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Zusammenfassung

Zusammenfassung

Der aromatische Ring ist nach dem Glykosylrest die hdufigste chemische Verbindung
in der Natur. In Béden und Sedimenten stellen sich, durch den Sauerstoffverbrauch aerober
Bakterien und Pilze, bereits nach kurzer Zeit anoxische Bedingungen ein. Daher kommt dem
anaeroben Abbau aromatischer Verbindungen eine wichtige Bedeutung zu. Innerhalb der
letzten zwei Dekaden wurde eine Vielzahl solcher anaeroben Abbauer aus kontaminierten und
unbelasteten Habitaten isoliert. Viele dieser Bakterien sind Denitrifizierer, die zum
Azoarcus/ Thauera-Cluster innerhalb der Betaproteobacteria gehoren.

Obwohl einige dieser anaeroben Vertreter zundchst der Azoarcus-Gruppe Pflanzen-
assoziierter Endophyten und Wurzeloberflaichen besiedelnder Bakterien zugeordnet wurden,
bilden sie eine distinkte Gruppe innerhalb des Clusters. Phylogenetisch signifikante
Unterschiede, auch auf 16S rRNA-Sequenz-Ebene, machten die Beschreibung der neuen
Gattung "Aromatoleum" notwendig. Im Rahmen dieser taxonomischen Neuordnung sollten
sieben phylogenetisch bislang nicht eingeordnete Isolate erstmals beschrieben und Azoarcus
evansii KB740, Azoarcus toluvorans Td-21, Azoarcus tolulyticus Tol-4 und Azoarcus
toluclasticus MF63 in die neue Gattung iiberfilhrt werden. Klassische physiologische
Experimente konnten belegen, dass die anaerobe Verwertung aromatischer Verbindungen
eine spezielle Eigenschaft der Gattung "Aromatoleum" darstellt. Hingegen konnen nur wenige
"Aromatoleum" spp. elementaren Stickstoff fixieren, eine Eigenschaft, die fiir Azoarcus spp.
charakteristisch ist. "Aromatoleum aromaticum" Stamm EbN1 ist ein metabolisch vielseitiger
"Aromatoleum" Vertreter, der eine Vielzahl aromatischer Verbindungen unter oxischen und
anoxischen Verbindungen abzubauen vermag. Zudem ist er der erste Vertreter der
"Aromatoleum"/Azoarcus/ Thauera Gruppe dessen Genom sequenziert wurde.

Folgende Schwerpunkte wurden in der vorliegenden Arbeit gesetzt: (1) Die Substrat-
spezifische Regulation kataboler Wege in "A. aromaticum" Stamm EbN1 wurde mit einem
differentiell-proteomischen Ansatz untersucht. Inspiriert durch die regulatorischen Muster,
konnten (2) p-Ethylphenol und p-Hydroxyacetophenon als neue Substrate fiir anaerobes
Wachstum von Stamm EbN1 nachgewiesen werden. Physiologische und molekulare
Methoden ermdglichten die Aufkldarung des entsprechenden Abbauwegs, die Identifizierung
beteiligter Proteine sowie die Untersuchung ihrer Substrat-spezifischen Regulation. Da
Stamm EDbN1 bei der Verwertung aromatischer Substrate gleichzeitig deren toxischen
Eigenschaften ausgesetzt ist, wurde seine (3) LoOsungsmitteltoleranz erstmals auf
physiologischer/molekularer Ebene untersucht. Die Entwicklung (4) eines genetischen

Systems fiir Stamm EbN1 ermdglichte schlieBlich die Ubertragung extrachromosomaler DNA
1



Zusammenfassung

in Stamm EbN1, sowie die Generierung einer unmarkierten Deletions-Mutante und deren

Komplementation.

(1) Die physiologische Anpassung an bestimmte Wachstumsbedingungen spiegelt sich
in Verdanderungen der Proteinzusammensetzung einer Zelle wider. Mit Hilfe der Difference
gel electrophoresis (DIGE)-Technologie, konnten Anderungen der Protein-Zusammensetzung
in Stamm EbNI1 bei Kultivierung unter 22 verschiedenen Bedingungen quantitativ erfasst
werden. Die anschlieBende MALDI-TOF-MS Analyse ermoglichte es 354 unterschiedliche
Proteine auf den 2DE-Gelen zu identifizieren, von denen 199 signifikant verdnderte
Abundanzen aufwiesen. Anhand der identifizierten, Substrat-spezifisch gebildeten Proteine
konnten die meisten genomisch vorhergesagten Abbauwege von Stamm EbNI1 bestdtigt
werden. In drei Féllen war dies jedoch nicht mdglich. Allerdings konnten den entsprechenden
Abbauwegen auf der Basis spezifischer Regulationsmuster bislang nicht beachtete Proteine
zugeordnet werden. Fiir drei weitere Substrate konnten neue, bislang nicht vorhergesagte
Abbauwege vorgeschlagen werden. Die Detektion und Identifizierung von 107 Proteinen
unbekannter Funktion belegte erstmalig ihre tatsdchliche Synthese. Die spezifische Bildung
einiger dieser Proteine unter nur einer der untersuchten Wachstumsbedingungen legt einen
entsprechenden Funktionszusammenhang nahe. Insgesamt zeichnet sich fiir Stamm EbNI1 ein
fein abgestimmtes regulatorisches Netzwerk hinsichtlich Substrat-spezifischer Abbauwege ab.
Hierbei scheint den Redox-Bedingungen eine libergeordnete Rolle zuzukommen. Der globale
Vergleich aller identifizierten regulierten und nicht-regulierten Proteine erlaubte erste
Einblicke in die regulatorische Hierarchie spezieller Abbauwege im Vergleich zum
allgemeinen Stoffwechsel von Stamm EbNI1.

(2) p-Ethylphenol und p-Hydroxyacetophenon konnten als neue anaerobe
Wachstumssubstrate von Stamm EbN1 identifiziert werden. Die GC-MS-basierte
Identifizierung intermedidr gebildeter Metabolite (auch aus deuteriertem p-Ethylphenol)
erlaubte die Formulierung eines Abbauwegs, der Parallelen zum anaeroben Ethylbenzolabbau
aufweist: initiale Hydroxylierung von p-Ethylphenol zu 1-(4-Hydroxyphenyl)-ethanol mit
anschlieBender Dehydrogenierung zu p-Hydroxyacetophenon. Eine nachfolgende
Carboxylierung und thiolytische Spaltung fithren zur Bildung von p-Hydroxybenzoyl-CoA,
welches in den zentralen Benzoyl-CoA-Weg einflieBen kann. Mittels differentieller
Proteomanalyse konnten Proteine identifiziert werden, die sehr wahrscheinlich die
Einzelreaktionen = des  postulierten =~ Abbauwegs  katalysieren: ein  p-Cresol

Methylenhydroxylase-dhnliches Protein (PchCF), zwei vorhergesagte Dehydrogenasen
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(ChnA und EbA309), eine Biotin-abhdngige Carboxylase (XccAB) und eine Thiolase (TioL).
Diese Proteine sind in einer Operon-dhnlichen Struktur auf dem Chromosom von Stamm
EbN1 kodiert. Die Gene dieses potentiellen Operons werden koordiniert und spezifisch
exprimiert, wahrscheinlich unter der Kontrolle eines SigmaS54-abhidngenen Regulators
(EbA324).

(3) Stamm EbNT1 toleriert sowohl beim Wachstum mit Alkylbenzolen als auch bei
plotzlichem Schock von Succinat-verwertenden Zellen mit Alkylbenzolen oder
(Alkyl)Phenolen hohe Losungmittelkonzentrationen (z.B. Wachstum mit bis zu 0,48 mM
Ethylbenzol). Hohe Losungsmittelkonzentrationen fithrten unter beiden
Wachstumsbedingungen zu verminderten Wachstumsraten und -ertrdgen, zu einer
Beeintrachtigung der Denitrifikation sowie zu allgemeinen Stressantworten (z.B. Bildung des
Chaperons ClpB). Dariiber hinaus konnte die Losungsmittelstress-induzierte Bildung eines
bislang unbekannten potentiellen Efflux-Systems nachgewiesen werden, welches Ahnlichkeit
zu den RND-Efflux-Systemen von E. coli und Pseudomonas spp. aufweist. Das Genom von
Stamm EbN1 enthélt drei strukturell sehr dhnliche Gen-Cluster fiir das neu entdeckte
potentielle Efflux-System. Diese Gen-Cluster befinden sich in direkter chromosomaler
Nachbarschaft zu Genen von Abbauwegen aromatischer Verbindungen. Bemerkenswert ist
die spezifische und abundante Bildung der Proteinkomponenten dieser Efflux-Systeme in
Gegenwart der entsprechenden Wachstumssubstrate.

(4) Die Etablierung von Methoden zur Kultivierung von Stamm EbNI1 auf festem
Medium bildete die Grundlage fiir genetische Experimente. Die Generierung einer
Streptomycin-resistenten Mutante (Stamm EbN1-SR7) mit den physiologischen Merkmalen
des Wildtyps ermoglichte die Gegenselektion auf genetisch verdnderte Mutanten. Des
Weiteren ~ wurden  Protokolle entwickelt, die eine konjugative  Ubertragung
extrachromosomaler DNA vom Donor E. coli S17-1 zum Rezipienten Stamm EbN1-SR7
ermdglicht. Mit Hilfe eines konstruierten Suizid-Vektors konnte eine unmarkierte
Deletionsmutante (Stamm EbN1-SR7 Aebd(C2) erzeugt und durch die Expression des ebd(C2-
Gens in trans komplementiert werden. Das deletierte Gen, ebdC2, kodiert die y-Untereinheit
einer paralogen Ethylbenzol Dehydrogenase, deren Funktion bislang unklar ist. Diese
Deletion hatte allerdings keinen Einfluss auf bekannte physiologische Eigenschaft von Stamm
EbNI1, so dass die Funktionalitit des kodierten Enzyms weiter unklar bleibt bzw. eher

zunehmend in Frage gestellt werden kann.
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Teil I: Darstellung der Ergebnisse im Gesamtzusammenhang

A Einleitung

1. Eigenschaften und Vorkommen aromatischer Verbindungen
1.1 Chemische Eigenschaften

1.1.1 Alkylbenzole, (Alkyl)Phenole und andere monoaromatische Verbindungen

Aromatische Verbindungen sind planare, zyklische Molekiile, die ein konjugiertes
n-Elektronensystem aufweisen und primér aus Kohlenstoff und Wasserstoff bestehen (z.B.
Benzol). Neben den reinen Kohlenwasserstoffen konnen aromatische Verbindungen auch
andere Atome wie Stickstoff (z.B. Pyridin), Sauerstoff (z.B. Furan) oder Schwefel (z.B.
Thiophen) enthalten. Letztere werden als Heterocyclen bezeichnet.

Bei Alkylbenzolen trigt das Benzol-Grundgeriist eine oder mehrere Alkyl-
Seitenketten (z.B. Ethylbenzol mit einer Ethylgruppe). Im Falle phenolischer Verbindungen
ist das Benzol hingegen mit einer oder mehreren Hydroxylgruppen substituiert (z.B. Phenol
mit einer Hydroxylgruppe). Alkylphenole sind Derivate des Phenols, welche neben der
Hydroxylgruppe noch eine oder mehrere Alkyl-Seitenketten tragen, z.B. Cresole mit einer
Methylgruppe, die in ortho, meta oder para-Stellung zur Hydroxylgruppe stehen kann
(Abb. 1).

