate(IlI) 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 cbb;-CcO and spectra were recorded after different incubation
times. Hydrogen peroxide (5, 50 and 500 molar equivalents) was added to the oxidized chb3;-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 €54 = 39.4 M'cm™ (Nelson

and Kiesow 1972; Aebi 1984). The obtained spectra were analyzed using the software Origin 8.6.

7 For cbb3-CcO: 20 mM Tris/HCI, pH 7.5, 100 mM NaCl, 50 uM EDTA, 0.02% (w/v) DDM. For
cytochrome c¢: 20 mM Tris/HCI, pH 7.5, 150 mM NaCl.
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2.2.3.2 Polarographic oxygen measurement

The oxygen reductase activity of cbb;-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 cbbs-measuring
buffer (50 mM Tris/HCI, pH 7.5, 100 mM NaCl, 50 uM EDTA, 0.02% [w/v] DDM'®) followed by
addition of 3 mM sodium ascorbate and 1 mM NN N’ N'-tetramethyl-p-phenylenediamine
dihydrochloride (TMPD) to a final volume of 600 pl. The reaction was then initiated by adding
5 pmol of the chb3;-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 ¢ was used to investigate the
natural electron donor of the cbb;-CcO. The concentrations of cytochrome ¢ were varied from 20

to 100 uM in a reaction volume of 400 pl.

To compare the catalase activity between wt. cbb;-CcO and rec. cbb;-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 cbb;-measuring buffer
to a final concentration of 600 uM and the reaction was initiated by adding cbb;-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 cbb;-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. cbb;-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 cbb;-CcO proteins were diluted in
200 pl potassium phosphate (KPi) buffer (20 mM KPi, pH7.5, 20 mM NacCl, 0.02% [w/v] DDM)
to a final concentration of 0.3 uM. 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 c¢bb;-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 ([@], degxcm”>xdmol™).

2.2.3.4 Differential scanning calorimetry
Differential scanning calorimetry (DSC) was used to characterize the thermophysical properties of
cbb;-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 cbb;-CcO in 20 mM Tris/HCI, 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., T, and

AH) 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 3um or Sum, L = 20mm; analytical column:
particle size 3pum or Sum, 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 2™ isoform of rec. ¢hbs-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 ul
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 Cyeclic 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.
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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 ef 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 uM. The FTIR
difference spectra as a function of applied potential were recorded at 12°C in the spectral range
1800-1200 cm™ 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 KCI) was
applied. For each single-beam spectrum, 256 interferograms at 4 cm™ resolution were coadded and
Fourier-transformed using triangular apodization. Scans were carried out in 20 mM Tris/HCI,

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 uM was added to
the protein sample. The titration was performed using an electrochemical thin layer cell mounted
with CaF, 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 KCI 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 ¢bb3-CcO from P. stutzeri ZoBell.
A homologous expression system was developed for obtaining both genetically engineered Cbb;-1
and Cbbs-2. Both purified recombinant cbbs-isoforms were compared to the wild-type cbb;-CcO,

and studied by biochemical and biophysical techniques.

3.1 Identification of the two cbbz-operons

To identify the organization of chbs-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.

Anr 15t operon: ccoNOP-1 2nd operon: ccoNOQP-2 ccoGHIS
ccoN-1 ccoO-1  ccoP-1 ccoN-2  ccoO-2  ccoP-2 ccoG ccoH ccol ccoS
ccoQ
PCR-1 1 kb
PCR-101
PCR-M6263

Figure 3-1: Schematic representation of the organization of two cbbs-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 cbbs-operons (ccoNOP-1 and ccoNOQP-2) and one ccoGHIS
gene cluster. The numbering order of the two cbbs-operons is based on the genome annotation of
P. stutzeri strain A1501 (Yan ef al., 2008). Each of the two cbbs-operons, separated by a 352-bp
segment, encodes the subunits of two isoforms of cbb;-CcO, namely, Cbbs-1 and Cbbs-2. Both
cbbs-operons contain the genes coding for CcoN, CcoO and CcoP of cbb;-CcO, whereas the gene
ccoQ is only present in ccoNOQP-2. A consensus ANR-box (TTGAT-N*-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 ¢bb;-CcO (Ekici ef al., 2011).
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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.

3.2.1 Growth of P. stutzeri ZoBell
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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 ODssy 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
times'® were calculated from an average slope of the linear relationship between log ODsso 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.

? 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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3.2.2 Relationship between cell number and optical density

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

ODssy reading, an average number of 1.12 £ 0.36 x 10° P. stutzeri cells per ODsso 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 x 10° at an ODssp of 1.0.

Table 3-1: Correlation between cell number and optical density.

ODss5 Cells / ml (= SD)* Cells / one unit of ODss,
0.050 2.88+0.47 x 10’ 0.57 x 10°
0.109 1.34+0.21 x 10 1.23 x 10°
0.243 1.86+0.10 x 10° 0.77 x 10°
0.301 4.06+1.11 x 10 1.35 x 10°
0.435 6.06 +1.30 x 10° 1.39 x 10°
0.567 7.94+1.85x 10° 1.40 x 10°

* Cell numbers were averaged by a count of four random squares of Neubauer chamber.

Each square contained 20-50 cells.

3.2.3 Antibiotic resistance analysis

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 pg/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 ZoBell®.

Final concentration (pg/ml)

Antibiotic 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

# 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.

3.3.1 Transformation of P. stutzeri ZoBell

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/ug DNA.
Transformation efficiency was increased to 510 CFU/ug DNA by using magnesium chloride
instead of rubidium chloride. Ultrasound-mediated DNA delivery was performed using a
previously published method™ (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/pg 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 buffers” (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 x 10°
CFU/ug DNA. In contrast, a lower efficiency of 370 CFU/ug 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/ng DNA)
LB medium 300 mM sucrose 3100

LB medium SMEB buffer” 2960

Asparagine medium 300 mM sucrose 370

Asparagine medium SMEB buffer” 1210

Asparagine medium 10% (v/v) glycerol 10

* SMEB, sucrose-magnesium electroporation buffer (1 mM Hepes, pH 7.0, 300 mM sucrose, 1 mM MgCl,),
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 CaCl,, plasmid concentration of 0.8 ng/ul, 2 x 10° cells/ml, 22°C.
21 P. stutzeri cells were grown in LB or asparagine medium at 37°C to ODsso = 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 pPBBRIMCS-2 at 25 pF, 200 Q 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 x 10° CFU/ug 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 10° CFU/ug 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

10° to 10° CFU/ug DNA was achieved.

3.3.2 Maintenance of plasmids in P. stutzeri ZoBell

For general cloning and expression of chb;-CcOs, a shuttle plasmid that replicates in both E. coli
and P. stutzeri is required. A broad-host-range cloning vector pPBBRIMCS has been found to
replicate in P. fluorescens and P. putida (Kovach et al., 1995). Four derivatives of pPBBRIMCS
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 pPBBRIMCS 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 pBBR1IMCS-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
pBBRIMCS | 4707 pBBR Cam® yes
pBBRIMCS-2 | 5144 pBBR Kan® yes
pBBRIMCS-3 | 5228 pBBR Tet® no
pBBRIMCS-5 | 4768 pBBR Gen® no
pPACYC184 4245 pl5A Cam®, Tet® no
pBR325 5996 pMBI Cam®, Tet®, Amp" no

In addition to the pPBBR-based plasmids, two E. coli plasmids, including pACYC184 and pBR325,
were also evaluated (Table 3-4). The plasmid pACYC184 harbours the pl5A replicon, while
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pBR325 carries the pMBI 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 pl5A or pMBI
replicon may serve as suicide vectors in P. stutzeri and could therefore be used for the targeted

disruption of genes on its chromosome.

3.3.3 Construction of suicide plasmids and gene deletion

In order to disrupt the genes coding for chb;-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-Xbal fragment from pEGFP-N1 was ligated into pPBBR1MCS-2
digested by the same enzymes, resulting in pPBBR1MCS-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 /ac 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-AI-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-AII-EGFP. Furthermore, the same procedures were used to generate

pXH-AI+II-EGFP, which contains H1- and H3-fragments at 5° and 3’ sites, respectively.

In addition to EGFP, the sacB gene® 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).

2 . .
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 cbb;-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 ACbb;-1 and ACbbs;-2 were obtained by using the plasmid
pXH-AI-EGFP and pXH-AII-EGFP, respectively (Figure 3-4). No mutant strain containing a

double deletion of both cbbs-operons was detected.

ANR Cbb-1 Cbbs-2 ccoGHIS
ccoN-1 ccoO-1  ccoP-1 ccoN-2  ccoO-2  ccoP-2 ccoG ccoH ccol ccoS
ccoQ
1kb
H [€-mmmmmmmmmmmmmme e > H2 [€--mmmmmmmmmee e ->-H3 —_—
AccoNOP-1 AccoNOQP-2

Figure 3-4: Genetic maps of two cbb;-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 ACbbs-1
and ACbbs-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.

3.3.4 Verification of deletion strains

PCR analysis was performed to verify the deletion of one of two cbbs-operons in the two deletion
strains (ACbbs-1 and ACbbs-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 cbbs-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 ACbbs-1 (Figure 3-5 B, lane 5).
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Table 3-5: Primer pairs used to verify the deletion of chb;-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 7* 8 9 10 |11 12

Primer 8 Fw | 9 Fw 10 Fw | 11_Fw | 9 Fw 11 Fw | Km N | lacZN |2 Fw |4 Fw |2 Fw |2 Fw
pair 8 Rev | 9 Rev | 10 Rev | 11 Rev | 8 Rev | 10 Rev | Km C | lacZ C | 7 Rev | 5 Rev | 5 Rev | 4 Rev
WT 1223 | 1034 | 1320 | 1363 | 2210 | 2356 | - - 3526 | 3680 | 6431 | 6770
ACbbs-1 | - - 1320 | 1363 | - 2356 | 919 - 1666 | - 4571 | 4910
ACbbs-2 | 1223 | 1034 | - - 2210 | - 919 - 3526 | 2146 | 4897 | 5236

* Primers Km_N and Km_C are specific for the kanamycin resistance cassette. " Primers lacZ N and lacZ_C
are specific for the second selectable marker, e.g., EGFP-gene.

A M1 2 3 4 5 6 7 8 9 1011 12 M B M1 2 3 45 6 7 8 9 10 1 12 M
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Figure 3-5: Qualitative PCR analysis of the
deletion of cbb;-CcO loci. PCR amplifications were
performed using 100 ng P. stutzeri genomic DNA in
a 50 pl reaction volume. The genomic DNA was
isolated from wild type (A), deletion strain ACbb;-1
(B) and ACbbs-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
0.5x 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.
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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 ACbbs-1 and ACbb;-2

strains (the sequence data are shown in Appendix J and K).
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3.4 Construction and purification of the tagged cbb;-CcOs

To express and purify both isoforms of cbb;-CcO from P. stutzeri, two cbbs-operons were
individually cloned into a low-copy-number vector pPBBRIMCS and two different affinity tags
were separately introduced into the recombinant proteins. Both chb;-CcOs were purified to

apparent homogeneity in two chromatographic steps.

3.4.1 Construction of the expression vectors

To construct the expression vectors for both isoforms of cbb;-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 cbb;-CcOs, it was decided to test two small affinity tags (the Hise-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 Cbbs-1, the 3.4-kb fragment containing Strep- or Hise-tagged ccoNOP-1 was amplified,
digested with BamHI and HindIll endonucleases, and subcloned into the same site of
pBBRIMCS, 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 pPBBR1MCS using a ligation independent cloning strategy, yielding pXH25-28 (Figure
3-6). All constructed expression vectors were electroporated into the corresponding P. stutzeri
cbbs-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 Cbbs-1 or Cbbs-2 under the control of their native promoters.
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1stisoform of rec. cbb3-CcO 2nd jsoform of rec. cbbs-CcO
Strep-tag Strep-tag
PXH21 — ) - S — PXH25
ccoN-1 ccoO-1  ccoP-1 ccoN-2  ccoO-2 ccoQ ccoP-2
Strep-tag Strep-tag
PXH22 — Y - I — pXH26
ccoN-1 ccoO-1  ccoP-1 ccoN-2  ccoO-2 ccoQ ccoP-2
Hise-tag Hise-tag
PXH23 ) - S — pXH27
ccoN-1 ccoO-1  ccoP-1 ccoN-2  ccoO-2 ccoQ ccoP-2
Hise-tag Hise-tag
PXH2¢4 Y W) - ) — pXH28
ccoN-1 ccoO-1  ccoP-1 ccoN-2  ccoO-2 ccoQ ccoP-2
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Figure 3-6: A schematic summary of the constructed expression vectors for both chb;-CcOs. Only the
cbbs-operon with corresponding promoter region is shown. Constructs pXH21-24 were designed for the
expression of the Cbbs-1, and vectors pXH25-28 were used for the expression of the Cbb;-2. The N- and
C-terminal affinity tags are shown in red and blue, respectively.

3.4.2 Expression screening of Strep- and Hisg-tagged cbb;-CcOs

To monitor the expression of the recombinant cbbs;-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 Cbbs-1 and Cbbs-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 Cbbs-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 Cbbs;-2 with an N-terminal
Strep-tag I (Figure 3-7 B, lane 3). In both cases, the recombinant chb;-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 cbb;-CcO at least in the membrane.
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When the Strep-tag Il is fused to the C-terminus of the ccoN gene, the CcoNOP subunits of both
isoforms of ¢bb3;-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 cbb;-CcO was
confirmed. Besides the subunits of cbb;-CcO, several ribosomal proteins as general contaminants

were also identified, which could be observed as weak bands between CcoO and CcoP.

A Cbbs-1 + Strep-tag Il B Cbbs-2 + Strep-tag Il
Coomassie staining Heme staining Coomassie staining Heme staining
M 1 2 M 1 2 M 3 4 M 3 4
170 N Cc N © 170 N © N Cc
130 130
100 100
70 70 (O
55 55
40 40
5 CcoN-1 2 CcoN-2
35 S CcoP-1 35 S CcoP-2 pr——
25 W Ccoo-1 25 S B Cco0-2 -

Figure 3-7: SDS-PAGE gels of the small-scale expression and purification of Strep-tagged cbb;-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 Cbb;-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 Cbbs-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 His¢-tag on the expression level of the desired recombinant cbb;-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
Cbbs-2 with either a N-terminal (Figure 3-8, lane 1) or a C-terminal Hise-tag (Figure 3-8, lane 2)
were achieved. It was found that the bound Hiss-tagged cbbs;-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 Hiss-tagged
Cbbs-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 Hisc-tag was fused to the
N-terminus (lane 1) or the C-terminus (lane 2) of
the Cbb;-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 I, 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 ¢bb3;-CcO.

Table 3-6: Summary of eight expression vectors®. Two expression vectors, pXH22
and pXH26 (blue), are used for the routine expression of Cbbs-1 and Cbb;-2.

Vector Isoform Terminus Affinity tag Expression
pXH21 N-terminus Strep-tag I1 no

pXH22 C-terminus Strep-tag 11 yes

pXH23 Cbbs-1 N-terminus Hise-tag n.d.
pXH24 C-terminus Hise-tag n.d.

pXH25 N-terminus Strep-tag I1 no

pXH26 C-terminus Strep-tag 11 yes

Cbbs-2 - -
pXH27 N-terminus His¢-tag yes
pXH28 C-terminus Hisg¢-tag yes

?n.d., not determined.

3.4.3 Large-scale purification of Strep-tagged cbb;-CcOs

As mentioned in the previous section, affinity purification (Strep-tag Il and Strep-Tactin column)

allows the specific isolation of both recombinant Cbbs-1 and Cbb;-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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NacCl (Figure 3-10 B). Afterwards, the concentration of NaCl in the buffer was reduced to 100 mM
during the concentration steps. As an example™ shown in Figure 3-9, homogenous Cbbs-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 Cbb;-1 and Cbbs-2 purified by

two-step chromatography were used for further biochemical and biophysical analysis.

Coomassie staining Heme staining
M 1 2 M 1 2
170
130
100 Figure 3-9: SDS-PAGE gels of the two-step
70 purification of recombinant Cbb;-1. After each
55 purification step, the protein samples were collected
and analyzed on the 15% Tris-glycine gel. The
40 - CcoN-1 pooled  samples  obtained  after  affinity
M & CcoP-1 @ wew  chromatography and ion exchange chromatography
35 are shown in lane 1 and 2, respectively. Coomassie
25 staining (left) and heme staining (right) were used to
B s CcoO-1 - visualize the protein bands. The standard molecular
weights (kDa) of the marker proteins (M, PageRuler
Prestained protein ladder) are indicated on the left.
15 Bands of interest (subunit N, P and O) are indicated
10 in the middle.

The homogeneity of cbb;-CcOs could be further improved using an additional size-exclusion
chromatography step. However, this was only necessary when the enzymatic activity of
recombinant cbb;-CcOs was compared to the true wild-type Cbbs-1, because the latter was
purified by four chromatographic steps (see 2.2.2.4)**. As an example, the chromatograms
obtained from the three-step purification of recombinant Cbb;-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 chb;-CcOs. During size exclusion chromatography (Figure 3-10 C), the
recombinant Cbbs-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.

2 Both cbbs-isoforms exhibited similar properties during the purification process. Therefore, only the

recombinant Cbb;-1 is shown as an example for the demonstration in this section.
24 . . . . .
The wild-type Cbbs-1 is purified for the crystallization experiments and, therefore, more homogeneous.
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Table 3-7: Purification of Strep-tagged Cbb;-1.
Purification step Volume | Total protein | Total Total Specific | Yield | Purification
(ml) concentration | protein | activity | activity | (%) fold
(mg/ml)* (mg) | (U | (Umg)
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 32 100 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

* 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 Cbb;-1 required to reduce 1 umol of
O, in 1 min at 25°C.

3.4.4 Control of the expression of two cbb;-isoforms

In the vectors pXH22 and pXH26, expression of c¢bb;-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 o'° subunit. Despite the
similarities, a putative ANR binding site (TTGAT-N*-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.
A ccoN-1
- Na.. .
1 s'gacgagatgtcctttgtcactttgtgtgtdTTGATccgt{gTcalTacCglg
ANR box -35
............ N17 oiiiiiiaas
51 cagattgccctttcctgcctcgctttctattagaaagaaaaaa
070 recognition site -10
_____ N7______ ccoN-1
101 actgctcattacccgtggaltGGAaGcccataclatgaacacagcaaccagt 3°
SD sequence M N T A T S
B CCON-2
1 5'acacggaaaacgctttaaatcagggttttggccagcaaagacagcccggg
................ N18uwesaaaaeas
51 cgcggITtgCAttgcccccctgotttctccATACTjtgecgoogtttttge
-35 07 recognition site -10
__..Ng¢_....__ccoN-2
101 cttcgaaaatgctattagcgcttgclatgagcacagcaatcagt 3
SD sequence M S T A I S

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-N*-gTCAA) is located upstream from transcription start site of the ccoN-1 gene and is shown in
blue. The putative RpoD (c'%) 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 Cbbs-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 cbb;-CcO. In contrast, a relatively low yield was observed for the Cbb;-2, which is
approx. 0.5 mg per liter of culture medium (Table 3-8). To increase the expression level of Cbbs-2,
the native promoter region of Cbbs-2 was first replaced by the exogenous /ac promoter, yielding
pXH36. By using this vector, the protein yield could be increased by twofold without any
induction treatment. The yield of Cbbs-2 was further improved by the replacement of the Cbbs-2
promoter with the endogenous promoter of Cbbs-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 Cbbs-1
(Table 3-8). Therefore, instead of pXH26, the expression vector pXH39 was used for the

expression of recombinant Cbbs-2 throughout the present work.
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Table 3-8: A summary of typical protein yields of chb;-CcOs.

Recombinant isoform | Promoter | Feature of promoter Plasmid Yield

Cbb;-1 cbbs-1 native pXH22 2-4 mg/liter
Cbb;-2 cbbs-2 native pXH26 < 0.5 mg/liter
Cbbs-2 lac exogenous (from E. coli) pXH36 > 1 mg/liter
Cbbs-2 cbbs-1 endogenous pXH39 2-3 mg/liter

3.4.5 SDS-PAGE analysis of Cbb;s-1 and Cbb;-2
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Figure 3-12: SDS-PAGE gels of both purified recombinant Cbb;-1 and Cbbs-2. The Cbbs-1 (lane 1) and
Cbbs-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 Cbb;-1 and Cbbs-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 cbb;-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
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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 cbb;-CcOs carried a Strep-Tag 11, they could be detected by Western blot using

anti-Strep-tag antibody. However, two nonspecific bands are also observed (Figure 3-12 D).

3.4.6 Determination of the oligomeric state of Cbbs;-1 and Cbb;-2

To evaluate the oligomeric state and molecular weight of purified recombinant Cbbs-1 and Cbb;-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 Cbbs-1 and Cbbs-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 Cbbs;-1 and Cbbs;-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.

M 1 2
kDa
1048
720
480
242 -
146 | a—— - .
66 . Figure 3-13: BN-PAGE gels of purified recombinant cbb;-isoforms.
Cbbs-1 (lane 1) and Cbbs-2 (Lane 2) were solubilized and purified with
DDM, and analyzed on 4-16% (v/v) NativePAGE Bis-Tris gels. The
20 molecular weights (kDa) of the marker proteins (lane M) are indicated on

the left.

3.4.7 Subunit composition of both cbb;-isoforms

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
Cbbs-1 were 36.1% (CcoN-1), 74.5% (CcoO-1) and 66.6% (CcoP-1), and a similar sequence
coverage for Cbbs;-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 Cbbs-1 and Cbbs-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 Cbb;-2 with a sequence coverage of 35.5% (Figure 3-14 D). (iii) The assembly protein CcoH

was observed in both rec. cbb;-CcO complexes (Figure 3-15). (iv) Ribosomal proteins and a

histone-like DNA binding protein were also detected as general contaminants.

1st isoform of cbb;-CcO (Cbb,;-1)

1 MltaTs-tay Sykvvrorar mrvvwciVem
81 SvorrcoTTr rAPKraarTr wewolvilra
161 GNWFFGAFIL IValraVvnn peErpvIAMks
241 SIVHFWALIT VYIWAGPHHL HYTALPDWAQ
321 STFEGPMMAI KTVNALSHYT DWTIGHVHAG
401 wvneIAgerm wrarnDpeTr TYSFVESLEA
481 PQFEK

27d isoform of cbb;-CcO (Cbb;-2)

1 mS7alsEray Nvkvvrorar mrvvweilem
81 VvortcoARr rSDGraarTr wewoAviVia
161 GNWFFGAFIL VTAMLHIVNN LEIPVSLFKS
241 SIVHFWALIT LYIWAGPHHL HYTALPDWAQ
321 STFEGPMMAI KTVNALSHYT DWTIGHVHAG
401 wvNGITQGLM WRAINEDGTL TvsrvEALEA
481 PQFEK
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15t isoform of cbb,-CcO (Cbb,;-1)

1 vxSEEKLEKN VGLLTLFMIL AVSIGGLTQI
81 ERYGHYSVAG ESVYDHPFLW GSKRTGPDLA
161 RMLGVPYTEE DIAGARDOVN GKTEMDAMVA

2nd isoform of cbby;-CcO (Cbb;-2)

1 uxleeloeExn IGLLTLFMIL AVSIGGLTOI
81 ERYGHYSVAG ESVYDHPFLW GSKRTGPDLA
161 RMLGVPYTEE DIAGARDAVR GKTEMDAMvVA
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(Figure continued on next page)
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C P Subunit

1st isoform of cbb;-CcO (Cbb;-1)
1 MSTrwsGYIA rrTreriVar FwrplFatrke ESAGTTDOTM ceAFpcIeEy pnprprwwrL LFIGTLVFGI Lyrvivecrc
81 wwrevLpcYE cewTolkQwE REVAQADEKY cplFaxvaam SveevaOpro aVkueArnra NYcsIcmesp axkeSLerpnn

161 ApQpwRweeD AAStkTS1LN crIaAMpAWG OArceecVEn vaAFveRKDLA cLPLpecTDA pLSAcKNVYa OTcAvcrcQG
241 GEcMAaLcar KiNSAAGwIv cssLGolLoor IrHerneOmp a0Q0VrcDox verraavvys r.soKepeoLAN O

27d isoform of cbb;-CcO (Cbb;-2)
1 MTSFwsWYVT rrSueriBAar Vwillatrec ORPDSTEETV cuSYpcieey pnerprwwM rLrVeTVIFAL Gyrvivecrc
81 NwkGILPGYE GGWTOVKEWQ rEMDKaNeQv cplYakvaam PvemvaKoro alkmcGrira SNesVemesp axkcAYerewnr

161 TpDowlweeE PET1kTTirH erOaVMpGwK DViceecIRw vaGYwr-S1S cRDTrecISV pIEQGOKIFa ANcVvcucPE
241 AKcVTaMcap NLTDNV-wly cssFRAoloor LrYcrncRur agEAlrclpx verraayvys rsoQpeg

D QO Subunit

27d jsoform of cbb;-CcO (Cbb;-2)
1 MMEIGTLRGL GTILVVVAFI GVVLWAYSSK RKQSFDEAAN LPFADDETDA KKREEEASRS KK

Figure 3-14: Peptide mass fingerprinting analysis of two chbs-isoforms (Cbb;-1 and Cbb;-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 c¢hb;-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 Cbbs-2.

CcoH

1 MRSDNEQTRW YTQFWAWFVI AILLSSVVLG LSLLTIAIRN SDSLVADNYY DAGKGINQSL EREKLAESLE MRAQLVLNDE
81 RGLAEVQLSG ASRPQQLVLN LLSPTQPERD RRVILQPQGD GLYQGQMQEP VSGRRFIELI GREGEQDWRL YEEKTIETGH
161 ALELTP

Figure 3-15: The sequence coverage obtained by peptide mass fingerprinting analysis for the assembly
protein CcoH. CcoH was found in both recombinant Cbbs-1 and Cbbs-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.
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3.5 Characterization of Cbbs-1 and Cbb;-2

3.5.1 UV/Vis spectra of cbb;-CcO

For comparison, the room temperature electronic absorption spectra of fully oxidized, fully
reduced and reduced-minus-oxidized difference spectra of wild-type Cbbs-1 are shown in Figure
3-16. As expected, all spectra are identical to those obtained from the recombinant Cbbs-1.

Therefore, a detailed description is given below using the recombinant Cbbs-1 as an example.

A o7 B
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Figure 3-16: UV/Vis spectra of wild-type Cbb;-1. The absorption spectra were recorded from 380 to 640
nm at 25°C. The insert shows an enlarged view of the o and  bands from 480 to 590 nm. (A) The wild-type
Cbbs-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
Cbbs-1.

For a better comparison between both recombinant Cbbs-1 and Cbbs-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 cbbs-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 Cbbs-1 and Cbbs-2 were found in the alpha
band of the reduced spectra. Cbbs-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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Cbbs-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
cbbs-isoforms  reacts  slightly  differently upon the reduction. Furthermore, the
reduced-minus-oxidized difference spectra of both cbbs-isoforms have a small peak centered at
695 nm (Figure 3-17 D). This spectral feature is characteristic of heme ¢ with methionine as an

axial ligand (Garcia-Horsman ef al., 1994).
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Figure 3-17: UV/Vis spectra of both recombinant chb;-isoforms. The absorption spectra of 2 uM Cbb;-1
(black line) and Cbb;-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 a and p bands. (A) The cbb;-CcOs are fully oxidized by
adding potassium hexacyanoferrate (III). (B) The cbb;-CcOs are fully reduced by adding sodium dithionite.
(C) The reduced-minus-oxidized difference spectra of cbb;-CcOs. (D) The reduced-minus-oxidized
difference spectra in the near-infrared region.

3.5.2 Circular dichroism spectra of cbb;-CcO

To compare the secondary structure of the two recombinant Cbbs-1 and Cbbs-2, as well as the
wild-type Cbbs-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 cm® dmol’', and by a maximum centered at 193 nm with an amplitude of
39,000 deg cm® dmol ™. These structural features indicate a predominantly alpha-helical secondary
structure as expected from the X-ray structure of wild-type Cbbs-1. In addition, identical spectra
revealed that both recombinant Cbbs-1 and Cbb;-2 have essentially the same secondary structure

as the wild-type Cbbs-1, which confirms a correct folding of the recombinant cbb;-CcOs.

40000 + —wt Cbb3-1
rec. Cbb -1
30000 —rec. Cbb,-2
S 20000 -
e 0000
o
£ 10000
54
o 0 Figure 3-18: Far-UV circular dichroism spectra
@ of cbb3;-CcOs. Far-UV (190 to 260 nm) CD spectra
= were recorded for wild-type Cbbs-1 (blue),
-10000 + recombinant Cbbs-1 (black) and recombinant Cbbs-2
(red) at a concentration of 0.3 uM in 20 mM
-20000 - potassium phosphate buffer (pH 7.5) at 25°C. The

recorded spectra were normalized and converted to
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190 200 210 220 230 240 250 260 mean residue ellipticity ([0]).
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3.5.3 Thermal stability of cbb;-CcO

To determine the thermal stability of both recombinant cbbs-isoforms and the wild-type Cbbs-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 Cbbs-1, two well-separated steps of temperature dependent denaturation were
observed. Two midpoint temperatures (7,) at 54.0 and 74.6°C are associated with the enthalpy
change (AH) of 760 and 1,512 kJ mol”, respectively. The ratio of the enthalpy of the
high-temperature to the low-temperature phase transition (AHy / AHL) is calculated to be 2.
Compared to the wild-type Cbbs-1, recombinant Cbbs-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, AH values only change slightly to 705 and 1,311 kJ mol” for

85



3. RESULTS

low and high temperature transition, respectively, due to the broadening of the peaks (Table 3-9).
The calculated AHy / AHy ratio is 1.9, which is consistent with the observation from wild-type
Cbbs-1. In the case of recombinant Cbbs-2, two transition peaks are apparently less intense and
less separated. The T, of both peaks shifted to 41.4 and 65.1°C, which indicates that recombinant
Cbb;-2 denatures 10°C earlier in comparison to the recombinant Cbb;-1. Moreover, AH; and AHy
are correspondingly decreased to 402 and 1,154 kJ mol”, respectively, which confirmed that
recombinant Cbbs-2 is less stable. The AHy / AHy ratio of 2.9, as calculated for Cbbs-2, is different
to the observed ratio of Cbbs-1.
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Figure 3-19: Differential scanning calorimetry curves of chb;-CcOs. (A) DSC curves of wild-type
Cbb;-1 (blue), recombinant Cbbs-1 (black) and recombinant Cbbs-2 (red) were measured at a concentration
of 3.5 mg/ml. (B) A rescanned DSC curve of recombinant Cbb;-1 (red). Measurements were performed at a
heating rate of 90°C per hour. The dependence of heat capacity ([C,]) on temperature was further analyzed
to obtain thermophysical properties.

Table 3-9: Thermodynamic parameters for the thermal denaturation of chb;-CcOs.

Protein The 1* transition peak The 2™ transition peak
T (°C) | AH (kJ/mol) | FWHM® (°C) | Tw(°C) | AH (kJ/mol) | FWHM (°C)
wt. Cbbs-1 54.0 759.6 10.0 74.6 1512.1 10.8
rec. Cbb;-1 51.2 705.2 12.9 75.0 1311.0 22.5
rec. Cbby-2 | 41.4 402.1 13.0 65.1 1154.2 13.0

# FWHM: full width at half maximum.
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3.5.4 Fourier transform infrared spectra of chb;-CcO

Figure 3-20 shows the oxidized-minus-reduced FTIR difference spectra of the recombinant Cbbs-1
and Cbbs-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™)
and the v(C=0) spectral region (above 1,710 cm™). Two signals at 1687 (Cbbs-1) and 1,690 cm™
(Cbbs-2) can be assigned to the protonated heme propionates, while the v(C=0) mode of
protonated aspartic or glutamic acid side chains can be observed at 1,712, 1,741 (Cbbs-1) and
1,744 cm™ (Cbbs-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.
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Figure 3-20: Oxidized-minus-reduced FTIR difference spectra of two recombinant chbs-isoforms from
P. stutzeri. Spectra of recombinant Cbbs-1 (black) and recombinant Cbbs-2 (red) were measured from -400
to 400 mV (vs. Ag/AgCl, 3 M NaCl) in 20 mM Tris/HCI, pH 7.5, 100 mM NaCl and 0.02% (w/v) DDM.
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3.5.5 Electrochemical measurement of chb;-CcO

The UV/Vis redox titrations were undertaken to determine the midpoint redox potentials of heme
cofactors of both cbbs-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 Cbbs-1 and Cbbs-2, respectively. And the

potentials obtained for each redox titration are summarized in Table 3-10.
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0.000 1 "faa Cbb,1 0.000 - (L, Cbb,-1
T g = heme ¢, 551 nm B = heme b, 558 nm
R Nernst curve - \n Nernst curve
-0.002 - \
= -0.001 4
© -0.004 . Q *\
9 2 -0.002- "
© \ < \
£ -0.006 \ < \
2 \ 2 0003 .
Q \ o -U.005+ \
< -0.008 - m < \
< \ <
0010 \a -0.004 - t
B -0.005 1 k——ff
-0.012+ : o
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
Potential (mV) vs. Ag/AgCl (3M KCI) Potential (mV) vs. Ag/AgCl (3M KCI)

Figure 3-21: Potentiometric titration of recombinant Cbb;-1. Potential dependence of the a band of
heme ¢ 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 ¢ 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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Figure 3-22: Potentiometric titration of recombinant Cbb;-2. Potential dependence of the a band of
heme ¢ 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 ¢ 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 ¢ are too close to be distinguished, therefore, only
one value can be determined for each cbbs-isoform from the theoretical Nernst curve (155 mV for
Cbbs-1 and 185 mV for Cbbs-2). For hemes b of Cbbs-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 Cbb;-2, the midpoint redox potentials of both hemes b are only
slightly higher than the values obtained for Cbbs-1 (Table 3-10).