Neben den Alkylbenzolen und (Alkyl)Phenolen gibt es eine Vielzahl weiterer
monoaromatischer Verbindungen, die mit funktionellen Gruppen substituiert sind, z.B.
aromatische Alkohole (z.B. Benzylalkohol), Aldehyde (z.B. Benzaldehyd), Ketone (z.B.
Acetophenon), Carbonsduren (z.B. Benzoat) oder Amine (z.B. Anilin). Sie kdnnen mehrfach
mit derselben Gruppe (z.B. 1,4-Phenylendiamin) oder mit verschiedenen Gruppen (z.B.
o-Aminobenzoat) substituiert sein. Darliber hinaus gibt es eine Vielzahl Halogen-

Substituierter Aromaten (z.B. p-Chlorphenol), die allerdings anthropogenen Ursprungs sind.
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Toluol Ethyl- Phenol o-, m-, p- o-, m-, p-
benzol Cresol Ethylphenol
OH OH OH
log Pgyy 2,7 3,2 1,5 2,0 27
Loslichkeit in
Wasser (g/l, 20 °C) 0,5 0,2 84,0 20,0 4,9

Abb. 1: Beispiele fur Alkylbenzole (Toluol und Ethylbenzol), Phenole (Phenol) und Alkylphenole
(o-, m-, p-Cresol und o-, m-, p-Ethylphenol). Die jeweiligen Partitionskoeffizienten in
n-Octanol/Wasser (log Pow) sowie die Ldslichkeit in Wasser sind angegeben (Daten von

www.chemdat.merck.de).

1.1.2 Chemische Stabilitat und Reaktivitat

Aromatische Verbindungen weisen bei moderaten Temperaturen nur eine geringe
chemische Reaktivitdt auf. Die kovalente C—H Bindung ist aufgrund der geringen Differenz
der Elektronegativitit beider Bindungspartner apolar und daher reaktionstriage. Gleiches gilt
fiir die C—C Bindung. C=C Doppelbindungen sind im Allgemeinen reaktiver. Jedoch besitzt
der aromatische Ring ein konjugiertes, Mesomerie-stabilisiertes n-Elektronensystem und
damit eine hohe Resonanzenergie (>100kJmol"). Reaktionen am aromatischen Ring
erfordern daher erhdhte Aktivierungsenergien (eine Ubersicht gibt: Boll et al. 2002).
Aliphatische Seitenketten und funktionelle Gruppen beeinflussen die Reaktivitit aromatischer
Verbindungen sowohl an der Seitenkette selbst als auch die Orientierung von Reaktionen am
aromatischen Ring (Breitmaier und Jung 1994). Substituenten kénnen Dipolmomente am
aromatischen Ring erzeugen, die bei polaren aromatischen Verbindungen (z.B. Hydroxyl-
oder Amino-Substituenten) am stirksten ausgeprdgt sind. Jedoch erhoht auch die

Methylgruppe des Toluol die Reaktivitdt im Vergleich zu Benzol (Breitmaier und Jung 1994).

1.2 Toxizitat von Alkylbenzolen und (Alkyl)Phenolen
Alkylbenzole und (Alkyl)Phenole sind fiir Eukaryoten und Prokaryoten cytotoxisch.

Die geringe Anzahl funktioneller, polarer Gruppen dieser Verbindungen fiihrt zu einer starken
Lipophilie bzw. Hydrophobizitdt. Die Toxizitédt eines Losungsmittels korreliert dabei mit dem

Logarithmus seines Partitionskoeffizienten in n-Octanol und Wasser (log Pow). Organische
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Losungsmittel mit einem log Pow zwischen 1,5 und 4,0 sind extrem toxisch, da sie bevorzugt
in der Cytoplasmamembran akkumulieren (Ramos et al. 2002). Dies fiihrt zur Erh6hung der
Membranfluiditdt und zur Beeintrdchtigung ihrer vitalen Funktionen: (i) als Barriere
gegeniiber der Umwelt, (i) die Aufrechterhaltung eines chemi-osmotischen Gradienten zur
Energiekonservierung und (iii) als Reaktionsmileu Membran-integraler oder -assoziierter
Proteine (Sikkema et al. 1995). Die Partitions-Koeffizienten fiir einige Alkylbenzole und
(Alkyl)Phenole sind in Abb. 1 aufgefiihrt. Bei letalen Konzentrationen kommt es zum
unkontrollierten Austritt von Ionen, ATP oder sogar Proteinen sowie zum Zusammenbruch
des chemi-osmotischen Gradienten. Die Zelllyse erfolgt jedoch erst bei weiter erhohten
Konzentrationen (Sikkema et al. 1995).

Der Mensch kann Alkylbenzole und (Alkyl)Phenole iiber die Atemwege, die Haut und
den Verdauungstrakt aufnehmen. Die Verteilung der Verbindungen im Organismus wird
durch den Lipidgehalt in Geweben und Organen bestimmt. Bevorzugt kommt es zur
Akkumulierung in der Leber, Nieren, Herz und Lunge (Rana und Verma 2005). Die
Verstoffwechselung dieser Verbindungen findet hauptsidchlich in der Leber statt, wobei
phenolische Metabolite entstehen. Letztere kdnnen unter anderem DNA-Strang Briiche und
chromosomale Schiden hervorrufen oder die mitochondriale Spindel zerstéren und werden
deshalb als cancerogen eingestuft (Brautbar und Williams 2002; Rana und Verma 2005). Da
viele Losungsmittel in der Lage sind die Blut-Hirn-Schranke zu iiberschreiten, kann eine
langere  Losungsmittel-Exponierung (v.a. Toluol) zu Verhaltensdnderungen und
Einschriankungen der Funktion von Neurotransmitter-Systemen fiithren (Gralewicz 1999).

Mikroorganismen haben verschiedene Strategien entwickelt, um in Losungsmittel-
Kontaminierten Habitaten zu iiberleben: (i) die Erhohung des Anteils trans-ungesittigter,
gesittigter oder langkettiger Fettsiuren sowie Anderung der Phospholipid-Kopfgruppen
Zusammensetzung, (ii) die Bildung Losungsmittel-Beladener Vesikel und (iii) energie-
abhédngige Efflux-Pumpen der RND-Familie (resistance-nodulation-cell division), die
toxische organische Losungsmittel aktiv in das externe Medium transportieren (Ramos et al.
2002; Segura et al. 2003). Die Erhohung des Anteils der trans-ungeséttigten und geséttigten
Fettsduren erlaubt eine dichtere Packung der Membran und verringert, genau wie die

Anderung der Phospholipid-Kopfgruppen, die Membranfluiditit.
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1.3. Vorkommen aromatischer Verbindungen in der Umwelt

Nach dem Glykosyl-Rest reprisentiert der aromatische Ring die zweithdufigste
organische Grundstruktur in der Natur. In der Umwelt kdnnen aromatische Verbindungen

geologischen, biologischen oder anthropogenen Ursprungs sein.

1.3.1 Geologische Bildung

Alkylbenzole und (Alkyl)Phenole sind signifikante Bestandteile von Erddl und
Kohlenteer (Tissot und Welte 1984; Prince 2002). Erd6l entsteht in mehreren Schritten iiber
geologische Zeitrdume (ca. 5-100 Millionen Jahre). Wihrend der so genannten Diagenese
wird sedimentiertes organisches Material (v.a. marine Algen) biologisch abgebaut. Das
verbleibende organische Material (im so genannten Kerogen) wird kontinuierlich mit neuem
Sediment bedeckt. Steigender Druck und Temperaturen >50 °C fiihren schlieBlich im Prozess
der Katagenese zur Bildung von Erdol, Kohle und Erdgas aus Kerogen (de Leeuw und
Largenau 1993; Prince 2002). Die iltesten Erdol-Vorkommen sind mehr als 480 Millionen
Jahre alt, jlingere erst einige Millionen Jahre. Ungewdhnliche Umweltverhiltnisse, wie sie
beispielsweise bei den hydrothermalen Quellen des Guyamas Beckens vorherrschen, kénnen
jedoch zur Bildung von Erddl aus Biomasse innerhalb eines viel kiirzeren Zeitraumes fithren
(<5000 Jahre; Prince 2002). Im Durchschnitt enthédlt Erd6l einen Anteil aromatischer
Verbindungen von ~28 %, wobei die absoluten Werte in unterschiedlichen Erddlen stark
variieren konnen (Tissot und Welte 1984).

Erdol gelangt durch natiirliche Sicker-Vorginge wahrscheinlich seit seiner Entstehung
in die Biosphire und somit in Bdden (z.B. Teersdnde), Wasser und Luft. Der jdhrliche Eintrag
von Erddl ins Meer betrdgt etwa 300 Millionen Liter (Prince 2002). Die stetig wachsende
Nutzung von Erddlprodukten durch den Menschen und die damit verbundene Ausbeutung
von Erdolvorkommen hat den lokalen Eintrag aromatischer Kohlenwasserstoffe allerdings

signifikant erhoht (siehe 1.3.3).

1.3.2 Biologische Bildung

Weltweit betrachtet ist Erdol jedoch nicht die bedeutendste Quelle aromatischer
Verbindungen; der weitaus grofite Teil ist biogenen Ursprungs. So ist Phenol als Baustein des
Lignins ein essentieller Bestandteil hoherer Pflanzen, welche etwa 30 % des gesamten
organischen Kohlenstoffs in der Biosphére reprdsentieren (Gibson und Harwood 2002;

Boerjan et al. 2003). Dariiber hinaus produzieren hohere Pflanzen groBe Mengen von
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aromatischer Sekundir-Metabolite, z.B. Flavonoide oder Terpene (Treutter 2005). Ebenso ist
Benzoesdure ein abundanter Bestandteil mancher Harze (z.B. vom Benzoebaum Styrax
torkinensis) und kommt in einigen Friichten vor (z.B. Pflaumen, Heidel- und Preiselbeeren).
Daneben sind auch Tiere (z.B. Naphthalin Synthese durch Termiten) und Prokaryoten in der
Lage aromatische Verbindungen zu synthetisieren. So bildet Tolumonas auensis anaerob
Toluol durch Fermentation von L-Phenylalanin (Fischer-Romero et al. 1996). p-Cymol kann
hingegen unter methanogenen Bedingungen aus Monoterpenen gebildet werden (Harder und
Foss 1999). Neben diesen speziellen Verbindungen sind die aromatischen Aminosduren
L-Phenylalanin, L-Tyrosin und L-Tryptophan essentielle Bestandteile von Proteinen jedes

lebenden Organismus und somit ubiquitdr und abundant.