Table 3-10: Summary of midpoint redox potentials of heme cofactors of chb;-CcOs. The midpoint
redox potentials are shown in mV (vs. standard hydrogen electrode) at pH 7.5.

Midpoint potential of heme (vs. SHE)

hemes ¢ heme b heme b3
recombinant Cbbs-1 155 mV 263 mV 132 mV
recombinant Cbb;-2 185 mV 278 mV 158 mV

3.5.6 Determination of the oxygen reductase activity
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Figure 3-23: Measurements of oxygen reductase activity of wild-type Cbb;-1. The addition of 3 mM
ascorbate, ] mM TMPD, 8.3 nM ¢bb;-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 cbb;-CcO to a
reaction mixture containing ascorbate and TMPD. (C) Inhibition of the ¢hb;-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 cbb;-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.
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which is calculated from at least five independent
600 - measurements. (A) pH-dependence of the cbb;-CcO
activity was measured by varying the pH from
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To accurately measure the enzymatic activity of cbbs;-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 cbb;-CcO is approximately 7.5. By varying the concentration of NaCl in the range of 0
to 500 mM, the interaction between TMPD and cbb;-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 cbb;-CcO (Figure 3-24 C).

>

2000 4

1500

1000

500 +

Oxygen reductase activity (e/s)

-04 -02 0.0 02 04 06 08 10 1.2 14 16 1.8 2.0 22

1.5 2.0 25 3.0
TMPD conc. (mM)

Lineweaver-Burk Plot

1/8

05 1.0
C
0.0025
0.0020
0.0015
2
0.0010
0.0005
_*”r;n
E 00022
0.0020
0.0018
0.0016
=
D 0.0014 -
0.0012
0.0010
0.0008

Hanes-Woolf Plot

3.0

3.5

4.0

B o
20004 Michaelis-Menten Plot
1500
>
1000
500 4
0 T T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
S
D
Eadie-Hofstee Plot
2000
1500 4
>
1000 A
500 4 I
s

800 900 1000

VIS

500 600 700

Figure 3-25: Dependence of the chb;-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/HCI, pH 7.5, 100 mM NaCl, 50 uM EDTA, 0.02%

[w/v] DDM and ascorbate:TMPD = 3:1), a non-linear dependence of enzyme activity of wild-type

Cbbs-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 Cbbs-1 was

measured to be 2,000 e”/s. Although a saturation plateau was not reached, the rates of oxygen

reduction catalyzed by cbb;-CcO still followed Michaelis-Menten kinetics (Figure 3-25 B). In

order to determine the kinetic parameters (V. and K,,) 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 V,,..x and K, 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 V.« and K, are

about 4,000 e”/s and 3.6 mM, respectively.
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In order to compare the oxygen reductase activity of both recombinant cbhbs-isoforms with the
wild-type Cbbs-1, 3 mM ascorbate and 1 mM TMPD were used. As shown in Figure 3-26, the
activities of recombinant Cbbs-1 and Cbbs-2 were determined to be between 700 and 800 e’/s,
which is only slightly lower than that of wild-type Cbbs-1. This indicates that there is no
significant difference either between the wild-type and the recombinant proteins or between the

two chbs-isoforms.

3.5.7 Determination of the catalase activity

Besides the reduction of oxygen, a side reaction, in which hydrogen peroxide (H,O;) can be
decomposed into H,O and O,, was also observed for both cbbs-isoforms. This so-called “catalase
activity” was originally found in A-type HCOs, e.g., aa;-CcO from bovine heart (Orii and
Okunuki 1963), and was measured as described for aa;-CcO from P. denitrificans (Hilbers et al.,
2013) using 600 pM H,0; and 500 nM cbb3;-CcOs. Catalase activity measurements of the

cbb3;-CcO show no significant difference either between the wild-type and the recombinant Cbb;-1
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or between the recombinant Cbbs-1 and Cbb;-2 (Figure 3-27). Moreover, the catalase activity of

cbb3-CcO was measured to be in the range of 1.6-2.4 O,/min/oxidase (Figure 3-27), which is

comparable to the reported values for wild-type aa;-CcO from P. denitrificans (Hilbers et al.,

2013).
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Figure 3-27: Comparison of the catalase activity
between wild-type Cbbs-1, recombinant Cbbs;-1
and Cbb;-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 Cbbs-1 was 100%. Catalase activity
was measured in the presence of 600 uM hydrogen
peroxide and 500 nM cbb;-CcO.

3.5.8 The redox active tyrosine residue

Figure 3-28: The His-Tyr cross-link in cbb;-CcO
and the location of the selected residues for
site-directed mutagenesis studies. The Y251 is
covalently bound to a Cup 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 1252 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 Cug 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 cbb;-CcOs, this redox active tyrosine (Tyr251) is located in a different helix
(TMH?7). In addition, sequence alignments show that the P. stutzeri cbb;-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 cbb;-CcO, four variants of the Cbb;-1 were
created by site-directed mutagenesis, namely, Y251F, Y251A, Y251A/1252Y and Y251A/G211Y.
The variants Y251F and Y251A were created to prevent the enzymatic formation of the tyrosine
radical, whereas the double variants Y251A/1252Y 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 ¢ (data not shown). In addition, all variants exhibited the same UV/vis
spectra as the wild-type cbb;-CcO (Figure 3-29), which indicated that the substitution of this

tyrosine residue did not alter the environments of heme b and heme b;.

0.4 —— wild type
—— Y251F
0.3 —Y251A . e e e .
 \251A/I252Y Table 3-11: Comparison of activities of wild
024 — Y251AG211Y type and variants.
Q
g Enzyme Relative activity
el
s Wild type 100%
Q
< Y251F 0%
Y251A 0%

Y251A/1252Y | 0%
Y251A/G211Y | 0%

400 450 500 550 600
Wavelength (nm)

Figure 3-29: The reduced-minus-oxidized difference
spectra of wild-type Cbb;-1 and four variants.

The oxygen reducatse activities of the wild-type chb;-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 chb;-CcO were totally inactive when the tyrosine
was substituted by a phenylalanine (Y251F) or an alanine (Y251A) residue. Moreover, both
double variants Y251A/1252Y and Y251A/G211Y also lost the enzymatic activity completely.
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3.5.9 Variants of Glu323

In the cbbs;-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 cbb;-CcOs, but not present in other oxidases (Hemp et al., 2007).

In order to investigate the role of E323, three variants of the Cbbs-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 c¢bb;-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 chb;-CcO of P.
stutzeri. E323 is hydrogen-bonded to His345. Heme
b and bs 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 cbb;-CcO

Following well established procedures (Reincke et al., 1999; Londer 2011), untagged recombinant
cytochromes ¢ from P. stutzeri ZoBell were heterologously expressed in E. coli to investigate the

physiological electron donors of chb;-CcO.

3.6.1 Prediction of c-type cytochromes of P. stutzeri

Cytochromes ¢ are characterized by the covalent attachment of heme ¢ to an apocytochrome via a
CXXCH motif (Ambler 1991). By analyzing this motif in the recently published draft genome
sequence of P. stutzeri ZoBell (Pefia et al., 2012), a total of 63 matches were found in 45
proteins®™. Among them, 16 proteins were predicted to be cytochromes ¢ based on homology
analyses (see Appendix B). Four cytochromes ¢ (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 css;) for cytochrome cd; nitrite reductase, the
cytochromes ¢4 and css; are believed to be involved in electron transfer to oxygen and nitrite,
respectively (Pettigrew and Brown 1988; Jiingst et al., 1991). However, like cytochrome cs, their
virtual ability to transfer electrons to chb;-CcO in P. stutzeri has not been experimentally

validated.

Table 3-13: Selected cytochromes c of P. stutzeri’.

Protein | Gene UniProt Location | No.of | MW-1 | MW-2 | CL | Function

ID hemes | (Da) (Da)
Cyt. ¢4 cycA H7EVH9 IM, PP 2 21,718 | 20,886 | IC | oxygen reduction?
Cyt. ¢s cycB H7EWLS IM, PP 1 13,900 | 11,963 | IE | unknown
Cyt. css1 | nirM H7EQGS PP 1 10,797 | 9,179 ID | e donor for NIR
Cyt. cssp | nirB H7EQG6 PP 2 30,426 | 29,413 | - nitrite reduction?

* CL: Ambler’s classification; IM: inner membrane; MW-1: molecular weight of gene product; MW-2:
molecular weight of mature holocytochrome; NIR: cytochrome cd| nitrite reductase; PP: periplasm.

3.6.2 Construction of expression vectors for cytochromes ¢
Three DNA fragments containing the cyc4 gene encoding cytochrome ¢, (1498 bp), the cycB gene
encoding cytochrome ¢s (1163 bp) and nirMB encoding cytochromes css; and css; (2874 bp) were
amplified by PCR using genomic DNA from P. stutzeri ZoBell as a template. The following

> 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 cycA4, 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 ¢4 and css; 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 ¢s and c¢ss;
were amplified using the primer pairs C5-Ncol/C5-BamHI and C552-Ncol/C552-BamHI and
subsequently inserted into the Ncol/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 ¢ to the pelB leader sequence was confirmed.

Table 3-14: The predicted signal peptides of 4 selected cytochromes®.

Protein N-terminal signal peptide sequence Length (amino acids)
Cytochrome ¢4 M-N-K-V-L-V-S-L-L-L-T-L-G-I-T-G-M-A-H-A 20
Cytochrome c; 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 c¢s5; | M-K-K-I-L-I-P-M-L-A-L-G-G-A-L-A-M-Q-P-A-L-A 22
Cytochrome c¢ss, | M-K-K-T-L-M-A-S-A-V-G-A-V-I-A-F-G-T-H-G-A-M-A 23

* Signal peptide prediction was performed using the SignalP 4.1 server. The predicted signal peptides of
cytochromes css; and css; are in agreement with previously published data (Jiingst et al., 1991).

3.6.3 Cell growth and small-scale expression of cytochromes ¢

cyt. ca | cyt. cs | cyt. Css1
without
IPTG
induction Figure 3-31: Comparison of uninduced and
. IPTG-induced cells containing the expression
I\IIDVEI% vector with the gene encoding cytochrome c. Cells
induction were pelleted from 50 ml of overnight culture by

centrifugation at 5,000 x 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 ccnABCDEFGH (Arslan et al., 1998)*. For small-scale expression and analysis,
the cells were grown aerobically in 50 ml of LB medium at 32°C containing 50 pg/ml Amp and

34 pg/ml Cam. In addition to uninduced cells, 0.5 mM IPTG was added to the bacterial culture

2 The plasmid pEC86 was kindly provided by Prof. Linda Thony-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 ODgy 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 cy, ¢s, and c¢ss; was achieved without IPTG induction. The red color of pelleted cells

indicated the incorporation of heme ¢ into the apocytochrome ¢ (Figure 3-31).

To determine the expression pattern and the location of the recombinant cytochromes ¢ 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 ¢ under

normal aerobic conditions.
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Figure 3-32: SDS-PAGE gels of small-scale expression of recombinant cytochromes c. The cells
(approx. 2 x 10° cells) were collected at different cell densities (ODggo of 1.5 to 5.0). Total spheroplastic “S”
and periplasmic “P” proteins of E. coli cells expressing cytochromes ¢ from P. stutzeri ZoBell were
separated on 12% Bis-Tris SDS-PAGE gels. Proteins that contain covalently bound heme ¢ 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 cssy, ¢4, ¢sand css; 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 ¢ was
observed, although the expression level of cytochrome css, (Figure 3-32 A, right part of each gel)
was relatively lower in comparison to the other three cases. In the case of cytochromes ¢4, ¢s, and
css1 (Figure 3-32 B-D), the results of SDS-PAGE analysis showed that: (i) the heterologously
expressed cytochromes ¢ 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 (ODgy = 5); (iii) the recombinant cytochromes ¢

showed a profile similar to that of wild-type proteins.
To increase the yield of cytochrome cssp, 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 ¢ (¢4, ¢s, and css;)

were selected for the further large-scale expression and purification.

3.6.4 Purification of recombinant cytochromes ¢

The recombinant cytochromes ¢ 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 c¢, FElution 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 ¢
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 3-34: Purification of recombinant cytochrome c¢s  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 cs 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 ¢
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 css;, 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 css; 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 ¢
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, cs, and css;, respectively.
During the first chromatographic step (panel A in Figure 3-33 to 34), three cytochromes ¢ were
eluted at relatively low concentrations of NaCl (160 to 240 mM for ¢4, 160 to 190 mM for ¢s and
50 to 130 mM for cs51). Subsequently, chromatographic fractions were subjected to
chromatofocusing separation. At this purification step, cytochrome css; 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 ¢4 and cs were eluted as a single peak. After a
final size exclusion chromatography step, all three recombinant cytochromes ¢ 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 ¢, which were determined
spectrophotometrically using specific extinction coefficients (see 2.2.3.1). The cytochrome cs has
the highest yield of 10 mg per liter of culture medium, while the yield of purified cytochrome c;4
and css; 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 c, Cytochrome c; Cytochrome css;

Yield 2 mg/liter 10 mg/liter 4 mg/liter

3.6.5 UV/Vis spectra of recombinant cytochromes ¢

Figure 3-36, 3-36 and 3-37 show the oxidized, reduced and reduced-minus-oxidized spectra of
purified recombinant cytochrome c, ¢s and c¢ss;, respectively. The spectra of the three recombinant
cytochromes ¢ are identical to the spectra obtained from the wild-type proteins (data not shown).
Furthermore, the spectral features of cytochrome c; and css; 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 ¢s; and 409 nm for cytochrome css;. Upon complete reduction of the protein with
dithionite, this Soret peak was red-shifted to 415, 419 and 417 nm for cytochrome c4, ¢5 and c¢ss;,

respectively (Figure 3-36 to 3-38).

1.8 415 cytochrome c, 0.6 1 cytochrome c,

— reduced
— oxidized

reduced minus oxidized

Absorbance
A Absorbance
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Figure 3-36: UV/Vis spectra of recombinant cytochrome c,;. The absorption spectra were recorded from
380 to 640 nm at 25°C. (A) The recombinant cytochrome ¢, 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 c;.
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The reduced absorption spectrum of cytochrome ¢4 has two additional maxima at 550 and 522 nm,
corresponding to the a and P bands, respectively (Figure 3-36). The ratio of the peak maximum
(a/P) is calculated to be 1.2. In the case of reduced cytochrome cs, the maxima of a and B band are
at 555 and 525 nm and the o/f ratio is 1.4 (Figure 3-37). In addition, the peaks at 551 and 522 nm

are characteristic of the reduced cytochrome css;, and a high ratio (a/p = 2.0) was observed (Figure

3-38).
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Figure 3-37: UV/Vis spectra of recombinant cytochrome cs. The absorption spectra were recorded from
380 to 640 nm at 25°C. (A) The recombinant cytochrome c¢5; 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 cs.
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Figure 3-38: UV/Vis spectra of recombinant cytochrome css;. The absorption spectra were recorded from
380 to 640 nm at 25°C. (A) The recombinant cytochrome css; 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 css;.
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3.6.6 Electrochemical measurement of recombinant cytochromes ¢

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 (E,) and reduction (E,) 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 ¢4, two distinctly different redox potentials were determined to be 208 and 308 mV.
And the midpoint potentials measured for cytochrome c¢s and css; are 273 and 248 mV,

respectively.

10+ —— Cytochrome c,

84 — Cytochrome c;

—— Cytochrome ¢,

6
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Potential (V) vs. Ag/AgCl (3M NaCl)

Figure 3-39: Cyclic voltammetry of three recombinant cytochromes c. Cyclic voltammograms of
cytochrome ¢4 csand css; 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 ¢4 and between -200 and +300 for cytochrome ¢s and css;. In order
to calculate the midpoint potential of each heme ¢, the measured data was fitted to a calculated
Nernst curve (n=2 for cytochrome c¢; and n=1 for cytochrome c¢s and cs51). The calculated
potentials are given in Table 3-16. In the case of cytochrome cs, 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 ¢s and css;, 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 a band of cytochrome c4 csand css; 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 ¢4 were fitted to a Nernst equation
for a two-electron process, and the data obtained
from cytochrome c¢s and css; 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 NacCl).

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 c, 208 mV and 308 mV 208 mV and 308 mV
Cytochrome c; 273 mV 308 mV
Cytochrome css; 248 mV 223 mV

3.6.7 Determination of the natural electron donor of cbb;-CcOs

Three different recombinant cytochromes ¢ were used to test their ability to serve as the

physiological electron donor for chb3;-CcOs. The oxygen reductase activity of cbb;-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 ¢ 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
Cbbs-1 to a reaction system containing 40 uM cytochrome ¢4 (A), cytochrome c¢s (B) and cytochrome css;
(C). The oxygen reductase activity of cbb;-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 cbb;-CcO
was determined by adding 0 to 500 mM NacCl to the reaction mixture (Figure 3-42). The resulting
bell-shaped curves indicate that interactions between the three cytochromes ¢ and cbb;-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 NacCl. Furthermore, it was found that cytochrome c¢s and ¢ss; are less dependent
on ionic strength than cytochrome cs. Additionally, the optimal conditions concerning the ionic
strength were determined and used for the later studies. For the activity assay using cytochrome cs
or c¢ss; as the electron donor, 150 mM NaCl was added. And 250 mM NaCl was used for the

measurements with cytochrome cs.
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Figure 3-43 shows the comparison of the results using wild-type or recombinant cytochrome css;

as a substrate for cbb;-CcO. There are apparently no significant differences between both proteins.

This indicates that the recombinant cytochromes ¢ produced in E. coli exhibit the same properties

as the native protein. Although the wild-type cytochrome c4and ¢s could be also isolated from

P. stutzeri, their amounts were not adequate for this assay.
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Figure 3-44: Oxygen reductase activity of wild-type
100 g Cbbs3-1. Dependence on the concentration of
recombinant cytochrome cy4 (red), cytochrome cs (blue),
804 81 cytochrome css; (grey), cytochrome ¢ form S. cerevisiae
(green) and from horse heart (orange). The reaction
60 system contained 50 mM Tris/HCl, pH 7.5, 50 uM
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was 100%.
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Figure 3-44 compares the oxygen reductase activity of wild-type Cbbs;-1 measured with five
different cytochromes c. All data show a linear dependence on the concentration of cytochromes ¢
and exhibit no saturation at a concentration of substrate up to 100 pM. At this highest
concentration tested, the turnover measured with cytochrome ¢4 was 515 e’/s, which is higher than
that obtained for cytochrome css; (418 e/s) and for cytochrome cs (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 ¢ from yeast and 12 e”/s for cytochrome ¢ 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 ¢4 was 100%. As shown
in Figure 3-44 B, cytochrome c¢ss; and ¢s can support the oxidase activity at a rate of 81% and 20%,
respectively, when compared to cytochrome c4. In addition, the cytochromes ¢ from yeast (5%)

and from horse heart (2%) are virtually ineffective as substrates for cbb;-CcO.
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Figure 3-45: Oxygen reductase activity of recombinant Cbb;-1. (A) Dependence on the concentration of
recombinant cytochrome c¢4 (red), cytochrome c¢s (blue) and cytochrome css; (grey). The reaction system
contained 50 mM Tris/HCI, pH 7.5, 50 uM 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 Cbb;-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%.

Cytochrome c4, ¢c5 and css; were also used for the activity measurements of recombinant Cbbs-1
(Figure 3-45) and Cbb;-2 (Figure 3-46). Similar to the observations from wild-type Cbbs-1 (Figure
3-44), the enzymatic activities show a linear dependence on the amount of cytochromes c. In the
case of recombinant Cbb;-1 (Figure 3-45 A), the highest rate of oxygen reduction was determined
to be 448 e’/s for cytochrome ¢4, 341 e’/s for cytochrome c¢ss; and 92 e’/s for cytochrome cs. As

shown in Figure 3-45 B, the relative activities obtained for cytochrome ca, ¢s5; and ¢s are 100%,
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81% and 22%, respectively. For recombinant Cbbs-2, the highest rate of oxygen reduction was
determined to be 158 e/s for cytochrome c4, 157 e”/s for cytochrome css; and 29 e7/s for
cytochrome c¢s (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 Cbbs-1.
Specifically, the relative activities calculated for cytochrome c4, ¢ss1 and c¢s are 100%, 92% and

16%, respectively (Figure 3-46 B).
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Figure 3-46: Oxygen reductase activity of recombinant Cbb;-2. (A) Dependence on the concentration of
recombinant cytochrome c¢4 (red), cytochrome c¢s (blue) and cytochrome css; (grey). The reaction system
contained 50 mM Tris/HCI, pH 7.5, 50 uM 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 Cbb;-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%.

As may be concluded from the data above (Figure 3-44, 3-45 and 3-46), a clear distinction can be
made between the different cytochromes ¢ with respect to their abilitiy to function as electron
donors for cbb;-CcOs. It is shown that reduced cytochrome ¢4 and css; from P. stutzeri are very
likely the endogenous substrates for the cbb;-CcOs, whereas cytochrome cs is not a good substrate.

In addition, both eukaryotic cytochromes ¢ (from yeast and horse heart) are poor substrates.

Besides the comparison between different cytochromes ¢, a comparison between the wild-type
Cbbs-1 and the two recombinant cbbs-isoforms is also provided in Figure 3-47. For such
comparison, the relative activities were calculated by assuming that the activity obtained from
wild-type Cbbs-1 was 100%. The data show that the oxygen reductase activities of the
recombinant Cbb;-1 are slightly less (80 to 90%) than those observed for the wild-type Cbbs-1.
This is also consistent with the observation that the oxidase activity is similar for both wild-type

and recombinant Cbbs-1, when TMPD was used as the artificial substrate (see 3.5.6, Figure 3-26).

109



3. RESULTS

In contrast, although the activity of the recombinant Cbbs;-2 is also comparable to that of wild-type
Cbbs-1 when using TMPD as an electron donor (Figure 3-26), an obvious difference between
Cbbs-2 and Cbbs-1 was observed using the recombinant cytochromes ¢ as the substrate. As shown
in the Figure 3-47, the three different cytochromes ¢ can only support the activity of recombinant
Cbbs-2 to a level of 26 to 36%, when compared to the wild-type Cbb;-1. This finding indicates

that both cbbs-isoforms have different substrate specificity.
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Figure 3-47: Comparison of the oxidase activity between wild-type Cbbs-1 and recombinant Cbb;-1
and Cbb;-2. Enzymatic activities of cbb;-CcOs were measured in the presence of cytochrome c; (red
column), cytochrome cs (blue column) and cytochrome css; (grey column). The relative activity was
calculated by assuming that the activity observed for the wild-type Cbbs-1 was 100%.
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4 Discussion

4.1 The presence of the two cbb;-CcOs in P. stutzeri

P. stutzeri is a facultative anaerobic bacterium®’, capable of respiring aerobically using cbbs-CcO
as the terminal enzyme of the electron transport chain. The presence of a ¢bb;-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 ef al. (2002) sequenced the operon encoding
the cbb;-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 chb;-CcO, the presence of
only one cbb;-CcO was questioned on the basis of the following observations: (i) the original
deduced amino acid sequences of cbb;-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

cbbs-operons encoding the subunits of two different cbb;-CcOs (Yan et al., 2008).

The first goal of this study was to determine the authentic nucleotide sequences of the cbbs-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
cbbs-operons are tandemly arranged in a 7-kb segment of the genome (see Figure 3-1) and the
gene organization in the two chbs-operons is identical to that in P. stutzeri strain A1501%°. This
was also later confirmed by the draft genome sequence of P. stutzeri ZoBell (Pefia et al., 2012 and
our unpublished data)”. 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 chbs-operon
(around 200 bp) to the second cbbs-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.

% For cbb;-CcOs, the average nucleotide identity between these two P. stutzeri strains (ZoBell and A1501)
is 90%, and the average amino acid identiy is 98%.
2 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 Pefia ez al. (2012).
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4.2 The presence of multiple chb;-CcOs in proteobacteria

The c¢bb;-CcOs are widely distributed within the bacterial phyla, but particularly abundant in

proteobacteria® (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 cbbs-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 chb;-Operon

Bacterium

Bradyrhizobium japonicum (o)
Paracoccus denitrificans (o)
Rhodobacter capsulatus (o)

chromosome Rhodobacter sphaeroides (o)
1 O >— Neisseria meningitidis (B)
ccoNOQP-1 Pseudomonas syringae (y)
Vibrio cholerae ()
Campylobacter jejuni ()
Helicobacter pylori (g)
chromosome iseujomonas jclzlerugmosa Ey))
. . . N seudomonas fluorescens (y
— ,>:>{>| ) v>|:>[>| VT Pseudomonas putida (y)
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ccoNOQP-2
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ccoNOQP-3

Sinorhizobium meliloti (o)

Figure 4-1: Organization of the ccoNOQP genes in proteobacteria. The canonical chbs-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 chb;-operons.

30 The phylum proteobacteria is divided into five major classes (a-, B-, y-, 6- and e-proteobacteria).

112



4. DISCUSSION

Tandem repeats of the cbbs-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 cbbs-operons are located close to each other on the chromosome
and each cbbs-operon is comprised of a complete set of the ccoNOQP genes. Although the
organization of the two cbbs-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
cbbs-operon (Figure 4-1), whereas it is present in both cbbs-operons in other Pseudomonas

species.

Besides pseudomonads, two cbbs-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 cbbs-operon
is located on the symbiotic plasmid, whereas the other resides either on the chromosome or on a
second megaplasmid (Schliiter 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
cbbs-operons are located far apart from each other on the symbiotic plasmid pSymA (Torres ef al.,

2013).

Due to its high affinity for oxygen, many bacteria employ the cbb;-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 cbb;-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 cbb;-CcO. Previous studies on the two cbbs-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 cbb;-CcOs

contributes to the respiratory flexibility of these bacteria.

4.3 Construction of a homologous expression system to
produce both cbhbz-isoforms from P. stutzeri

4.3.1 Homologous vs. heterologous protein expression

The ¢bb;-CcOs are multi-subunit membrane protein complexes that contain several cofactors,
including metal ions. In addition to the structural genes (ccoNOQP) for cbb;-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 ¢bb;-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 FE. coli-based system is commonly employed for the
over-production of membrane proteins, but it is not suitable for the production of c¢bb;-CcO
because E. coli does not possess either the cbb;-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 ¢bb;-CcO and lacks the expression of aa;-CcO (Pfitzner et al., 1998), has been
used for the heterologous production of R. sphaeroides cbb;-CcO (Rauhaméki et al., 2012).
However, the presence of the original ccoOQP genes of P. denitrificans cbb;-CcO in its genome
may be problematic for the production of the exogenous cbb;-CcO. In P. aeruginosa, a close
relative of P. stutzeri, two cbbs-operons have been separately or jointly deleted from the genome
(Comolli and Donohue 2004). Nevertheless, the cbbs-operon-deletion strain of P. aeruginosa was
not considered as a host to produce the P. stutzeri cbbs-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 cbb;-CcO. Consequentially, for the retention of the functional and
structural properties of the enzyme, the production of both cbbs-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.

4.3.2 Construction of the cbbs;-knockout strains

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 chbs-operon. Therefore,

two P. stutzeri deletion strains, each lacking one of the two cbb;-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 (Beliacv 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 cbbs-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 cbbs-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 cbbs-operon-deletion strains of

P. stutzeri in this work.
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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 (Beliaecv 2005; Ortiz-Martin 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)

(i)

(iii)

(iv)

Our results showed that the pl5A- and pMBIl1-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 pl15A
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.
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 pPBBR1MCS-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.

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-Martin 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.

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.

p15A p15A

suicide
vector

suicide
vector

;,

4 single crossover event { double crossover event .
chromosome chromosome
— S 1 — 1 S 1
H1 ccoN-1 ccoO-1  ccoP-1  H2 H1 ccoN-1 ccoO-1  ccoP-1  H2
chromosome chromosome
H1 KanRH2 EGFP p15A H1 cbbs-operon H2 H1 KanR H2

or KanR, EGFP-, Acbbs

IO - H{+

H1 cbbs-operon H2 EGFP p15A H1 KanRH2

KanR, EGFP*, wild-type cbbs-operon

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 chbz-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
cbbs-operon with the kanamycin resistance cassette and in an EGFP-negative phenotype
(Figure 4-2 B). Using an UV illuminator, positive cbbs-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, ACbb;-1 and ACbbs-2, were
successfully created. However, our attempts to isolate a double-deletion strain (ACbb;-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 chbs-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 chbs-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.

4.3.3 Purification of the wild-type cbb;-CcOs

Previously, a purification method has been developed to obtain large amounts of stable cbb;-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 cbb;-CcO (Forte et al., 2001; Urbani ef al., 2001; Pitcher et
al., 2002). However, it should be noted that this method is not applicable to specifically separate

the two cbbs-isoforms.

Due to the high homology between Cbb;-1 and Cbbs-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 Cbb;-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 Cbb;-2 from the protein mixture could not be achieved using the same

purification strategy.

Since two cbbs-operon-deletion strains are available, we have tried to isolate the individual
wild-type cbbs-isoform directly from the corresponding deletion strains, namely, isolation of
Cbbs-1 from the P. stutzeri ACbbs-2 strain and of Cbbs-2 from the ACbbs-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 Cbb;-2 was
nearly not detectable when ACbbs-1 cells were grown under microaerobic and aerobic growth
conditions. Furthermore, if the operon ccoNOQP-2 was deleted from the genome (ACbbs-2 strain),
the amount of Cbbs-1 was also drastically decreased. These observations are, however, not in line
with published data obtained on the two P. aeruginosa cbbs-isoforms with a similar methodology,
where the expression of a respective cbbs-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 cbb;-CcOs.

4.3.4 Design of expression vectors for recombinant chb;-CcOs

In order to simplify the separation and purification of the two recombinant chbs-isoforms, we
decided to use the affinity purification strategy. Two affinity tags (Hisec-tag and Strep-tag 1) 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 cbb;-CcO from R. sphaeroides (Oh and Kaplan 2002; Lee et al., 2011)
and V. cholerae (Hemp et al., 2005; Chang et al., 2010).

The ¢bb;-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 Cbbs-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.

118



4. DISCUSSION

¥ A, . ﬁf"
4 =~ X3
% ‘&",_SA/C-terminal end of CcoP \/&

P | Y

¢ % P side

90°

%ﬁ,& N-terminal end of CcoP \‘/

5 g A &
\/.\\ZL N-terminal end of CcoO \,—,,:(\\ N side

N-terminal end of CcoN
C-terminal end of CcoN

.ﬁl - C-terminal end of CcoO
¥
|

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 Cbbs-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 3MK?7 and the PyMOL software.

To optimize the protein expression, a series of vectors were constructed and tested (Table 3-6).
When a His¢-tag was attached to either the N- or the C-terminal end of the CcoN subunit,
solubilized chb;-CcOs could be purified by Ni-NTA chromatography, confirming that the Hise-tag
is functional. Furthermore, there was no significant difference on expression level of ¢bb;-CcO
between N- and C-terminally tagged proteins (Figure 3-8). By comparison, apparent expression of
cbb3-CcO could be only observed with a C-terminal Strep-tag II (Figure 3-7). Because we could
not detect the N-terminally Strep-tagged cbb;-CcOs in the membrane, we speculated that the
presence of a Strep-tag II in this position might interfere with mRNA stabilization or with

membrane insertion.

Rather than His¢-tag, we used the constructs with a C-terminal Strep-tag II for a large-scale
expression of both cbbs-isoforms because the recombinant Strep-tagged cbb;-CcOs could be more
efficiently purified (see Section 3.4.2). Additionally, it is preferable for the purification of
metalloproteins, since the use of a Strep-tag is independent from metal ions (Skerra and Schmidt

2000). Finally, the C-terminal Strep-tag II ensures that only full-length CcoN is purified.

4.3.5 Isolation of the individual recombinant cbb;-isoforms

To isolate the two cbb;-isoforms separately, expression vectors containing the genes coding for the
recombinant cbb;-CcO were reintroduced into the respective P. stutzeri deletion strains.

Specifically, the expression vector pXH22, harboring the operon ccoNOP-1, was transformed into
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the deletion stain ACbbs-1 to produce the recombinant Strep-tagged Cbb;-1. Likewise, the
expression vectors pXH26 or pXH39 containing the operon ccoNOQP-2 were introduced into the
deletion strain ACbbs-2 to obtain the recombinant Cbbs-2.

Despite the fact, that now both cbbs-operons are present again in the same strain, purification of
the recombinant chb;-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 cbb;-CcO between Cbb;-1 and Cbbs-2 must be considered and investigated thoroughly.
Therefore, both purified cbbs-isoforms were analyzed by electrophoresis followed by peptide mass
fingerprinting. Because the sequence identity between the two cbbs-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
cbbs-isoforms (see Section 3.4.7). Thus, the presence of a chimeric form of c¢bb;-CcO can be

excluded in our enzyme preparation.

Using the newly established expression system and purification procedure, a homogeneous
preparation of the two chb;-isoforms was obtained. In addition, as both recombinant chb;-isoforms

are expressed from a plasmid, targeted functional studies become possible.

4.4 Characterization of the two chbs-isoforms

4.4.1 Regulation of the expression of both cbb;-isoforms

Based on the DNA sequence analysis, we found that the promoters of the two cbbs-operons
contain different regulatory elements (Figure 3-11). Both promoters (P1 and P2*') contain the
putative sigma factor RpoD (c'’) 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; Korner et al., 2003).

In the genomes of P. aeruginosa and P. putida, which contain two cbbs-operons, also only one of

31 Pl 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 cbb;-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 cbbs-isoforms under different growth conditions have been
investigated in detail (Comolli and Donohue 2004; Kawakami ef al., 2010). It has been shown that
the expression of P. aeruginosa Cbbs;-2 (corresponding to P. stutzeri Cbbs-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 Cbbs;-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 Cbbs-1 (corresponding to Cbb;-2 of P. stutzeri) are constitutively
expressed under regulation of an ANR-independent cbbs;-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 Cbbs-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
5uM (= 3 mm Hg) after the cells had entered the exponential growth phase. Under this
microaerobic condition, the yield of pure Cbb;-1 was 6- to 8-fold higher than that of Cbbs-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 chbs-promoter in P. aeruginosa showed an 8-fold-higher activity
than the ANR-independent one under low oxygen conditions (Kawakami ef al., 2010). To increase
the yield of recombinant Cbbs-2, we changed the promoter region of the operon ccoNOQP-2. Our
results show that the yield of recombinant Cbb;-2 can be increased to the same level as Cbbs-1
when its native ANR-independent promoter P2 is replaced by the ANR-dependent promoter P1.
Additionally, a slightly increased expression of Cbbs-2 from the /ac promoter could be observed,
which is in agreement with the concept that the /ac 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 Cbbs-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 cbbs-isoforms could reflect their different

affinities for oxygen which awaits further investigation.

4.4.2 The role of the CcoQ subunit

As already mentioned above (see Section 4.2), a distinct feature of the two cbbs-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 cbbs-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 cbbs-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 Cbbs-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 Cbbs;-1 complex as has already been

documented by its X-ray structure (Buschmann et al., 2010).

The physiological role of CcoQ in ¢bbs-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 cbb;-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 cbb;-CcO from degradation
under aerobic conditions (Oh and Kaplan 2002). The absence of CcoQ in the P. stutzeri Cbbs-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.

4.4.3 Identification of an unknown transmembrane helix in the
crystal structure of Cbb;-1
Unexpectedly, an extra transmembrane helix of unknown identity is present as seen in the crystal
structure of wild-type Cbbs-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 a-helix was the CcoQ subunit of the ¢bb;-CcO. However, this possibility was subsequently
excluded because our data clearly demonstrated that the P. stutzeri Cbbs-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 Cbbs;-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 a-helix. The putative peptides were searched
within the NCBI protein database as well as our custom Pseudomonas database®”. 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 cbb;-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 ¢bb;-CcO (Pawlik ef al.,
2010; Ekici et al., 2011). In this work, we found that CcoH can be detected in both purified
cbbs-isoforms by MS analysis (see Section 3.4.7). The P. stutzeri CcoH is predicted to contain one
transmembrane spanning a-helix between residues 15 and 37. Therefore, it is possible that the
uncharacterized a-helix observed in the crystal structure may originate from CcoH. However, due
to the relatively low resolution (3.2 A) of the Cbbs-1 structure, attempts to fit the residues of CcoH
into the electron density map were unsuccessful. So far, the identity of this o-helix remains

unclear, and further investigation of its exact nature is necessary.

4.4.4 Both cbbs-isoforms share high levels of similarity

As mentioned before, the earlier spectroscopic and functional studies of P. stutzeri cbb;-CcO
(Forte et al., 2001; Pitcher et al, 2002) were performed with a mixture of both cbbs-isoforms.
Since the two cbbs-isoforms can be separately purified for the first time (this work), it is now
possible to accurately investigate the enzymatic characteristics of the individual ¢bb;-CcOs. The
basic biochemical and biophysical properties of the recombinant Cbbs-1 and Cbbs-2 were

compared to each other and also to the true wild-type Cbbs-1.

SDS-PAGE analyses of the two purified recombinant cbbs-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 Cbbs-1 and similar to the previously
reported results for cbb;-CcOs from other organisms (Garcia-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 cbbs-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 cbbs-isoforms (Comolli and Donohue 2004).

Both purified cbbs-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 cbbs-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 cbb;-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 chbs-isoform, heme staining was carried out and UV/Vis
spectra were recorded using the purified cbb;-CcOs. The heme-staining assays revealed that
hemes ¢ are covalently bound in the subunit CcoO and CcoP of both recombinant c¢bb;-isoforms.
The oxidized, reduced and reduced-minus-oxidized difference spectra of both recombinant Cbb;-1
and Cbb;-2 are well consistent with the results observed with the wild-type Cbb;-1, which
indicates a proper assembly of heme and metal centers (see Section 3.5.1). Furthermore, the
spectral features of the P. stutzeri cbb;-CcOs are very similar to those of the previously
characterized cbb;-CcOs from other bacteria (Garcia-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 cbbs-isoforms. However, no differences were observed either between Cbbs-1

and Cbbs-2 or between wild-type and recombinant cbb;-CcOs (see Section 3.5.2).

4.4.5 The thermal stability of both cbb;-isoforms

DSC analyses were performed to investigate the thermal stability of both chbs-isoforms. We
showed that the thermal denaturation of the cbhb;-CcOs is an irreversible process, which is
consistent with the results obtained from the yeast and P. denitrificans aa;-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 (AH) 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 cbbs-isoforms.

Our DSC results show that Cbbs-1 is more stable than Cbbs-2. The total calorimetric enthalpy
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changes of the recombinant Cbbs-1 and Cbbs-2 are 2,016 and 1,556 KJ mol”, respectively. Both
values are similar to the reported value of 1,560 KJ mol™ for the aas-CcO from P. denitrificans
(Haltia et al., 1994). The DSC scan of aa;-CcO showed two transition peaks. The low-temperature
transition centered at 48°C was assigned to the denaturation of subunit III of aas;-CcO, while
subunit I and I 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 Cbb;-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 Cbbs-2,
small structural differences may lead to the difference in thermal stability between Cbbs-1 and

Cbb;-2.

When the total calorimetric enthalpy changes of both cbbs-isofroms were normalized on a weight
basis, two different values are obtained (4.3 and 3.1 cal/g for the recombinant Cbbs-1 and Cbbs-2,
respectively). Both values are slightly higher than those (2.4 to 2.9 cal/g) reported for the
aas;-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 ef al.,
2001). These results may indicate that the thermal denaturation of chb3;-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 ef al., 1994; Haltia and Freire 1995; Grinberg ef al., 2001).

4.4.6 Oxygen reductase activity of the two chbs-isoforms using an
artificial electron donor

The physiological function of the bacterial chb;-CcOs is to catalyze the reduction of O, 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
cbbs-isoforms. As a substrate, TMPD can directly donate electrons to cbb;-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 Cbbs;-1 and Cbbs-2
catalyze the reduction of oxygen at a rate comparable to the wild-type Cbbs-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 chbb;-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 ¢ s is comparable with the activities of 200 to 600 ¢ s measured for the purified
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cbbs-CcO from R. sphaeroides under similar conditions® (Sharma et al., 2006; Huang ef al., 2008;
Lee et al., 2011). Moreover, our values of 700 to 800 ¢”s™ determined at 1 mM TMPD are in good
agreement with the values previously reported for the P. stutzeri cbb;-CcO using the same TMPD
concentration (Forte et al, 2001; Urbani et al., 2001). However, we found that the oxygen
reductase activity of cbb;-CcO is not saturated by 1 mM TMPD. With an increased TMPD
concentration of 4 mM, a rate of about 2,000 ¢ s 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 ¢bb;-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 K, of 3.6 mM and a V.«
of about 4,000 e s'l). 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 cbbs-CcOs can catalyze the reduction of oxygen at a rate of at least 2,000 ¢ s™
in vitro, and that the K;;, for TMPD must be higher than 1 mM. These kinetic features do not seem
to apply to other cbb;-CcOs because kinetic studies on the H. pylori cbb;-CcO showed a very high
affinity for TMPD (K,,= 108 puM), but a relatively low Vs (247 ¢ ™) (Tsukita et al., 1999). It
has to be noted that in the case of H. pylori cbb;-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 caas;-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 caas;-CcO of Bacillus subtilis, a high level of
TMPD (at least 5 mM) is also required to reach the maximal activity of caas;-CcO (Assempour et

al., 1998).

The oxygen reducatse activities of aa;-CcOs are normally in the range of 400 to 600 ¢ s™' (Diirr et
al., 2008), which is about four-fold lower than the highest activity (2,000 ¢ s") observed for

cbb3-CcO in this work. In the case of aa;-CcO, TMPD functions only as a redox mediator between

33 It should be noted that the oxygen reductase activity of R. sphaeroides cbb;-CcO was measured in the
presence of both TMPD (0.5-0.6 mM) and horse heart cytochrome ¢ (34 uM or 100 uM). 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 ¢ and the Cua-containing subunit II of aa;-CcO. The formation and
dissociation of a complex between cytochrome ¢ and aa;-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 chb3;-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 cbb;-CcOs. As confirmed by the cbb;-CcO structure (Buschmann et al., 2010), the
edge-to-edge distances from heme ¢ of CcoO to heme b and from heme b to heme b; are clearly
shorter than the distances observed for the corresponding redox centers in aa;-CcO. As previously
suggested (Verkhovsky et al., 1996; Buschmann ef 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 cbb;-CcOs is more efficient than that in

aas-CcOs under these in vitro assay conditions.

Comparison of the oxygen reductase activity of the two isoforms Cbbs-1 and Cbbs-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 chb;-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).

4.4.7 Catalase activity of the two chb;-isoforms

The catalase activity is a side reaction of CcOs, in which H,O, is dismutated to water and oxygen.
In earlier works, this reaction has been studied biochemically with respect to its mechanism
(Bolshakov ef al., 2010) and to its biological significance (Sedlak et al., 2010). Rencently, Hilbers
et al. (2013) reported that the recombinant wild-type aa;-CcO from P. denitrificans exhibited a
20-fold increase in turnover number of the catalase activity compared to the native wild-type
aas;-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 aa;-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 cbb;-CcO, as well as between both cbb;-isoforms, measurements were performed according
to Hilbers et al. (2013). It was shown that the P. stutzeri cbb;-CcOs could catalyze the dismutation
of hydrogen peroxide at a rate comparable to the P. denitrificans aa;-CcO (see Section 3.5.7).

Furthermore, no significant difference was observed between the recombinant chb;-isoforms and
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the native enzyme. This observation does not match the result for the P. denitrificans aa;-CcOs,
which might be due to the advantage that an expression plasmid carrying the entire cbbs-operon

was used for the expression of both recombinant cbb;-isoforms.

4.4.8 Electrochemical properties of the redox cofactors

The ¢bb3;-CcO contains five heme cofactors, four of them are hexa-coordinated low spin hemes
(three hemes ¢ and one heme b), whereas one is a penta-coordinated high spin heme (heme b;).
The determination of midpoint redox potentials of individual heme centers is a prerequisite for the
understanding of the electron transfer processes in cbb;-CcOs. Previously, the electrochemical
properties of cbb;-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 chb;-isoforms from P. stutzeri using
redox titrations in the UV/Vis spectral range. We were particularly interested in the reduction

potential of the hemes ¢ from CcoP, as well as that of the heme b5 in the active site.

Table 4-1: Summary of the midpoint redox potentials of five heme cofoactors in cbb;-CcOs.
Midpoint redox potentials (E,,,) are shown in mV (vs. standard hydrogen electrode) at different pH values.

E,, (mV)
Redox cofactor | R. marinus® | P. stutzeri® B. japonicum R. sphaeroides® P. stutzeri'
pH 7.0 pH 7.0 pH7.7° | pH 8.0 pH 7.0 pH 7.5

Heme ¢ (low) -50 +185 +220 +180 +234
Heme ¢ (middle) +245 +300 +180 +320 +155, +185
Heme c (high) +195 +245 +390 +400 +351
Heme b +120 +310 +375 +418 +263, +278
Heme b; -50 +225 +290 -59 +132, +158

* Values are taken from Pereira et al. (2000). The value of “-50 mV”” was assigned to both heme ¢ and bs.

® Values are taken from Pitcher and Watmough (2004).

¢ Values are taken from Verissimo ef al. (2007).

4 Values are taken from Todorovic ef al. (2008).

¢ Values are taken from Rauhamaki et al. (2009).

" This work; In each cell, the first value was obtained with Cbbs-1 and the second was obtained with Cbbs-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 cbb;-CcOs are too close to be differentiated. The redox potentials
that we determined for the c-type hemes in Cbbs-1 and Cbbs-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 ¢bb3;-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 cbb;-CcO possesses two different c-type hemes, one of which is a bis-His
coordinated heme ¢ and the other exhibits His/Met axial coordination. Furthermore, the redox
potential of this bis-His ligated heme ¢ from CcoP has been determined to be +185 mV for the P.
stutzeri ¢cbb;-CcO (Pitcher and Watmough 2004) and +400 mV for the B. japonicum cbb;-CcO
(Todorovic et al., 2008). Nevertheless, our result is supported by the following observations: (i) in
the crystal structure of P. stutzeri Cbbs-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 Cbbs-1 and +278 mV for Cbbs-2), whereas the high-spin heme b; has
a low potential (+132 mV for Cbbs-1 and +158 mV for Cbbs-2). The observed spacing of redox
potentials between heme b and b; was found to be approximately 120 mV in both cbbs-isoforms.
These electrochemical characteristics are consistent with previous observations obtained with P.
stutzeri cbb;-CcO (Pitcher and Watmough 2004) and with B. japonicum cbb;-CcO (Verissimo 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 b5 in both
R. marinus and R. sphaeroides cbb;-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 bs.

4.5 The physiological electron donor for the cbb;-CcO

4.5.1 The presence of c-type cytochromes in P. stutzeri

Understanding the physiological significance and difference of both cbhbs-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 ¢
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 cq, cs,
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¢ss1 and c¢sso, 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 cbb;-CcOs. Thus, they were

investigated in this study for their ability to donate electrons to the both c¢bb;-isoforms.

4.5.2 Production of the P. stutzeri cytochromes c in E. coli

We could purify three endogenous cytochromes ¢ (c4, ¢5 and css;) 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 ¢ 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 ¢ (cs, ¢s, ¢551 and cssp) from P. stutzeri were cloned and expressed heterologously in
E. coli under aerobic growth conditions. However, only cytochrome c4, ¢s and css; were

successfully expressed at reasonable levels (see Section 3.6.3).

Three untagged cytochromes ¢ (c4, ¢s and css;) 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
¢ 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 ¢, we have observed that the cytochrome
¢4 1s present in both soluble and membrane-attached forms in E. coli. This observation is well
consistent with the report that cytochrome ¢4 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 ¢4 are indistinguishable concerning their spectroscopic and electrochemical properties
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(Pettigrew and Brown 1988).

4.5.3 The natural electron donor for the P. stutzeri cbb;-CcOs

Although c¢bb;-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 ¢ (cs, ¢s and css;) 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 cbb;-CcOs at a
high rate (see 4.4.6). Since the electrostatic interaction between cytochrome ¢ 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 cbbs-isoforms from P. stutzeri, the highest rate of oxygen reduction (e.g., 515 e’/s for the
wild-type Cbb;-1) was obtained when 100 uM reduced cytochrome c4 was used. The oxygen
reductase activities measured with cytochrome css; are comparable (80 to 90%) to those found
with cytochrome ¢4, while the ones observed with cytochrome c¢s are reduced by about 80%. These
results indicate that all three cytochromes ¢ can undoubtedly donate electrons to the c¢bb;-CcOs
from P. stutzeri. However, only cytochrome c4 and css; 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 ¢4 and css; can
probably be attributed to the fact that both cytochromes harbour one low-potential heme ¢ (i.e.,
208 mV in ¢4 and 223 to 248 mV in css51). In contrast, cytochrome c¢s exhibits a high redox
potential of 273 to 308 mV, which may hinder the electron transfer to the cbb;-CcO.

Our results obtained with cytochrome ¢4 confirm an earlier study by Chang et al. (2010), in which
the cytochrome ¢4 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 cbb;-CcO. Furthermore, our data are
consistent with the proposal that cytochrome c4 provide alternative electron flows to the cbb;-CcO,
as in the case of Azotobacter vinelandii (Bertsova and Bogachev 2002) and Neisseria gonorrhoeae

(Lietal, 2010).

Cytochrome cs5; 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 cd| nitrite

reductase (Jiingst et al., 1991; Zumft 1997; Hasegawa et al, 2001). Interestingly, our analysis
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demonstrates that cytochrome css; is also an efficient substrate for both cbbs-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 csso is the electron donor both to the aa;-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 uM cytochromes c). The lack of saturation is unusual
and makes it impossible to determine the true kinetic parameters (K., and V). Similar to our
observations, the nearly linear dependence of enzymatic activity of V. cholera cbb;-CcO on the
concentration of cytochrome ¢4 (up to 100 uM) 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 ¢4 and the cbbs-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 cbb;-CcOs and their physiological redox partners.

Besides the three endogenous cytochromes c, assays were also performed using two eukaryotic
cytochromes ¢ (from horse heart and from S. cerevisae). Our data clearly show that reaction rates
obtained with both eukaryotic cytochromes ¢ were 20- to 50-fold lower as compared with the
cytochrome ¢4, indicating that neither the horse heart cytochrome ¢ nor the yeast cytochrome c is
effective as electron donor for P. stutzeri cbb;-CcOs. This is consistent with a published report that
horse heart cytochrome c is a poor substrate for V. cholera cbb;-CcO (Chang et al, 2010).
Otherwise, horse heart cytochrome ¢ has been widely used for measuring the oxygen reductase
activity of R. sphaeroides cbb;-CcO (Garcia-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.

4.5.4 Substrate specificity of both cbbs-isoforms

When oxidase activity was measured using endogenous cytochrome ¢ as substrate, substantial
differences between the two cbbs-isoforms were found. Catalytic activities measured for the
Cbbs-2 were reduced by about 70% when compared with Cbbs-1 (see Figure 3-47). This is
apparently not consistent with our observation that, using TMPD as an artificial electron donor,

both cbbs-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 cbbs-isoforms. The electrostatic
surface potentials were calculated on the crystal structure of Cbb;-1 (3MK?7) and on a model of Cbb;-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 cbbs-isoforms.

Inferring from the amino acid sequences and a surface charge calculation based on the X-ray
structure of Cbb;-1 as well as a model of Cbbs-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, Cbbs-2 possesses more negatively charged residues
when compared to the Cbb;-1. Because this area may constitute the putative cytochrome ¢ binding
site with the respective electron entry area, even small changes may influence the electron transfer
rate between the cytochrome ¢ and the chb3-CcO. This could provide a partial explanation for the
differences in rates of oxygen reduction between the two cbb;-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 ¢4 and ¢ss; are both efficient substrates to
the two cbbs-isoforms in P. stutzeri and both cbhbs-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 ¢ (NirT) as well
as a monoheme cytochrome ¢ (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.
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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 H,O. The stock oligos are stored in aliquots at -20°C.

Table 6-1: List of oligonucleotide primers®.

Oligonucleotide Sequence (5°-3’) Description
General 1_Seq CCTCGGGATCATGTACTACTTC
sequencing 2 Seq TCGGTGGTGCGATCTTCTTC
primers for
ccoNOP-1 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 5_Seq TTCTTCGGCACCATCATGAAGC
seguencing 6_Seq GATCAATGCGCACTTCTGGCTG
fc’;‘:]’v‘zsgf[‘jfz 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 bla_789_Fw GAGTCAGGCAACTATGGATG ampicillin resistance
seguencing bla_39 Rev AAAGGGAATAAGGGCGACAC gene
primers T7-pro TAATACGACTCACTATAGGG
T7 promoter
T7-term CTAGTTATTGCTCAGCGGT
Seql pBBR TACGAGCCGGAAGCATAAAG .
pBBR-based plasmid
Seq2 pBBR GGGAGGCAGACAAGGTATAG
Km-N TCTGGTAAGGTTGGGAAGCCCTGCAAAG kanamycin resistance
Km-C AGAGTCCCGCTCAGAAGAACTCGTCAAG gene
lacZa-N CGCGCAATTAACCCTCACTAAAGGGAAC
lacZo_N1 AGGTTTCCCGACTGGAAAGC
- lacZ alpha gene
lacZa-C TACGACTCACTATAGGGCGAATTGGAGC
lacZa_C1 GCGGGCCTCTTCGCTATTAC
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lacZa_C2 TGTGCTGCAAGGCGATTAAG
pMBI_Fw TCGCCACCTCTGACTTGAGC pMBI origin
Primers used 1_Fw pBBR CCGCCCTATACCTTGTCTGC Kan" and EGFP from
for generation 1_Rev pBBR GGAAGTCCAGCGCCAGAAAC pBBRIMCS-2-EGFP
O;p;fg'B and ) Ry 184 2 TGGCGCTGGACTTCCGTGATGCTGCCAACTTACTG p15A origin from
P 1_Rev 184 H1 CAAGGTATAGGGCGGGACGATGAGCGCATTGTTAG pACYC184 (pXH-B)
1 Fw 184 H1 CAAGGTATAGGGCGGGTGATGCTGCCAACTTACTG p15A origin from
1_Rev 184 H2 TGGCGCTGGACTTCCGACGATGAGCGCATTGTTAG pACYC184
1 Fw 322 H1 CAAGGTATAGGGCGGCTTGCGGAGAACTGTGAATG pMBI origin from
1_Rev 322 H2 TGGCGCTGGACTTCCAGGTGCCTCACTGATTAAGC pBR322 (pXH-R)
1 _Fw 322 H2 TGGCGCTGGACTTCCCTTGCGGAGAACTGTGAATG pMBI origin from
1_Rev 322 HI CAAGGTATAGGGCGGAGGTGCCTCACTGATTAAGC pBR322
Primers used 3181 CCW TGCCACCTGGGATGAATGTC linearized pXH-B, 5’
for generation | 33238 cw TGTTTCTGGCGCTGGACTTC insertion site
;;&XZ' IA;; g | 1969 cew TCTCATGCTGGAGTTCTTCG linearized pXH-B, 3’
PXH-AIHI 2016 CW CGAAGCCCAACCTTTCATAG insertion site

3228 CW/cbb3I-F
3181 CCW/Cbb3I-R

CCAGCGCCAGAAACACTTGCAGATGGGCCACTCG
TCATCCCAGGTGGCATGTATGGGCTTCCATCCAC

H1-flanking arm, 5’
homologous regions

3228 CW/cbb3II-F
3181 CCW/cbb3II-R

CCAGCGCCAGAAACACTCGCCGCCTATGTTTACAG
TCATCCCAGGTGGCACAGGCCCATCCCAATGATTC

H2-flanking arm, 5’
homologous regions

2016 CW/cbb3II-F
1969 CCW/cbb3II-R

AAAGGTTGGGCTTCGCTCGCCGCCTATGTTTACAG
AACTCCAGCATGAGACAGGCCCATCCCAATGATTC

H2-flanking arm, 3’
homologous regions

2016 CW/cbb3III-F
1969 CCW/cbb3III-R

AAAGGTTGGGCTTCGTGATGCCTGGCTGGAAAGAC
AACTCCAGCATGAGAGATACGTGCCAACCAGGATC

H3-flanking arm, 3’
homologous regions

Cm-C Sacl

AGTGAGCTCGAGGCGGTTTGCGTATTGGG

Cam®-based suicide

Cm-N1 Bam CTCGGATCCAGTGCCACCTGACGTCTAAG plasmid
Cm-N2 Bam CTCAGGGATCCTTCAGGAGCTAAGGAAGC

sacB-C Sacl AGTGAGCTCTCCTTAGCTCCTGCCCTATG sacB-based suicide
sacB-N BamHI CTCGGATCCAAGAAGCAGACCGCTAACAC plasmid

Primers used
for generation
of pXH21-24

7 Fw (M6263)
6_Rev (M6263)

CTTGCAGATGGGCCACTCGAGGCTTGTC
AAACGGCGGCAAGTATGGAGAAAGCAG

amplification of
ccoNOP-1

GAAGCCCATACATGGCTAGCTGGAGCCACCCGCAGT

LN Strep Fw TCGAAAAAGGCGCCAACACAGCAACCAG Strep-tag Il at
N-terminus of ccoN-1
CTGGTTGCTGTGTTGGCGCCTTTTTCGAACTGCGGGT
1.N Strep Rev (pXH21)
GGCTCCAGCTAGCCATGTATGGGCTTC
L€ Stren F CGCGCAGATCGCCAGCGCTTGGAGCCACCCGCAGTT
& Strep W CGAAAAATGAGGAGCCTAGG Strep-tag Il at
CCTAGGCTCCTCATTTTTCGAACTGCGGGTGGCTCCA | o icrminus of ccol-1
XH22
1.C Strep Rev AGCGCTGGCGATCTGCGCG (pXH22)
| N His F GAAGCCCATACATGGCTAGCAGAGGATCGCATCACC
: W ATCACCATCACGGCGCCAACACAGCAACCAG His,-tag at N-terminus
N His R CTGGTTGCTGTGTTGGCGCCGTGATGGTGATGGTGAT | of ccoN-1 (pXH23)
A HIs Rev GCGATCCTCTGCTAGCCATGTATGGGCTTC
| C His B CGCGCAGATCGCCAGAGGATCGCATCACCATCACCA
s Ew TCACTGAGGAGCCTAGG Hisq-tag at C-terminus
1.C His Re CCTAGGCTCCTCAGTGATGGTGATGGTGATGCGATCC | of ccoN-1 (pXH24)
. A%

TCTGGCGATCTGCGCG

ccoN-1-N BamHI
ccoP-1-C HindIII

AGTGGATCCCAAGGCGCTCAGCCATTTCG
CGTAAGCTTTCGCAGAGTAGCGGAAGTTG

cloning of ccoNOP-1
into pPBBRIMCS

Primers used
for generation
of pXH25-28

5 Fw (PCR101)
4 Rev (PCR101)

CGGCCTGGGGCCAAGCCATCGGCGAAG
AGTCATCGAGTGCGTACCACGGCGGAAG

amplification of
ccoNOQP-2

2.N Strep Fw

2.N Strep Rev

GGAAGCCTTGCATGGCTAGCTGGAGCCACCCGCAGT
TCGAAAAAGGCGCCAGCACAGCAATCAG
CTGATTGCTGTGCTGGCGCCTTTTTCGAACTGCGGGT
GGCTCCAGCTAGCCATGCAAGGCTTCC

Strep-tag II at
N-terminus of ccoN-2
(pXH25)
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2.C Strep Fw

2.C Strep Rev

CCGCGCAGATCGCTAGCGCTTGGAGCCACCCGCAGT
TCGAAAAATGAGGAACGGATAG
CTATCCGTTCCTCATTTTTCGAACTGCGGGTGGCTCC
AAGCGCTAGCGATCTGCGCGG

Strep-tag II at
C-terminus of ccoN-2
(pXH26)

GGAAGCCTTGCATGGCTAGCAGAGGATCGCATCACC

2.N His Fw ATCACCATCACGGCGCCAGCACAGCAATCAG Hiss-tag at N-terminus
2N His Rev CTGATTGCTGTGCTGGCGCCGTGATGGTGATGGTGAT | of ccoN-2 (pXH27)
GCGATCCTCTGCTAGCCATGCAAGGCTTCC
5 C His Fuw CCGCGCAGATCGCTAGAGGATCGCATCACCATCACC
ATCACTGAGGAACGGATAG Hiss-tag at C-terminus
2 C His Rev CTATCCGTTCCTCAGTGATGGTGATGGTGATGCGATC | of ccoN-2 (pXH28)
CTCTAGCGATCTGCGCGG
IF ccoN-2-N TAGAACTAGTGGATCTCCGCTACTCTGCGACTATC cloning of ccoNOQP-2
IF ccoP-2-C CGGTATCGATAAGCTGTCCAGCTGCGAATGGTACG into pPBBRIMCS
Primers used pXH22-Pro-N GTATGGGCTTCCATCCAC promoter region from
for generation | x99 pro-C ATCGATACCGTCGACCTC ccoNOP-1 (pXH22)
gfé’rﬁ::rg’ IF-Pro-N GATGGAAGCCCATACATGAGCACAGCAATCAG structural genes from
exchange IF-Pro-C GTCGACGGTATCGATGTCCAGCTGCGAATGGTACG ccoNOQP-2 (pXH26)

Primers used
for promoter
exchange

IF-Plac-cbb3I-Fw
IF-Plac-cbb3I-Rev

GCAGCCCGGGGGATCATGGAAGCCCATACATGAAC
TGGCGGCCGCTCTAGGCCCTTTTGGGGCTCACTG

IF-Plac-cbb3II-Fw
IF-Plac-cbb3II-Rev

GCAGCCCGGGGGATCCGTGGAAGCCTTGCATGAG
TGGCGGCCGCTCTAGCGACCTCGAGCAATCAC

PCR B GATCCCCCGGGCTGCAGG
lac promoter
PCR X CTAGAGCGGCCGCCAC
Dell CACAGGAAACAGCTATGAGCACAGCAATC
Del2 GATTGCTGTGCTCATAGCTGTTTCCTGTG
Del3 ATGAGCACAGCAATCAGTGAGAC
Del4 AGCTGTTTCCTGTGTGAAATTG
Primers used 22-TEV-Fw GCAGATCGCCGAAAACCTGTACTTTCAAGGTCAATTC
for generation AGCGCTTGGAG
of EGFP-fused | 23 TEV-Rev CTCCAAGCGCTGAATTGACCTTGAAAGTACAGGTTTT
Cbb-1 and CGGCGATCTGC
Cbbs-2 IF1 TTTCAAGGTCAATTCGTGAGCAAGGGCGAGGAGC
IF2 GTGGCTCCAAGCGCTCTTGTACAGCTCGTCCATGC insertion of TEV
TEV1 GAATTGACCTTGAAAGTACAGGTTTTCGGCGATCTGC | protease cleavage site
TEV2 AGCGCTTGGAGCCACCCGCAGTTCGAAAAATG
22-TEV-Fw-2 CTGCCGCGCAGATCGCCGAAAACCTGTACTTTCAAG
GTCAATTCAGCGCTTGGAGCCAC
22-TEV-Rev-2 GTGGCTCCAAGCGCTGAATTGACCTTGAAAGTACAG
GTTTTCGGCGATCTGCGCGGCAG
L22 GGCGATCTGCGCGGCAGCGTCGTACTC
L2226 AGCGCTTGGAGCCACCCGCAGTTCG
L26 AGCGATCTGCGCGGCAGTGTC
IF3-22 GCCGCGCAGATCGCCGAAAACCTGTACTTTCAAGGT insertion of EGFP into
CAATTCGTGAGCAAGGGCGAGGAGC the ccoN gene
IF4-26 GCCGCGCAGATCGCTGAAAACCTGTACTTTCAAGGTC
AATTCGTGAGCAAGGGCGAGGAGC
IF5 GTGGCTCCAAGCGCTCTTGTACAGCTCGTCCATGCCG
AGAGTG
Primers used C4-Fw CCAGATTGGCGTGGGTCAGCGTGTTCAG
f cytochrome ¢4
or C4-Rev GGCAGCCGCTTGAAATCGACATCCTCCG
amplification
C5-Fw GAGACCTATCCGCCCGGTTCCGATACTG
of cytochrome cytochrome ¢s
¢ genes C5-Rev CTCGTGAGCGGTGGAGTGGTAGTGATGG
C551-C552-Fw CGCACAAGATGGTGCGCAAGGTAGAAGC

C551-C552-Rev

TCGCCGAACAGCCCGGCAATGTAGTAAC

cytochrome css; + ¢ss2
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Primers used C4-IF-N CCGGCGATGGCCATGGCTGGAGACGCCGAAG
for generation | C4.1F-C GCTCGAATTCGGATCACGCCCTACTGCTCAGAC cytochrome cs
of expression "5 N0 ATACCATGGCGACCGACGATGCAATC
vectors of cytochrome ¢
cytochrome ¢ | CS-BamHI ATAGGATCCTCGACGCTCGATCAGAG
C551-IF-N CCGGCGATGGCCATGCAAGACGGTGAAGCGCTGTTC
C551-1F-C GCTCGAATTCGGATCTCCGGAGCAGCTTACTTGAG cytochrome css
C552-Ncol ATACCATGGCCGCGCCTGCCGATTGG
cytochrome c¢ss,
C552-BamHI ATAGGATCCCGGCCCGTTGCTTGCC
Primers used E323A-Fw CATGTCGACCTTCGCGGGTCCGATGATGG
for mutagenesis | E323A-Rev CCATCATCGGACCCGCGAAGGTCGACATG E323A
2ng? of E323D-Fw CATGTCGACCTTCGACGGTCCGATGATGG E393D
E323D-Rev CCATCATCGGACCGTCGAAGGTCGACATG
E323Q-Fw CATGTCGACCTTCCAGGGTCCGATGATGG £330
E323Q-Rev CCATCATCGGACCCTGGAAGGTCGACATG
G211Y-Fw CACAACGCCGTGTACTTCTTCCTCACCG Gty
G211Y-Rev CGGTGAGGAAGAAGTACACGGCGTTGTG
H3371-Fw CAACGCCCTGTCCATCTACACCGACTGG .
H3371-Rev CCAGTCGGTGTAGATGGACAGGGCGTTG
H337V-Fw CAACGCCCTGTCCGTCTACACCGACTGG 337y
H337V-Rev CCAGTCGGTGTAGACGGACAGGGCGTTG
N333D-Fw GATCAAGACCGTCGATGCCCTGTCCCAC 333D
N333D-Rev GTGGGACAGGGCATCGACGGTCTTGATC
N333L-Fw GATCAAGACCGTCCTGGCCCTGTCCCAC 3L
N333L-Rev GTGGGACAGGGCCAGGACGGTCTTGATC
T215V-Fw GGGCTTCTTCCTCGTCGCCGGCTTCCTC sy
T215V-Rev GAGGAAGCCGGCGACGAGGAAGAAGCCC
Y251A-Fw CTGATCACCGTCGCAATCTGGGCCG VasiA
Y251A-Rev CGGCCCAGATTGCGACGGTGATCAG
Y251F-Fw CTGATCACCGTCTTCATCTGGGCCG VasiE
Y251F-Rev CGGCCCAGATGAAGACGGTGATCAG
Y251G-Fw CTGATCACCGTCGGTATCTGGGCCG V251G
Y251G-Rev CGGCCCAGATACCGACGGTGATCAG
Y317F-Fw CGCTGGCGTTCTTCGGCATGTCGACC V31
Y317F-Rev GGTCGACATGCCGAAGAACGCCAGCG
Y251A-1252Y-Fw CTGATCACCGTCGCATACTGGGCCGGCCCGCAC VaSIADS2Y
Y251A-1252Y-Rev GTGCGGGCCGGCCCAGTATGCGACGGTGATCAG
Y251G-1252Y-Fw CTGATCACCGTCGGTTACTGGGCCGGCCCGCAC
Y251G/1252Y

Y251G-1252Y-Rev

GTGCGGGCCGGCCCAGTAACCGACGGTGATCAG

* 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 ¢ based on homology analyses (Table 6-2).