1.3.3 Anthropogene Verbreitung
Alkylbenzole und (Alkyl)Phenole werden heutzutage durch die Verkokung von

Steinkohle oder direkt aus Erddl gewonnen und fiir diverse chemische Synthesen und
Produktionsprozesse eingesetzt. Neben ihrer Prdsenz in Kraftstoffen, werden Toluol und
Ethylbenzol als Losungsmittel verwendet und auch als Start-Verbindungen fiir die
Herstellung von Styrol (Ethylbenzol) oder Benzol und Xylolen (Toluol) eingesetzt. Im Jahr
2006 wurden weltweit mehr als 23 Millionen Tonnen Toluol produziert (www.icis.com), von
denen 50 % fiir die Synthese von Benzol und Xylolen genutzt wurden. Die Produktion von
Ethylbenzol in den USA lag im selben Jahr bei 5,8 Millionen Tonnen (www.icis.com). Phenol
hingegen wird hauptsdchlich zur Produktion von Bisphenol-A genutzt, welches zur
Herstellung von Polycarbonaten, Epoxidharzen oder Alkylphenolen dient. Die globale Phenol
Produktion lag im Jahr 2006 bei 8,1 Millionen Tonnen. Die prognostizierte Steigerungsrate
von 4 % pro Jahr, geht vor allem auf die wachsende Nachfrage nach optischen Medien (z.B.
CDs oder DVDs; www.icis.com) zuriick. Durch Unfille wéhrend Produktion, Transport oder
Lagerung, gelangen aromatische Losungsmittel verstirkt in die Umwelt. Tanker-Ungliicke
haben eine immense lokale Auswirkung. So liefen nach der Havarie der Exxon Valdez im Jahr
1989 40 000 t Rohdl in den Prince William Sound, Alaska, und verschmutzten etwa 2000 km
Kiiste (Bragg et al. 1992). Neben diesen GroBereignissen fiihrt aber auch die unvollstindige
Verbrennung oder Verdunstung von Kraftstoffen sowie Leckagen in unterirdischen Tanks zu
einer tdglichen Emission von Alkylbenzolen und (Alkyl)Phenolen. Vor allem die
Kontamination von Grundwasserleitern mit den gut 16slichen, toxischen BTEX-Verbindungen
(Benzol, Toluol, Ethylbenzol und Xylole) ist von groBer dkologischer und dkonomischer

Bedeutung.
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Neben ihrer Anwendung als Losungsmittel oder Start-Verbindungen fiir chemische
Synthesen, haben substituierte aromatische Verbindungen groBe Bedeutung fiir unser
tagliches Leben. So werden beispielsweise (aromatische) Aminosduren in einer Vielzahl von
Nahrungs- und Futtermitteln sowie pharmazeutischen Produkten eingesetzt (Hermann 2003).
Im Jahr 2001 belief sich die weltweite Produktion auf mehr als 2 Millionen Tonnen pro Jahr
(hauptsichlich L-Glutaminsdure und L-Lysin) mit einem jdhrlichen Zuwachs von mehr als
10 % (Hermann 2003). Ein weiteres Beispiel quantitativ bedeutsamer aromatischer
Verbindungen ist das Benzoat (und die Benzoeséure), welches exklusiv durch die Oxidation
von Toluol synthetisiert wird (im Jahr 1998 waren es 698 000 t). Benzoat oder Benzoesdure
wird aufgrund seiner Dbakteriostatischen Wirkung als Konservierungsmittel in
Nahrungsmitteln eingesetzt und ist auch in einer Vielzahl anderer Produkte vorhanden, z.B.

Zahnpasta, Kosmetika oder Motorfrostschutz (www.inchem.org; Nair 2001).

2. Aerober Abbau aromatischer Verbindungen

2.1 Reaktionen, Gene und Organismen

Viele Bakterien, Pilze und Hefen sind in der Lage in Gegenwart von molekularem
Sauerstoff aromatische Verbindungen zu verwerten. Der Sauerstoff dient dabei nicht nur als
terminaler Elektronenakzeptor, sondern auch als reaktives Co-Substrat fiir die
Schliisselreaktionen des Abbaus. Initial erfolgt hierbei eine Funktionalisierung der
aromatischen Verbindung durch Mono- oder Dioxygenasen. Monooxygenasen katalysieren
den Einbau eines Sauerstoffatoms in das aromatische Substrat, wihrend das andere zu Wasser
reduziert wird. Sie sind aber auch an der Aktivierung aliphatischer Kohlenwasserstoffe
beteiligt. Dioxygenasen inkorporieren hingegen beide Atome des molekularen Sauerstoffs in
das Substrat-Molekiil. Um die Reaktion zu ermdoglichen, muss der molekulare Sauerstoff
zunidchst aktiviert werden, da er im Grundzustand (als Triplett) recht reaktionstrige ist. Im
reaktiven Zentrum von Mono- und Dioxygenasen erfolgt die reduktive Bildung reaktiver
Sauerstoff-Spezies (z.B. Superoxid oder Peroxid) unter Beteiligung eines Metall-Cofaktors
(meist Eisen). Dies ermoglicht den Angriff auf die apolaren C-H-Bindungen des
aromatischen Rings (Kauppi et al. 1998; Boyd et al. 2001). Die Ringspaltung der zentralen
Intermediate Catechol, Protocatechuat oder Gentisat erfolgt schlieBlich durch Dioxygenasen

entweder in ortho- (Intradiol-Spaltung) oder meta-Position (Extradiol-Spalung). Der weitere
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Abbau mittels [-Oxidation fiihrt anschlieBend zur Bildung zentraler Metabolite des
Intermedidrstoffwechsels (Harwood und Parales 1996; Rosenberg 2006).

Der aerobe Abbau aromatischer Verbindungen wurde sowohl fiir Pilze (Hammel
1995) als auch fiir Bakterien unterschiedlichster phylogenetischer Gruppen beschrieben.
Vertreter Gram-positiver Bakterien wie beispielsweise Bacillus oder Nocardia, aber auch
Vertreter der Alpha- (z.B. Rhizobium), Beta- (z.B. Pseudomonas) oder Gamma-Untergruppe
(z.B. Acinetobacter) der Gram-negativen Proteobacteria sind in der Lage, aromatische
Verbindungen als Kohlenstoff und Energiequelle zu nutzen (Rosenberg 2006). Entsprechend
sind Strukturgene fiir diese Stoffwechselwege in den Genomen von Organismen dieser
Gruppen vorhanden (www.ncbi.nlm.nih.gov).

Am aeroben Abbau von Toluol in Pseudomonas putida Staimmen, die das pWWO
Plasmid tragen, sind sowohl Mono- als auch Dioxygenasen beteiligt. Die initiale Reaktion
wird durch die Xylol Monooxygenase katalysiert, wodurch ein primdrer Alkohol aus der
Methylgruppe gebildet wird (Benzylalkohol). Dieser wird anschlieend zu Benzoat oxidiert,
welches mittels Hydroxylierung und Decarboxylierung in Catechol iiberfiihrt wird (Abb. 2;
Ramos et al. 1997). Die Ring-Spaltung erfolgt schlieflich durch eine Dioxygenase und der
weitere Abbau iiber den -Ketoadipat-Weg (Harwood und Parales 1996; Ramos et al. 1997).

NADH
+Hr NAD*
0, H0 CH,OH coo~ 0. CO, oH 0, OH
—— ZCco0
1 2 3 4 X CHO

Abb. 2: Aerober Toluol-Abbau durch Mono- und Dioxygenasen in Pseudomonas putida. Durch eine
Monooxygenase wird ein primarer Alkohol an der Methylseitenkette gebildet (1). Weitere Oxidation
(2) flhrt zur Bildung von Benzoat. Mittels Hydroxylierung und Decarboxylierung (3) wird Catechol
gebildet. Die Spaltung des Rings erfolgt durch die Aktivitat einer Dioxygenase (4; nach Harwood und
Parales 1996; Ramos et al. 1997).
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3. Anaerober Abbau aromatischer Verbindungen

Bis vor zwei Jahrzehnten wurde der Abbau aromatischer Kohlenwasserstoffe als strikt
aerober Prozess angesehen, da molekularer Sauerstoff unter anoxischen Bedingungen nicht
als Co-Substrat zur Verfligung steht. Erste eindeutige Hinweise auf den anaeroben Abbau von
Alkylbenzolen lieferten strikt anoxische Anreicherungskulturen und Mikrokosmen (Kuhn et
al. 1985; Zeyer et al. 1986; Grbic-Galic und Vogel 1987). Anfang der 1990er Jahre wurde
dies durch die Isolierung bisher unbekannter Bakterien mit den entsprechenden
Abbaufihigkeiten untermauert (sieche Abschnitt 3.1). Die Isolierung dieser Reinkulturen
ermoglichte die detaillierte Untersuchung des anaeroben Aromaten-Abbaus auf
biochemischer und molekularer Ebene. Im Folgenden werden die verschiedenen Aspekte des

anaeroben Abbaus genauer betrachtet.

3.1 Organismen

Die vollstaindige Oxidation aromatischer Verbindungen zu CO, unter anoxischen
Bedingungen scheint nach heutigem Kenntnisstand eine exklusive Eigenschaft der
Prokaryoten zu sein. Dabei hingt die generierbare Energie nicht nur vom zu verwertenden
Aromaten und dessen Abbauweg ab, sondern auch von den Redoxpotentialen der alternativen
Elektronenakzeptoren. Am meisten Energie kann gewonnen werden, wenn Nitrat als
terminaler Elektronenakzeptor fungiert. Mangan (IV), Eisen (III) oder Sulfat sind energetisch
weniger giinstige Elektronenakzeptoren. Die theoretische freie Energie der vollstindigen
Mineralisation von Toluol ist in Abb. 3 fiir diese Elektronenakzeptoren angeben.

Alle bislang bekannten Reinkulturen Kohlenwasserstoff-abbauender Bakterien sind
den Proteobacteria zuzuordnen und wurden aus unterschiedlichen Habitaten weltweit isoliert
(Abb. 4; eine Ubersicht bietet Rabus 2005a). Viele denitrifizierende Stimme, die aromatische
Kohlenwasserstoffe anaerob verwerten konnen, gehdren der "Aromatoleum"/Azoarcus/
Thauera Gruppe der Betaproteobacteria an (Dolfing et al. 1990; Evans et al. 1991; Schocher
et al. 1991; Fries et al. 1994; Anders et al. 1995; Rabus und Widdel 1995; Song et al. 1999;
Ehrenreich et al. 2000; Shinoda et al. 2004; Shinoda et al. 2005). Die marinen
denitrifizierenden Isolate Col2 und TH1, die beide Toluol vollstindig oxidieren, werden der
Gamma- bzw. Alpha-Untergruppe zugeordnet (Zengler 1999). Reinkulturen anaerob
Aromaten-abbauender Bakterien wurden ebenfalls unter Mangan (IV)-reduzierenden
(Langenhoff et al. 1997), Eisen (III)-reduzierenden (Lovley et al. 1989; Lovley und Lonergan
1990), Sulfat-reduzierenden (Rabus et al. 1993; Beller et al. 1996; Galushko et al. 1999;
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B
Vorkommen terminaler
0,
Elektronenakzeptoren (%) Reaktion Anderung der freien Energie
0 50 100 (AG®’) in kJ mol' C,Hg
0,
NOz C,Hg + 90, + 3H,0 — 7HCO, + 7H* -3562
C,Hg + 7,2NO, ™ + 0,2H* — 7HCO, + 3,6N, + 0,6H,0 -3554
Mn2* B
C,Hg + 18MnO, + 29H* — 7HCO,; + 18Mn2* + 15H,0 -2118

Fer  C,Hy + 36Fe(OH), + 20HCO, + 29H* — 36FeCO, + 87H,0  -1408

Abb. 3: (A) Vertikalprofile typischer terminaler Elektronenakzeptoren in Frischwasser-
Sedimenten (ohne NH," und CO,). Das Vorkommen der terminalen Elektronenakzeptoren ist
in Prozent vom maximal beobachteten Wert in SuRBwasser-Sedimenten angegeben:
0, 300-400 uM, NO; und NO, ~1 uM, Mn* 50 uM, Fe* 15 uM, SO,> 100-200 uM
(verandert nach Nealson 1997).

(B) Freie Energie der vollstandigen Oxidation von Toluol, gekoppelt an die Reduktion

verschiedener Elektronenakzeptoren (verandert nach Spormann und Widdel 2000).