Table 6-2: Predicted cytochromes c of P. stutzeri’.

No.of | MW of
Protein Gene UniProt ID | Location 0- 0 o1 gene Protein existence
heme product (Da)
Evi
Cyt. ¢ cyed H7EVH9 | PP,IM | 2 21,718 vidence at
protein level
Evidence at
Cyt. ¢s cycB H7EWLS PP, IM 1 13,900 .
protein level
) Evidence at
Cyt. ¢ss1 nirM H7EQGS5 PP 1 10,797 protein level
) Evidence at
Cyt. css52 nirB H7EQG6 PP 2 30,426 protein level
. Inferred by
Cyt. cssx nirC H7EQG4 PP 1 11,924 homology
Tetrah Evi
etraheme | p H7EQG7 | IM 4 22,825 vidence at
cytochrome tanscript level
Cyt. ¢? nirN H7EQH4 PP 1 55,483 Predicted
Inferred b
Cyt. ¢4 PstZobell 01147 | HJEQK4 | PP 2 25,175 fretred by
homology
Inf
Cyt. ¢? PstZobell 01752 | HTEQX1 | PP 2 22.448 nferred by
_ homology
Cyt. ¢? PstZobell 01757 | HTEQX2 PP 2 33,487 Predicted
Cyt. ¢? PstZobell 08092 | H7EUF9 PP 1 15,809 Predicted
Cyt. ¢? PstZobell 08245 | H7EUIS8 M 2 30,557 Predicted
Cyt. ¢s50? PstZobell 08596 | H7TEUQS PP 1 15,920 Predicted
Cyt. ¢? PstZobell 09337 | HTEVS52 ? 1 16,456 Predicted
Cyt. ¢? PstZobell 11344 | HTEW95 M 1 28,084 Predicted
Cyt. ¢? PstZobell 13446 | HTEXF9 M 1 24,231 Predicted

* Cyt, cytochrome; MW, molecular weight; IM, inner membrane; PP, periplasm.
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C. Multiple sequence alignment of the central subunit of CcOs

P. stutzeri - cbbs

P. denitrificans - aa3
Bovine heart - aa3
T. thermophilus - baz

P. stutzeri - cbbs

P. denitrificans - aa3
Bovine heart - aa3
T. thermophilus - baz

P. stutzeri - cbbs

P. denitrificans - aa3
Bovine heart - aa;
T. thermophilus - baz

P. stutzeri - cbbs

P. denitrificans - aa3
Bovine heart - aa;
T. thermophilus - baz

P. stutzeri - cbbs

P. denitrificans - aa3
Bovine heart - aa3
T. thermophilus - bas

P. stutzeri - cbbs

P. denitrificans - aa3
Bovine heart - aa3
T. thermophilus - bas

P. stutzeri - cbbs

P. denitrificans - aa3
Bovine heart - aa3
T. thermophilus - bas

P. stutzeri - cbbs

P. denitrificans - aa3
Bovine heart - aa3
T. thermophilus - bas

P. stutzeri - cbbs

P. denitrificans - aa3
Bovine heart - aa3
T. thermophilus - bas

P. stutzeri - cbbs

P. denitrificans - aa3
Bovine heart - aa3
T. thermophilus - bas
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P. stutzeri - cbbs

P. denitrificans - aa3
Bovine heart - aa3
T. thermophilus - baz
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P. denitrificans - aa3
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T. thermophilus - bas

P. stutzeri - cbbs

P. denitrificans - aa3
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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 aa;-CcO from Paracoccus denitrificans, aa;-CcO from bovine heart
mitochondria, ba;-CcO from Thermus thermophilus and cbb;-CcO from Pseudomonas stutzeri are compared
based on a structural alignment. The positions of helices a1-012 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 chb;-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.
a-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
B-Proteobacteria Neisseria gonorrhoeae FA 1090 NeiGo_CcoN YP_208434.1
Neisseria meningitidis MC58 NeiMe_CcoN NP_274728.1
e-Proteobacteria Campylobacter jejuni NCTC 11168 CamJe_CcoN YP_002344870.1
Helicobacter pylori 26695 HelPy CcoN NP_206943.1
y-Proteobacteria Azotobacter vinelandii D] AzoVi_CcoN YP_002799183.1
PsedAe_CcoN1 NP_250245.1
Pseudomonas aeruginosa PAO1 = =
PsedAe_CcoN2 NP_250248.1
PseFl CcoN1 YP_347559.1
Pseudomonas fluorescens Pf0-1 = =
PseFl _CcoN2 YP_347555.1
PsePu_CcoN1I NP_746366.1
Pseudomonas putida KT2440 = -
PsePu_CcoN2 NP_746371.1
PseSt_CcoNI ADI99999.1
Pseudomonas stutzeri ZoBell =
PseSt_CcoN2 ADJ00003.1
Pseudomonas syringae pv. syringae B728a PseSy_CcoN YP_236483.1
Vibrio cholerae O1 N16961 VibCh_CcoN NP_231085.1
10 20 30 40 50 60

Braja_CcoN
BruSu_CcoN
ParDe_CcoN
RhoCa_CcoN
RhoSp_CcoN
NeiGo_CcoN
NeiMe_CcoN
Camje_CcoN
HelPy_CcoN
AzoVi_CcoN
PseAe_CcoN1
PseAe_CcoN2
PseFl_CcoN1
Psef|_CcoN2
PsePu_CcoN1
PsePu_CcoN2
PseSt_CcoN1
PseSt_CcoN2
PseSy_CcoN
VibCh_CcoN

Braja_CcoN
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140 150 160 170 180 190 200
BraJa_CcoN 124 VL1 GT S LMV V@K SCRVRLAGD- - - - LAPWFVV I GEINFFILIAGTGY L LGVTQSKIEWAEP EWYADLWLT 187
BruSu_CcoN 127 AL1CSSF¥VVQRTCRARLFGG----DLAWFVFWGYQLFIVMAATGYLLGITQSREYAEPEWYVDIWLT 190
ParDe_CcoN 134 AL I AT S F¥VVQRTSAARLWGG- - - - NAAWFV FWGNMQLF IVLAATGY | LGATQSKEYAEP EWYVDWWLT 197
RhoCa_CcoN 126 AL IASAF¥VVQRTSAARLFGGT---ALGWFVFWGWQL I IVTAATSY LLGGSQGKEYAELNWHLD I LVA 190
RhoSp_CcoN 130 AL IAT S F¥VVQRTSAARLWGG----NLGWFVFWGMNLF1VLVAQSYLLGATQSKEYAEP EWYLDLWLT 193
NeiGo_CcoN 75 GLIGTSYNMVVQRTCNTRLFGG----WLPAFTFWGWQAV I VAAVVSFPMGWTQGKEYAELEWP IDILIT 138
NeiMe_CcoN 75 GLIGTSYNMVVQRTCNTRLFGG----WLPAFTFWGWQAV I VAAVVSFPMGWTQGKEYAELEWP IDILIT 138
Camje_CcoN 73 GIWATWY Y| | GQRV LKV SMAESRFLMAVGKLHFWLYMLTMV LAV I SLFMGVTTSKEYAELEWP LD I LVV 140
HelPy_CcoN 73 GIWASWY N/ | GQRV LK | TYHQHP FLK IVGLLHFWLWI I LLILGVISLFAGLTQSKEYAELMWPLDI IVV 140
AzoVi_CcoN 73 ALFATSYMVVQRTCHTRLISD----SLATFTFWGWQAV IVLAVITLPLGVTTSKEYAELEWP IDILIA 136
PseAe_CcoN1 73 ALFATSYNVVQRT SQARL I SD----TLAAFTFWGWQAV I VGAVLTLPQGFTTSKEYAELEWP LAILLA 136
PseAe_CcoN2 73 ALFATSYNMAVQRTCQVRLFSD----TLASFTFWGWQLV I LLAAISLPLGYTSSKEYAELEWP IDILIT 136
PseF|_CcoN1 72 ALFASSFNSVQRTCQTQLFAP----KIAAFCFWGWQLV I LLAAISLPLGYTSSKEYAELEWP IDILIT 135
PseF|_CcoN2 73 ALFATSYNMVVQRTCQTRLISD----SLAAFTFWGWQAV IVGAI ITLPLGYTTTKEYAELEWP LAILLA 136
PsePu_CcoN1 72 ALFATSYNSVORTCQTTLFAP----GLAAFTFWGWQLV I LLAAISLPLGYTSSKEYAELEWP IDILIT 135
PsePu_CcoN2 73 ALFGTSYNMVVQRTCQTRLISD----SMAAFTFWGWQAV I VGAL I TLPMGYTTTKEYAELEWP LAILLA 136
Psest_CcoN1 72 ALFATSYNSVQRTCQTTLFAP----KLAAFTFWGWQLV I LLAAISLPLGFTSSKEYAELEWP IDILIT 135
PseSt_CcoN2 73 ALFATSYNVVQRTCQARLFSD----GLAAFTFWGWQAV I VLAV ITLPMGYTSSKEYAELEWP IDILIT 136
PseSy_CcoN 73 ALFATSYNMVVQRTCQTRLISD----GLAAFTFWGWQAV I VGAIVTLPMGYTTTKEYAELEWPVAILLA 136
VibCh_CcoN 76 ALFATSYMVVORTCQTRLFGG----PLVPFTFWGWQA | IVSAAITLP LGYTSGKEVAELEWP IDIAIA 139
210 220 230 240 250 260 270
BraJa_CcoN 188 | VWVVNMLLVFLATI I KRIKEP HITFVANWFY LAF I VT IAVLHLGRNP ALPVSVFG----- sKBlY vAWGE 1 250
Brusu_CcoN 191 | VWVAMLVVFMGT L LRRIKEP HIYVANWEY/LSF I ITIAMLHI INNLAIPVSFLG--~-- VKS|y SAFAGY 253
ParDe_CcoN 198 VVWVVMLAVFLGT I LKRIKEPHIYVANWFY/LSFIVTIAMLHIVNNLAIPVSLFG----- SKSVQLFSGV 260
RhoCa_CcoN 191 | VWVAML IAFLGT I FKRIKEP HIYVANWEY/LSFIVTIAMLHIVNNLAVPVSI|FG----- TKSvQLMAGY 253
RhoSp_CcoN 194 | VWVCMLAAFLGT I | KRIKEPHIYVANWFY LAFIVTVAMLHIFNNLSIPVSFFG----- SKSVQVFSGV 256
NeiGo_CcoN 139 LVWVAMA I VFFGT I AKRIKVKHIYVANWFYGGF I LAVALLHIVNNISIPAGLM- -~~~ YPVYSGA 199
NeiMe_CcoN 139 LVWVAMA I VFFGT I AKRIK | KHIYVANWFYGGF I LAVALLHIVNNISIPAGLM------- YPVYSGA 199
Camje_CcoN 141 LVWV LWGVS | FGLIGIRREKTLY I SLWYY IATFLGIAMLYLFNNMEVPTYFVTGMGKWWHSV SMYAGT 208
HelPy_CcoN 141 VAWV LWGVNMFGSMSVRR ENT 1YV S LWYY I ATYVGIAVMY | FNNLSVPTYFVADMGSVWHS|I SMYSGS 208
AzoVi_CcoN 137 VVW I TMAVVFFGTV | KRIKTKHIYVGNWFYGAF I LVTAMLH I VNNMELPVSWF- -~~~ -~ YSLYSGA 197
PseAe_CcoN1 137 IVWITMA I VFFGT I VKRKVKHIYVGNWFYGAF I LVTAMLH I VNHMSLPV SWF- -~~~ -- YSAYSGA 197
PseAe_CcoN2 137 VVWVAYAVVFFGTLVKRKVKHIYVGNWFFGGF I LTVAMLHVVNNLELPVTFT------- YSLYAGA 197
PseF|_CcoN1 136 | VWVAMA I VFFGT IMQRIKTKHIYVGNWFFGAF I I TVAILHIVNNLELPVSFT------- YSVYAGA 196
PseF|_CcoN2 137 I VWVTMGLVFFGT I TKRIKTKHIYVGNWFYGAF I VVTAMLH I VNHMSLPVSLF------- YSAYSGA 197
PsePu_CcoN1 136 I VWVGMA I VFFGT LMKRINTKHIYVGNWF FGAF I LTVALLHIVNNLELPVSLT------- YSVYAGA 196
PsePu_CcoN2 137 I VWVTMGLVFFGT I VKRKTKHIYVGNWFYGAF I VVTAMLH I VNH I SLPVSLF------- YSAYSGA 197
Psest_CcoN1 136 | VWVANMAVVFFGT LAKRIKVKHIYVGNWFFGAF I LTVAI LHVVNNLEIPVTAM------- YSLYAGA 196
PseSt_CcoN2 137 LVWV SM1AVFFGT IMKRIKAKHIYVGNWFFGAF I LVTAMLHIVNNLEIPVSLF------- YSIYAGA 197
PseSy_CcoN 137 | VWAAMAAVFFGT I VKRIRTRHIYVANWFYGAF I VVTGMLHIVNH I SLPVSLF------- YSAYAGA 197
VibCh_CcoN 140 AVWVAMAVVFFGTLVKRIKT SHIYVANWEFGAF I I TVAVLHIVNSMALPVSMG- -~~~ -~ Y S1YAGA 200
280 290 300 310 320 330
BraJa_CcoN 251Q WYICHNAVGE F LFAGFUA I MYVF I PRIRAERP I YBVIRILS | | HFWATL | TAL 318
Brusu_CcoN 254 Q WY GHNAVAF FLTVP FLAMMYY|FVPKRQANRPVYSYRLS I VHFWS | | TAV 321
ParDe_CcoN 261Q WY GHNAVGF FLTAGFLGMMYY F I PRQAERPVYSYKLS I | HFWAL I TAL 328
RhoCa_CcoN 254 Q WY GHNAVGF FLTAGF LGMMYY|FVPKQAERPVYSYKLS I VHFWAL I TAL 321
RhoSp_CcoN 257 Q WY GHNAVGF FLTAGF LGMMYY|FVPKQAERPVYSYKLS I VHFWAL I TAL 324
NeiGo_CcoN 200 | WY GHNAVGF FLTAGF LGMMYY|FVPKQAARPVYSYRLSVVHEWALIFT TAL 267
NeiMe_CcoN 200 | WY GHNAVGF FLTAGF LGMMYY|FVPKQAARPVYSYRLSVVHEWALIFT TAL 267
Camje_CcoN 209 N WY.GHNAVAFVFTVG I IIAQIXYFLPKESGQP I FSYKLSLFAFWGLMFYV 276
HelPy_CcoN 209 N WWGHNAVAFVFTSGVIGT IYY/FLPKESGCQP | FSYKLTLFSFWSLMFV 276
AzoVi_CcoN 198 T WY/ GHNAVGF FLTTGFLGMMYY|/FVPKQAERPVYSYRLS | VHEWALITL TAL 265
PseAe_CcoN1 198 T WY GHNAVGF FLTTGFLGMMYY|FVPKQAERPVYSYRLS | VHFEWALISL TAL 265
PseAe_CcoN2 198 T WY GHNAVGF FLTAGF LGMMYY|FVPKQAERPVYSYRLS | VHEWAL I AV TAL 265
PseF|_CcoN1 197 T WY GHNAVGF FLTAGF LGMMYY|FVPKQAERPVYSYRLS | VHFWALITL TAL 264
PseF|_CcoN2 198 T WY GHNAVGFFLTTGFLGMMYYFVPKQAERP I YSYRLS I VHFWALITL TAL 265
PsePu_CcoN1 197 T WY GHNAVGF FLTAGF LGMMYYYVPKQAERPVYSYRLS | VHEWAL I TL TAL 264
PsePu_CcoN2 198 T WY GHNAVGF FLTTGFLGMMYY|/FVPKQAERP I YSYRLS | VHEWALITL TAL 265
Psest_CcoN1 197 T WY GHNAVGF FLTAGF LG IMYY/FVPKQAERPVYSYRLS | VHEWAL I TV TAL 264
PseSt_CcoN2 198 T WY GHNAVGF FLTTGFLGMMYY|/FVPKQAERPVYSYRLS | VHFWALITL TAL 265
PseSy_CcoN 198 T WY GHNAVGF FLTTGFLGMMYY FVPRQAERPVYSYRLS I VHFWAL I TLY IWAGP HHLHYTAL 265
VibCh_CcoN 201V WY.GHNAVGF L LTAGFLGMMY.YIFVPKIQAERPVYSYRLS | VHEWAL IS LY IWAGPHHLHYTAL 268
350 360 370 380 390 400
BraJa_CcoN 319 PDWTQT LGMT 8 I MEWMPBWE GMIIING LM L sGAWDK LRTDp VERMLV VSV AFMGMSE FECP Mms[TRVV 386
BruSu_CcoN 322 PDWAQT LGMV F/§/ I MLWMPSWGGM|I NG LMT L SGAWDKVRTDP | IRLMVAA | AFYGMAT FEGPML S IKAV 389
ParDe_CcoN 329 PDWASTLGMV FiS|| | LWMPSWGGMINGLMT L SGAWDKLRTDP | IRMMVVAVGFYGMATFEGPMMS IRAV 396
RhoCa_CcoN 322 PDWASTLGMVMSV | LWMPSWGGMI NG LMT L SGAWDK LRTDPV IRMMV V'S | GFYGMSTFEGPMMS KAV 389
RhoSp_CcoN 325 PTWTSTLGMV FIS IMLWMPSWGGMI NG LMT L SGAWDKLRTDP | IRMMVVS | GFYGMSTFEGPMMS IRAV 392
NeiGo_CcoN 268 PDWTQSLGMV LSIL | LFAPSWGGMING IMTLSGAWDKLRTDP I LKFLIVSLSFYGMSTFEGPMMS KTV 335
NeiMe_CcoN 268 PDWTQSLGMV LSL | LFAPSWGGMING IMTLSGAWDKLRTDP I LKFLIVSLSFYGMSTFEGPMMS KTV 335
Camje_CcoN 277 PDWMQTMGSVFSVVL I LPSWGSAINILLTMKGEWSQLRESPLIKFMILASTEYMFSTLEGP | LSSV 344
HelPy_CcoN 277 PDWVQTLSSVFSVVL I LPSWGTAINMLLTMRGQWHQLKESP LIKFLVLASTEYMLSTLEGS IQAIKSY 344
AzoVi_CcoN 266 PDWAQS LGMVMSV | LLAPSWGGM IINGMMT L SGAWHK LRNDP | LRFLVVSLAFYGMSTFEGP MMA IKTV 333
PseAe_CcoN1 266 PDWAQSLGMVMSIL | LLAPSWGGM I NGMMTLSGAWHKLRTDP I LRFLVVSLAFYGMSTFEGPMMAIRTV 333
PseAe_CcoN2 266 PDWAQSLGMVMSIL | LLAPSWGGMINGMMT LSGAWHKLRSDP I LRFLVVSLAFYGMSTFEGPMMAIKTV 333
PseF|_CcoN1 265 PDWAQS LGMVMS LV L LAPSWGGMINGMMT L SGAWHK LR SDP | LRFLVVSLAFYGMSTFEGPMMA KTV 332
PseF|_CcoN2 266 PDWAQS LGMAMS|1 | LLAPSWGGMIINGMMT L SGAWHK LRTDP I LRFLVVSLAFYGMSTFEGP MMA KTV 333
PsePu_CcoN1 265 PDWAQSLGMVMSIL | LLAPSWGGM I NGMMT L SGAWHKLRSDP I LRFLVVSLAFYGMSTFEGPMMAIRTV 332
PsePu_CcoN2 266 PDWAQSLGMVMS/ I | LLAPSWGGM I NGMMT L SGAWHKLRTDP I LRFLVVSLAFYGMSTFEGPMMA KTV 333
PseSt_CcoN1 265 PDWAQS LGMVMSIL | LLAPSWGGMIINGMMT L SGAWHK LRSDP | LRFLVVSLAFYGMSTFEGPMMA KTV 332
PseSt_CcoN2 266 PDWAQS LGMVMS | | L LAPSWGGMINGMMT L SGAWHKLRTDP | LRFLVVSLAFYGMSTFEGPMMA KTV 333
PseSy_CcoN 266 PDWAQS LGMVMS|1 | LLVPSWGGMINGMMT L SGAWHKLRTDSVLRFLVVSLAFYGMSTFEGP MMA KTV 333
VibCh_CcoN 269 PDWTQS LGMVMSILVILFAPSWGGMING I MTILSGAWHK LRYDP I LRFLIVSLSFEYGMSTFEGPMMSIIKTV 336
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410 420 430 440 450 460 470
Braja_CcoN 387 NSLSHY TIGHVHSGALGWVGFVSFGALYCLVPWVWNRKGLYSLKLVNWHFWIATLGIVLYI|SAMW 454
BruSu_CcoN 390 NSLSHY TI1GHVHAGALGWNGM I SFAAVY]Y LAPKLWNRQRLYS | RMVNWHFWLAFLG!VLYASSMW 457
ParDe_CcoN 397 NSLSHY TIGHVHSGALGWNGM I TFGALY)YLVPRLWGRERLYSTGLVSWHFWLAMIGLVLYAASMW 464
RhoCa_CcoN 390 NSLSHY TIGHVHSGALGWNGM I TFGMLYFLTPRLWGRSGLYSLKLVSWHFWLAMIGI!VLYASSMW 457
RhoSp_CcoN 393 NSLSHY TIGHVHSGALGWNGM I TFGALYFLTPKLWNKERLYSLSLVSWHFWLAMIGI!VLYASSMW 460
NeiGo_CcoN 336 NALSHY TVAHVHAGALGWVGFVT IGSVMYMIPRLFGKEQMHSTKLVEAHFWIAT IGVVLY | AAMW 403
NeiMe_CcoN 336 NALSHY TVAHVHAGALCGWVCFVT IGSVYYMIPRLFGKEQMHSTKLVEAHFWIAT IGVVLY | AAMW 403
CamJe_CcoN 345 NALAHF IPGHVHDGTLGWVGFMTMAALYHMTPRVFKR-ELYSKSLMEAQFWIQFTGIVLYFASMW 411
HelPy_CcoN 345 NAILAHF | lGHVHDGVILGWVGFTLIASM¥HMTPRLFKR-EIYSGRLVDFQFWIMEFLGIVLYFSSMW 411
AzoVi_CcoN 334 NALSHY TIGHVHAGALGWVAMVSIGSLYHLIPKVFGREQMYSVNLINAHFWLAFIGTVLY | ASMW 401
PseAe_CcoN1 334 NALLSHY TIGHVHAGALGWVAMISIGSLYHLIPKVFGRPQMHSS IGLINAHFWLAFIGTVLY | ASMW 401
PseAe_CcoN2 334 NALSHY TIGHVHAGALGWVAMVSIGSLYHLIPKVFGREKMYSLGLINAHFWLATIGTVLY | ASMW 401
Psefl_CcoN1 333NALLSHY TIGHVHAGALGWVAMI S| GALYHMIPKVFGKEQMHSS I GLINAHFWLAFIGTVLY |ASMW 400
Psefl_CcoN2 334NSLSHY TIGHVHAGALGWVAMI SIGAIYHMIPKLFGRAQMHSTGL I NAHFWLAFIGTVLY | ASMW 401
PsePu_CcoN1 333 NALLSHY TIGHVHAGALGWVAMI SIGALYHT IPKVFGKERMYSLGLINAHFWLAFIGTVLY | ASMW 400
PsePu_CcoN2 334 NSLSHY TIGHVHAGALGWVAMI S1GAVYHMIPKLYGREQMHSS IGLINAHFWLAFIGTVLY | ASMW 401
PseSt_CcoN1 333 NALSHY TIGHVHAGALGWVAMVS I GALYHLVPKVFGREQMHS IGLINTHFWLATIGTVLY | ASMW 400
PseSt_CcoN2 334 NALSHY TIGHVHAGALGWVAMITIGSMYHLIPKVFGREQMHSVGL I NAHFWLAT IGTVLY I ASMW 401
PseSy_CcoN 334NSLSHY TIGHVHAGALGWVAMITIGSVYHMIPKLYARPHMYSVSLINTHFWLAFVGTVLY | TSMW 401
VibCh_CcoN 337 INAIL SHY TIGHVHSGALGWVAMVSIGSVNHL IPRLFGQERMYISVSLINAHFWLAMRIGTVLY | VAMW 404
480 490 500 510 520 530 540
Braja_CcoN 455 VSGI LQGLMWRAYTSLGFLEYSFIESVEAMHPFY | IRAAGGGLFLIGALIMA LWMVRVGEQE--- 519
BruSu_CcoN 458 VAGIQQGLMWR EYDNQGFILVYSFAETVLAMFPYYVIRTIGGVFYLTGGLLMAWNVYQIF I RGRLRNEAP 525
ParDe_CcoN 465 VSGIMEGLMWR EVDAQIGFLVNAFADTVAAKFPMNVVIRALGGVLYLGGAL IMC LWARVAKQPK---- 528
RhoCa_CcoN 458 VSGIMEGLMWR EVDAQIGFLVNGFADTVGAKFPMNVVRIGVGGVLYLTGGL | MA LWARVAKQPK---- 521
RhoSp_CcoN 461 VSGIMEGLMWR EVDANIGFLVNAFADTVAAKFPMNVVRIGLGGVLYLTGAL IMC LWKIEVTSAPS---- 524
NeiGo_CcoN 404 | AGVMQGLMWS SLNDDGTLTYSFVESVKRTMPYYMIRFAGGLLYLSGMC IMA VYRIFAI GGKA---- 467
NeiMe_CcoN 404 | AGVMQGLMWS SLNDDGTLTYSEFEVESVKRTMPYYV IRFAGGLLYLSGMCIMA VYRIFA I GGKA---- 467
CamJe_CcoN 412 1AG|I TQGMMWRATDEYGNLLYSFIDTVVAIVPYYWIRAIGGLLYLIGFFMFT I YK ACGRVLD-- 477
HelPy_CcoN 412 1AG|I TQGMMWRDVDQYIGNLTYQF IDTVKVLIPYYNIRGVGGLMYFIGFI | FA | FMI{| TAGKKLE-- 477
AzoVi_CcoN 402 VNG I TQGLMWRAVNQDGTLTYSFVEALEASHPGF IVRMIGGAFFVVGMLLMAYNTWRIEVRVAKS ---- 465
PseAe_CcoN1 402 VNG I TQGLMWRAVNEDGTLTYSFVEALVASHPGF IVRMIGGGFFLTGMLLMA TWRIEVRAAKP - - - - 465
PseAe_CcoN2 402 VNG I TQGLMWRAVNEDGTLTYSFVEALAAGHPGF IVRMLGGF I FLLGMFLMA TWRIEVSAAKP - --- 465
Psefl_CcoN1 401 VNG| AQGLMWRAVNEDGTLTYSFVETLVASHPGFVVRILIGGAIFLSGMFLMAYNTWRIEVRASQP ---- 464
Psefl_CcoN2 402 VNG| TQGLMWRA I NDDGTLTYSFVEALQASHPGY | VRALGGAFFASGMF LMA¥YNVWREVRASDP - - - - 465
PsePu_CcoN1 401 VNG| AQGLMWRAVNSDGTLTYSFVETLVASHPGFVVRIFVGGA | FLSGMF LMAW VRSPAL---- 464
PsePu_CcoN2 402 VNG I TQGLMWRA I NDDIGTLTYSFVEALQASHPGY I VRALGGAFFASGML LMA VRAANP - - - - 465
PseSt_CcoN1 401 VNG I AQGLMWRA INDDGTLTYSFVESLEASHPGFVVRMIGGA | FFAGMLVMA VQAAKP ---- 464
PseSt_CcoN2 402 VNG I TQGLMWRA INEDGTLTYSFEVEALEASHPGF | VRAVGGAFFLAGMLLMA VRAAKS---- 465
PseSy_CcoN 402 VNG I TQGLMWRAVNDDIGTLTYSFIETMQASHLGY I VRAIGGA | FTSGMLLMA IRASDP---- 465
VibCh_CcoN 4051 SGVMQGLMWRAVNSDIGTILTY SEVESVQASYP FYTVIRIFIGGF | FLSGMFLMA I SAPK----- 467
550 560
BrajJa_CcoN 520 - - --- VQMPVALQPAE---- 530
BruSu_CcoN 526 MGGTRPVAGATMQPAE---- 541
ParDe_CcoN 539
RhoCa_CcoN 532
RhoSp_CcoN 535
NeiGo_CcoN -VDAEIPAVSQTQHH- 481
NeiMe_CcoN 468 - - - - - VDAEIPAVSQTQHH- 481
Camje_CcoN 478 - - - - - KEPKSASPMAA---- 488
HelPy_CcoN -REPNYATPMSR---- 488
AzoVi_ CcoN 466 - - - - - TEYEAAARIVEVAHQ 480
PseAe_CcoN1 466 - - - - - AEYEAAAQIA----- 475
PseAe_CcoN2 -AEYEAAAQIA- - 475
PseFl_CcoN1 465 ----- ADVVAAAQMA- - - - - 474
PseFl_CcoN2 466 - - - - - AEAEAAAKIAVVGAH 480
PsePu_CcoN1 -DVAPANAQLA----- 474
PsePu_CcoN2 466 - - - - - AQAEEAAKIVVVGAH 480
PseSt CcoN1 465 - - - - - AEYDAAAQIA----- 474
PseSt_CcoN2 -AQYDTAAQIA----- 475
PseSy_CcoN -QAAESATRIAVAGAH 480
VibCh_CcoN 468 - - - - - NSLKAIVQPA----- 477