Harms et al. 1999; Kniemeyer et al. 2003), phototrophen (Zengler et al. 1999) und
synthrophen Bedingungen isoliert (Grbic-Galic und Vogel 1987; Ficker et al. 1999). Das
Abbauspektrum dieser Stdmme umfasst sowohl mono- als auch polycyclische (z.B.
Naphthalin) Kohlenwasserstoffe oder n-Alkane. Bis heute ist jedoch kein Organismus
bekannt, der sowohl n-Alkane als auch aromatische Kohlenwasserstoffe abbauen kann.
Aufgrund des relativ schnellen Wachstums wurden die Untersuchungen zum anaeroben
Kohlenwasserstoff-Abbau bevorzugt mit Nitrat-reduzierenden Bakterien durchgefiihrt (siche

Kapitel 3.2).
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niedrig ~ Bacillus
GC Lactobacillus
Peptococcus
Gram Sarcina
positive Actinomyces
Arthrobacter
hoch Brevibacterium
GC Corynebacterium
Micrococcus
Mycobacterium
Nocardia
Rhodococcus

Cytophaga
Flavobacterium

Blastochloris

Achromobacter

Alcaligenes

"Aromatoleum"” (Azoarcus)
B ) Dechloromonas

Magnetospirillum

Spherotilus

Spirillum

Thauera

Acinetobacter
Aeromonas
Beneckea
Cycloclasticus
Erwinia
Proteo- y| Klebsiella
bacteria Leucothrix
Moraxella
Pseudomonas
Serratia
Vibrio
Vibrio
Xanthomonas

Desulfobacula
Desulfobacterium
Desuilfatibacillum
8 | Desulfotomaculum
Desulfosarcina
Desulfovibrio
Geobacter
Myxobacterium

Abb. 4: Diversitat und phylogenetische Eingruppierung Kohlenwasserstoff (ohne Methan)-
abbauender Bakterien. Blau kennzeichnet aerobe, Rot anaerobe Abbauer. Die Langen der
Aste spiegeln keine phylogenetischen Distanzen wieder (veréandert nach Widdel und Rabus
2001; Rosenberg 2006; Widdel et al. 2006).

13



Einleitung

3.2 Reaktionen und Gene

Unter anaeroben Bedingungen werden die meisten aromatischen Verbindungen {iber
den zentralen Benzoyl-CoA-Weg abgebaut. Dies erfolgt iiber verschiedenste
Reaktionssequenzen, die mit einer zumeist Substrat-spezifischen Aktivierungsreaktion
initiiert werden (siehe unten). Im Verlauf der Reaktionssequenz wird die CoA-aktivierte
Carboxyl-Gruppe von Benzoyl-CoA gebildet. Im Fall von mehrfach substituierten Aromaten
muss der zusitzliche Substituent zur Bildung von Benzoyl-CoA entfernt werden;
beispielsweise durch reduktive Dehydroxylierung (p-Hydroxybenzoat) oder Deaminierung
(o-Aminobenzoat; Gibson und Harwood 2002).

Aromatische Verbindungen mit zwei oder drei Hydroxylgruppen (z.B. Resorcinol)
weisen, im Vergleich zu monosubstituierten Aromaten, eine deutlich verringerte Stabilitdt des
aromatischen Rings auf (durch die ermdglichte Keto-Enol Tautomerie). Daher konnen diese
Verbindungen mittels "gewohnlicher" Reduktionsmittel (z.B. reduziertem Ferredoxin)
reduktiv dearomatisiert werden, ohne die intermedidre Bildung von Benzoyl-CoA (Gibson

und Harwood 2002; Boll 2005a).

3.2.1 Fumarat Addition

Die Glycyl-Radikal-abhidngige, stereospezifische Addition eines Alkylbenzols oder
Cresols an das Co-Substrat Fumarat wurde sowohl fiir denitrifizierende, Sulfat-reduzierende,
Eisen(Ill)-reduzierende und phototrophe Bakterien als auch methanogene Konsortien
beschrieben. Diese Organismen wandeln Toluol, o-, m-, p-Xylol, Ethylbenzol, m-, und
p-Cresol oder 2-Methylnapthalin in das jeweilige Arylsuccinat um. Neben aromatischen
Verbindungen konnen auf diese Weise auch kurz- und langkettige Alkane (Cs-Cy) aktiviert
werden (Widdel und Rabus 2001; Gibson und Harwood 2002; Heider 2007; Kniemeyer et al.
2007).

Die Bildung von (R)-Benzylsuccinat durch Addition von Toluol an Fumarat wird
durch die Benzylsuccinat-Synthase (BssABC) katalysiert (Biegert et al. 1996; Beller und
Spormann 1997; Leuthner et al. 1998; Rabus und Heider 1998). Zu Beginn des
Reaktionszyklus bildet das Adenosylmethionin-abhéngige Aktivierungs-Enzym (BssD) ein
freies Radikal an einem Glycin-Rest der a-Untereinheit (BssA; Leuthner et al. 1998; Krieger
et al. 2001). Durch die Radikal-getriebene Abstraktion eines Wasserstoffatoms von der
Methylgruppe des Toluols entsteht ein Benzyl-Radikal, welches an die Doppelbindung des
Fumarat addiert. Das gebildete Benzylsuccinyl-Radikal abstrahiert schlieBlich ein
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Wasserstoffatom (welches urspriinglich von der Methylgruppe des Toluols stammt) vom
Enzym, wodurch (R)-Benzylsuccinat entsteht und das aktive, Enzym-gebundene Radikal
regeneriert wird. Mittels einer B-Oxidations-dhnlichen Reaktionssequenz wird Benzylsuccinat
anschlieBend zum zentralen Intermediat Benzoyl-CoA abgebaut (Evans et al. 1992; Leuthner
und Heider 2000; Leutwein und Heider 2001; Leutwein und Heider 2002).

Die Gene des anaeroben Toluol-Abbaus sind fiir mehrere Organismen der Gattungen
Thauera, "Aromatoleum" (Azoarcus), Geobacter und Magnetospirillum beschrieben
(teilweise unvollstidndig). Sie sind in zwei Operons organisiert: (i) das bss-Operon, welches
die Benzylsuccinat-Synthase kodiert und (ii) das bbs-Operon, welches die Enzyme fiir die
Umwandlung von Benzylsuccinat in Benzoyl-CoA kodiert. In Stamm EbNI1 und
G. metallireducens sind beide Operons in direkter Nachbarschaft auf dem Chromosom kodiert
(6,5 bzw. 4,6 kb Abstand). Alle bekannten Gen-Produkte dieser Operons weisen eine sehr

hohe Aminosiuresequenz Identitét auf (70-98 %).

3.2.2 Dehydrogenierung

Die Sauerstoff-unabhéngige = Methylhydroxylierung  von  p-Cresol  zu
p-Hydroxybenzylalkohol und die anschlieBende Oxidation zu p-Hydroxybenzoat wurde
bereits Ende der 1970er Jahre fiir Pseudomonas putida gezeigt (Hopper 1976). Spéter wurde
diese Initialreaktion des p-Cresol Abbaus auch in anaeroben Bakterien gefunden (Bossert et
al. 1989; Hopper et al. 1991; Rudolphi et al. 1991). Fiir die denitrifizierenden Stimme EbN1
und EB1 wurde ein weiterer auf Dehydrogenierung beruhender Mechanismus zur Aktivierung
von Alkylbenzolen beschrieben: die Einfilhrung einer Hydroxylgruppe in die Alkyl-
Seitenkette des Ethylbenzols, unter Bildung von (S)-1-Phenylethanol. Diese Reaktion wird
durch die periplasmatische Ethylbenzol Dehydrogenase (EbdABC) katalysiert (Johnson et al.
2001; Kniemeyer und Heider 2001a). Das Enzym enthidlt einen Molybddn Cofaktor sowie
Eisen-Schwefel Zentren und gehort zur Familie der DMSO Reduktasen. Das Enzym von
Stamm EbN1 wurde erst kiirzlich auf Ebene der Kristallstruktur (Kloer et al. 2006) und
kinetisch/mechanistischer Ebene untersucht (Szaleniec et al. 2007). Die Polarisierung der
C—C-Bindung der Ethyl-Seitenkette durch Aminosdure-Reste des aktiven Zentrums
ermdglicht die Abstraktion eines Hydrids vom C; durch den Molybddn-Oxo-Komplex. Das
entstandene Carbokation abstrahiert sofort die Molybdan(VI)-gebundene Hydroxylgruppe,
wodurch Molybdin(IV) entsteht. Elektronen, die bei der Re-Oxidation des Molybdéin
Cofaktors entstehen, werden iiber die Fe-S Cluster auf Him b {iibertragen. Nachfolgend
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werden die Elektronen vermutlich auf periplasmatisches Cytochrom c iibertragen (Szaleniec
et al. 2007).

Ethylbenzol Dehydrogenase kodierende Gene (ebdABC) wurden fiir die
denitrifizierenden Stimme EbN1 und EB1 beschrieben (Johnson et al. 2001; Rabus et al.
2002). Beide Sequenzen sind sehr &hnlich und unterscheiden sich lediglich in vier
Nukleotiden (Rabus et al. 2002). In Stamm EbN1 sind die ehdABC Gene zusammen mit ebdD
(Chaperon) und ped ((S)-1-Phenylethanol Dehydrogenase) in einem Operon organisiert,
welches somit beide Enzyme des oberen Ethylbenzol Abbauwegs kodiert (von Ethylbenzol
bis Acetophenon). Das Operon fiir den unteren Abbauweg (von Acetophenon bis Benzoyl-
CoA) liegt in direkter chromosomaler Nachbarschaft des Ethylbenzol Dehydrogenase
Operons (~7 kb upstream). Diese "Liicke" enthilt Gene fiir zwei Zwei-Komponenten Sensor-
Regulator Systeme (Tcsl/Terl und Tcs2/Ter2), die vermutlich die Transkription beider
Operons Substrat-spezifisch kontrollieren (Rabus et al. 2002).

Interessanterweise wurden im Genom des Sulfat-reduzierenden Bakteriums
Desulfococcus oleovorans Hxd3 Ethylbenzol Dehydrogenase kodierende Gene annotiert
(dole 0194-dole 0197), die eine Aminosduresequenz Identitit von 30-52 % aufweisen
(www.jgi.doe.gov). Allerdings konnte diese Abbauleistung bisher nicht fiir D. oleovorans
Hxd3 gezeigt werden (Rueter et al. 1994; Aeckersberg et al. 1998). Der Abbau von
Ethylbenzol unter Sulfat-reduzierenden Bedingungen konnte bisher nur fiir Stamm EbS7
mittels Fumarat-abhéngiger Bildung des Arylsuccinats demonstriert werden (Kniemeyer et al.

2003).

3.2.3 Carboxylierung

Im anaeroben Phenol-Abbau ist die Carboxylierung des aromatischen Rings in para-
Position der eigentliche, funktionalisierende Schritt. Diese Reaktion wird durch die
Phenylphosphat Carboxylase (PpcABCD) katalysiert. Untersuchungen in Thauera aromatica
K172 zeigten jedoch, dass im initialen Schritt zunichst die Hydroxylgruppe phosphoryliert
wird (Phenylphosphat Synthase; PpsAB), um die Carboxylierung zu ermoglichen (Lack und
Fuchs 1992; Lack und Fuchs 1994; Schiihle und Fuchs 2004). Eine entsprechende
Carboxylierung in para-Position wird fiir den anaeroben Abbau von Anilin im Sulfat-
reduzierden Bakterium Desulfobacterium anilini angenommen (Schnell et al. 1989).

Ein Gen-Cluster fiir den anaeroben Phenol-Abbau wurde erstmals fiir 7. aromatica
beschrieben (Breinig et al. 2000) und nachfolgend auch im Genom von Stamm EbNI

gefunden (Rabus et al. 2005). Das Genom von G. metallireducens enthilt ebenfalls Gene fiir
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alle Untereinheiten der Phenylphosphat Synthase und zwei Untereinheiten der
Phenylphosphat Carboxylase (ppcBC; www.jgi.doe.gov).