Figure 6-2: Multiple sequence alignment of the CcoN subunit of cbb;-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 chb;-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.
a-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
B-Proteobacteria Neisseria gonorrhoeae FA 1090 NeiGo_CcoO YP_208433.1
Neisseria meningitidis MC58 NeiMe _CcoO NP_274727.1
e-Proteobacteria Campylobacter jejuni NCTC 11168 CamJe_CcoO YP_002344869.1
Helicobacter pylori 26695 HelPy _CcoO NP_206944.1
y-Proteobacteria Azotobacter vinelandii DJ AzoVi_CcoO YP_002799182.1
. Psede_CcoOl NP_250244.1
Pseudomonas aeruginosa PAO1
Psede_CcoO2 NP_250247.1
PseFl_CcoOl YP_347558.1
Pseudomonas fluorescens Pf0-1
PseFl_CcoO2 YP_347554.1
. PsePu_CcoOl NP_746367.1
Pseudomonas putida KT2440
PsePu_CcoO2 NP_746372.1
. PseSt_CcoOl ADJ00001.1
Pseudomonas stutzeri ZoBell
PseSt_CcoO2 ADJ00004.1
Pseudomonas syringae pv. syringaec B728a PseSy_CcoO YP_236484.1
Vibrio cholerae O1 N16961 VibCh_CcoO NP_231084.1
10 %0 30 40 30 €0
BraJa_CcoO 1MSFWTR--HQIFEKNSIVLIVGILLVIAIGGLVEITPLFYLKSTIEAVDGVRPYTPLELAGRNVYVRE 66
BruSu_CcoO l - - - MVTVGGLVEIAPLFYLENTIEKVEGMRPYSPLELAGRDIYVRE 43
ParDe_CcoO 1MAILEK--HKVLEKNATLLLVFSFLVVTIGGIVEIAPLFYLQNTIEKVQGMRPYTPLELKGRDIYVRE 66
RhoCa_CcoO 1MS IMDK--HHVLEKNATLLLIFAFLVVTIGGIVEIAPLFYLENTIEKVEGMRPYTPLELTGRDIYIRE 66
RhoSp_CcoO IMGI LAK--HKILETNATLLLIFSFFVVTIGGLVQIVPLFYLENTIEKVEGVRPYTPLELAGRDIYIRE 66
NeiGo_CcoO QQLAEEKIGVLIVFTLLVVSVGLLIEVVPLAFTKAATQPAPGVKPYNALQVAGRDIYIRE 63
NeiMe_CcoO QQLAEEKIGVLIVFTLLVVSVIGLILIEVVPLAFTKAATQPAPGVKPYNALQVAGRDIYIRE 63
CamJe_CcoO --MFSWLEKNPFFFAVAVFVVIAYAGIVEVLPNFAENAR--P I EGKKPYTVLQLAGRAVYIKD 59
HelPy_CcoO l1------- MFSFLEKNPFFFTLAFIFVFAIAGLVEILPNFFKSAR--PIEGLRPYTVILETAGRQIYIQE 59
AzoVi CcoO 1MK------ HETLEKNIGLLGLFMVAAVSIGGLTQIVPLFFQDVVNEPVEGMKPYTALQLEGRDIYIKE 62
PseAe_CcoO1 ~HEILEKNVGLLAIFMVIAVSIGGLTQIVPLFFQDVTNTPVEGMKPRTALELEGRDIYIRE 63
PseAe_Cco02 ~ 1MK------ HEILEKNVGLLALCMAVAVSIGGLTQIVPLFFQDVTNTPVEGMKPYTALQLEGRDIYIRE 62
Psef|_ CcoO1 ~  1MK------ HETI EKNVGLLMLLMVFAVSIGGLTQIVPLFFQDVTNKPVEGMKPYTALQLEGRDIYIRE 62
Psef|_CcoO2 -HEAVEKNIGLLAFFMVIAVSVGGLTQIVPLFFQDVTNKPVEGMKPRTALELEGRDVYIAN 62
PsePu_CcoO1 ~  1MK------ HEVIEKNVGLMALLMVFAVSIGGLTQIVPLFFQDVTNKPVEGMKPYTALQLEGRDVYIRE 62
PsePu_Cco02 ~  1MK------ HEAVEKNIGLLAFFMV IAVSVGGLTQIVPLFFQDVTNKPVEGMKPRTALEVEGRDIYIRE 62
PseSt_CcoO1 -HEKLEKNVGLLTLFMILAVSIGGLTQIVPLFFQDSVNEPVEGMKPYTAILQLEGRDLYIRE 63
PseSt_Cco02 -HEILEKNIGLLTLFMILAVSIGGLTQIVPLFFQDAVNEPVEGMKPYTALQLEGRDLYIRE 63
PseSy_CcoO ~ 1MK------ HDALEKNIGLLAVFMVIAVSIGGLTQIVPLFFQDVTNQPVEGMKPRISALEVEGRDVFIAN 62
VibCh_CcoO 1MSSNSNNRHELLERNVGLLAIFIVFAISWGALVEITPLIFQKQTTEEVQNLKPYTALQLEGRDIYIRE 68
70 80 90 100 110 120 130
Braja_CcoO 67 G P LR D[EV/ERVGH F SM¥DHP FQWwG TGPBLARVGAKYSDDWHVTHLTNPRA T 134
BruSu_CcoO 44 G P FRDIEV E GHY SMYDHS FQWG TGPDLARVGGRYSNEWHVQHLVRPRDV 111
ParDe_CcoO 67 G PMR DIEV E GHY SMYDHP FQWG TGPDLARVGGRYSDEWHLDHLVDPQAV 134
RhoCa_CcoO 67 G PMR DIEV E GHY SMYDHP FQWG TGPDLARIVGGRYSDAWHVEHLSNPQSV 134
RhoSp_CcoO 67 G PMRD/E[T ERY.GHY SMYDHP FQWG TGPDLARVGERYSDEWHVDHLTNPQSV 134
NeiGo_CcoO 64 G PFRAIETE GHY SVNDHP FQWG TGPDLARVGGRYSDEWHR IHLLNPRDV 131
NeiMe_CcoO 64 G PFRAIETE GHY SVNDHP FQWG TGPDLARVGGRYSDEWHR IHLLNPRDV 131
Camje_CcoO 60 S P FKSIETD GMY FAYDRP FLWG TGPDLARVGNYRTADWHENHMWDPTSV 127
HelPy_CcoO 60 G P FQAE[VDRIYGAY Y ANDRP F LWG IGPDLHRVGDYRTTDWHEKHMFDPKSV 127
AzoVi_CcoO 63 G PFRAIETE GHY SVWDHP F LWG TGPDLARVGGRYSDDWHRAHLYNPRNV 130
PseAe_CcoO1 64 G PFRAIETE GHY SVWDHP F LWG TGPDLARIVGGRYSDDWHRAHLYNPRNV 131
PseAe_Cco02 63 G PFRAETERYGHY SVWDHP F LWG TGPDLARVGSRYSDDWHRAHLFNPRNV 130
PseFl_CcoO1 63 G PFRAETERYGHY SVWDHP F LWG TGPDLARVGARYSDDWHRAHLYNPRNV 130
Psef|_CcoO2 63 G PFRAIETE GHY SVWDHP F LWG TGPDLARVGGRYSDDWQRAHLYNPRNV 130
PsePu_CcoO1 63 G PFRAIETE GHY SVWDHP F LWG TGPDLARIVGGRYSDDWHRAHLYNPRNV 130
PsePu_Cco02 63 G PFRAETERYGHY SVWDHP F LWG TGPDLARVGGRYSDDWHRAHLYNPRNV 130
PseSt_CcoO1 64 G PFRAIETE GHY SVIDHPFLWG TGPDLARVGGRYSDDWHRAHLYNPRNV 131
PseSt_Cco02 64 G PFRAIETE GHY SVNDHP F LWG TGPDLARVGGRYSDDWHRAHLYNPRNV 131
PseSy_CcoO 63 G PLRAIETE GHY SVWDHP F LWG TGPDLARIIGGRYSDEWHRVHLNNPRDL 130
VibCh_CcoO 69 G PFRSETERY.GHY SVWEHP FLWG TGPDLARVGGRYSDEWHRVHLLNPREL 136
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140 150 160 170 1 190 200

Braja_CcoO 135 VPQSVMPGYP FLSQTEVDPDT | ADHMKTLK-AIGTP¥YTDDQ------ | ANAGADLKAQADPDNAGSDA 195
BruSu_CcoO 112 VP ESVMP SYAFLKERPLKADDI AAHLKANV-AVGVPYTQEM------ IDKALDDLKAQATPD-ADTSG 171
ParDe_CcoO 135 VP ES IMPKYGFLLNRQVDASNMQQRLKTDA-LVGVP - IAAAVEDFRAQADPD-ADASG 194
RhoCa_CcoO 135 VP ESVMP SYSY LANVPLDSTWI EDRVSTDA-LVGVP¥YSAEM---- -~ | AAAKADFVAQADPN-ADSAT 194
RhoSp_CcoO 135 VP E|S/IMPKYGFLSHTVIDGRY IRDLMSVHR-IVGVP¥SDEM- - - - - - LENAVADFKAQANPD-ADTDG 194
NeiGo_CcoO 132 VP ESNMPAFPWLARNKVDVDATVANMKALR-KVGTP - lAKAPEALANK---------- 182
NeiMe_CcoO 132 VP ESNMPAFPWLARNKVDVDATVANMKALR-KVGTP¥YSDEE------ I AKAPEALANK---------- 182
CamJe_CcoO 128 VP DS IMP SYKHMFKNNAD I ETAYAEALTVKKVFNVPYDAENGTKLGSWEDAQAEVKAEAQAIVDQMKN 195
HelPy_CcoO 128 VPHS IMPAYKHLFTKKSDFDTAYAEALTQKKVFGVPY¥DTENGVKLGSVEEAKKAYLEEAKK I TADMKD 195
AzoVi_CcoO 131 VP ESKMPAYPWLVENKLTGEKTADKMEAMR-TLGVP I AGARASVKGK

PseAe_CcoO1 132 VP ESKMPAYPWLVENKLDGKDTATKMEVLR-KLGVP I AGAREAVKGK

PseAe_Cco02 131 VP ESKMPAYPWLVENKLDGKDI EKKLEVMR-TLGVP - I KGAKDSLKGK- -

PseFl_CcoO1 131 VP ESKMPAYPWLVTQAVDSSHTETKLKTMR-TLGVP I SGAVAS LKGK

PseFl_CcoO2 131 VP E[SKMPAYPFLVENKLDGKDTAKKMEVLR-TLGVP I AGARDAVKGK

PsePu_CcoO1 131 VP ESKMP SYPWLVAQPVDNSHTDVKMRTLR-TLGVP - lAGAREAVKGK- -

PsePu_CcoO2 131 VP ESKMP SYPWLVENKLDGKDTAKKMEVLR-TLGTP¥YTDAD------ I AGARDAVKGK

PseSt_CcoO1 132 VP ESKMP SYPWLVENTLDGKDTAKKMSALR-MLGVPY¥TEED------ IAGARDSVNGK

PseSt_Cco02 132 VP ESKMP SYPWLVENTLDGKDTAKKMSALR-MLGVP - lAGARDAVRGK- -

PseSy_CcoO 131 VPT|SIMPAYPFLAEKTIDSTQTAKKLQVLR-TLGTP¥TDAD------ IAGAAAAVQGN-------- -~ 181
VibCh_CcoO 137 VP ESNMPAFPWLAKNTLDGKYTQQKMTLFRDKFGVPMTDEQ------ IANATKDVEGK---------- 188

210 220 230 240 250

Braja_CcoO 196 FGKRY-AKAVVRNFDGKAGTPTEMDAL I AY LOQMILGTLVDFKLYNEKANLR 244
BruSu_CcoO 172MEERY-PKARVGDFDGNPQMI SEEMDAL | AYLQMLGTLVDFSTYDQSPKAR 220
ParDe_CcoO 195 LEERY-PGAQQRNFDRRPG-VSEMDAL IAYLQVLGTMVDFSTFEPDPNR- 241
RhoCa_CcoO 195 LVANYGEKVNIRNFDGKPG- LTEMDALVAYLQVLGTMVDFSTFQPVASR- 242
RhoSp_CcoO 195 LLERY-GKAAVRNFDGQAE- LTEMDALISYLQVLGTMVDFSTFTPDDSR- 241
NeiGo_CcoO LDAVVAY LQGLGLALKNVR 203
NeiMe_CcoO LDAVVAYLQGLGLALKNVR-- 203
CamJe_CcoO ---QEVKDAFAKGEIKEIVALIAYLNSILK--------------- 221
HelPy_CcoO ---KRVLEAIERGEVLEIVALIAYLNSILGNSRINANQNAK---- 232
AzoVi_CcoO MDALVAYLQILGTSIKTKR 202
PseAe_CcoO1 MDALVAFLQGLGTSIKSKR-- 203
PseAe_Cco02 MDAVVAY LQVLGTS I KNKR-- 202
PseFl_CcoO1 MDALVSYLQVLGTAIKSKR-- 202
PseFl_Cco02 MDALVAYLQGLGT I IKSKR-- 202
PsePu_CcoO1 MDALVAYLQVLGTAIKNKR-- 202
PsePu_CcoO2 MDA | VAYLQGLGT I IKSKR-- 202
PseSt_CcoO1 MDAMVAY LQVLGTALTNKR 203
PseSt_Cco02 MDAMVAY LQVLGTALTNKR-------- 203
PseSy_CcoO MDALVAYLQGLGTLIKSKR-- 202
VibCh_CcoO MDA | I AYLQSILGHAMK 206

Figure 6-3: Multiple sequence alignment of the CcoO subunit of cbb;-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 chb;-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.
a-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
B-Proteobacteria Neisseria gonorrhoeae FA 1090 NeiGo_CcoP YP_208431.1
Neisseria meningitidis MC58 NeiMe_CcoP NP_274726.1
e-Proteobacteria Campylobacter jejuni NCTC 11168 CamJe_CcoP YP_002344867.1
Helicobacter pylori 26695 HelPy CcoP NP_206946.1
y-Proteobacteria Azotobacter vinelandii D] AzoVi_CcoP YP_002799180.1
PseAe_CcoPl NP_250243.1
Pseudomonas aeruginosa PAO1 = =
PseAe_CcoP2 NP_250246.1
PseFl _CcoPl YP_347556.1
Pseudomonas fluorescens Pf0-1 = =
PseFl CcoP2 YP_347552.1
PsePu_CcoPl NP_746369.1
Pseudomonas putida KT2440 = -
PsePu_CcoP2 NP_746374.1
PseSt_CcoPl ADJ00002.1
Pseudomonas stutzeri ZoBell =
PseSt_CcoP2 ADJ00006.1
Pseudomonas syringae pv. syringae B728a PseSy_CcoP YP_236486.1
Vibrio cholerae O1 N16961 VibCh_CcoP NP_231082.1
10 20 30 40 50 60
Braja_CcoP L o MTDHHG---DIDSVTG--- 13
BruSu_CcoP L oo m oo e oo e oo MTDKQ- - - - - IDEVSG--- 11
ParDe_CcoP 1 MADTDDEHASPQNPDNRIELERQAADEAHKAK I LAHPPEGPGGDPLHPPVTPRPGATRVVRDRKGGRR 68
RhoCa_CcoP R i e i i MSKKP------- TTKK---9
RhoSp_CcoP 1--- TKQKPG---11
NeiGo_CcoP L MNATSQFTSNFWNIYIAVIVLLSFIALAWLLLSQNVVKRPKK 42
NeiMe_CcoP e MNTTSQFTSNFWNIYIAVIVLLSFIALAWLLLSQNVVKRPKK 42
CamJe_CcoP 1--- --MQWLNLEDNVNLLSLIGAILITLITLVIVGRMFKQMKEKKG 41
HelPy_CcoP L MDFLN--DHINVFGLIAALVILVLTIYESSSLIKEMRDSKS 39
AzoVi_CcoP MTSFWSSY ITLLTVGTLVAVTWLLFAT--RKGERK 33

PseAe_CcoP1
PseAe_CcoP2
PseFl_CcoP1
PseFl_CcoP2
PsePu_CcoP1
PsePu_CcoP2
PseSt_CcoP1
PseSt_CcoP2
PseSy_CcoP
VibCh_CcoP

Braja_CcoP
BruSu_CcoP
ParDe_CcoP
RhoCa_CcoP
RhoSp_CcoP
NeiGo_CcoP
NeiMe_CcoP
CamJe_CcoP
HelPy_CcoP
AzoVi_CcoP
PseAe_CcoP1
PseAe_CcoP2
PseFl_CcoP1
PseFl_CcoP2
PsePu_CcoP1
PsePu_CcoP2
PseSt_CcoP1
PseSt_CcoP2
PseSy_CcoP
VibCh_CcoP

MTTFWSLY ITALTLGTLLALTWLIFAT--RKGQRS33
MTTFWSLY ITALTVGTLIALLWLVFAT--RKGEAK33
MTTFWSTWICVLTIGSLIGLTWLLVGT--RRGETK 33
MTTFWSLYVTVLSLGTIFSLTWLLLST--RKGQRS33
MTTFWSTY ISVLTIGSLIGLTWLLLAT--RKGQSN33
MTTFWSLYVTVLTLGTIFSLTWLLLST--RKGQRE33
MSTFWSGY IALLTLGTIVALFWLIFAT--RKGESA33
MTSFWSWYVTLLSLGTIAALVWLLLAT--RKGQRP 33
MSTFWSLY IAVLTLGTI IAMLWLLLST--RKGQPD33
MTTFWSLWI IVITVGTLLGCAILLVWC--LKDKMG33

70 80 90

14 - --KSTTGHEWDBG | K
12 ---VSTTGHEWDG | K
69 VVEVPSTGHSWBG | E
10 --EVQTTGHSWDBG | E
12 --EPPTTGHSWDG | E[EF D
43 GEEVQTTGHEWDG | A[ElY D
43 GEEVQTTGHEWDG | AJEY D
42 ESELSE--HSWBG | GIElY K
40 QGELVENGHL IBG I GIE[F A
34 GTTDQTMGHAFBG | E[EY D
34 STTDETVGHSYBG I
34 GTTEKTMGHSYBG |
34 GSVDQTMGHS FBG |
34 EQTDETVGHS FBG |
34 NTTDETMGHS FBG |
34 EVTDETVGHAFDBG |
34 GTTDQTMGHA FBG |
34 DSTEETVGHSYBG I
34 EPTDETVGHT FBG |
34 VEEGVDMGHEYBG I RIELN

110 120 130
IVYPAWPLIS-SNTTG------------ 65

LALYPGLGTWK-GLMPGYQSAD-----
LVLYPGLGNWK-GVLPGY

mmMmmMmmMmMmmMmmMmMmMmmm
=<
o)

LLLYPGLGNWQ-GLLPGYEYRDQDSKTQF 100

PLPKWWTYLFIG LTLYPGLGSFK-GILGWQSSDQTVRSLEE100
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Braja_CcoP
BruSu_CcoP
ParDe_CcoP
RhoCa_CcoP
RhoSp_CcoP
NeiGo_CcoP
NeiMe_CcoP
CamJe_CcoP
HelPy_CcoP
AzoVi_CcoP
PseAe_CcoP1
PseAe_CcoP2
PseFl_CcoP1
PseFl_CcoP2
PsePu_CcoP1
PsePu_CcoP2
PseSt_CcoP1
PseSt_CcoP2
PseSy_CcoP
VibCh_CcoP

BraJa_CcoP
BruSu_CcoP
ParDe_CcoP
RhoCa_CcoP
RhoSp_CcoP
NeiGo_CcoP
NeiMe_CcoP
CamJe_CcoP
HelPy_CcoP
AzoVi_CcoP
PseAe_CcoP1
PseAe_CcoP2
PseFl_CcoP1
PseFl_CcoP2
PsePu_CcoP1
PsePu_CcoP2
PseSt_CcoP1
PseSt_CcoP2
PseSy_CcoP
VibCh_CcoP

BraJa_CcoP
BruSu_CcoP
ParDe_CcoP
RhoCa_CcoP
RhoSp_CcoP
NeiGo_CcoP
NeiMe_CcoP
CamJe_CcoP
HelPy_CcoP
AzoVi_CcoP
PseAe_CcoP1
PseAe_CcoP2
PseFl_CcoP1
PseFl_CcoP2
PsePu_CcoP1
PsePu_CcoP2
PseSt_CcoP1
PseSt_CcoP2
PseSy_CcoP
VibCh_CcoP

Braja_CcoP
BruSu_CcoP
ParDe_CcoP
RhoCa_CcoP
RhoSp_CcoP
NeiGo_CcoP
NeiMe_CcoP
CamjJe_CcoP
HelPy_CcoP
AzoVi_CcoP
PseAe_CcoP1
PseAe_CcoP2
PseFl_CcoP1
PseFl_CcoP2
PsePu_CcoP1
PsePu_CcoP2
PseSt_CcoP1
PseSt_CcoP2
PseSy_CcoP
VibCh_CcoP
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140 150 160 170 180 190 200
66 ---LF-GYSSRA----DVAVELANLEKVRGDKMAALGAAS- -~ ~--- LADIEKDPALLALARAKGKTV 118
64---LT-GWSSRG----QFWQENAKIAASRQG! IDQIKAKD- -~~~ VHE I LADEELRQYAIAGGAAA 116
124 - -~ LL-GQNYRS----DVAAEIQRFNEANAP IQAKLVETP------- LEEIAADPELANYTANAGAA I 176
64---1L-GSSTRA----DVEKDIAKFAEMNKAVEDKLVATD- -~~~ LTAIAADPELVTYTRNAGAAV 116
65---L1-GHSTRA----DVQRDIEAFAEANAT IRQQLVNTD- -~~~ LTATAADPNLLQYATNAGAAV 117
97 ~------ WTSHN----QYEKEVKKADEQYGKLYAKFADMP - -~~~ -~ I EKVAKD----PQAKQIAQNL 142
97 ~------ WTSHN----QYEKEVKKADEQYGKLYAKFADMP -~~~ -~ I EKVAKD----PQAKQIAQNL 142
90 ---S1G---------- QYNEEVATHNTKFEEKFKNLSPED K1AMGQN | 124
90 ---QIG---------- QYNEEVKAHNQKFEAKWKHLGQKE LVDMGQG | 124
90 - - - EE-GWTGVN----QYQKEMAKADEQYGP LFQKYAAMP - - - - - - - I EEVAKQ---- EQALKMGGR | 138
96 ADKEK-GWTGVH----QWEKEMAKADEKYGP | FAKFAAMP - - - - - - - I EEVAKD----PQAVKMGGR L 147
90 - - - EG-GWTQDK----QWEREMN I AQEKYGP | FAKYAAMP - - - - - - - I EEVAKD- - - - EHAMKMGSRM 138
90 - -~ ED-GWTGVH--- - EWEKEMSKADAKFGP | FAKFAAMP - - - - - - - VEEVAKD----PQALKMGGR L 138
101 ANGQT - GWTGVH- - - - EWEKEMARSDAKFGP | FAK FAAMP - - - - - - - I EEVAKD----PQALKMGGRL 152
90 - - - EN-GWTGAN- - - - ENQKEMDKADARFGP | FAKYAAMP - - - - - - - VEEVAKD----PQALKMGSRL 138
101 SNGQP - GWTGVH- - - - EWEKEMAKADARFGP | FAK FAAMP - - - - - - - EEVAKD----PQALKMGARL 152
90 - -~ EG-GWTQEK----QWEREVAQADEKYGP | FAKYAAMS - - - - - - - VEEVAQD----PQAVKMGAR L 138
90 - - - EG-GWTQVK- - - - ENQREMDKANEQYGP LYAKYAAMP - - - - - - - VEEVAKD----PQALKMGGR L 138
101 SDGQQ- GWTSVH-- - - EWEREVANAEARYGP LFARYAAMP - - - - - - - VEEVAKD----PQALKIGARL 152
101 SRAS | - AAAQQNKQLVQY SKIELDDAEAYYGEAFKRLAYQDGTTNLREIPDIAAD----SDALKVGQRL 163
210 220 230 240 250 260 270

119 FGDNCAPCHGSGGAGAKGFPNLNDDDWLWGGT LDQIMQT IRFGARSGHAKAHE--GQMLAFGKDGV LK 184
117 FRVNCVQCHGSGAQGAPGYPNLNDDDWLWGGS IDDIVTTIRHGVRSPDDPETR-LSEMTAF--ADVLEI181
177 FRTWCAQCHGSGAGGATGYP SLLDNDWLWGGTLEEIHTTVMHG I RDPKDADTR-YSEMPRFGIDGLLE?243
117 FRTWCAQCHGAGAGGNTGFPSLLDGDWLHGGS I ETIYTNIKHGIRDPLDPDTLPVANMPAHLTDELLE 184
118 FRTNCVQCHGSGAAGNVGYPNLLDDDWLWGGD I ESIHTTVTHGIRNTTDDEAR-YSEMPRFGADGLLD 184

143 ENTYC IQCHGSDAKGSKGFPNLTDSDWLWGGDPDKIHET I EKGRV - -~ -~------ ATMPAWG--PALG198
143 ENTYC IQCHGSDAKGSKGFPNLTDSDWLWGGDPDKHHET | EKIGRV - = - - - = = - - - ATMP AWG--PALG 198
125 FLVQECSACHG | TGDG | NGK---AQNLNIWGSE-EGI INVIKHGSKGMNFPG----GEMLGAA-DLGVA183
125 FLVHCSQCHG | TAEGLHGS---AQNLVRWGKE-EGIMDT I KHGSKGMDY LA----GEMP----AMELD 180
139 FASNCSVCHGSDAKGAYGFPNLTDNDWLYGGEPET IKTT IMEGRK - -~ --~----- AAMP AWK --DVI G194
148 FASNCS ICHGSDAKGAYGFPNLTDADWRWGGEP ET IKTT IMAGRH- - - - - - - - - - AAMPAWG--EVIG203
139 FATYCS ICHGSDAKGALGFPNLADNEWRWGGDPQS/IETT I LGGRH- ---AIMAAWG--DILG194
139 FASNCSVCHGSDAKGAFGFPNLADKDWRWGGSAET IKTT IMGIGRM=- - - - = - — - - - AAMPAWG--ESLG194
153 FASNCSVCHGSDAKGAYGFPNLTDADWRWGGEP ET IKTT IMGGRH- - - - - - - - -~ AVMPAWA--EVI G208
139 FASNCSVCHGSDAKGAFGFPNLTDNDWRWGGDPETIKTS IMSGRH- ---GVMPAWA--EVIG194
153 FASNCSVCHGSDAKGAFGFPNLTDNDWRWGGEP ETHKTT IMAGRH- - - - - - - - -~ GVMP AWA- - EV1G208
139 FANYCS ICHGSDAKGSLGFPNLADQDWRWGGDAASIIKTS I LNGR I ---------- AAMPAWG--QAI G194
139 FASNCSVCHGSDAKGAYGFPNLTDDDWLWGGEPETIKTT I LHGRQ- ---AVMPGWK--DVI G194
153 FASNCSVCHGSDAKGAYGFPNLTDADWRWGGDAQS IIKTS I LAGRM=- - - - - - - - - - GVMPALG--GVLG?208
164 FLQNCSQCHGSDARGQKGFPNLTDDAWLYGGEPQAIIVTTIRHGR I ---------- GQMP AWK--DILG219
280 290 300 310 320 330
185 GDEIVTVANYVRSLSGLSTRKD----- FDAAKGEK I FA---ENCVACHGDGGKGNP EMGAPNLTD-M1 243
182 PQQIRDVAAYVVSLSGTPHDPS--~--- MVP E-GQKVFA---ENCAVCHGADAKGLREFGAPNLTD-AI 239
244 NAQ I SQVVNHVLELGGLPHDAA- - - - - LAAE-GVEVFA---DNCSSCHAEDGTGDRAQGAPDLTD-AV 301
185 PAQIDDVVQYVLKISGQPADEA----- RATA-GQQVFA---DNCVSCHGEDAKGMVEMGAPNLTD-G I 242
185 STQISQVVEYVLQI SGQDHDAA----- LSAE-GAT I FA---DNCAACHGEDGTGSRDVGAPNLTD-A I 242
199 EEGVKDVAHYVMS----LSKPKGQYDEERAARGQALFSGPPANCFTCHGDKGQGIQGLG-PNLTD-DV 260
199 EEGVKDVAHYVMS----LSKPEGQYDEERAARGQALFSGPPANCFTCHGDKGQGIQGLG-PNLTD-DV 260
184 EEDIPAITAAYVAKDLSAIKKTAN---ENLVAKGKEAYAT----CAACHGEDGKG-QDG-~--MFPDLTK 240

181 EKDAKAITASYVMAELSSVKKTKN---PQLIDKGKELFESM--GCTGCHGNDGKG- LQENQVFAADLTA 242
195 EEGIKNTAAYVRS-LSNLKAPEG--VEVDLAEGQKIFQ---TNCVVCHGP EGKGVHAMGAPNLTD-RV 255
204 EEGVKNVAAFVLTQMDGRKLPEG--AKADI EAGKQVFA---TTICVACHGP EGKGTPAMGAPDLTHP GA 266
195 EDGVKNVAAYVRTELAGLKLPEG--TKADVEAGKQIFS---VNCVACHGP EGKGTALVGAPNLTNPGA 257
195 EAGVKNVAAYVRHELAGLPLPAD--NKADLQAGQQTFS---TMCVACHGANGQGT EAMGAPNLTHPAG 257
209 EQGVADVAAFVLTNLDGRKLPEG--TKADPANGQKLFA---ANCVACHGP EGKGTPAMGAPNLTHPAA271
195 DQGVADVAAFVVSKLDGRTLPEG--AKADVENGQKIFA---ANCVACHGP EGKGTPAMGAPNLTHPQA 257
209 DQGVADVAAFVVSKLDGRTLPEG--AKADVENGQKIFA---ANCVACHGP EGKGTPAMGAPNLTHPQA 271
195 EEGVKNVAAFVRKDLAGLPLPEG--TDADLSAGKNVYA---QTCAVCHGQGGEGMAALGAPKLNSAAG 257
195 EEGIRNVAGYVRS-LSGRDTPEG--1SVDI EQGQKIFA---ANCVVCHGP EAKGVTAMGAPNLTD-NV 255
209 EQDVRDVAAYVLTQLDARALPED--AKADPVAGQKTFA---SLCVACHGP EGKGMP | LGAPDLTHPNA271

220 EQGVKEVVSYTLS-LSGRSVNAK----- EAEAGKARIFA----VICSACHGTDGKGNPAFGAPNLTD-ND276
350 360 370 380 390

244WLYGSDEASLIETISQGRAGVMPAWE - ------ GRLDPATIKAMAVYVHSLGGGK

240 WLYGSGEDAI IRQVSHPKHGVMP AWE - - - - - - - ARLGDATVKQLAI FVHSLGGGE

302WLYGSDPATITRIVRDGP FGVMP AWT - - - - - - - GRLSEADIVAVAAYVHSLGGGE

243WLYGGDANTITTTIQLGRGGVMP SWSWAADGAKPRLSEAQIRAVASYVHSLGGGQ------------- 297

243WLYGGDRATVTETVTYARFGVMPNWN------- ARLTEADIRSVAVYVHGLGGGE------------- 290

261 WLWGGTQKS I IETITNGRSSQMPAWG- - - -
261 WLWGGTQKS I IETITNGRSSQMPAWG- - - -
241YGSAAFVVDVLHSGKAGFIGTMPSFP----
243YGTENFLRNILTHGKKGNIGHMPSFKY - -~
256 WLYGSSFAQVQQTLRHGRNGNMP AHK - - - -
267 FIYGSSFAQLQQTIRYGRQGVMPAQQ----

--DFLGNDKAHLVAAYVYSLSNKATEK- -
--EHLGNDKVHLLAAYVYSLSHGEKSAE-

258 FIYGSSYAQLQQT IRHGRQGQMPAQE----- - - PYLGKEKVHILAAY IYNLSHN--QGSN-------- 308
258 FIYGTSLTQLEQT IRHGRQGHMPAQN- - - - - - - ELLGNDKVQLLAAYVYSLSHGLNTEKL | TEDNKQ- 317
272 FIYGSSFAQLQQT IRYGRQGQMPAQE-------QLQGNDKVHLLAAYVYSLSHGEKPAEAEAQ---- - 327
258 FIYGSSFAQLQQT IRYGRQGQMPAQA--- - - - - EIQGNDKVHLLAAYVYSLSQDGSAEAVTAK----- 313
272 FIYGSSFAQLQQT IRYGRQGQMPAQE------- QLQGNDKVHLLAAYVYSLSHQAEPAKAE-------
258WIYGSSLGQLQQT IRHGRNGQMPAQQ-------QYLGDDKVHLLAAYVYSLSQKPEQLANQ-

256 WLYGSSFAQIQQTLRYGRNGRMPAQE------- AILGNDKVHLLAAYVYSLSQQPEQ-----------
272 FIYGSSYAQLQQT IRDGRQGQMPAQQ------- ALQGNDRVH I LAAYVYSLSRQEQPAESR---—----
277WLFGDSRAEVTETVMNGRSGVMPAW | - - - — - — - NTLGEEKIQLVAAYVWSLSNSENK----=---=—-
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BraJa_CcoP = = m s o s o o s e e e e e e e m—— o — -
BruSu_CCOP ~  — m s s s s s e e e e e e mmm—————— o — -
ParDe_CCOP = = = — m m o o o o e e e e e e e e e — i — oo
RhoCa_CCcOP = == == m m m m m s s o ot e e e e e e e m e m—— o —— -
RhoSp_CCOP = — m m m o o o o o e — oo
NeiGo_CcoP 321 ---AAEPAPSAPAEAAQAASEAKPAAAEPKAEEKAAPAAKADGKQVYETVCAACHGNAIPGIPHVGTK 385
NeiMe_CcoP 322 PAPAAEPAASAPAEAAQAVSEAKPAAAEPKAEEKAAPAAKADGK - - === - == - - - - - - oo oo = 365
CamjJe_CCOP = m m s o m s o e o o e e e e e e —— - -
HelPy_CcoP  —mm o o m oo o o oo e e e e e e e e ——— - - -
AZOVi_CCOP  — m m = m o o o o s o e e o e e e e e e e e e e e e -
PseAe_CCOP1 == m = m oo oo o o m e e e  — — ——————————— - -
PseAe_CCOP2 == m m o m o s e o o e e e e e e e e e e ——————— - -
PseFl_CCOP1 =~ —m oo oo o o e oo e e e e e e e e ——— - - -
T T e A R e R
PsePu_CCOP1 == = = = m m s s s m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e — e ————— -
PsePu_CCOP2 = = m s o s s s e o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e —————— -
L) S e i
L) S ee
L) A Ol
[0 e e i R