Die Acetophenon Carboxylase stellt eine weitere Carboxylase im anaeroben
Aromaten-Stoffwechsel dar. Im denitrifizierenden Stamm EbNI1 katalysiert sie die
Carboxylierung der Methylgruppe von Acetophenon unter Bildung von Benzoylacetat und
agiert somit nicht wie die Phenylphosphat Carboxylase direkt am aromatischen Ring. Nach
Aktivierung zu Benzoylacetyl-CoA erfolgt eine thiolytische Spaltung in die zentralen
Intermediate Acetyl-CoA und Benzoyl-CoA (Champion et al. 1999; Rabus et al. 2002).
Acetophenon Carboxylase kodierende Gene (apci-5) wurden bisher lediglich flir Stamm
EbN1 beschrieben (Rabus et al. 2002). Sie sind in einem Operon zusammen mit der
vorhergesagten Benzoylacetat CoA-Ligase (bal) sowie hypothetischen Proteinen organisiert
und liegen in direkter chromosomaler Nachbarschaft zu den Genen des oberen Ethylbenzol

Abbauwegs (siche 3.2.2).

3.2.4 Reduktive Dearomatisierung

Die entscheidende Reaktion im zentralen Benzoyl-CoA-Weg ist die reduktive
Dearomatisierung. Sie fiihrt zur Authebung des aromatischen Systems und ermdglicht damit
alle nachfolgenden Abbauschritte iiber konventionelle Reaktionen. Die reduktive
Dearomatisierung wird durch die Benzoyl-CoA Reduktase (BcrCABD) katalysiert und wurde
sehr gut in denitrifizierenden und phototrophen Bakterien untersucht. In 7. aromatica wird
der Transfer von zwei Elektronen von reduziertem Ferredoxin unter Bildung von Cyclohex-
1,5-dien-carbonyl-CoA an die stochiometrische Hydrolyse von 2 ATP gekoppelt (Boll
2005a). Die initiale Thioester-Bildung ist hierbei notwendig, da sie den ersten
Elektronentransfer durch die intermedidre Bildung eines relativ stabilen Ketylradikal-Anions
ermoglicht (Boll 2005a). Alle bekannten Benzoyl-CoA Reduktasen sind Heterotetramere
(apyd) mit einer modularen Zusammensetzung: die ad-Untereinheiten bilden das Modul in
dem die Elektronen ATP-abhingig aktiviert werden und die By-Untereinheiten enthalten das
aktive Zentrum, in dem das aromatische Substrat reduktiv dearomatisiert wird (Boll 2005b).
AnschlieBende Oxidationsreaktionen und die Ring-Offnung bilden 3-Hydroxypimelyl-CoA,
welches mittels P-Oxidation zu 3 Acetyl-CoA und CO, abgebaut wird (Boll 2005b).
Aufgrund der limitierten Energie-Ausbeute Sulfat- oder Eisen-reduzierender aber auch
synthropher Bakterien wird fiir diese Gruppe anaerober Abbauer ein anderer Mechanismus

der Dearomatisierung angenommen (Gibson und Harwood 2002). In der Tat haben erste
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Untersuchungen gezeigt, dass das Wachstum von Desulfococcus multivorans und
G. metallireducens mit Benzoat ein bislang unbekanntes Molybdén- und Selenocystein
enthaltendes Protein involviert (Peters et al. 2004; Wischgoll et al. 2005). Entsprechend weist
die Genomsequenz von G. metallireducens keine homologen Gene zur Benzoyl-CoA
Reduktase auf (Wischgoll et al. 2005).

Gene, die die strukturellen Untereinheiten der Benzoyl-CoA Reduktase kodieren,
wurden in 7. aromatica, R. palustris und A. evansii identifiziert und sind in den sequenzierten
Genomen weiterer Proteobacteria (hauptsdchlich Thauera spp. und "Aromatoleum" spp.
(Azoarcus)) nachgewiesen worden (Song und Ward 2005). Die Gene der "Aromatoleum-"
(Azoarcus-) bzw. Thauera Gruppe weisen dabei eine hohe Ahnlichkeit untereinander auf,
unterscheiden sich aber von den Enzymen der anderen Gruppe. Interessanter Weise enthélt
das Chromosom von Stamm EbN1 zwei verschiedene Gen-Cluster, die Benzoyl-CoA
Reduktasen kodieren (Rabus et al. 2005). Es wird angenommen, dass eines (bcrCABD) fiir die
reduktive Dearomatisierung von Benzoyl-CoA verantwortlich ist, und das Zweite (eb4742-
748) fiir m-Hydroxybenzoyl-CoA, wie es fiir den m-Hydroxybenzoat Abbau in 7. aromatica
beschrieben wurde (Laempe et al. 2001; Rabus et al. 2005).

3.3 Okophysiologie des anaeroben Abbaus

Bei einem Uberangebot organischen Materials in Sedimenten und Boden kommt es
durch aerobe Atmungsprozesse zu einer Sauerstoffzehrung. Letztere fiihrt zu einer raschen
Einstellung anoxischer Bedingungen und Verwendung alternativer Elektronenakzeptoren
(z.B. Nitrat oder Sulfat; sieche Abb. 3; Spormann und Widdel 2000). Aufgrund des schnellen
Sauerstoff-Verbrauchs in vielen Erdol-kontaminierten, Grundwasser-leitenden
Gesteinsschichten (Aquifer) herrschen auch dort zumeist anoxische Bedingungen vor (Lovley
1997). Der Abbau der Kohlenwasserstoffe in solchen Habitaten konnte sowohl in Labor-
Mikrokosmen als auch in situ durch das Einbringen von Nitrat oder Sulfat stimuliert werden
(Cunningham et al. 2000; Pelz et al. 2001). Entsprechend wurde die Expression von bssA
Genen, welche die katalytische Untereinheit der Benzylsuccinat Synthase kodieren, in
kontaminierten Aquifers nachgewiesen wie auch Arylsuccinate (z.B. Benzylsuccinat) als
korrespondierende Abbau-Intermediate (Beller 2002; McKelvie et al. 2005; Godeke et al.
2006; Winderl et al. 2007). Untersuchungen iiber das Vorkommen Kohlenwasserstoft-
abbauender Bakterien im natiirlichen Habitat wurden mittels Hybridisierung der 16S rRNA
mit Oligonukleotid-Sonden durchgefiihrt. Diese haben zeigen konnen, dass Proteobacteria

(hauptsidchlich Angehorige der Beta- und Gamma-Untergruppe) einen signifikanten Anteil
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der Gesamt-Bakterienpopulation in kontaminierten Aquifer-Mikrokosmen ausmachen (Hess
et al. 1997; Winderl et al. 2007). Die Abundanz von Aromaten-abbauenden "Aromatoleum"
(Azoarcus) dhnlichen spp. (1-6 % der Gesamtpopulation) deutet auf eine signifikante Rolle
dieser Bakteriengruppe im anaeroben Aromaten bzw. Kohlenwasserstoff-Abbau hin (Hess et

al. 1997, Pelz et al. 2001).

3.4 Stamm EbN1 als Modellorganismus

Der Modellorganismus der vorliegenden Arbeit, das denitrifizierende Bakterium
Stamm EbN1, wurde unter Nitrat-reduzierenden Bedingungen mit Ethylbenzol als einziger
Kohlenstoff- und Energiequelle aus Schlimmen verschiedener Griben und der Weser in
Bremen isoliert (Rabus und Widdel 1995). Phylogenetisch gehdrt Stamm EbNI1 zum
"Aromatoleum"/Azoarcus/Thauera Cluster der Betaproteobacteria. Aufgrund ihrer anaeroben
Abbau-Fihigkeiten und ihrer geographischen Verteilung, gewinnen die Vertreter dieses
Clusters zunehmend an Interesse. Als bisher einziger bekannter Organismus ist Stamm EbN1
in der Lage neben Ethylbenzol ebenfalls Toluol als Substrat zu verwerten. Beide
Verbindungen konnen gleichzeitig verwertet werden, auch direkt aus Rohol (Rabus und
Widdel 1995; Rabus und Widdel 1996; Kiihner et al. 2005). Dariiber hinaus ist Stamm EbN1
in der Lage eine Vielzahl weiterer aromatischer und aliphatischer Saduren, Ketone und
Alkohole (z.B. Phenylacetat, Benzaldehyd oder Propanol) unter anaeroben Bedingungen als
Substrat zu nutzen. Auch das potentiell toxische Aceton kann anaerob von Stamm EbN1
abgebaut werden (Rabus und Widdel 1995). Einige aromatische und aliphatische
Verbindungen konnen ebenfalls aecrob komplett oxidiert werden (z.B. Benzoat oder Ethanol).

Aufgrund seiner hohen metabolischen Vielfalt und der interessanten biochemischen
Reaktionen der Abbauwege (siehe 3.2) wurde die vollstindige Genom Sequenz von Stamm
EbN1 als erstem Vertreter der "Aromatoleum"/Azoarcus/Thauera-Gruppe bzw. eines
anaeroben Kohlenwasserstoff-Abbauers bestimmt (Rabus et al. 2005). Die Genom-basierte
metabolische Rekonstruktion bestitigte allerdings nicht nur bekannte Abbauleistungen.
Genetische Hinweise auf weitere, bislang nicht fiir Stamm EbN1 bekannte aromatische
Substrate flir anaerobes Wachstum, konnten experimentell bestétigt werden (z.B. anaerober
Abbau von Phenol oder p-Cresol). Neben einem klassischen Denitrifikationssystem (wie von
Pseudomonas bekannt) verfligt Stamm EbNI1 auch iiber respiratorische Komplexe
unterschiedlicher Sauerstoff-Affinititen. Das Vorkommen von Genen fiir eine Vielzahl

regulatorischer Proteine weist auf ein komplexes regulatorisches Netzwerk hin, welches
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Stamm EDbN1 erlauben sollte sich optimal auf die fluktuierende Verfiigbarkeit von
Kohlenstoffquellen und Elektronenakzeptoren einzustellen (Rabus et al. 2005).

4. Regulation des Aromaten-Abbaus

Eine groBe Vielfalt regulatorischer Systeme ist bekannt, die die Expression von Genen
kataboler Enzyme kontrolliert. Spezifische Proteine, die den Abbau aromatischer
Verbindungen regulieren, gehdren zu allen bedeutenden Klassen prokaryotischer Regulatoren
und folgen den allgemeinen Mechanismen der jeweiligen Regulator-Familie (Shingler 2003;
Tropel und van der Meer 2004). Die Regulation des aeroben Aromaten-Abbaus ist in
Pseudomonas spp. sowie ihrer assoziierten Plasmide am besten verstanden. Meist sind Zwei-
Komponenten Sensor-Regulator-Systeme bei Bakterien verantwortlich fiir die Erkennung von
Umweltsignalen und ihrer Ubersetzung in differentielle Genexpression (Tropel und van der
Meer 2004). Dabei wird das Signal von einer Senor-Histidin-Kinase wahrgenommen und es
kommt zu deren Autophosphorylierung. Mittels eines Phosphoryltransfers wird das Signal auf
die Regulator-Komponente iibertragen, wodurch diese aktiviert wird (Tropel und van der
Meer 2004). In P. putida F1 und DOT-T1 wird auf diese Weise die Expression des fod-
Operons, welches die Proteine des aeroben Toluol-Abbaus kodiert, durch das TodST-System
Toluol-spezifisch aktiviert (Lau et al. 1997; Mosquéda et al. 1999). Neben den Zwei-
Komponenten-Systemen sind aber auch viele Regulations-Systeme bekannt, die aus nur einer
Komponente bestehen. So vereinigen z.B. Sigma54-abhidngige Regulatoren die
Signalerkennung und die spezifische Bindung an regulatorische Elemente der DNA in einem
Molekiil. Der aktivierte Regulator bindet an "upstream activating sequences" der DNA, die
normalerweise mehr als 100 bp upstream der RNA-Polymerase Bindestelle liegen. Durch
Kriimmung der DNA kommt es zur Interaktion zwischen DNA-gebundenem Regulator und
dem Sigma54-enthaltenden Holokomplex der RNA-Polymerase. Diese Interaktion fiihrt
letztlich zur Initiation der Transkription (Morett und Segovia 1993). Interessanter Weise wird
in P. putida mt-2 die Transkription der auf dem TOL Plasmid kodierten Gene des "oberen"
Abbauwegs von Toluol (sowie m- und p-Xylol) durch den Sigma54-abhingigen Regulator
XylIR aktiviert (Ramos et al. 1997). Das Beispiel des aecroben Toluol-Abbaus in Pseudomonas
spp. verdeutlicht, dass gleiche (oder dhnliche) Abbauwege keineswegs durch gleichartige
Regulations-Systeme kontrolliert werden miissen (Shingler 2003).