BraJa_CcoP ~  — - - - s o s s s o s oo o oo oo oo m oo oo - --— - ---—-—-
BruSu_CcoP ~  — - s s s s s s s s s o o o oo o o o oo - - - -----—-
ParDe CcOP = - - - m e mm e e m e e e e e e e e e mm e e e e e e e e m e m e - =
RhoCa_CcOP = - - - - mm e e m e e e e e e e e e m e mmmm e m e e e e e e e m e m - - =
RhoSp_CcoP = m m o e e e e e e e -
NeiGo_CcoP 386 ADWADR | KKGKDTLHKHA I EGFNTMPAKGGRGDLSDDEVKAAVDYMVNQSGGKF 439
NeiMe_CCOP = = — = m s s s s s st e o o e e -
Camje_CcOP = — m s st e e o e e -
HelPy_CcoOP = m s s s s s st e e e e e o e -
AZOVi_CCOP  — m m m m mm m mm e o e e e - - - - - -
PseAe_CCOP1 == — - m o st s e o e e e e -
PseAe_CCOP2 = === m e e -
PseFl_CCOP1 = —mm oo o oo o o e o e e e e e e e e e —— - -
PseFl_CCOP2 = —mm o o oo o o e o o e e e e e —— - — - -
PsePu_CCOP1 =~ = — m o o oo - — -
PsePu_CCOP2 = — = s m o s o e e e e e e e - -
PseSt_CCOP1 = m == m oo e e e e e e - -
PseSt_CcoP2 ~  —m s s s e e e e e e e e e e e e - -
PseSy_CCOP — = m s o s e e e e e e e e e e e e e e e - - -
VibCh_CcoP = === - - e s e e e e e e e e e e e e e e e e e e e e e e e e e e e e m e - - - -

Figure 6-4: Multiple sequence alignment of the CcoP subunit of cbhb;-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 chb;-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.
a-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
B-Proteobacteria Neisseria gonorrhoeae FA 1090 NeiGo_CcoQ YP_208432.1
Neisseria meningitidis 053442 NeiMe_CcoQ YP_001599742.1
e-Proteobacteria Helicobacter pylori 26695 HelPy CcoQ NP_206945.1
y-Proteobacteria Azotobacter vinelandii D] AzoVi_CcoQ YP_002799181.1

Psede_CcoQl YP_003933610.1

Pseudomonas aeruginosa PAO1

Psede_CcoQ2 YP_003933611.1

PseFl CcoQl YP _347557.1
Pseudomonas fluorescens Pf0-1 = -
’ PseFl CcoQ2 YP_347553.1
PsePu_CcoQl NP_746368.1
Pseudomonas putida KT2440 = =
PsePu_CcoQ?2 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
10 30 30 40 30 60
BraJp_CcoQ IMKAILTLDNLASGLVTTIWTPVFVAIFLAIIAYALWPRNK--AAFDEAARLPLRE--E----------- 54
BruSu_CcoQ 1----MD-YNSLRTFADSWGLFGMALFFVFVVLYAFRPGSK--KKADEAKEIPFKD--DKND-------- 52
ParDe_CcoQ 1----MDRYSFLRELADSWVLLLLVVFFLGTIVFAFRPGSR--PLHRDAAESIFRN--ETKPAS----- A 56
RhoCa_CcoQ 1----MD-YHILREFADSWAALALLLTFIGAVIWAFRPGSS--RVHDDIANIPFRH--EDKPAD----- R 55
RhoSp_CcoQ 1----MDTYSLLRGFADSWMLIVMTLFFVGVVFWAWRPRSR--KDHDEAASAI|FRH--ETKPADDDPVSS 61
NeiGo_CcoQ 1----MD-INGIRALFT----VWIFICFLLVLYIVFNRRNK--KNYDDAANSI|FAE--NQDAQDKKSENR 56
NeiMe_CcoQ 1----MD-INGIRALFT----VWIFICFLLVLYIVFNRRNK--KNYDNAANSI|FDE--NQDAQDKKSENR 56
HelPy_CcoQ 1---MMD-LESLRGFAYAFFTILFTLFLYAY|IFSMYRKQKKGIMDYERYGYLALNDALEDELIEPRHKKV 65
AzoVi_CcoQ 1----MD-IGTLRGLGT----ALVLIAFVGMLIWVFNSKRK--KSFDEAANLPFAD--EPE-SGKHDDKA 55
PseAe_CcoQl 1----MD-IGTLRGLGT----VVIMVAFIGLVIWAYSGKRK--KSFDEATMLP FAD--DPE-AKKHVEQA 55
PseAe_CcoQ2 1----MD-IGTLRGLGT----LLIMVAFIGLVIWAYSGKRK--KSFDEATMLP FAD--DPE-AKKHVEQA 55
PseFl_CcoQ1 1MAFEMS-AGLIRGLGT----VVVFVAFVGLTLWVFNRKRT--PEFAEARLLPFAD--EPQPDTTQVNET 60
PseFl_CcoQ2 1----MD-IGMIRGLGT----VVVMVAFIGLALWVFSPKRK--SEFEDATLLPFAD--DPE-AIKHVEQA 55
PsePu_CcoQ1 1--MEMD- IGMIRGLGT----LVVMIAFIGLTLWVFNRRRD--RDFAEARLLPFVD--DRLPTAGQEPAA 58
PsePu_CcoQ2 1----MD-IGMIRGLGT----VVVMVAFVGLALWVFNPRRK--KDFDEATQLPFAD--DPE-ATRHVEQA 55
PseSt_CcoQ 1---MME-IGTLRGLGT----1LVVVAFIGVVLWAYSSKRK--QSFDEAANLPFAD--DETDAKKREEEA 57
PseSy_CcoQ 1----MD-IGMIRGLGT----LVVMVAFIGLMLWVFSPARK--ADFDDATLLPFAD--DPE-AIGKVETA 55
VibCh_CcoQ 1----MD-IGTIHSIWT----1VLFICFIGVVWWAYGKKRK--ARFDEAANLIFAD--EEQNTSKNKE-- 54
7|O
Brajp_CcoQ --------
BruSu_CcoQ --------
ParDe_CcoQ 57 GEKEVE-- 62
RhoCa_CcoQ 56 GQG----- 58
RhoSp_CcoQ 62 SEEARK- - 67
NeiGo_CcoQ ~  --------
NeiMe_CcoQ - -------
HelPy_CcoQ 66 HDNG I KES 73
AzoVi_CcoQ 56 SRSKNE-- 61
PseAe_CcoQl 56 SRSNKE-- 61
PseAe_CcoQ2 56 SRSNKE-- 61
PseFl_CcoQ1 61 -RSTRP-- 65
PseFl_CcoQ2 56 SRSNKE-- 61
PsePu_CcoQ1 59 KRSNGQ- - 64
PsePu_CcoQ2 56 KASGSKQQ 63
PseSt_CcoQ 58 SRSKK--- 62
PseSy_CcoQ 56 RAEREGRS 63
VibCh_CcoQ --------

Figure 6-5: Multiple sequence alignment of the CcoQ subunit of cbb;-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 Kiithner (Kuhner AG)

Lab-Shaker, Lab-Therm

Birsfelden, CH

Agilent Technologies

Molecular biology products

Boblingen, DE

Alfa Aesar

Research chemicals

Karlsruhe, DE

AppliChem

Research chemicals

Darmstadt, DE

Bandelin Sonorex

Sonification bath RK 255 S

Morfelden-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 Membran.e Vac.uum pump M?40, Geldryer Mididry D62, Géttingen, DE
TI1 transilluminator, T-Gradient thermocycler

Biomol Cytochrome ¢ (quine heart) Hamburg, DE

Bio-Rad Power supply (PowerPac HC, PowerPac Basic), Gel Doc Miinchen, DE
system

BRAND Laboratory glassware, UV-Cuvette micro Wertheim, DE
Mass spectrometer maXis, Mass spectrometer S

Bruk Bill MA

ruker micrOTOF-Q-II, FTIR spectrometer Vertex 70 tlerica, »US
Carl Roth General laboratory consumables and chemicals Karlsruhe, DE
Clontech In-Fusion Cloning Kit Mountain View, CA,

UsS

Du Pont Instruments

Refrigerated superspeed centrifuge Sorvall RC-5B

Bad Homburg v. d.
Hohe, DE

Epicentre Molecular biology products Madison, WI, US
ifi 415D, 5424, 5417R), Th i fi
Eppendorf Centrifuge (5 .5 , 5424, 5417R), Thermomixer (comfort, Hamburg, DE
compact), Multipette plus
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 Healheare Lifs Seiences | (1 L etne Sepharos Fast Flow
(Formerly Amersham Eraphy sy ’ £ 5P Miinchen, DE

resin, PBE 94, PD-10 desalting column, Q Sepharose High

Biosciences) Performance resin

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

Miillheim, DE
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Heraeus (Thermo Fisher
Scientific)

Incubator BK-600

Schwerte, DE

Hirschmann-Laborgerite

Pipetus

Eberstadt, DE

IBA

Strep-Tactin Superflow high capacity resin

Gottingen, DE

Magentic stirrer IKAMAG RCT basic, Homogenizer

IKA . fen, DE
Ultra-Turrax T25 basic Staufen,
Infors-HT Shaker CH-4103 Bottmingen, CH
. i-Blot Blotting system, Novex Semi-Dry Blotter, Novex
Invit . Karlsruhe, DE
fvitrogen gel system (NuPAGE and NativePAGE) arisrufe,
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 Health Lifi .
ieroCal ( caltheare L VP-Capillary DSC system Miinchen, DE

Sciences)

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

Miinchen, 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 Niimbrecht, DE
Sartorius Ilialll;(())r;tory balance Cubis (individual), Analytical balance Géttingen, DE
SEQLAB DNA sequencing Gottingen, DE

Sigma Centrifuge 4K10 and 4K 15 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

Boblingen, 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.

ANR

The nucleotide sequences of the two ccoNO(Q)P operons and the
ccoGHIS operon of wild-type P. stutzeri ZoBell

Cbbs-1 Cbbs-2 ccoGHIS
ccoN-1 ccoO-1  ccoP-1 ccoN-2  ccoO-2  ccoP-2 ccoG ccoH ccol ccoS
ccoQ

cgaggcttgt cctgcttgee agcaggatgg aacggatagc ccaggcagac cagcgcatcc acccctgttt catcggccaa aaggctggec atgcggecge

gctccgaaca ggacgaacgg tcgtcctacc ttgectatcg ggtccgtctg gtcgegtagg tggggacaaa gtagceggtt ttccgaccgg tacgccggeg

101

ccatcgactt gccgccaacg gccaaaagec ctgtggectg ctgtcgcacc agagcatgga tttcgcgaca ttgcgcaage agatgcgect gtgggetggg

ggtagctgaa cggcggttge cggttttecgg gacaccggac gacagcgtgg tctegtacct aaagcgetgt aacgegtteg tctacgcgga cacccgacce

201

cggcecgetta cggectteecg tacgacgcge agccatgtag gagaactcga agcgacacac cgcaatacca cgccccgcaa ggcgctcage catttegtte

gccggegaat gccggaagge atgctgegeg tcggtacatc ctcttgaget tcgetgtgtg gegttatggt geggggegtt ccgcgagtceg gtaaagcaag

301 atgaacggac tgtccattgg cgcacccgca ccatgggcca ggatcagget ggcccaggta tcgacctgeg gttggttcca getgacgaga tgtcctttgt
tacttgcctg acaggtaacc gecgtgggegt ggtacceggt cctagtccga ccgggtccat agectggacge caaccaaggt cgactgctct acaggaaaca

401

cactttgtgt gtattgatcc gtgtcaatac cggcagattg ccctttccecc atccttgect cgetttctat tagaaagaaa aaaactgctc attaccegtg

gtgaaacaca cataactagg cacagttatg gccgtctaac gggaaagggg taggaacgga gcgaaagata atctttcttt ttttgacgag taatgggcac

501 gatggaagcc catacatgaa cacagcaacc agtaccgcct acagttacaa ggtggtccge caattcgeca tcatgacggt ggtgtgggga atcgtcggga
ctaccttcgg gtatgtactt gtgtcgttgg tcatggcgga tgtcaatgtt ccaccaggeg gttaagcggt agtactgeca ccacacccct tagcagccct

>>.
M

601 tggggctcgg cgttttcatc gcagcacaat tggcctggec atttctgaac ttcgacctce cgtggaccag tttcggtcga ctacgtccat tgcacaccaa
accccgagec gcaaaagtag cgtcgtgtta accggaccgg taaagacttg aagctggagg gcacctggtc aaagccaget gatgcaggta acgtgtggtt

cgcggtgatt ttcgectttg geggetgtge actgttcgea acgtcctact actcggttca gegcacctge cagaccaccce tgttcgegee gaagctggece

gcgccactaa aagcggaaac cgccgacacg tgacaagcgt tgcaggatga tgagccaagt cgegtggacg gtctggtggg acaagcegegg cttcgaccgg

801 gcgttcacct tctggggttg gecagttggtc atcctgecteg ccgcaatatc cctgcegetg ggtttcacca getccaagga gtatgcggaa ctggagtgge
cgcaagtgga agaccccaac cgtcaaccag taggacgagc ggcgttatag ggacggcgac ccaaagtggt cgaggttcct catacgectt gacctcaccg

96

901

cgatcgacat cctgatcacc atcgtctggg tggectatge ggtcgtcttt ttecgggacge tggctaageg caaggtcaag cacatctacg tcggtaactg

gctagctgta ggactagtgg tagcagaccc accggatacg ccagcagaaa aagccctgeg accgattcge gttccagttc gtgtagatge ageccattgac

1001 gttcttcggt gecttcatce tgaccgtgge gatcctgecat gtcgtcaaca acctggaaat cccggttacce gecgatgaagt cctattcget gtatgecggt
caagaagcca cggaagtagg actggcaccg ctaggacgta cagcagttgt tggaccttta gggccaatgg cgctacttca ggataagcga catacggcca

162 W

1101 gcgaccgatg cgatggtgca atggtggtac ggccacaacg ccgtgggett cttectcacc gecggettee tcgggatcat gtactacttc gtgectaage
cgctggetac gectaccacgt taccaccatg ccggtgttge ggcacccgaa gaaggagtgg cggccgaagg agccctagta catgatgaag cacggattcg

aggccgagceg cccggtgtat tegtatcgec tgtcgatcgt tcacttctgg gecactgatca ccgtctacat ctgggeccgge ccgcaccacc tgcactacac

tccggetege gggccacata agcatagegg acagctagca agtgaagacc cgtgactagt ggcagatgta gacccggcceg ggegtggtgg acgtgatgtg

1301

cgcgetgeca gattgggecac agagcctggg catggtgatg tcgectgattc tgetggectcee gagetgggge ggcatgatca acggecatgat gacgetgtceg

gcgcgacggt ctaacccgtg tctcggacce gtaccactac agcgactaag acgaccgagg ctcgaccceg ccgtactagt tgeccgtacta ctgcgacage

N
o
N}

1401

296
1501

L G M

ggtgcctgge acaaactgcg tagcgacccg atcctgeget tcctggtggt ttcgetggeg ttctacggea tgtcgacctt cgaaggtcceg atgatggega
ccacggaccg tgtttgacge atcgctggge taggacgcga aggaccacca aagcgaccgc aagatgccgt acagctggaa gettccagge tactaccget

coN-1....

G A W H K L R S D P I L R F L V vV s L A F Y G M S T F E G P M M A
tcaagaccgt caacgccctg tcccactaca ccgactggac catcggeccac gtacacgctg gegecctcgg ctgggttgea atggtctcca tcggegeget

agttctggca gttgecgggac agggtgatgt ggctgacctg gtagccggtg catgtgecgac cgcgggagec gacccaacgt taccagaggt agccgcgcega

w
N
©
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1601

362

1701

396

1801

429

1901

462

2001

2101

50

2201

83

2301

116

2401

2501

183

2601

2701

2801

46

2901

80

3001

113

3101

146
3201

180

176

gtatcacctg
catagtggac

atcgecttcga
tagcgaagct

ccagccacce
ggtcggtggg

caagccecgece
gttcgggegg

gttcatgatc
caagtactag

accgegetge
tggcgegacyg

acggccacta
tgccggtgat

ctcegatgac
gaggctactg

ggcaaggaca
ccgttectgt

ccgagatgga
ggctctacct

atcagccgte
tagtcggcag

cgctgggcac
gcgaccegtg

catcgaggaa
gtagctcett

ggtaactgga
ccattgacct

ttttecgccaa
aaaagcggtt

ccacggttcc
ggtgccaagy

C H G S
aacggacgta
ttgcctgeat

gtcccgaaag
cagggcttte

tgttcggeeg
acaagccgge

tgtgggtcaa
acacccagtt

cggtatcgeg
gccatagege

cggcttegta
gccgaagceat

gtgcgaatga
cacgcttact

gagtacgacg ctgccgcgea
ctcatgctge gacggcgegt

ctggcggtaa
gaccgccatt

gcatcggegg
cgtagccgee

agctcgaagg
tcgagcttee

ccgggacctg
ggccctggac

ctcegtggee
gaggcaccgy

ggtgaaagcy
ccactttege

tggcaccgtg
accgtggcac

cgcacctgta
gcgtggacat

ctgccaagaa
gacggttett

gatgtcgget
ctacagccga

tgcgatggtg
acgctaccac

gcttacctge
cgaatggacg

agggacttca
tcectgaagt

atcgcggaca
tagcgectgt

catcgteget
gtagcagcga

ctgttctggt
gacaagacca

tacgacaacc
atgctgttgg

cgctgeegeg
gcgacggcge

agggcgttet
tcececgecaaga

gccaggctac
cggtccgatg

gtacgctgee
catgcgacgg

atgtcagtgg
tacagtcacc

gatgccaagg
ctacggttcce

gttcgetagg
caagcgatcce

tcgcagcaat
agcgtcgtta

gccggectgg
cggccggace

cgagcagatg
gctcgtctac

cagggcctga
gtcceggact

tcggtggtge
agccaccacg

gatcgectga
ctagcggact

tctgacccag
agactgggtc

tacatccgeg
atgtaggcge

tctacgacca
agatgctggt

caacccgcge
gttgggcgeg

ctgcgeatge
gacgcgtacg

aggtactcgg
tccatgagee

gccagagttg
cggtctcaac

tgatcttege
actagaagcg

ctggtggtte
gaccaccaag

gagggtggct
ctcccaccga

aagaagtggc
ttcttecaccg

tttcccgaac
aaagggcttg

ggccaagcca
ccggtteggt

cacagtatcg gtctgatcaa
gtgtcatagc cagactagtt

tgtggcgtge aatcaacgac
acaccgcacg ttagttgctg

gatcttcttc gceggeatge
ctagaagaag cggccgtacg

ggagcctagg taaatgaaat
cctcggatce atttacttta

atcgtccege tgttctteca
tagcagggcg acaagaaggt

agggctgegt tggctgecac
tcccgacgeca accgacggtg

tcegttectg tggggctcca
aggcaaggac accccgaggt

aacgtagttc ctgagtcgaa
ttgcatcaag gactcagctt

ttggegttee ttacaccgaa
aaccgcaagg aatgtggett

cacagctctg accaataagc
gtgtcgagac tggttattcg

ctcgggetgt
gagcccgaca

ccaggagtag
ggtcctcate

cacccgcaag ggcgaatccg
gtgggegtte ccgettagge

ctgctcttca ttggcaccct
gacgagaagt aaccgtggga

ggactcaaga gaagcagtgg
cctgagttct cttegtcacce

acaggacccg caagccgtga
tgtcctggge gttcggeact

ctcgecgace aagactggeg
gagcggcetgg ttctgaccge

L A D Q
tcggcgaaga aggcgtgaag
agccgettet tcecgeactte

cacccactte
gtgggtgaag

gacggcacgc
ctgcegtgeg

tggtgatgge
accactaccg

cgcacgagaa
gcgtgctett

ggactccgte
cctgaggcag

tcgcagatga
agcgtctact

agcgtaccgg
tegeatggee

gatgcegtee
ctacggcagg

gaggacatcg
ctcectgtage

gctgagtegt
cgactcagca

cacatgagca
gtgtactcgt

ccggcactac
ggccgtgatg

ggtgttcgge
ccacaagccg

gaacgcgaag
cttgcgette

aaatgggcgc
tttaccegeg

ctggggtggt
gaccccacca

aacgtcgcag
ttgcagcgte

tggctagcca
accgatcggt

tgacctattc
actggataag

ctacaacacc
gatgttgtgy

actagaaaag
tgatcttttc

aacgagccgg
ttgctcggee

teccgecectt
aggcggggaa

accggatctg
tggcctagac

tatccgtgge
ataggcaccg

ccggegeteg
ggcegegage

actgaccaag
tgactggttce

ctttctggag
gaaagacctc

ggatcaaacg
cctagtttge

atcctgtact
taggacatga

ttgctcagge
aacgagtccg

tegeetgtte
agcggacaag

gatgccgett
ctacggcgaa

cgttegteeg
gcaagcaggc

ccatcggcac
ggtagccgtg

cttcgtcgaa
gaagcagctt

tggcgcaccg
accgegtgge

aacgtaggtc
ttgcatccag

ttgaaggcat
aacttccgta

ccgegetgag
ggcgegacte

gccegtgteg
cgggcacagce

tggtcgagaa
accagctcett

ggactccgte
cctgaggcag

aaaaaatgac
ttttttactg

tggatacatc
acctatgtag

atgggacatg
taccctgtac

tggtgctcta
accacgagat

cgatgaaaag
gctactttte

gccaactact
cggttgatga

cgatcaaaac
gctagttttg

caaggacctc
gttcctggag

cgtgctctac
gcacgagatg

tcgctggaag
agcgacctte

tgcaggctge
acgtccgacg

tgttgaccct
acaactggga

gaagccttac
cttcggaatg

accgagcgcet
tggctcgcega

gcggecgeta
cgceggegat

caccctcgac
gtgggagctg

aacggcaaaa
ttgcegtttt

cggctggcaa
gccgaccegtt

gcectgetga
cgggacgact

ccttegatgg
ggaagctacc

ccceggectg
ggggccggac

tacggtccga
atgccaggcet

gctccatctg
cgaggtagac

cagcatccte
gtcgtaggag

T S I L
gcgggettge
cgccecgaacyg
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3301

213

3401

246

3501

280

3601

3701

3801

3901

4001

17

4101

50

4201

84

4301

117

4401

4501

184

4601

217

4701

250

4801

284

4901

317

5001

350

cgctgcegga
gcgacggect

gctgggtgeg
cgacccacgce

cctgctcage
ggacgagtcy

ccccaaaagg
ggggttttee

cttccceccte
gaagggggag

cgatacctcc
gctatggagg

tacttgcege
atgaacggcg

aattcgccat
ttaagcggta

gtggacgagc
cacctgcteg

cgcacctgce
gcgtggacgg

gctacaccag
cgatgtggte

catgaagcgce
gtacttcgeg

ccggtcagece
ggccagtegg

ccggettect
ggccgaagga

cctctatatce
ggagatatag

agctggggeg
tcgacccege

tctacggcat
agatgccgta

agccecteggt
tcgggageca

aggcaccgat
tcegtggeta

cctaagctca
ggattcgagt

agcaatatct
tcgttataga

gcggtacact
cgccatgtga

cgcgctagea
gcgcgategt

ctgcacagca
gacgtgtegt

cgtttttgee
gcaaaaacgg

catgacggtg
gtactgccac

tteggeegte
aagccggeag

aggcccgtet
tcecgggcaga

ctccaaggag
gaggttccte

aaggccaagc
ttcecggtteg

tgttcaagtc
acaagttcag

cggcatgatg
gcecgtactac

tgggceggec
acccggecgg

gcatgatcaa
cgtactagtt

gtcgacctte
cagctggaag

tgggtagcga
acccatcget

gccgacctca
cggctggagt

acagcgccge
tgtcgeggeg

gggcgacgac
ccecgetgetg

cgtaccgcece
gcatggcggg

cttctaagct
gaagattcga

cacggaaaac
gtgccttttg

ttcgaaaatg
aagcttttac

gtgtggggaa
cacacccctt

tgcgececatt
acgcgggtaa

gttctccgac
caagaggctg

gcgcaggcaa
cgcgteegtt

cggctggatce
gccgacctag

aaggttcacc
ttccaagtgg

ttctegeott
aagagcggaa

gtgcttcecga
cacgaaggct

gctttaaatc
cgaaatttag

ctattagcgt
gataatcgca

tcattgggat
agtaacccta

gcacaccaat
cgtgtggtta

ggactcgegg
cctgagegee

gaacgtctac gcacagacct
cttgcagatg cgtgtctgga

tatggctcga gcctcggeca
ataccgagct cggagccggt

tgctecgeege ctatgtttac
acgagcggcg gatacaaatg

gtccccagge aacttccget
caggggtccg ttgaaggcga

ttcgecatee cgectagaac
aagcggtagg gcggatcttg

agggttttgg ccagcaaaga
tcccaaaacc ggtcgtttet

ggaagccttg catgagcaca
ccttecggaac gtactcgtgt

gggcctgggt gttttcatcg
cccggaccca caaaagtage

gcggtgatct tcgegttegg
cgccactaga agcgcaagcce

ccttcacctt ctggggttgg
ggaagtggaa gaccccaacc

tatgcggaac
atacgccttg

acatctatgt
tgtagataca

ctactcgatc
gatgagctag

tactacttcg
atgatgaagc

cgcaccacct
gcgtggtgga

cggcatgatg
gccgtactac

gaaggtccga
cttccaggcet

tgatcactat
actagtgata

G L A

tggagtggce
acctcaccgg

aggtaactgg
tccattgace

tacgcaggcg
atgcgtcege

tgcctaagea
acggattcgt

gcactacacc
cgtgatgtgg

accctgtegg
tgggacagcc

tgatggcgat
actaccgcta

cggctcgatg
gccgagctac

A

gattgatatc ctgatcaccc
ctaactatag gactagtggg

ttctteggtg ccttcatect
aagaagccac ggaagtagga

ctaccgatgc gatggtgcaa
gatggctacg ctaccacgtt

ggccgagegt ccggtgtact
ccggctegea ggccacatga

gcecctgecag attgggegea
cgggacggtc taacccgegt

gtgcctggeca taagctgege
cacggaccgt attcgacgceg

caagaccgtc aacgcactgt
gttctggcag ttgcgtgaca

taccacctga ttccgaaagt
atggtggact aaggctttca

gcgeegtetg
cgcggcagac

actgcaacag
tgacgttgte

agcctgtege
tcggacageg

actctgcgac
tgagacgctg

cataaggcgce
gtattccgeg

cagccecggge
gtcgggeccg

gcaatcagtg
cgttagtcac

ccgcgeaatt
ggcgegttaa

tggttgcgca
accaacgcgt

caggctgtga
gtccgacact

tggtctgggt
accagaccca

ggtgacggcg
ccactgccge

tggtggtacg
accaccatgc

cctatcgect
ggatagcgga

gagcctggge
ctcggacceg

accgatccga
tggctaggct

cccactacac
gggtgatgtg

gttcgggege
caagcccgeg

ccacggtcag
ggtgccagte

accattcgcc
tggtaagcgg

aaaaaccgga
tttttggect

tatctgtcge
atagacagcg

aatcgtaatt
ttagcattaa

gcggtttgea
cgccaaacgt

agactgctta
tctgacgaat

ggtgtggece
ccacaccggg

ctgtttgcca
gacaaacggt

tegtgettge
agcacgaacg

gtcgtatatc
cagcatatag

atgctgcaca
tacgacgtgt

gccacaacgc
cggtgttgeg

gtcgatcgte
cagctagcag

atggtgatgt
taccactaca

tectgegett
aggacgcgaa

cgactggact
gctgacctga

gagcagatgc
ctcgtctacg

ggtggcgaag
ccaccgctte

atggtcgcaa
taccagcgtt

acaactcgcet
tgttgagcga

atcgcaaact
tagcgtttga

tcctacgeac
aggatgcgtg

ttgccccect
aacgggggga

taactataag
attgatattc

tcgctcaatt
agcgagttaa

cgtcctacta
gcaggatgat

ggtcatcacg
ccagtagtgce

gcegtgttet
cggcacaaga

tcgttaacaa
agcaattgtt

cgtgggcette
gcacccgaag

cacttctggg
gtgaagaccc

cgatcatcct
gctagtagga

cctggtggta
ggaccaccat

atcggccacy
tagccggtge

acagcgtcgg
tgtcgcagee

gtatggccge
cataccggcg

tggccagatg
accggtctac

aaccagtgag
ttggtcactc

gaccaacgtc
ctggttgcag

cggcgtggtg
gcecgcaccac

gctttcteca
cgaaagaggt

gtggttcgee
caccaagcgg

tggacctgce
acctggacgg

cgtggttcag
gcaccaagtc

cttcecgatgg
gaaggctacc

tcggcaccat
agccgtggta

cctggaaatt
ggacctttaa

ttcctgacca
aaggactggt

cactgatcac
gtgactagtg

gctggeteceg
cgaccgaggce

tegetggegt
agcgaccgca

tacacgccgg
atgtgcggee

cctgatcaat
ggactagtta
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5101

384

5201

417

5301

450

5401

5501

37

5601

71

5701

104

5801

137

5901

171

6001

204

6101

32

6201

6301

36

6401

69

6501

103

6601

136

178

gcgcacttet
cgcgtgaaga

acggcaccct
tgccgtggga

gttgatggca
caactaccgt

acgaaatact
tgctttatga

cgcagtgaac
gcgtcacttg

cagatgatcc
gtctactagg

gtaccggacc
catggcctgg

gcecgtectat
cggcaggata

gacatcgceg
ctgtagcgge

aacgcatgat
ttgcgtacta
>> cco0-2

gcaaagcttc
cgtttcgaag

tegttttgga
agcaaaacct

ccgaagaaac
ggcttetttg

tcttggatac
agaacctatg

atggacaagg
tacctgttce

gacgtctgtt
ctgcagacaa

ggctggccac
ccgaccggtg

gacctactcc
ctggatgagg

tacaacacct
atgttgtgga

cgaaaagaac
gcttttettg

gagceggttg
ctcggccaac

gccectteeg
cggggaaggc

ggatctggce
cctagaccgg

ccgtggetgg
ggcaccgacc

gcgcecgtga
cgcgggcact

ggaaatcggt
cctttagceca

gacgaagcag
ctgcttegte

gttggtacgt
caaccatgca

cgtcgggeat
gcagcccegta

ctggtgctgt
gaccacgaca

ccaatgagca
ggttactegt

cgcatccaac
gcgtaggttg

catcggcacc
gtagcegtgg

ttcgtegaag
aagcagcttce

ggcgcacegt
ccgegtggea

attggtctge
taaccagacg

aaggcatgaa
ttcegtactt

cgctgagacc
gcgactctgg

cgtgtcggeg
gcacagccge

tcgagaacac
agctcttgtg

tgccgteegt
acggcaggca

actcttcgeg
tgagaagcgc

ccaacctgce
ggttggacgg

caccctgetg
gtgggacgac

tcctatgacg
aggatactgc

atccecggect
tagggcegga

atacggcccg
tatgccggge

tgcteggtet
acgagccaga

gtgctttaca
cacgaaatgt

cgctggaage
gcgacctteg

acgggcegece
tgcccggegg

tgaccctgtt
actgggacaa

gccttacace
cggaatgtgg

gagcgctacg
ctcgegatge

gccgetacte
cggcgatgag

cctegacgge
ggagctgeceg

ggcaagaccg
ccgttetgge

gcctgggeac
cggaccecgtg

cttcgcagac
gaagcgtctg

agcctgggcea
tcggaccegt

gcatcgagga
cgtagctecct

aggcaactgg
tcegttgace

ctgtatgcca
gacatacggt

gccatggcete
cggtaccgag

tcgectcgat gtgggtcaac
agcggagcta cacccagttg

cagtcatcce ggcttcatcg
gtcagtaggg ccgaagtagc

aagtcagccc agtacgacac
ttcagtcggg tcatgctgtg

catgatcctg gcagtgagca
gtactaggac cgtcactcgt

gcgctgcage tcgaaggteg
cgcgacgtcg agcttccage

gccactactc cgtggccggt
cggtgatgag gcaccggcca

cgatgactgg caccgtgcge
gctactgacc gtggcacgcg

aaggacactg ccaagaagat
ttcctgtgac ggttcttcta

agatggatgc catggtggcc
tctacctacg gtaccaccgg

aattctggta gtcgtcgect
ttaagaccat cagcagcgga

gacgagaccg acgccaagaa
ctgctctgge tgcggttett

caattgccge gectggtatgg
gttaacggcg cgaccatacc

gtacgacaac ccgctaccge
catgctgttg ggcgatggeg

aagggcattc tgcccggtta
ttccecgtaag acgggccaat

agtacgctgce catgccggta
tcatgcgacg gtacggccat

tgatgccaaa ggcgectatg
actacggttt ccgcggatac

ggcatcaccc
ccgtagtggg

tccgegeagt
aggcgcgtca

tgccgegeag
acggcgegte

tcggeggtcet
agccgccaga

ggatctgtac
cctagacatg

gaaagcgtct
ctttcgcaga

acctgtacaa
tggacatgtt

gtcggetetg
cagccgagac

tacctgcaag
atggacgttc

tcatcggegt
agtagccgca

gcgtgaagaa
cgcacttectt

ctgctactgg
gacgatgacc

gctggtggtt
cgaccaccaa

cgaaggtggce
gcttccaccg

gaagaggttg
cttctecaac

gcttcccgaa
cgaagggctt

aaggcctgat
ttcecggacta

cggcggcgeg
gcecgecgege

atcgcttgag
tagcgaactc

gacccagatc
ctgggtctag

atccgegagg
taggcgctce

acgaccatcc
tgctggtagg

cccgegeaac
gggcgegttg

cgcatgettg
gcgtacgaac

tgctcggcac
acgagccgtg

agtgctctgg
tcacgagacc

gaagcttcca
cttcgaaggt

caacgcgcaa
gttgcgegtt

catgctgtte
gtacgacaag

tggacccagg
acctgggtce

ccaaggatcc
ggttcctagg

tctgaccgac
agactggctg

gtggcgcgeg
caccgcgege

ttcttecteg
aagaaggagc

gaacggatag
cttgcctate

gtccegetgt
cagggcgaca

gctgegttgg
cgacgcaacc

gttcectgtgg
caaggacacc

gtagttcctg
catcaaggac

gcgttcegta
cgcaaggcat

tgctctaacc
acgagattgg

gcctacagea
cggatgtcgt

ggagtaagaa
cctcattctt

atcaacgaag
tagttgcttc

ctggcatgct
gaccgtacga

atgaagaacc
tacttcttgg

>>cco0-2.>

M K N

tctttcagga
agaaagtcct

ctgccactcg
gacggtgagc

ggctccaage
ccgaggtteg

agtcgaagat
tcagcttcta

caccgaagaa
gtggcttett

aacaaacggt
ttgtttgcca

gcaaacgcaa
cgtttgegtt

ataaatgacc
tatttactgg

ccoP-2 >>...>

gggacaacgc
ccctgttgeg

gtgggtaccyg
cacccatggce

tcaaggaatg
agttccttac

gcaagccctg
cgttcgggac

gacgactggc
ctgctgaccg

M T

cccgacagca
gggctgtegt

tgatctttge
actagaaacg

gcagcgtgag
cgtcgcactce

aagatgggtg
ttctacccac

tgtggggcgg
acaccccgee
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6701

169

6801

203

6901

236

7001

269

7101

303

7201

7301

18

7401

51

7501

84

7601

118

7701

151

7801

184

7901

218

8001

251

8101

284

8201

318

8301

351

cgagcctgaa
gctcggactt

accatcaaga
tggtagttct

ggctatgtte
ccgatacaag

gcagcctgte
cgtcggacag

atggaccgga
tacctggect

agccaagggc
tcggttcceg

gcgctacggt
cgcgatgceca

cgcaatggcce
gcgttaccgg

ccggagcagt gattgctcga
ggcctegtca ctaacgaget
>..ccoP-2..>>

P E Q -

ttggcacgta
aaccgtgcat

tcggcegggg
agccggecce

gcgtcagetg
cgcagtcgac

acctctacge
tggagatgcg

tecctettett
aggagaagaa

cggaaccgte
gcecttggeag

gccccaggat
cggggtecta

ttcatgctge
aagtacgacg

tgccegcaga
acgggcgtet

gcgtgtttac
cgcacaaatg

ccaacaagtt
ggttgttcaa

ccttcgeaaa
ggaagcgttt

gctggttcce
cgaccaaggg

gacctgctca
ctggacgagt

ccaccatecct
ggtggtagga

cggacgtgat
gcctgeacta

gttacagcca
caatgtcggt

gcatgcctge
cgtacggacg

ggtcgggggt
ccagcececa

cacccacctt
gtgggtggaa

cgcgegtgaa
gcgcgeactt

tggctcaact
accgagttga

tgtcgtgget
acagcaccga

ttgggtgtte
aacccacaag

ctggccaage
gaccggtteg

ccttgaacgt
ggaacttgca

gcacggccge
cgtgcecggeg

accccagagg
tggggtctce

tgggcgegee
acccgegegg

tcaggaagcg
agtccttege

gacgtcctgt
ctgcaggaca

ccgeegtggt
ggcggcacca

aaaatttaca
ttttaaatgt

ggaacggccg
ccttgeegge

gctaatcatc
cgattagtag

atgtgggcgg
tacacccgee

acgccatctg
tgcggtagac

caacggctgg
gttgccgace

caggccgtga tgcctggetg
gtccggcact acggaccgac

gtattagcgt cgacattgag
cataatcgca gctgtaactc

gaacctgacc gacaatgtct
cttggactgg ctgttacaga

atccttggta atgacaaggt
taggaaccat tactgttcca

cgcacccgac ctcaaaactc
gcgtgggetg gagttttgag

acgcactcga tgactgagca
tgcgtgaget actgactegt

cccgagectt cageggettg
gggctcggaa gtcgecgaac

tcaggctgtce tggtgggacc
agtccgacag accaccctgg

tgcgeetteg gectgttett
acgcggaagc cggacaagaa

agaagatcac cgagggtgat
tcttctagtg gctcccacta

gctcgeggtt ggcatccteg
cgagcgccaa ccgtaggage

gcggegttet ggatcggett
cgccgcaaga cctagccgaa

gaaagacgtg
ctttctgcac

cagggtcaaa
gtcccagttt

ggctgtatgg
ccgacatacc

tcacctgctg
agtggacgac

cgggcgtacce
gcccgeatgg

gattccegtt
ctaagggcaa

tttcgtaatc
aaagcattag

tgccggateg
acggcctage

catcaccgtce
gtagtggcag

cgcaaccagce
gcgttggteg

tggcaatcac
accgttagtg

ctttaccctc
gaaatgggag

atcggcgaag
tagccgcette

aaatcttcge
tttagaagcg

ttcgagette
aagctcgaag

gcggectacyg
cgceggatge

attcgcagcet
taagcgtcga

cgtgatgtaa
gcactacatt

tgcgacgegt
acgctgcgea

caagttccac
gttcaaggtg

ttcgetggee
aagcgaccgg

gaatgaagct
cttacttcga

cttegtegge
gaagcagccg

gccacctacg
cggtggatge

aaggcatccg
ttcegtagge

ggccaactgt
ccggttgaca

gctcagattc
cgagtctaag

tctacagect
agatgtcgga

ggacagaaaa
cctgtetttt

ccceeecgte
g999999cag

aggcggcgeg
teccgeegege

atcttcgggg
tagaagcccce

gcgtctggtg
cgcagaccac

cgacaaggcg
gctgttecege

tacttcacgce
atgaagtgcg

gcagtgctgg
cgtcacgacc

caacgtagct
gttgcatcga

gtagtctgee
catcagacgg

agcaaaccct
tcgtttggga

gtcgcagcaa
cagcgtegtt

ttgatcctgg
aactaggacc

caaggccgga
gttceggect

gtactcttca
catgagaagt

cgacgttctg
gctgcaagac

cggctacacg
gccgatgtge

ccaatgagcg
ggttactcge

ccattcgcga
ggtaagcgcet

ctacctgegt
gatggacgca

gagcaggtgt
ctcgtccaca

gcatctacat
cgtagatgta

agcgeggecc
tcgcgeecggg

gcggaagaaa
cgccttettt

catccgegac
gtaggcgetg

ggtctgcaga
ccagacgtct

agctacacca
tcgatgtggt

ccgagcacaa
ggctegtgtt

ttgcgtacge
aacgcatgcg

cgtttacgat
gcaaatgcta

gtgccegtac
cacgggcatg

gataccgact
ctatggctga

tcgagtgcat
agctcacgta

cctgtctgge
ggacagaccg

cgcecegetgg
gcgggegace

gcgegettee
cgcgcgaagg

acaaggccat
tgttccggta

tggctgegea
accgacgcgt

cagaagacgc
gtcttetgeg

tcaagctgga
agttcgacct

agagcgtgat gttcgacaag
tctcgecacta caagetgtte

gggacttggc gactgtatcg
ccctgaaccg ctgacatage

gcctgeateg atgcctgega
cggacgtagc tacggacgct

acctgatgcg tcccegectg
tggactacgc aggggcggac

cgtactcaag gatcgcgtge
gcatgagttc ctagcgcacg

gacacgctga
ctgtgcgact

actgcaccat
tgacgtggta

tgcgatcatg
acgctagtac

atcggttatg
tagccaatac

tctatcgega
agatagcgcet

tegtttecta
agcaaaggat

gtgcgtccag
cacgcaggte

gacaagatga
ctgttctact

ccgtegeect
ggcagcggga

gaacgagcag
cttgctegte

cgacccgege
gctgggcgeg

gtctgcccaa
cagacgggtt

actatccacg
tgataggtgce

ggcggecatg
ccgceggtac

ggcaacatcg
ccgttgtage

cgtggcgaga
gcaccgctcet

ccggtatcga
ggccatagcet

cgggttgatc
gcccaactag

atgggtctgt
tacccagaca

agaacgttta
tcttgcaaat
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8401

384

8501

418

8601

451

8701

8801

43

8901

76

9001

109

9101

143

9201

9301

40

9401

73

9501

107

9601

140

9701

173

9801

207

9901

240

180

tacgttgaag
atgcaacttc

gccgaagecg
cggcttegge

tagacgacga
atctgctget

ttggtacacc
aaccatgtgg

tcgectggttg
agcgaccaac

tgctcaacga
acgagttgct

tgaccgcecge
actggcggeg

gagggcgaac
ctcecegettg

tgctaccact
acgatggtga

cggaggcgat
gcctecgeta

ggccctttac
ccgggaaatg

tgtggctgge
acaccgaccg

cccagctacce
gggtcgatgg

gaaccggcge
cttggcegeg

tcggagaget
agcctctega

atttgcgcac
taaacgcgtg

gtcatgaaca
cagtacttgt

gcgagctegt
cgctcgagea

ttcaattaac
aagttaattg

cagttctggg
gtcaagaccc

cggacaacta
gcctgttgat

cgagcgegge
gctcgegeeg

gtcattctge
cagtaagacg

aggactggcg
tcctgaccge

gtggecctgee
caccggacgg

cgtcaacggce
gcagttgceg

gatcgtaagg
ctagcattcc

tgatcgaacg
actagcttge

gctgagcgag
cgactcgcte

tcgetgegee
agcgacgcegg

tcttegttac
agaagcaatg

acgccacctg
tgcggtggac

aggctcagca
tccgagtegt

cgagcgcacce
gctcgegtgg

taccatcccg
atggtaggge

gtcgagetgt
cagctcgaca

gatgatgcag acagccgett
ctactacgtc tgtcggcgaa

cctggtttgt
ggaccaaaca

cattgcaatc
gtaacgttag

ctacgacgcce
gatgctgegg

ggcaagggca
ccgtteeegt

ctggccgaag
gaccggctte

tgcagctgag
acgtcgactc

agcctcaggg
tcggagtcce

cgacggcttg
gctgccgaac

tctgtacgaa
agacatgctt

gaaaaaacca
cttttttggt

ggtacctgce
ccatggacgg

ggcagccect
ccgtegggga

gggctggaaa
cccgaccttt

gttactacct
caatgatgga

acgtacagga
tgcatgtect

gcecttegte
cgggaagcag

tcatctgege
agtagacgcg

aacctcagcg
ttggagtcge

ctgctagctg
gacgatcgac

agctgeggeg
tcgacgcege

aactaggcgt
ttgatccgea

agccgggcete
tcggcecgag

cctgegetgg
ggacgcgacc

actgccttgt
tgacggaaca

accatggacg
tggtacctge

tgtcggtgte
acagccacag

ttcgtgatcg aggcatcegg
aagcactagc tccgtaggcec

ccatcgcgece tgaaaagctt
ggtagcgcgg acttttcgaa

catcggceca
gtagcegggt

agcattcget
tcgtaagcga

ctgttgagct
gacaactcga

cggtggttct
gccaccaaga

tcaaccagtc actggaacgt
agttggtcag tgaccttgca

cggtgccagt cgcccccage
gccacggtea gegggggteg

tatcagggac aaatgcaaga
atagtccctg tttacgttcet

tcgaaaccgg ccatgcgete
agctttggcc ggtacgcgag

ttcaggcceg cgtgetgggt
aagtccggge gcacgaccca

gcaccgcagc gacacggcaa
cgtggcgteg ctgtgeegtt

cagcatcaag gggagctggce
gtcgtagtte ccctegaceg

gtgtcgcecga ggccagectg
cacagcggct ccggtcggac

gattggctat gcagcacacc
ctaaccgata cgtcgtgtgg

ctgtggatgc aggtgatgat
gacacctacg tccactacta

tgctgaccac gccaatcgtc
acgactggtg cggttagcag

gctggecgatt ggtggtgect
cgaccgctaa ccaccacgga

tctegatgge
agagctaccg

ccctcaagea
gggagttegt

aagcaaggta
ttegttecat
>>

ggggctgtca
ccccgacagt

gagaagctag
ctcttegate

agctggtget
tcgaccacga

gcecggtcagt
cggccagtca

gaactgacgc
cttgactgcg

gaggcgcggyg
ctcegegece

tcaatcctca
agttaggagt

gagcacatcg
ctcgtgtage

aacctatcca
ttggataggt

cctatcaage
ggatagttcg

ggccaccatg
ccggtggtac

ttctactecct
aagatgagga

atgtcgcegg
tacagcggcce

ctggtctacg
gaccagatgc

ccaacgaaat
ggttgcttta

atacatgcge
tatgtacgcg

ctgttgacca
gacaactggt

ccgaaagcct
ggctttcgga

caacctgcte
gttggacgag

ggccggeget
ccggecgega

cttgacccce
gaactggggg

ctttgtgcetyg
gaaacacgac

ggcgctecce
ccgcgagggyg

ctgatgatcg
gactactagc

accaccgect
tggtggcgga

cgatcaggca
gctagtcegt

gcgacttgge
cgctgaaccg

gcacggactt
cgtgcctgaa

catctggtct
gtagaccaga

aaggccgcag
ttceggegte

cgtctteccac
gcagaaggty

tctgataacg
agactattgc

tcgegatteg
agcgctaage

ggaaatgcgc
cctttacgeg

tcteccacce
agagggtggg

tcattgaact
agtaacttga

tgatggcaaa
actaccgttt

tcecgggetge
aggcccgacy

caggagctcg
gtcctegage

agggcatcag
tccegtagte

gaatgtgcge
cttacacgcg

gccgagegece
cggctegegg

ccgagttcaa
ggctcaagtt

cttcaaaggg
gaagtttcce

acgatcaccg
tgctagtgge

cgagattcge
gctctaageg

gttcgetegg
caagcgagcce

aacaaacgcg
ttgtttgege

aaactccgac
tttgaggctg

gctcagcteg
cgagtcgagce

aacctgagcg
ttggactcge

gatcggtege
ctagccageg

gccecttece
€ggggaaggyg

caggcggtcg
gtccgecage

gcgaggagat
cgctectcta

ctgcgeggee
gacgcgceegg

tggagcgacg
acctcgetge

tggccagcga
accggtcget

cctggatttg
ggacctaaac

gcgctacgeg
cgcgatgege

gtcagggtga
cagtcccact
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10001

273

10101

307

10201

340

10301

373

10401

407

10501

440

10601

473

10701

507

10801

540

10901

573

11001

607

11101

640

11201

673

11301

707

11401

740

11501

773

11601

gctgtactte
cgacatgaag

ctggtcaatc
gaccagttag

tccageceegg
aggtcgggec

cggcgtegge
gcecgcagecg

gtcecggetge
caggccgacg

ctatcgttgg
gatagcaacc

gacccctace
ctggggatgg

gtagtattcg
catcataagc

cggcagccct
gcegteggga

tcatggcagg
agtaccgtce

cagtggctgt
gtcaccgaca

gtcgeggetg
cagcgccgac

gcctgegget
cggacgccga

gccgacatca
cggctgtagt

tcgatgttge
agctacaacg

cacgcegett
gtgcggcgaa

cttecgeegea
gaagcggegt

gatgcggtag
ctacgccatc

tgctcccege
acgaggggcyg

cggattgatt
gcctaactaa

gatgccgtca
ctacggcagt

tcgagcgege
agctcgegeg

cctggtetgg
ggaccagacc

gcgctcacga
cgcgagtgcet

acaagaccgg
tgttctggee

cgaaaaccgc
gcttttggeg

gtcgacggge
cagctgceeg

tgctgggtga
acgacccact

gcagacactt
cgtctgtgaa

aaactatcca
tttgataggt

gtgtcgegat
cacagcgcta

acgccgcage
tgcggegteg

tgggccgeac
acccggegtg

atgccgcacg
tacggcgtge

gcatgttcge
cgtacaagcg

ctcetgectg
gaggacggac

cctgcagatg
ggacgtctac

ctgcecggeac
gacggcegtg

gcaggcggac
cgtcegectg

tggcagatcg
accgtctage

cagcgacagg
gtcgetgtee

caccctgacc
gtgggactgg

tcecgageacce
aggctegtgg

gcaacctgeg
cgttggacge

cgaacagggc
gcttgtcceg

ctactgtctg
gatgacagac

gactgcaggc
ctgacgtcecg

gggctctgeg
cccgagacge

cggcgcatca
gcecgegtagt

tcgggatgte
agccctacag

ttgtggctce
aacaccgagg

ccttttectg
ggaaaaggac

aagctcgacg
ttcgagetge

gcgtcatcat
cgcagtagta

actgaacgtg
tgacttgcac

aaaccaaagc
tttggttteg

acccgcaacyg
tgggegttge

cacgctgcac
gtgcgacgtg

gagggtcgac
ctcccagetg

cgatcgegeg
gctagcgege

aatcggccaa
ttagccggtt

ccgetggect
ggcgaccgga

gcgatagcete
cgctatcgag

cttgcaggct
gaacgtccga

acggatctcg
tgcctagage

tcatcgaaaa
agtagctttt

tatcagctcg
atagtcgagc

gctcegtttg
cgaggcaaac

ctggcecggte gttatctgga
gaccggccag caatagacct

L A G R Y L

cagagggcca cagcaaccgt
gtctceecggt gtegttggea

cagcggccaa tccagcegtceg
gtcgeeggtt aggtcgcage

gaaggtccct tgacgcttga
cttccaggga actgcgaact

tggccgaget ggctgaccgg
accggctcga ccgactggec

cgcattctgg atcgtcctgg
gcgtaagacc tagcaggacc

aagctcggge tgttgctgac
ttcgagcceg acaacgactg

tgacgctcag cgccgtgeat
actgcgagtc gcggcacgta

tgctttcgge cgggegecac
acgaaagccg gcccgeggtyg

cccaatttcg ttgcggaggg
gggttaaagc aacgcctccc

ggctggtgct ggacgaccgt
ccgaccacga cctgctggea

acccatggtc agccagatcg
tgggtaccag tcggtctage

caggggcatc gcgttctgat
gtccecegtag cgcaagacta

ccaagaccag tgcagatgca
ggttctggtc acgtctacgt

cctgacttgg gcaagcctgt
ggactgaacc cgttcggaca

ctgctcgtgg tattgaatge
gacgagcacc ataacttacg

cgcatggcca cgaaacaatg
gcgtaccggt getttgttac

acgaagggcyg
tgcttcecege

R R A

attctgctca
taagacgagt

acgagtcagt
tgctcagtca

agtgcaagcc
tcacgttcgg

E V QO A

gtcgegeagt
cagcgcgtca

ccttgetggt
ggaacgacca

ccgaggacac
ggctcctgtg

ccgetgggeg
ggcgacccge

aagctgctga
ttcgacgact

tttctcccaa
aaagagggtt

cttcgtgacg
gaagcactgc

ccaacgaact
ggttgcttga

gcttggagat
cgaacctcta

gtgctgetgt
cacgacgaca

acaatggcct
tgttaccgga

gctgcgactg
cgacgctgac

gcagctgaag
cgtcgactte

cgagagcgta
gctctcgeat

R E R

acgagctgca
tgctcgacgt

gcttaccggg
cgaatggcce

ctgggtgacg
gacccactgce

ggtttttget
CcCaaaaacga

cgccacctge
gcggtggacyg

gtgctggaag
cacgacctte

cgctcgatge
gcgagctacyg

atcggtcgag
tagccagcte

ccagccecta
ggtcggggat

acgcccegge
tgcggggeeg

gggcatcgat
cccgtagceta

ggcgtcaacy
ccgcagttge

ccaatcgact
ggttagctga

cattcttccc
gtaagaaggg

acccgccaac
tgggcggttg

cttcttgett
gaagaacgaa

ctgcggetge
gacgccgacy

T A A

gctagccgac
cgatcggctg

gagtacatgc
ctcatgtacg

aaactcgtct
tttgagcaga

gatagttctg
ctatcaagac

ccctgegece
gggacgcggyg

gtctcaatca
cagagttagt

cgatacctge
gctatggacg

accgttccag
tggcaaggtc

ccattcccgg
ggtaagggcc

cctgctegac
ggacgagctg

caggctgagg
gtccgactee

acgttccggt
tgcaaggcca

ggccagtett
ccggtcagaa

tttgctgcga
aaacgacgct

caagcagccg
gttcgtegge

cagaccctgg
gtctgggacc

cacagcgcaa
gtgtcgegtt

A T A Q

cgcgtgettg
gcgcacgaac

ctttgccteg
gaaacggagc

gtecggecate
cagccggtag

gtggtggceg
caccaccggce

tgtccttgge
acaggaaccyg

gatcgacacc
ctagctgtgg

ctggcgetgg
gaccgcgacc

gcecttggget
cggaacccga

cgaacagggg
gcttgtccce

gcectgtegee
cggacagcgg

gcggtatgac
cgccatactg

gcttgecgtyg
cgaacggcac

gcgcaggcat
cgcgtecgta

ttggttgggt
aaccaaccca

caactgaatg
gttgacttac

aggtcctgat
tccaggacta
ccoS >>
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11701

68

ACbbs-1
1 cgaggcttgt cctgcttgcc agcaggatgg
gctccgaaca ggacgaacgg tcgtcctacc
101 ccatcgactt gccgccaacg gccaaaagcc
ggtagctgaa cggcggttge cggttttcgg
201 cggccgctta cggecttecg tacgacgcge
gccggcgaat gccggaaggc atgctgcgeg
301 atgaacggac tgtccattgg cgcacccgca
tacttgcctg acaggtaacc gcgtgggcegt
401 cactttgtgt gtattgatcc gtgtcaatac
gtgaaacaca cataactagg cacagttatg
501 gatggaagcc catacatgcc acctgggatg
ctaccttcgg gtatgtacgg tggaccctac
ccoN-1 >
601 ggcttacatg gcgatagcta gactgggcgg
ccgaatgtac cgctatcgat ctgacccgcec
701 agtaaactgg atggctttct tgccgccaag
tcatttgacc taccgaaaga acggcggttc
1
801 gatggattgc acgcaggttc tccggccgcet
ctacctaacg tgcgtccaag aggccggcga
> e e e e et e e
5 D G L H A G S P A A
901 ggctgtcagc gcaggggcgc ccggttcttt
ccgacagtcg cgtccccgeg ggccaagaaa
> e e et e e e
38 R L S A Q G R P V L
1001 cacgacgggc gttccttgcg cagctgtget
gtgctgcccg caaggaacgc gtcgacacga
> e e e et e e e
71 A T T G v P C A AV
1101 tctcaccttg ctcctgccga gaaagtatcc
agagtggaac gaggacggct ctttcatagg
> e e e e et e e
105 S H L A P A E K V S
1201 aacatcgcat cgagcgagca cgtactcgga
ttgtagcgta gctcgectcgt gcatgagect
> e e ettt e e
138 K H R I E R A R T R

182

ggccgetetg
ccggcgagac

tatatcctga
atataggact

gacggccegg
ctgcecgggece

cacacagcat
gtgtgtcgta

aaggtgattg agctgttgcc
ttccactaac tcgacaacgg
>...CCOS..>>

K G D

ttectgtege
aaggacagcg

cctgttecgac
ggacaagctg

ccteectggtg
ggaggaccac

tgtagtgctg
acatcacgac

gacgacgagc
ctgctgcteg

tctgeetteg
agacggaagc

gtggcectgg ctatatgggt
caccgggacc gatataccca

cgcagcgccc ggcagaagac
gcgtcgeggg ccgtcttetg

tgttgggcct actcggtgge
acaacccgga tgagccaccg

ttttttctgg
aaaaaagacc

gcagtggata
cgtcacctat

aagcaaccgg
ttcgttggee

agaaaattga
tcttttaact

ggtcattgce
ccagtaacgg

tgggcatgtg
acccgtacac

J. The Nucleotide sequences of ACbbs;-1

Cbbs-2

e ) I

KanR

aacggatagc
ttgcctateg

ctgtggcctg
gacaccggac

agccatgtag
tcggtacatc

ccatgggcca
ggtacccggt

cggcagattg
gcecgtctaac

aatgtcagct

ttacagtcga

ttttatggac
aaaatacctg

gatctgatgg
ctagactacc

tgggtggaga
acccacctet

ttgtcaagac
aacagttctg

cgacgttgte
gctgcaacag

atcatggctg
tagtaccgac

tggaagccgg
accttcggee

ccoN-2

ccaggcagac
ggtccgtetg

cagcgcatce
gtcgegtagg

ctgtcgcacc
gacagcgtygy

agagcatgga
tctegtacct

gagaactcga
ctcttgaget

agcgacacac
tcgetgtgtg

ggatcaggct
cctagtccga

ggcccaggta
ccgggtcecat

ccctttececece
g99aaagggg

atccttgect
taggaacgga

actgggctat
tgacccgata

ctggacaagg
gacctgttce

agcaagcgaa
tegttegett

ccggaattge
ggccttaacg

cgcaggggat
gcgtccccta

caagatctga
gttctagact

ggctattcgg
ccgataagcce

ctatgactgg
gatactgacc

cgacctgtce ggtgccctga
gctggacagg ccacgggact

actgaagcgg gaagggactg
tgacttcgce ctteccctgac

atgcaatgcg gcggctgeat
tacgttacgc cgccgacgta

tcttgtcgat caggatgatc
agaacagcta gtcctactag

ccoO-2

ccoP-2

ccoQ

acccctgttt
tggggacaaa

tttcgcgaca
aaagcgctgt

cgcaatacca
gcgttatggt

tcgacctgeg
agctggacge

cgctttctat
gcgaaagata

gaaaacgcaa

cttttgegtt

cagctgggge
gtcgaccceg

tcaagagaca
agttctctgt

gcacaacaga
cgtgttgtet

atgaactgca
tacttgacgt

gctgctattg
cgacgataac

acgcttgatc
tgcgaactag

tggacgaaga
acctgcttet

catcggccaa
gtagccggtt

ttgcgcaage
aacgcgtteg

cgcceccgceaa
gcggggegtt

gttggttcca
caaccaaggt

tagaaagaaa
atctttettt

gcgcaaagag

cgcgtttete

gcectetggt
cgggagacca

ggatgaggat
cctactccta

caatcggctg
gttagccgac

ggacgaggca
cctgcteegt

ggcgaagtge
ccgcttcacg

cggctacctg
gccgatggac

gcatcagggg
cgtagtccce

gcggtcaatt
cgccagttaa

agagccgcag
tcteggegte

tggcggettg
accgccgaac

aaggctggcc
ttccgaccgg

agatgcgect
tctacgcgga

ggcgctcage
ccgcgagteg

gctgacgaga
cgactgctct

aaaactgctc
ttttgacgag

aaagcaggta

tttcgtecat

aaggttggga
ttccaaccct

cgtttcgeat
gcaaagcgta
>>.