Auch in anaerob Aromaten-abbauenden Bakterien, konnte die Substrat-spezifische
Bildung von Proteinen der jeweiligen Abbauwege gezeigt werden; z.B. in T. aromatica (fir
Toluol, Phenol und andere Aromaten; Heider et al. 1998) oder Stamm EbN1 (fiir Toluol,
20



Einleitung

Ethylbenzol und Acetophenon; Champion et al. 1999). Die bss-Gene des anaeroben Toluol
Abbaus in T. aromatica T1 und K172 sowie "Aromatoleum" (Azoarcus) sp. Stamm T und
EbNI1 befinden sich in unmittelbarer chromosomaler Nachbarschaft zu Genen (¢diSR) fiir ein
Zwei-Komponenten-System (Coschigano und Young 1997; Leuthner und Heider 1998;
Achong et al. 2001; Kube et al. 2004). Das TdiSR-System wird fiir die Kontrolle der
Transkription des bss-Operons verantwortlich gemacht (Coschigano et al. 1998; Hermuth et
al. 2002; Kube et al. 2004). Erst kiirzlich konnte mittels physiologischer, proteomischer und
transkriptomischer Experimente gezeigt werden, dass die Gene des anaeroben Toluol-Abbaus
(bss und bbs) in Stamm EbN1 koordiniert und Substrat-spezifisch reguliert werden (Kiihner et
al. 2005). Im Gegensatz dazu werden die Gene des anaeroben Ethylbenzol-Abbaus
sequenziell reguliert: der "obere" Teil des Abbauwegs (von Ethylbenzol zu Acetophenon)
wird durch das Substrat Ethylbenzol, nicht aber durch das Intermediat Acetophenon induziert.
Der "untere" Teil des Abbauwegs (von Acetophenon zu Benzoyl-CoA) wird jedoch, aufgrund
der intermediédren Bildung von Acetophenon, auch wihrend des Wachstums mit Ethylbenzol
exprimiert (Kiithner et al. 2005). Diese Substrat-spezifischen Regulationsprozesse werden
vermutlich von zwei Zwei-Komponenten-Systemen reguliert, die zwischen den beiden

katabolen Gen-Clustern kodiert sind (Rabus et al. 2002).

Im natiirlichen Habitat ist es fiir Bakterien nicht nur erforderlich einzelne, katabole
Wege in Abhingigkeit von der Verfiigbarkeit des jeweiligen Substrates zu kontrollieren.
Vielmehr muss die Regulation einzelner Stoffwechselwege unter Berlicksichtigung anderer
relevanter in situ Bedingungen erfolgen. Eine sich dynamisch verdndernde Vielfalt von
Umweltreizen muss integriert und Reizantworten auf hierarchische, den jeweiligen
okophysiologischen Erfordernissen angepasste Weise erfolgen (Cases und de Lorenzo 2005).
So miissen unter oxischen Bedingungen nicht nur die zur Substrat-Verwertung bendtigten
katabolen Enzyme gebildet werden, sondern auch Proteine zum Schutz vor reaktiven
Sauerstoffspezies (z.B. Katalase oder Superoxid-Dismutase; Bauer et al. 1999). Andererseits
ist die Bildung von Enzymen der entsprechenden anaeroben Abbauwege undkonomisch,
insbesondere wenn diese Sauerstoff empfindlich sind (z.B. die Benzylsuccinat Synthase des
anaeroben Toluol-Abbaus). Entsprechend wurden diverse tibergeordnete Regulationssysteme
identifiziert (z.B. SoxR oder Fnr), die unterschiedliche Sensitivitit gegeniiber Sauserstoff
besitzen und die differentielle Kontrolle der Zielgene in Bezug auf verdnderte Sauerstoff
Partialdriicke ermoglichen (Bauer et al. 1999). So ist der globale Regulator Fnr in E. coli fir

die Kontrolle von mehr als 120 Genen unter aeroben bzw. anaeroben Bedingungen
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verantwortlich (Sawers et al. 1988). Unter anoxischen Bedingungen unterdriickt Fnr die
Expression aerober Respirationsenzyme (z.B. Cytochrom Oxidase oder NADH
Dehydrogenase) und aktiviert die Expression von Genen deren Produkte die Reduktion

alternativer Elektronenakzeptoren erlaubt (Bauer et al. 1999).

5. Umweltmikrobiologie im Zeitalter von Genomik und Proteomik

Seit dem Beginn der Genom-Ara mit der Sequenzierung des ersten bakteriellen Genoms
von Haemophilus influenzae Rd (Fleischmann et al. 1995) steigt die Zahl mikrobieller
Genomprojekte exponentiell an. Aktuell sind 866 bakterielle Genome vollstindig sequenziert,
wiahrend 2654 weitere prokaryotische Genome sich bereits im Sequenzierungsprozess
befinden (Stand Januar 2008; www.genomesonline.org). Erst kiirzlich gelang es in einer
metagenomischen Studie mittels Shotgun-Sequenzierung von Wasserproben aus der
Sargassosee mehr als 1 Milliarde Basenpaare nicht-redundanter Sequenzinformation zu
produzieren (Venter et al. 2004). Ermdglicht wurde dieser dramatische Anstieg an DNA
Sequenzierleistung durch die Entwicklungen der Labor-Automatisierung und der Computer-
basierten Prozessierung der generierten Daten. Die neueste Entwicklung der so genannten
Pyrosequenzierung mit hohem Durchsatz, 454 Sequenzierung, erlaubt die Produktion von
mehr als 100 Millionen Basenpaaren innerhalb von 7,5 h (Margulies et al. 2005). Diese
technische Innovation wird Sequenzierungsprojekte, die sowohl einzelne Stimme als auch
Konsortien und komplexe Umweltproben umfassen, weiter vorantreiben. Wurden zunéchst
hauptsdchlich pathogene Mikroorganismen sequenziert, stellen Umweltmikroorganismen
heute mehr als die Hélfte aller Sequenzierungsprojekte (www.genomesonline.org). In der Tat
plant die Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ)
innerhalb der ndchsten Dekade alle Genome von Typstdmmen in der Kultursammlung zu

bestimmen (www.dsmz.de).

Die Genomsequenz ermoglicht einen Einblick in das genetische Potential eines
Organismus. Der tatsdchliche Funktionsnachweis erfordert jedoch die Analyse der
Genexpression bzw. Proteinbildung, die die Dynamik physiologischer und zelluldrer Abléufe
widerspiegeln. Besonders im Fall hypothetischer Gene/Proteine stellt die so genannte
funktionelle Genomanalyse die einzige Mdglichkeit dar eine erste Vorstellung von ihrer

Funktion zu erhalten, basierend auf dem physiologischen Zusammenhang ihrer Bildung.
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Die Transkriptomanalyse zielt ab auf die quantitative Erfassung aller Transkripte
(mRNAs), die eine Zelle unter definierten experimentellen Bedingungen bildet (Velculescu et
al. 1997). Dies erlaubt eine Unterscheidung zwischen konstitutiv exprimierten, Kontext-
abhingig induzierten und stillen Genen. Eine vielfach angewandte Technik stellen DNA-
Microarrays dar. Sie erlauben die globale Analyse der Genexpression mit Hilfe
immobilisierter Gen-Sensoren (Oligonukleotide oder PCR-Produkte). Allerdings finden auch
wihrend des Informationsflusses von der mRNA zum Protein noch eine Vielzahl
regulatorischer Prozesse statt. Die verschiedenen mRNA-Spezies werden unterschiedlich
schnell abgebaut und mit unterschiedlicher Effizienz translatiert. Daher ist eine direkte
Korrelation zwischen mRNA und Proteinmenge kaum mdglich (Gygi et al. 1999; Greenbaum
et al. 2003). Ebenso vermag die RNA-Analyse keine Aussage iiber posttranslationale
Modifikationen von Proteinen zu treffen (z.B. Glykosilierung, Methylierung,
Phosphorylierung oder proteolytische Prozessierung), welche jedoch fiir die biologische

Funktion der Proteine essentiell sein konnen.

Proteine sind die katalytisch aktiven Molekiile, die eine Zelle zum Leben erwecken. Das
Proteom umfasst "die Gesamtheit aller von der Zelle zu einem bestimmten Zeitpunkt und
unter definierten Bedingungen synthetisierten Proteine" (Wasinger et al. 1995). Im Gegensatz
zum Genom, ist das Proteom hoch dynamisch, da nur solche Proteine gebildet werden, deren
Funktion fiir das Uberleben bzw. Wachstum unter den aktuellen Bedingungen notwendig ist.
Umweltbedingungen kdnnen dariiber hinaus auch die Lokalisation, Stabilitit und Quantitit
von Proteinen sowie das Vorkommen posttranslationaler Modifikationen bestimmen. Somit
korrespondiert eine Vielzahl von Proteomen zu nur einem Genom. Die Proteomik untersucht
daher die Dynamik der Proteinzusammensetzung eines Organismus und erfasst dabei die
Abundanz, postranslationale Modifikation und sub-zelluldre Lokalisation der Proteine. Dies
ermdglicht einen Einblick in physiologische und zelluldre Prozesse sowie regulatorische
Netzwerke auf Proteinebene (Gorg et al. 2004).

Mit Hilfe differentieller Proteomik kann die relative Hiufigkeit einzelner Proteine (oder
ihrer Untereinheiten) quantitativ erfasst werden. Dieser Ansatz kann einen innovativen
Beitrag zur Aufkldrung von u.a. Stoffwechselwegen und regulatorischen Prozessen in
Abhingigkeit von verdnderten Umweltbedingungen leisten. Proteomische Methoden befassen
sich mit der Separierung komplexer Proteingemische sowie der nachfolgenden
Proteinidentifizierung. Die am weitesten verbreitete Technik zur Proteinerfassung stellt die

zweidimensionale  Gelelektrophorese (2DE) dar. Komplementir wird zunehmend
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Fliissigchromatographie eingesetzt (Zieske 2006). Unabhingig von der verwendeten Methode
zur Proteinseparierung werden vor allem massenspektrometrische Verfahren zur

Proteinidentifikation eingesetzt (de Hoog und Mann 2004).

Die Separierung komplexer Proteingemische mittels der 2DE beruht auf zwei
unterschiedlichen physikochemischen Eigenschaften von Proteinen: (i) dem isoelektrischen
Punkt (IEP) und (ii) der molekularen Masse. Der IEP eines Proteins entspricht dem pH-Wert,
an dem seine Nettoladung null ist und es nicht mehr im elektrischen Feld wandert. In der
ersten Dimension der 2DE werden Proteine in einem immobilisierten pH-Gradienten geméal
ihres IEPs aufgetrennt. Da Proteine unterschiedlicher Masse denselben IEP besitzen konnen,
erfolgt in der zweiten Dimension, einer Natriiumdodecylsulfat-Polyacryalmid-
Gelelektrophorese (SDS-PAGE), eine Auftrennung gemi3 der Proteinmasse. Die
Kombination dieser zwei Trennprinzipien ermdglicht es, komplexe Proteingemische schnell
und hochauflosend zu trennen und gleichzeitig auf einem Gel darzustellen. Heute ist es mit
dieser Technik mdglich Proteine mit IEPs von pH 2,5 — 12 und einer molekularen Masse von
10 — 200 kDa aufzulosen (Gorg et al. 2004). Allerdings lassen sich hydrophobe Proteine (z.B.
Proteine mit mehreren transmembran Dominen) meist nicht oder nur eingeschrinkt in
immobilisierten pH-Gradienten auftrennen. Es wird angenommen, dass bis zu 25 % aller
Proteine eines Bakteriums integrale Membranproteine sind (Wallin und von Heijne 1998),
wihrend die verbleibenden 75 % einen IEP zwischen pH 3 — 13 besitzen (Himmelreich et al.
1996).

Im Gegensatz zu klassischen, postelektrophoretischen Farbemethoden (z.B. Silbernitrat
oder Coomassie Brilliant Blau) werden bei der DIGE-Technologie (difference gel
electrophoresis) Fluoreszenzfarbstoffe (CyDyes™) bereits vor der Separierung kovalent an
die e-Aminogruppe von Lysin-Resten der Proteine gebunden (Unlii et al. 1997). Wichtige
Figenschaften der drei verfiigbaren Farbstoffe (Cy2, Cy3 und Cy5) sind die niedrige
Detektionsgrenze, ein breiter dynamischer Bereich (4 GroBenordnungen), gleichartiger
Einfluss auf die Migrationseigenschaften der zu separierenden Proteine (so genannte
"Ladungs- und Massen-Abstimmung") sowie distinkte, nicht {iberlappende Absorptions- und
Emissionsmaxima. Zusammengenommen erlauben diese Eigenschaften bis zu drei
verschiedene Proteinproben gleichzeitig in einem 2DE-Gel aufzutrennen (Multiplexing).
Durch anschlieBendes, wiederholtes Scannen mit Cy-Farbstoff-spezifischen Anregungs-
wellenldngen, werden digitale Gelbilder fiir die einzelnen Proben erzeugt (Gade et al. 2003;

Gorg et al. 2004). Die Software-basierte (DeCyder™) Analyse der Proteinmuster (~1000-
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2000 Proteinspots pro Gel) erlaubt die Erkennung der Proteinspots sowie die Erfassung

quantitativer Unterschiede durch Zuordnung gleicher Spots in parallelen Gelen.

Die Massenspektrometrie (MS) stellt heute eine der bedeutendsten analytischen
Methoden der Biowissenschaften dar. Die effizienten und zugleich schonenden
Ionisierungstechniken =~ Matrix-Assisted-Laser-Desorption/Ionisation (MALDI) und
Electrospray-lonisation (ESI) ermdglichen die Bestimmung molekularer Massen von grof3en
Biomolekiilen. Sie zdhlen damit zu den wichtigsten Techniken der routinemifBigen Peptid-
und Proteinanalytik (de Hoog und Mann 2004) und ersetzen die langsamere und
arbeitsaufwindigere N-terminale Sequenzierung (Edman-Abbau). Zur Identifizierung werden
ausgewdhlte Proteinspots zundchst aus dem 2DE Gel ausgestochen und anschlieBend mittels
sequenzspezifischer Proteasen (z.B. Trypsin) fragmentiert. Dadurch entsteht ein Protein-
spezifisches Gemisch aus Peptiden definierter Langen und Aminosiuresequenzen. Wéhrend
der MALDI-TOF-MS Analyse werden die Peptide (eines Proteins) ionisiert und in die
Gasphase tberfiihrt. Im elektrischen Feld werden die generierten Peptidionen dann mit
gleicher kinetischer Energie beschleunigt und im Hochvakuum innerhalb einer feldfreien
Driftstrecke aufgrund ihrer Flugzeit voneinander getrennt. Schwere Peptidionen fliegen dabei
langsamer als leichte und erreichen daher erst spater den Detektor. Auf diese Weise wird fiir
jedes Protein ein charakteristischer Satz von Peptidmassen bestimmt; die so genannten
Peptidmassen Fingerabdriicke (PMF). Zur Identifizierung werden diese experimentell
generierten Massenleitern mit in silico erzeugten PMFs von in Datenbanken hinterlegten
Proteinsequenzen verglichen. Dies erlaubt in den meisten Féllen die Zuordnung eines
kodierenden oder homologen Gens zu einem Protein und somit eine eindeutige
Identifizierung bzw. funktionelle Zuweisung. Je hoher die Ubereinstimmung (Score oder
Coverage) zwischen experimentell bestimmtem und in silico berechnetem PMF ist, desto
verldsslicher ist die Identifizierung. Allerdings ist dieses Verfahren nur moglich, wenn eine
entsprechende DNA- oder Proteinsequenz vorliegt. Mittlerweile erlaubt eine nochmalige
Fragmentierung von Peptidionen mittels Tandem-MS (MS-MS) aber auch eine de novo

Sequenzierung.

Wihrend die 2DE als Standardtechnik in viele Bereiche biologischer Forschung Einzug
gehalten hat (meist mit Silber-Férbung), ist der Einsatz der modernen DIGE-Technologie
noch nicht so weit verbreitet. Bei proteomischen Untersuchungen zur Physiologie des

marinen Planktomyceten Rhodopirellula baltica (Gade et al. 2005a; Gade et al. 2005b) sowie
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zur Regulation des anaeroben Alkylbenzol-Abbaus in "A. aromaticum" EbN1 (Kiihner et al.
2005) kam die DIGE Technologie erstmals bei Umweltmikroorganismen zur Anwendung. In
jingster Zeit wurden DIGE-basierte proteomische Studien auch mit Cyanobakterien
durchgefiihrt (Slabas et al. 2006; Hongsthong et al. 2007). Andere quantitative proteomische
Untersuchungen von Umweltmikroorganismen nutzen meist LC-MS basierte Methoden oder

die Quantifizierung Silber-gefarbter Gele (z.B. Kim et al. 2006).

6. Zielsetzung der Arbeit

Zu Beginn der vorliegenden Arbeit waren der denitrifizierende Stamm EbN1 sowie
weitere Denitrifizierer mit der Féhigkeit zum anaeroben Aroamten-Abbau der Gattung
Azoarcus zugeordnet. Azoarcus senso strictu umfasst Np-fixierende Endophyten oder Wurzel-
Oberfliachen kolonisierende Bakterien. Diese Eigenschaft fehlt allerdings den mit Stamm
EbN1 verwandten Aromaten-Abbauern. Umgekehrt sind die Pflanzen-assoziierten Azoarcus
spp. sind nicht in der Lage Aromaten anaerob abzubauen. Daher sollten Wachstumsversuche
und molekulare Untersuchungen durchgefiihrt werden, um eine physiologische Basis fiir die
taxonomische Abgrenzung beider Bakteriengruppen zu ermoglichen.

Hauptziel dieser Arbeit war die proteomische Rekonstruktion der genomisch
vorhergesagten anaeroben und aeroben Abbauwege aromatischer Wachstumssubstrate von
Stamm EbNI. Durch quantitative, DIGE-basierte Erfassung Substrat-spezifischer
Subproteome sollte dariiber hinaus erstmals ein Einblick in die regulatorischen Hierarchien
eines denitrifizierenden Aromaten-Abbauers erzielt werden. SchlieBlich sollten Substrat-
spezifische Proteinmuster auch als Inspiration fiir die Suche nach bislang unbekannten
Abbauleistungen dienen: Beispielhaft fiir die erfolgreiche Umsetzung dieser Strategie sei die
Entdeckung des anaeroben p-Ethylphenol-Abbaus genannt.

Das Wachstum von Stamm EbNI1 mit toxischen Substanzen (z.B. Alkylbenzole) legt
die Fiahigkeit zur Anpassung an Losungsmittel-Stress nahe. In aktuellen Untersuchungen
wurde bereits die Stressantwort von Stamm EbNI1 auf semi-inhibitorische (d.h. ~50 %
Wachstumshemmung) Konzentrationen von Toluol und Ethylbenzol untersucht. Dabei
wurden zwei Kultivierungsstrategien verfolgt: in einem Fall waren die entsprechenden
Abbauwege operativ, im anderen Fall nicht. In der vorliegenden Arbeit sollte die
Stressantwort von Stamm EbN1 auf plétzlichen Schock mit Phenol bzw. p-Cresol untersucht
werden.

Die Genomsequenz von Stamm EbN1 enthélt zahlreiche Gene, deren Funktion bislang
durch rein bioinformatische Analyse nicht geklirt werden konnte. Proteomische
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Untersuchungen dieser und vorheriger Arbeiten konnten erstmals die Substrat-spezifische und
abundante Bildung einiger dieser hypothetischen Proteine belegen. Als Grundlage fiir eine
weiterfilhrende Funktionsaufkldrung sollte im Rahmen dieser Arbeit ein genetisches System
fiir Stamm EbNI1 etabliert werden. Hierzu sollten zunidchst Methoden zur effizienten
Kultivierung auf festem Medium sowie zum Transfer von mobilen DNA-Elementen
(Plasmide) entwickelt werden. SchlieBlich sollte ein Gen des anaeroben Aromaten-Abbaus

deletiert und die generierte Mutante in trans komplementiert werden.
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B Ergebnisse und Diskussion

Im Folgenden werden die Ergebnisse der Publikationen/Manuskripte iibergreifend im
Zusammenhang dargestellt. An dieser Stelle werden allerdings nur besondere Aspekte der
Verdffentlichungen hervorgehoben. Fiir eine detaillierte Betrachtung aller Einzelergebnisse

dieser Arbeit sei auf die angefligten Veroffentlichungen verwiesen (Teil II).

1. Taxonomische Beschreibung der Gattung "Aromatoleum" gen. nov.

Die Mehrzahl der bisher isolierten denitrifizierenden Bakterien mit der Fihigkeit zum
anaeroben Aromaten-Abbau ldsst sich zwei phylogenetischen Clustern innerhalb der
Betaproteobacteria zuordnen. Das eine Cluster entspricht der Gattung Thauera (Macy et al.
1993) mit dem gut untersuchten 7. aromatica K172 (Anders et al. 1995) sowie weiteren
anaeroben Aromaten- (z.B. T. aminoaromatica S2" und T. chlorobenzoica 3CB 1"; Song et al.
2001; Mechichi et al. 2002) und Monoterpen-abbauenden Vertretern (7. linaloolentis 47Lol"
und T. terpenica 58Eu'; Foss und Harder 1998). Das andere Cluster wurde bislang der
Gattung Azoarcus zugeordnet. Mitglieder von Azoarcus senso strictu sind jedoch
stickstrofffixierende Endophyten oder Wurzeloberflichen von Kallar Gras kolonisierende
Bakterien, wie z.B. 4. indigens VB32" und A. communis SWub3" (Reinhold-Hurek et al.
1993b). Der erste taxonomisch beschriebene anaerobe Aromaten-Abbauer des Azoarcus
Clusters war A. evansii KB740" (Anders et al. 1995). Spitere Studien beschrieben weitere
anaerobe Aromaten-Abbauer, die taxonomisch dem Genus Azoarcus zugeteilt wurden:
A. buckelii U120" (Mechichi et al. 2002), A. anaerobius LuFResl’ (Springer et al. 1998),
A. tolulyticus Tol-4" (Zhou et al. 1995), A. toluvorans Td-21" und A. toluclasticus MF63"
(Song et al. 1999). Weitere sieben Isolate, die Stimme EbN1', ToN1", PbN17, pCyNI1, EBI,
T" und 22Lin" gehdren zur A. evansii Verwandtschaftsgruppe und wurden bislang noch nicht
taxonomisch beschrieben. Eine frithere vergleichende 16S rRNA Gensequenz-Analyse wies
bereits darauf hin, dass die Gruppe der "Abbauer" ebenso nah verwandt mit den Pflanzen-
assoziierten Azoarcus spp. wie mit den Spezies der Gattung Thauera ist (Reinhold-Hurek und
Hurek 2000), so dass eine Neuordnung des Azoarcus/Thauera Clusters geboten scheint.