ctctgatgee
gagactacgg

gcgcggetat
cgcgecgata

cggggcagga
gcceegtect

cccattcgac
gggtaagctg

ctcgegecag
gagcgeggte

cgatgacctg
gctactggac

gagcagcgca
ctcgtegegt

atgggcgcat
tacccgcgta

atgcggecge
tacgccggeg

gtgggctggg
cacccgacce

catttcgttc
gtaaagcaag

tgtcctttgt
acaggaaaca

attacccgtg
taatgggcac

gcttgcagtg
cgaacgtcac

agccctgcaa
tcgggacgtt

gattgaacaa
ctaacttgtt

gcegtgttee
cggcacaagg

cgtggctgge
gcaccgaccyg

tctectgtcea
agaggacagt

caccaagcga
gtggttcget

ccgaactgtt
ggcttgacaa
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1301

171

1401

205

1501

238

1601

1701

1801

1901

2001

2101

2201

37

2301

70

2401

104

2501

137

2601

170

2701

204

2801

237

2901

270

3001

304

cgccaggcte
gcggtecgag

ggattcatcg
cctaagtage

accgcttect
tggcgaagga

gaaatgaccg
ctttactggce

agcctgtege
tcggacageg

actctgcgac
tgagacgctg

cataaggcgce
gtattccgeg

cagcccggge
gtcgggeceg

gcaatcagtg
cgttagtcac

ccgegeaatt
ggcgegttaa

tggttgcgea
accaacgcgt

caggctgtga
gtccgacact

tggtctgggt
accagaccca

ggtgacggcg
ccactgccge

tggtggtacg
accaccatgce

cctatcgect
ggatagcgga

aaggcgcgcea
ttcecgegegt

tgccecgacgg
acgggctgee

actgtggccg gectgggtgtg
tgacaccggc cgacccacac

cgtgctttac ggtatcgecg
gcacgaaatg ccatagcgge

accaagcgac gcccaacctg
tggttcegetg cgggttggac

aaaaaccgga acaactcgcet
tttttggect tgttgagega

tatctgtcge atcgcaaact
atagacagcg tagcgtttga

aatcgtaatt
ttagcattaa

tcctacgeac
aggatgcgtg

gcggtttgea
cgccaaacgt

ttgccccect
aacgggggga

agactgctta
tctgacgaat

taactataag
attgatattc

ggtgtggecce tcgctcaatt
ccacaccggg agcgagttaa

ctgtttgcca
gacaaacggt

cgtcctacta
gcaggatgat

tcgtgettge ggtcatcacg
agcacgaacg ccagtagtgc

gtcgtatatc geegtgttet
cagcatatag cggcacaaga

atgctgcaca
tacgacgtgt

tcgttaacaa
agcaattgtt

gccacaacgc cgtgggcette
cggtgttgcg gcacccgaag

gtcgatcgte cacttctggg
cagctagcag gtgaagaccc

cgaggatctce
gctcctagag

gcggaccgcet
cgcectggega

ctcecegatte
gagggctaag

ccatcacgag
ggtagtgcte

aaccagtgag
ttggtcactc

gaccaacgtc
ctggttgcag

cggcgtggtg
gccgcaccac

gctttcteca
cgaaagaggt

gtggttcgee
caccaagcgg

tggacctgcee
acctggacgg

cgtggttcag
gcaccaagtc

cttccgatgg
gaaggctacc

tcggecaccat
agccgtggta

cctggaaatt
ggacctttaa

ttcctgacca
aaggactggt

cactgatcac
gtgactagtg

gtcgtgacce atggegatge
cagcactggg taccgctacg

atcaggacat agcgttggcet
tagtcctgta tcgcaaccga

gcagcgcatc
cgtcgegtag

gccttetate
cggaagatag

atttcgattc
taaagctaag

caccgccgece
gtggcggegg

ccccaaaagg
ggggttttce

gcggtacact
cgccatgtga

cttcccecte
gaagggggag

cgcgctagea
gcgcgategt

cgatacctcce
gctatggagg

ctgcacagca
gacgtgtegt

tacttgcege
atgaacggcg

cgtttttgee
gcaaaaacgg

aattcgccat catgacggtg
ttaagcggta gtactgccac

gtggacgagc ttcggccgte
cacctgctcg aagccggcag

cgcacctgce aggcccgtcet
gcgtggacgg tccgggcaga

gctacaccag ctccaaggag
cgatgtggtc gaggttccte

catgaagcgc aaggccaagce
gtacttcgcg ttccggtteg

ccggtcagee tgttcaagte
ggccagtcgg acaagttcag

ccggettect cggcatgatg
ggccgaagga gccgtactac

cctctatatc tgggccggee
ggagatatag acccggcecgg

ctgcttgeeg
gacgaacggc

acccgtgata
tgggcactat

gcecttettga
cggaagaact

ttctatgaaa
aagatacttt

cgtaccgece
gcatggcggg

cttctaagct
gaagattcga

cacggaaaac
gtgccttttg

ttcgaaaatg
aagcttttac

gtgtggggaa
cacacccctt

tgcgeccatt
acgcgggtaa

gttctccgac
caagaggctg

tatgcggaac
atacgccttg

acatctatgt
tgtagataca

ctactcgatc
gatgagctag

tactacttcg
atgatgaagc

cgcaccacct
gcgtggtgga

aatatcatgg
ttatagtacc

ttgctgaaga
aacgacttct

cgagttctte
gctcaagaag

ggttgggctt
ccaacccgaa

ttctegectt
aagagcggaa

gtgcttccga
cacgaaggct

gctttaaatc
cgaaatttag

ctattagcgt
gataatcgca

tcattgggat
agtaacccta

gcacaccaat
cgtgtggtta

ggactcgegg
cctgagcgee

tggagtggce
acctcaccgg

aggtaactgg
tccattgacce

tacgcaggcg
atgcgtcege

tgcctaagca
acggattcgt

gcactacacc
cgtgatgtgg

tggaaaatgg
accttttacc

ccgcttttet
ggcgaaaaga

gcttggegge
cgaaccgccg

gaatgggctg
cttacccgac

tgagcgggac
actcgecectg

tctggggtte
agaccccaag

cgctegeege ctatgtttac
gcgagcggeg gatacaaatg
>>....ccoP-1...... >

L A A Y V Y

gtcceccagge
caggggtccg

aacttccget
ttgaaggcga

ttcgecatce
aagcggtagy

cgcctagaac
gcggatcttg

agggttttgg
tcccaaaacc

ccagcaaaga
ggtegtttet

ggaagccttg catgagcaca
ccttecggaac gtactcgtgt

gggcctgggt
cccggaccca

gttttcatcg
caaaagtagc

gcggtgatcet
cgccactaga

tegegttegg
agcgcaagcc

ccttcacctt
ggaagtggaa

ctggggttgg
gaccccaacc

gattgatatc
ctaactatag

ctgatcaccc
gactagtggg

ccttcatcct
ggaagtagga

ttctteggty
aagaagccac

ctaccgatgce
gatggctacg

gatggtgcaa
ctaccacgtt

ggccgagegt
ccggctegea

ccggtgtact
ggccacatga

gccctgecag
cgggacggtce

attgggcgca
taacccgegt

gagcctggge
ctcggacccg

accgatccga
tggctagget

atggtgatgt
taccactaca

cgatcatcct
gctagtagga

tcetgegett
aggacgcgaa

cctggtggta
ggaccaccat

gctggctceg
cgaccgaggc

tcgctggegt
agcgaccgca

agctggggcg gcatgatcaa
tcgacccege cgtactagtt

tctacggcat gtcgaccttc
agatgccgta cagctggaag

cggcatgatg
gcecgtactac

gaaggtccga
cttccaggcet

accctgtegg
tgggacagcce

tgatggcgat
actaccgcta

gtgcctggea
cacggaccgt

taagctgcge
attcgacgeg

caagaccgtc
gttctggecag

aacgcactgt
ttgcgtgaca

183
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3101

337

3201

370

3301

404

3401

437

3501

470

3601

24

3701

57

3801

91

3901

124

4001

157

4101

191

4201

4301

52

4401

23

4501

56

4601

89

184

cccactacac
gggtgatgtg

gttcgggege
caagcccgeg

ggcatcaccce
ccgtagtggg

tcegegeagt
aggcgcgtca

tgccgegeag
acggcgegte

tcggeggtet
agccgccaga

ggatctgtac
cctagacatg

gaaagcgtct
ctttcgcaga

acctgtacaa
tggacatgtt

gtcggetetg
cagccgagac

tacctgcaag
atggacgttc

tcatcggegt
agtagccgea

gcgtgaagaa
cgcacttctt

ctgctactgg
gacgatgacc

gctggtggtt
cgaccaccaa

cgaaggtggce
gcttccaccg

cgactggact
gctgacctga

atcggccacg
tagceggtge

gagcagatgc
ctcgtctacg

acagcgtcgg
tgtcgcagee

aaggcctgat
ttccggacta

gtggcgcegeg
caccgcgcege

cggcggcgcyg
gcecgecgege

ttcttecteg
aagaaggagc

atcgcttgag
tagcgaactc

gaacggatag
cttgcctate

gacccagatc
ctgggtctag

gtccegetgt
cagggcgaca

atccgegagg
taggcgctee

gctgegttgg
cgacgcaacc

acgaccatcc
tgctggtagg

gttcctgtgg
caaggacacc

cccgegeaac
gggcgegttg

gtagttcctg
catcaaggac

cgcatgcettg
gcgtacgaac

gcgttcegta
cgcaaggcat

tgctecggeac tgctctaacc
acgagccgtg acgagattgg

agtgctctgg
tcacgagacc

gcctacagea
cggatgtcgt

gaagcttcca
cttcgaaggt

ggagtaagaa
cctcattett

caacgcgcaa
gttgcgegtt

gggacaacgc
ccctgttgeg

catgctgtte
gtacgacaag

gtgggtaccg
cacccatgge

tggacccagg
acctgggtce

tcaaggaatg
agttccttac

tacacgccgg
atgtgcggee

cctgatcaat
ggactagtta

atcaacgaag
tagttgctte

ctggcatgct
gaccgtacga

atgaagaacc
tacttcttgg

tctttcagga
agaaagtcct

ctgccacteg
gacggtgage

ggctccaage
ccgaggtteg

agtcgaagat
tcagcttcta

caccgaagaa
gtggcttett

aacaaacggt
ttgtttgcca

gcaaacgcaa
cgtttgegtt

ataaatgacc
tatttactgg

cccgacagca
gggctgtegt

tgatctttge
actagaaacg

gcagcgtgag
cgtcgecacte

agcccteggt tgggtagega
tcgggageca acccatcget

gcgcacttct ggectggecac
cgcgtgaaga ccgaccggtg

acggcaccct gacctactcce
tgccgtggga ctggatgagg

gttgatggca tacaacacct
caactaccgt atgttgtgga

acgaaatact cgaaaagaac
tgctttatga gettttottg

cgcagtgaac gagccggttg
gcgtcacttg ctcggccaac

cagatgatcc gccecctteeg
gtctactagg cggggaaggc

gtaccggacc ggatctggec
catggcctgg cctagaccgg

gcegtectat ccgtggetgg
cggcaggata ggcaccgacc

gacatcgccg gcgcccgtga
ctgtagcgge cgcgggeact

aacgcatgat ggaaatcggt
ttgcgtacta cctttagcca
>>

gcaaagcttc gacgaagcag
cgtttcgaag ctgcttegte

tcgttttgga gttggtacgt
agcaaaacct caaccatgca

ccgaagaaac cgtcgggcat
ggcttectttg gcageccegta

tcttggatac ctggtgctgt
agaacctatg gaccacgaca

atggacaagg ccaatgagca

tacctgttcc ggttactcgt
ccoP-2
M D K A N E

tgatcactat
actagtgata

catcggcacc
gtagcegtgg

ttcgtcgaag
aagcagcttce

ggcgcaccgt
ccgegtggea

attggtctge
taaccagacg

aaggcatgaa
ttcegtactt

cgctgagacc
gcgactctgg

cgtgtcggeg
gcacagccge

tcgagaacac
agctcttgtg

tgcegteegt
acggcaggca

actcttcgeg
tgagaagcgce

ccaacctgce
ggttggacgg

caccctgcetg
gtgggacgac

tcctatgacg
aggatactgc

atcccggect
tagggccgga

atacggcceg
tatgccggge

cggctcgatg
gccgagctac

gtgctttaca
cacgaaatgt

cgctggaage
gcgacctteg

acgggccgece
tgcceggegg

tgaccctgtt
actgggacaa

gccttacacc
cggaatgtgg

gagcgctacyg
ctcgegatge

gcecgetacte
cggcgatgag

cctecgacgge
ggagctgceg

ggcaagaccyg
cegttetgge

gcctgggeac
cggaccecgtg

cttcgcagac
gaagcgtctg

agcctgggea
tcggaccegt

gcatcgagga
cgtagctect

aggcaactgg
tccgttgace

ctgtatgcca
gacatacggt

taccacctga
atggtggact

tcgectegat
agcggagcta

cagtcatccc
gtcagtaggg

aagtcagccc
ttcagtcggg

catgatcctg
gtactaggac

gcgctgeage
cgcgacgteg

gccactactc
cggtgatgag

cgatgactgg
gctactgacc

aaggacactg
ttcctgtgac

agatggatgc
tctacctacg

aattctggta
ttaagaccat

gacgagaccyg
ctgctctgge

caattgccge
gttaacggcg

gtacgacaac
catgctgttg

aagggcattc
ttccegtaag

agtacgctge
tcatgcgacg

ttccgaaagt
aaggctttca

gtgggtcaac
cacccagttg

ggcttcatcg
ccgaagtage

agtacgacac
tcatgctgtg

gcagtgagca
cgtcactcgt

tcgaaggtcg
agcttccage

cgtggeeggt
gcaccggcca

caccgtgcge
gtggcacgceg

ccaagaagat
ggttcttcta

catggtggce
gtaccaccgg

gtegtegect
cagcagcgga

acgccaagaa
tgcggttett

gctggtatgg
cgaccatacc

ccgctaccge
ggcgatggeg

tgcceggtta
acgggccaat

catgccggta
gtacggccat
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4701

-
N}
w

4801

156

4901

189

5001

N}
N
w

5101

101

201

301

401

501

801

96

gaagaggtty
cttctccaac

gcttcccgaa
cgaagggctt

gaaagacgtg
ctttctgcac

cagggtcaaa
gtcccagttt

ggctgtatgg
ccgacatacc

tcacctgetg
agtggacgac

ccaaggatcc
ggttcctagg

tctgaccgac
agactggctg

atcggcgaag
tagcegette

aaatcttcge
tttagaagcg

.................................. Lo N

ttcgagette
aagctcgaag

gcggectacg
cgceggatge

gcaagccctg
cgttcgggac

gacgactggc
ctgctgaccg

aaggcatccg
ttccgtagge

ggccaactgt
ccggttgaca

A A N C

gctcagattc
cgagtctaag

tctacagect
agatgtcgga

aagatgggty
ttctacccac

tgtggggcgg
acacccegece

caacgtagct
gttgcatcga

gtagtctgee
catcagacgg

v v C

agcaaaccct
tcgtttggga

gtcgcagcaa
cagcgtegtt

gacgtctgtt cgcatccaac
ctgcagacaa gcgtaggttg

G R L F A S N

cgagcctgaa accatcaaga
gctcggactt tggtagttcet

ggctatgttc gcagecctgte
ccgatacaag cgtcggacag

G Y V R s L

atggaccgga agccaagggc
tacctggcct tcggttccceg

H G P E A K G

gcgctacggt cgcaatggec
cgcgatgcca gegttaccgg

ccggagcagt gattgctcga
ggcctegteca ctaacgaget

D CCOP=2. ittt et >>

cgggcgtace
gcccgeatgg

attcgcagcet
taagcgtcga

ggacagaaaa
cctgtetttt

ttgatcctgg
aactaggacc

P E Q -

ttggcacgta tcggccgggg
aaccgtgcat agccggcccc

tgcteggtcet
acgagccaga

ccaccatecct
ggtggtagga

cggacgtgat
gcctgcacta

gttacagcca
caatgtcggt

gcatgcctge
cgtacggacg

ggtcgggggt
ccagcececa

cacccacctt
gtgggtggaa

K. The Nucleotide sequences of ACbb;-2

cgaggcttgt
gctccgaaca

ccatcgactt
ggtagctgaa

cggcegetta
gccggcgaat

atgaacggac
tacttgcctg

cactttgtgt
gtgaaacaca

gatggaagcc
ctaccttcgg

tggggctegg
accccgagcec

cgcggtgatt
gcgccactaa

gcgttcacct
cgcaagtgga

Cbbs-1

gccatggcete
cggtaccgag

gcacggccge
cgtgcecggeg

accccagagg
tggggtctce

tgggcgegee
acccgegegg

tcaggaagcg
agtccttege

gacgtcctgt
ctgcaggaca

ccgeegtggt
ggcggcacca

ACbbs-2 — Y - —

ccoN-1  ccoO-1  ccoP-1

cctgettgee
ggacgaacgg

gcecgecaacy
cggcggttge

cggcctteeg
gccggaagge

tgtccattgg
acaggtaacc

gtattgatcc
cataactagg

catacatgaa
gtatgtactt

cgttttcatce
gcaaaagtag

ttcgectttg
aagcggaaac

tctggggtty
agaccccaac

agcaggatgg
tcgtectace

gccaaaagcc
cggttttcegg

tacgacgcge
atgctgcgeg

cgcacccgca
gcgtgggegt

gtgtcaatac
cacagttatg

cacagcaacc
gtgtcgttgg

gcagcacaat
cgtcgtgtta

gcggetgtge
cgccgacacg

gcagttggte
cgtcaaccag

aacggatagc
ttgcctateg

ctgtggcctg
gacaccggac

agccatgtag
tcggtacatc

ccatgggcca
ggtacccggt

cggcagattg
gcecgtctaac

agtaccgect
tcatggcgga

tggcectggee
accggaccgg

actgttcgca
tgacaagcgt

atcctgcteg
taggacgagc

ccaggcagac cagcgcatcce
ggtcegtetg gtcgegtagg

ctgtcgcace agagcatgga
gacagcgtgg tctcgtacct

gagaactcga agcgacacac
ctcttgaget tcgetgtgtg

ggatcaggct ggcccaggta
cctagtccga ccgggtecat

ccctttecce atccttgect
gggaaagggg taggaacgga

acagttacaa ggtggtccge
tgtcaatgtt ccaccaggcg

atttctgaac ttcgacctcc
taaagacttg aagctggagg

acgtcctact actcggttca
tgcaggatga tgagccaagt

T S Y Y s V

ccgcaatatc cctgccgetg
ggcgttatag ggacggcgac

KanR

acccctgttt
tggggacaaa

tttcgcgaca
aaagcgctgt

cgcaatacca
gcgttatggt

tcgacctgeg
agctggacge

cgctttctat
gcgaaagata

caattcgcca
gttaagcggt

cgtggaccag
gcacctggtc

gcgcacctge
cgcgtggacg

ggtttcacca
ccaaagtggt

catcggccaa
gtagccggtt

ttgcgcaage
aacgcgtteg

cgccecgeaa
gcggggegtt

gttggttcca
caaccaaggt

tagaaagaaa
atctttettt

tcatgacggt
agtactgcca

tttcggtcga
aaagccagct

cagaccaccc
gtctggtggg

gctccaagga
cgaggttcct

tgatgccaaa
actacggttt

caggccgtga
gtccggeact

gtattagcgt
cataatcgca

gaacctgacc
cttggactgg

atccttggta
taggaaccat

cgcacccgac
gcgtgggetg

acgcactcga
tgcgtgaget

aaggctggcee
ttccgaccgg

agatgcgect
tctacgcgga

ggcgctcage
ccgcgagteg

gctgacgaga
cgactgctct

aaaactgctc
ttttgacgag

ggtgtgggga
ccacaccect

ctacgtccat
gatgcaggta

tgttcgegee
acaagcgcgg

gtatgcggaa
catacgcctt

ggcgectatg
ccgeggatac

.................................................. LT

tgcctggetg
acggaccgac

.................................................. LT o

cgacattgag
gctgtaactc

.................................................. LT

gacaatgtct
ctgttacaga

atgacaaggt
tactgttcca

ctcaaaactc
gagttttgag

tgact
actga

atgcggecge
tacgccggeg

gtgggctggg
cacccgacce

catttcgttc
gtaaagcaag

tgtcctttgt
acaggaaaca

attacccgtg
taatgggcac

atcgtcggga
tagcagccct

tgcacaccaa
acgtgtggtt

.................................................. LT

gaagctggce
cttcgaccgg

.................................................. LT

ctggagtgge
gacctcaccy
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901

129

1001

162

1101

196

1201

229

1301

262

1401

1501

329

1601

362

1701

396

1801

429

1901

462

2001

2101

50

2201

83

2301

116

2401

150
2501

183

186

cgatcgacat
gctagctgta

gttctteggt
caagaagcca

gcgaccgatg
cgctggctac

aggccgageg
tceggetege

cgcgetgeca
gcgcgacggt

ggtgecctgge
ccacggaccg

tcaagaccgt
agttctggca

gtatcacctg
catagtggac

atcgcttcga
tagcgaagct

ccagccacce
ggtcggtggg

caagccecgece
gttcgggegg

gttcatgatc
caagtactag

accgegetge
tggcgegacyg

acggccacta
tgccggtgat

ctcegatgac
gaggctactg

ggcaaggaca
cegttectgt

ccgagatgga
ggctctacct

cctgatcacc
ggactagtgg

atcgtctggg
tagcagaccc

gccttecatce
cggaagtagg

tgaccgtgge
actggcaccg

cgatggtgca
gctaccacgt

atggtggtac
taccaccatg

cccggtgtat
gggccacata

tcgtatcgee
agcatagcgg

gattgggcac
ctaacccgtg

agagcctggy
tcteggacce

acaaactgcg
tgtttgacge

tagcgacccg
atcgetggge

tcccactaca
agggtgatgt

caacgccctg
gttgcgggac

gtcccgaaag
cagggcttte

tgttcggeeg
acaagccgge

tgtgggtcaa
acacccagtt

cggtatcgeg
gccatagege

cggcttegta
gccgaageat

gtgcgaatga
cacgcttact

gagtacgacg ctgccgcgea
ctcatgctge gacggcgegt

ctggcggtaa
gaccgccatt

gcatcggegg
cgtagcecgee

agctcgaagg
tcgagcttee

ccgggacctg
ggccctggac

ctcegtggece
gaggcaccgg

ggtgaaagcg
ccactttcge

tggcaccgtg
accgtggcac

cgcacctgta
gcgtggacat

ctgccaagaa
gacggttett

gatgtcgget
ctacagccga

tgcgatggtg
acgctaccac

gcttacctge
cgaatggacg

tggcctatge
accggatacg

gatcctgeat
ctaggacgta

ggccacaacyg
ccggtgttge

tgtcgategt
acagctagca

catggtgatg
gtaccactac

atcctgeget
taggacgcga

ccgactggac
ggctgacctg

cgagcagatg
gctcgtctac

cagggcctga
gtcceggact

tcggtggtge
agccaccacg

gatcgcctga
ctagcggact

tctgacccag
agactgggtc

tacatccgeg
atgtaggcge

tctacgacca
agatgctggt

caacccgcge
gttgggcgeg

ctgcgeatge
gacgcgtacg

aggtactcgg
tccatgagee

ggtcgtcttt ttcgggacge
ccagcagaaa aagccctgeg

gtcgtcaaca acctggaaat
cagcagttgt tggaccttta

ccgtgggett cttectcacce
ggcacccgaa gaaggagtgg

tcacttctgg gcactgatca
agtgaagacc cgtgactagt

tcgectgatte tgctggetee
agcgactaag acgaccgagg

tcetggtggt ttegetggeg
aggaccacca aagcgaccgc

catcggccac gtacacgctg
gtagcecggtg catgtgcgac

cacagtatcg gtctgatcaa
gtgtcatagc cagactagtt

tgtggcgtge aatcaacgac
acaccgcacg ttagttgctg

gatcttcttc gceggcatge
ctagaagaag cggccgtacg

ggagcctagg taaatgaaat
cctcggatce atttacttta

atcgtccege tgttctteca
tagcagggcg acaagaaggt

agggctgegt tggctgecac
tcccgacgeca accgacggtg

tcegttectg tggggcteca
aggcaaggac accccgaggt

aacgtagttc ctgagtcgaa
ttgcatcaag gactcagctt

ttggcgttee ttacaccgaa
aaccgcaagg aatgtggett

L G V P Y T E
cacagctctg accaataagc
gtgtcgagac tggttattcg

tggctaagceg
accgattcge

cccggttace
gggccaatgg

gceggettee
cggccgaagg

ccgtctacat
ggcagatgta

gagctgggge
ctcgacceeg

ttctacggca
aagatgccgt

gcgcectegg
cgcgggagece

cacccactte
gtgggtgaag

gacggcacgc
ctgcegtgeg

tggtgatgge
accactaccg

cgcacgagaa
gcgtgctett

ggactccgte
cctgaggcag

tcgcagatga
agcgtctact

agcgtaccgg
tegeatggee

gatgcegtee
ctacggcagg

gaggacatcg
ctcctgtage

gctgagtegt
cgactcagca

caaggtcaag
gttccagtte

gcgatgaagt
cgctacttca

tcgggatcat
agccctagta

ctgggcecgge
gacccggeeg

ggcatgatca
ccgtactagt

tgtcgacctt
acagctggaa

ctgggttgca
gacccaacgt

tggctagcca
accgatcggt

tgacctattc
actggataag

ctacaacacc
gatgttgtgg

actagaaaag
tgatcttttc

aacgagccgg
ttgctecggee

teccgecectt
aggcggggaa

accggatctg
tggcctagac

tatccgtgge
ataggcaccg

ccggegeteg
ggcegegage

actgaccaag
tgactggtte

cacatctacg
gtgtagatgc

cctattcget
ggataagcga

gtactacttc
catgatgaag

ccgcaccace
ggcgtggtgg

acggcatgat
tgccgtacta

cgaaggtccg
gcttccagge

atggtctcca
taccagaggt

ccatcggcac
ggtagccgtg

cttcgtcgaa
gaagcagctt

tggcgcaccg
accgegtgge

aacgtaggtc
ttgcatccag

ttgaaggcat
aacttccgta

ccgegetgag
ggcgegacte

gccegtgteg
cgggcacagce

tggtcgagaa
accagctett

ggactccgte
cctgaggcag

aaaaaatgac
ttttttactg

tcggtaactg
agccattgac

gtatgccggt
catacggcca

gtgcctaage
cacggattcg

tgcactacac
acgtgatgtg

gacgctgteg
ctgcgacagce

atgatggcga
tactaccgct

tcggegeget
agccgegega

cgtgctctac
gcacgagatg

tcgctggaag
agcgaccttc

tgcaggctge
acgtccgacg

tgttgaccct
acaactggga

gaagccttac
cttcggaatg

accgagcgcet
tggctcgega

gcggeegeta
cgceggegat

caccctcgac
gtgggagctg

aacggcaaaa
ttgcegtttt

cggctggcaa
gccgaccegtt
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2601

2701

13

2801

46

2901

80

3001

113

3101

146

3201

3301

213

3401

246

3501

280

3601

3701

3801

3901

4001

17

4101

4201

4301

4401

28

atcagccgte
tagtcggcag

cgctgggcac
gcgaccegtg

catcgaggaa
gtagctcett

ggtaactgga
ccattgacct

ttttecgccaa
aaaagcggtt

ccacggttcc
ggtgccaagy

aacggacgta
ttgcctgeat

cgctgcegga
gcgacggect

gctgggtgeg
cgacccacgce

cctgcteage
ggacgagtcg

ccccaaaagg
ggggttttce

cttccceccte
gaagggggag

cgatacctcc
gctatggagg

tacttgcege
atgaacggcg

aattcgccat
ttaagcggta

agggacttca
tcectgaagt

atcgcggaca
tagcgectgt

catcgteget
gtagcagcga

ctgttctggt
gacaagacca

tacgacaacc
atgctgttgg

cgctgeegeg
gcgacggcge

agggcgttet
tcececgecaaga

gccaggctac
cggtccgatg

gtacgctgee
catgcgacgg

atgtcagtgg
tacagtcacc

gatgccaagg
ctacggttcce

gttcgetagg
caagcgatcce

tcgcagcaat
agcgtcgtta

gccggectgg
cggccggace

aggcaccgat
tcegtggeta

gccgacctea
cggctggagt

cctaagctca
ggattcgagt

acagcgccge
tgtcgeggeg

agcaatatct
tcgttataga

gggcgacgac
ccecgetgetg

gcggtacact
cgccatgtga

cgtaccgcece
gcatggcggg

cgcgctagea
gcgcgategt

cttctaagct
gaagattcga

ctgcacagca
gacgtgtegt

cacggaaaac
gtgccttttg

cgtttttgee
gcaaaaacgg

ttcgaaaatg
aagcttttac

catgacggtg
gtactgccac

gtgtggggaa
cacacccctt

gccagagttg
cggtctcaac

tgatcttege
actagaagcg

ctggtggtte
gaccaccaag

gagggtggcet
ctcccaccga

aagaagtggc
ttcttecaccg

tttcccgaac
aaagggcttg

ggccaagcca
ccggtteggt

gcgcaggcaa
cgcgteegtt

cggctggatce
gccgacctag

aaggttcacc
ttccaagtgg

ttctegeott
aagagcggaa

gtgcttcega
cacgaaggct

gctttaaatc
cgaaatttag

ctattagcgt
gataatcgca

tcattgggat
agtaacccta

ctcgggetgt ccaggagtag
gagcccgaca ggtcctcatce

cacccgcaag ggcgaatccg
gtgggegttce ccgettagge

ctgctcttca ttggcaccct
gacgagaagt aaccgtggga

ggactcaaga gaagcagtgg
cctgagttct cttegtcacce

acaggacccg caagccgtga
tgtcctggge gttcggeact

ctcgecgace aagactggeg
gagcggcetgg ttcectgaccge

tcggcgaaga aggcgtgaag
agccgettet tccgeactte

gaacgtctac gcacagacct
cttgcagatg cgtgtctgga

tatggctcga gcctcggeca
ataccgagct cggagccggt

tgctecgeege ctatgtttac
acgagcggcg gatacaaatg

gtcceccagge
caggggtccg

aacttccget
ttgaaggcga

ttegecatee
aagcggtagg

cgcctagaac
gcggatcttg

agggttttgg
tcccaaaacc

ccagcaaaga
ggtegtttet

ggaagccttg
cctteggaac

catgagcaca
gtactcgtgt

gggcctgtge
cccggacacg

cacctgggat
gtggacccta

cacatgagca
gtgtactegt

ccggcactac
ggccgtgatg

ggtgttcgge
ccacaagccg

gaacgcgaag
cttgcgette

aaatgggcgc
tttaccecgeg

ctggggtggt
gaccccacca

aacgtcgcag
ttgcagcgte

gcgecgtetg
cgcggcagac

actgcaacag
tgacgttgte

agcctgtege
tcggacageg

actctgcgac
tgagacgctg

cataaggcgce
gtattccgeg

cagccecggge
gtcgggeccg

gcaatcagtg
cgttagtcac

gaatgtcagc
cttacagtcg

ctttctggag tggatacatc
gaaagacctc acctatgtag

ggatcaaacg
cctagtttge

atgggacatg
taccctgtac

atcctgtact
taggacatga

tggtgctcta
accacgagat

ttgctcagge
aacgagtccg

cgatgaaaag
gctactttte

tegeetgtte
agcggacaag

gccaactact
cggttgatga

gatgccgett
ctacggcgaa

cgatcaaaac
gctagttttg

cgttegteeg
gcaagcaggc

caaggacctc
gttcctggag

ccacggtcag
ggtgccagte

ggtggcgaag
ccaccgctte

accattcgee
tggtaagcgg

atggtcgcaa
taccagcgtt

aaaaaccgga
tttttggect

acaactcgcet
tgttgagcga

tatctgtcge
atagacagcg

atcgcaaact
tagcgtttga

aatcgtaatt
ttagcattaa

tcctacgeac
aggatgcgtg

gcggtttgea
cgccaaacgt

ttgccccect
aacgggggga

agactgctta
tctgacgaat

taactataag
attgatattc

tactgggcta
atgacccgat

tctggacaag
agacctgttc

gcectgetga
cgggacgact

ccttegatgg
ggaagctacc

ccceggectg
ggggccggac

tacggtccga
atgccaggcet

gctccatctg
cgaggtagac

cagcatcctce
gtcgtaggag

gcgggettge
cgcccgaacyg

gtatggccge
cataccggcg

tggccagatg
accggtctac

aaccagtgag
ttggtcactc

gaccaacgtc
ctggttgcag

cggcgtggtg
gcecgcaccac

gctttcteca
cgaaagaggt

gtggttcgee
caccaagcgg

ggaaaacgca
ccttttgegt

agcgcaaaga
tegegtttet

gaaagcaggt
ctttcgtcca

agcttgcagt
tcgaacgtca

gggcttacat
cccgaatgta

ggcgataget
ccgctatcga

cgcectetgg
gcgggagacce

taaggttggy
attccaaccc

aagccctgca aagtaaactg
ttcgggacgt ttcatttgac

gatggcttte
ctaccgaaag

aggatgagga
tcctactcecet

tcgtttcgea tgattgaaca
agcaaagcgt actaacttgt

agatggattg
tctacctaac

cacgcaggtt
gtgcgtccaa
M I E Q
gctctgatge cgecegtgtte cggctgtcag
cgagactacg gcggcacaag gccgacagtce

acaatcggct
tgttagccga

cgcaggggcyg
gcgtcceege

agactgggcy
tctgaccege

gttttatgga
caaaatacct

cagcaagcga
gtegtteget

accggaattg ccagctgggg
tggccttaac ggtcgaccce

ttgccgecaa
aacggcggtt

ggatctgatg
cctagactac

gcgcagggga
cgcgtecect

tcaagatctg atcaagagac
agttctagac tagttctctg

ctceggecge
gaggccggceyg

ttgggtggag
aacccacctc

aggctattcg
tccgataage

gctatgactg
cgatactgac

ggcacaacag
ccgtgttgte

F G Y D
ccgacctgte cggtgcectg
ggctggacag gccacgggac

W A Q0 Q
aatgaactgc
ttacttgacg

cccggttett
gggccaagaa

tttgtcaaga
aaacagttct

187
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4501

61

4601

94

4701

128

4801

161

4901

194

5001

228

5101

261

5201

5301

30

5401

63

5501

96

5601

5701

188

aggacgaggc
tcetgeteeg

gggcgaagtg
cccgetteac

ccggctacct
ggccgatgga

agcatcaggg
tcgtagtcce

gaatatcatg
cttatagtac

attgctgaag
taacgacttc

acgagttctt
tgctcaagaa

aggttgggcet
tccaacccga

cagagggtat
gtctecccata

cgcgecgaac
gcgcggettg

gaagcgatce
cttecgctagg

tcetgtegea
aggacagcgt

cgtggtacge
gcaccatgcg

agcgeggceta
tcgcgecgat

tcgtggetgg
agcaccgacc

ccggggcagg
ggcceegtee

atctcctgte
tagaggacag

gcccattega
cgggtaagct

ccaccaagcg
ggtggttege

gctcgegeca
cgagcgeggt

gccgaactgt
cggcttgaca

gtggaaaatg
caccttttac

gcegetttte
cggcgaaaag

agcttggegg
tcgaaccgee

cgaatgggct
gcttacccga

ctgagcggga
gactcgccct

ctctggggtt
gagaccccaa

tcgtgatgee
agcactacgg

tggctggaaa
accgaccttt

tagcgtcgac
atcgcagctg

attgagcagg
taactcgtce

ctgaccgaca
gactggctgt

atgtctgget
tacagaccga

ttggtaatga
aaccattact

caaggttcac
gttccaagtg

cccgacctca
gggctggagt

aaactccggg
tttgaggcce

actcgatgac t
tgagctactg a

ccacgacggg cgttccttge
ggtgctgece gcaaggaacg

atctcacctt gctcctgeeg
tagagtggaa cgaggacggc

aaacatcgca tcgagcgage
tttgtagegt agctcgeteg

tcgccagget caaggcgege
agcggtcecga gttccgegeg

tggattcatc gactgtggcc
acctaagtag ctgacaccgg

gaccgcttee tegtgettta
ctggcgaagg agcacgaaat

cgaaatgacc gaccaagcga
gctttactgg ctggttcget

gacgtgatcg gcgaagaagg
ctgcactagc cgcttcttce

gtcaaaaaat cttcgcggec
cagtttttta gaagcgccgg

gtatggttcg agcttcgete
cataccaagc tcgaagcgag

ctgctggegg cctacgtcta
gacgaccgcc ggatgcagat

cgtaccattc gcagctggac
gcatggtaag cgtcgacctg

gcagctgtge
cgtcgacacg

agaaagtatc
tctttcatag

acgtactcgg
tgcatgagce

atgcccgacyg
tacgggctge

ggctgggtgt
ccgacccaca

cggtatcgee
gccatagegg

cgcccaacct
gcgggttgga

catccgcaac
gtaggcgttg

aactgtgtag
ttgacacatc

agattcagca
tctaagtcegt

cagcctgteg
gtcggacage

agaaaattga
tcttttaact

tcgacgttgt
agctgcaaca

catcatggct
gtagtaccga

atggaagccg
taccttcgge

gcgaggatct
cgctcctaga

ggcggaccge
ccgeectggeg

gctccegatt
cgagggctaa

gccatcacga
cggtagtgct

gtagctggcet
catcgaccga

tctgccatgg
agacggtacc

aaccctgege
ttgggacgcg

cagcaaccgg
gtegttggee

tectggttgg
aggaccaacc

cactgaagcg
gtgacttcge

gatgcaatgc
ctacgttacg

gtcttgtcga
cagaacagct

cgtcgtgacce
gcagcactgg

tatcaggaca
atagtcctgt

cgcagcgeat
gcgtcegegta

gatttcgatt
ctaaagctaa

atgttcgcag
tacaagcgtce

accggaagcc
tggccttegg

tacggtcgca
atgccagegt

agcagtgatt
tcgtcactaa

cacgtatcgg
gtgcatagce

ggaagggact
ccttcectga

ggcggetgea
ccgccgacgt

tcaggatgat
agtcctacta

catggcgatg
gtaccgctac

tagcgttgge
atcgcaaccyg

cgccttcetat
gcggaagata

ccaccgccge
ggtggcggeg

cctgtccgga
ggacaggcct

aagggcgtta
ttccegeaat

atggccgeat
taccggcgta

gctcgaggte
cgagctccag

ccggggeace
ggcccegtygg

ggctgctatt
ccgacgataa

tacgcttgat
atgcgaacta

ctggacgaag
gacctgctte

cctgettgee
ggacgaacgg

tacccgtgat
atgggcacta

cgccttettg
gcggaagaac

cttctatgaa
gaagatactt

cgtgataccce
gcactatggg

cagccatggg
gtcggtacce

gcctgetcag
cggacgagtce

gggggtgacyg
ccceccactge

caccttccge
gtggaaggcyg