Zur taxonomischen Einordnung der sieben unbeschriebenen Isolate und der
Differenzierung der anaerob Aromaten-abbauenden von den Pflanzen-assoziierten Stimmen,

mussten auch die bereits beschriebenen sechs Stimme mit einbezogen werden. Der
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16S rRNA-basierte phylogenetische Baum der Thauera und Azoarcus zugeordneten Stamme
weist drei distinkte Cluster innerhalb der Rhodocyclus-Gruppe der Betaproteobacteria auf
(Abb. 5). Daher wurde die neue Gattung "Aromatoleum" vorgeschlagen, um der
phylogenetischen Aufspaltung dieser drei Gruppen Rechnung zu tragen. Der Gattungsname
nimmt dabei Bezug auf die Vielzahl aromatischer Verbindungen und Rohdl-Komponenten die
von dieser Gruppe anaerob abgebaut werden kann.

Zur Unterstiitzung der phylogenetischen Aufspaltung wurden Unterschiede
hinsichtlich allgemeiner Physiologie, Substratverwertung und Zusammensetzung der
Membranfettsduren herausgearbeitet. Im Rahmen dieser Arbeit wurden klassische
Wachstumsexperimente durchgefiihrt, in denen alle 13 "Aromatoleum" spp., sowie die
Pflanzen-assoziierten Azoarcus spp. A. indigens VB32", A. communis SWub3' und Azoarcus
sp. BH72 auf Verwertung diverser aromatischer, aliphatischer und anderer Verbindungen
(z.B. Kohlenhydrate) getestet wurden (siche Tabelle 2 in Publikation 5). Diese Ergebnisse
zeigten, dass die Eigenschaft des anaeroben Abbaus aromatischer und anderer chemisch
reaktionstriger Verbindungen allein den Vertretern der "Aromatoleum"-Gruppe zu eigen ist.
Dariiber hinaus kénnen innerhalb der "Aromatoleum"-Gruppe einzelne Isolate anhand der
jeweiligen Substratspektren differenziert werden. So sind die Stimme EbN1', ToN1',
pCyN1", und T" alle in der Lage anaerob Toluol abzubauen, aber lediglich Stamm EbN1"
verwertet anaerob auch Ethylbenzol. Andererseits kann nur Stamm pCyN1" p-Ethyltoluol und
p-Cymol anaerob verwerten. Interessanter Weise kann kein "Aromatoleum"-Vertreter unter
oxischen Bedingungen Kohlenwasserstoffe abbauen.

Die Féhigkeit der Stickstofffixierung scheint in der "Aromatoleum"-Gruppe selten
vorzukommen, da lediglich bei wenigen Vertretern (Stamm 22Lin", Tol-4" und Td-21") nifH
Gene identifiziert werden konnten, welche die Eisen-enthaltende Untereinheit der Nitrogenase
kodieren. Entsprechend bilden nur diese Stimme Ethylen in Weichagarkulturen, wihrend
diese Fahigkeit ein charakteristisches Merkmal aller Pflanzen-assoziierten Azoarcus spp.
darstellt (Reinhold-Hurek und Hurek 2000).

Der Vergleich der bisher sequenzierten Genome von "4. aromaticum" EbN1" (Rabus
et al. 2005) und Azoarcus sp. BH72 (Krause et al. 2006) unterstreicht die taxonomische
Unterscheidung beider Gruppen auf genomischer Ebene. Beide Genome weisen nur einen
geringen Grad von Syntenie auf. Das Chromosom von Azoarcus sp. BH72 kodiert mehrere
Proteinkomponenten flir Oberflichenassoziation, die wahrscheinlich an der Pflanzen-
assoziierten Lebensweise beteiligt sind (Krause et al. 2006). Das Genom von Stamm EbN1"

weist diese Gene entweder gar nicht auf, oder die Gene von Azoarcus sp. BH72 zeigen hohere
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Sequenzdhnlichkeit zu Genen Pflanzen-assoziierter oder pathogener Bakterien. Umgekehrt
sind im Genom von Stamm BH72 keine Gene vorhanden, die der Denitrifikation oder dem
anaeroben Aromaten-Abbau zugeordnet werden konnen. Dariiber hinaus ldsst die Vielzahl
mobiler Elemente im Genom von Stamm EbN1 (z.B. mehr als 200 Transposasen) auf eine
hohe Genomplastizitidt schlieBen, welche vorteilhaft fiir den horizontalen Transfer von
Abbauleistungen wire (Rabus et al. 2005). Das Genom von Stamm BH72 weist hingegen nur
wenige mobile Elemente auf, welches als Ausdruck der relativ stabilen Lebensumgebung in

Pflanzen angesehen wird (Krause et al. 2006).

Aromatoleum petroleum ToN1" (X83534)
Aromatoleum evansii KB740" (X77679)
Aromatoleum toluvorans Td-217 (L33692)
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56

92
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Aromatoleum toluclasticus MF63" (AF123077)
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Thauera aromatica K1727 (X77118)
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Abb. 5: Der phylogenetische Baum zeigt deutlich die Cluster der Gattungen "Aromatoleum”,
Azoarcus und Thauera innerhalb der Rhodozyclus Gruppe der Betaproteobacteria. Der Baum

wurde mit der Neighbor-Joining-Methode errechnet.
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2. Untersuchung Substrat-abhangiger Regulation aerober und anaerober

Abbauwege mittels differentieller Proteomik

Die komplette Genomsequenz von "A4. aromaticum" EbN1 bildete die Grundlage fiir
die umfangreiche proteomische Untersuchung dieses Organismus, da sie die routinemifBige
Identifizierung von 2DE-separierten Proteinspots mittels ihres PMF ermoglicht. Das 4,3 Mb
umfassende zirkuldre Chromosom und die beiden Plasmide (0,21 bzw. 0,22 Mb) kodieren
4603 vorhergesagte Proteine (Rabus et al. 2005). Mittels Sequenzvergleichen mit bereits
bekannten Proteinen konnte 2772 Genen eine Funktion zugewiesen werden, wéhrend die der
restlichen vorhergesagten Proteine (1831) unbekannt ist. Auf diese Weise konnten zehn
anaerobe und vier aerobe Abbauwege aromatischer Verbindungen vorhergesagt werden
(Abb. 6), deren Gene meist in Clustern auf dem Chromosom angeordnet sind. Zusitzlich
konnten die zentralen Stoffwechselwege rekonstruiert werden, z.B. der Citratzyklus oder die
Gluconeogenese (Rabus et al. 2005). Die Vielzahl im Genom kodierter regulatorischer
Proteine weist auf eine fein abgestimmte Regulation kataboler Wege hin. Die Prédsenz
globaler Regulatoren im Genom (z.B. 7 Gene der Fnr/Crp-Familie) deutet dariiber hinaus auf
ein lbergeordnetes, Redox-spezifisches Regulationsnetzwerk hin. Die Verfiigbarkeit der
Genomsequenz in Kombination mit differentieller Proteomanalyse (2D DIGE) und MS-
basierter Proteinidentifizierung, ermoglichten erstmals die globale Untersuchung aerober und

anaerober Abbauwege.

Grundlage fiir diese umfangreiche Studie bildeten Kulturen von Stamm EbN1, die an
das Wachstum mit 17 verschiedenen aromatischen und aliphatischen Verbindungen unter
anoxischen oder oxischen Bedingungen angepasst waren. Insgesamt wurden die 16slichen
Proteome von 22 verschiedenen Anpassungsbedingungen untersucht. Diese 22 Wachstums-
bedingungen lassen sich drei Gruppen zuordnen: (i) anaerobes Wachstum mit aromatischen
Verbindungen, (ii) aerobes Wachstum mit aromatischen Verbindungen und (iii) anaerobes
Wachstum mit aliphatischen Alkoholen, Ketonen und Carbonsduren (Abb. 6 und 7). In allen
drei Féllen fiihren die jeweiligen Abbauwege zur Bildung zentraler Intermediate: Benzoyl-
CoA wihrend des anaeroben Aromaten-Abbaus und Acetyl-CoA im Fall des aeroben
Aromaten- und anaeroben Aliphaten-Abbaus. Die direkten Vorldufer dieser Verbindungen
(Benzoat bzw. Acetat) wurden entsprechend fiir Referenz-Anzuchten bzw. als Referenz-

Zustinde eingesetzt, um bei den DIGE-Analysen Proteine zu entdecken, die spezifisch fiir das
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Abb. 7. Rekonstruktion kataboler Wege in "A. aromaticum" EbN1 basierend auf der differentiellen
Proteom-Analyse (2D DIGE). Die farbigen Umrandungen kennzeichnen anaerobes Wachstum
mit aromatischen Verbindungen (Rot), anaerobes Wachstum mit aliphatischen Verbindungen
(Orange) und aerobes Wachstum mit aromatischen Verbindungen (Blau). Die
Wachstumssubstrate der Referenz-Zustande sind in entsprechender Farbe (Rot, Orange oder
Blau) gekennzeichnet. Grin markierte Substanzen wurden in dieser Arbeit erstmals als
Wachstumssubstrate von Stamm EbN1 identifiziert. (*) Die Substrat-abhangige Regulation wurde
bereits untersucht (Kihner et al. 2005).

Namen der Verbindungen: (7) Phenylalanin, (2) Phenylpyruvat, (3) Phenylacet-aldehyd, (4)
Phenylacetat, (5) Phenylacetyl-CoA, (6) Phenylglyoxylat, (7) Toluol, (8) (R)-Benzylsuccinat, (9)
(R)-Benzylsuccinyl-CoA, (70) (E)-Phenylitaconyl-CoA, (71) 3-Hydroxybenzoylsuccinyl-CoA, (12)
Benzoylsuccinyl-CoA, (73) Ethylbenzol, (74) (S)-1-Phenylethanol, (75), Acetophenon, (716)
Benzoylacetat, (17) Benzoylacetyl-CoA, (18) p-Ethylphenol, (79) 1-(4-Hydroxyphenyl)-ethanol,

(20) p-Hydroxyacetophenon, (27) unbekanntes Carboxylierungsprodukt, (22) p-Hydroxybenzoyl-
CoA, (23) Benzoyl-CoA, (24) p-Cresol, (25) p-Hydroxybenzaldehyd, (26) p-Hydroxybenzoat,
(27) Phenol, (28) Phenylphosphat, (29) Benzylalkohol, (30) Benzaldehyd, (37) Benzoat, (32)
o-Aminobenzoat, (33) o-Aminobenzoyl-CoA, (34) m-Hydroxybenzoat, (35) m-Hydroxybenzoyl-
CoA, (36) 2-Ene-5-oxo-cyclohex-1-carbonyl-CoA, (37) 2-Hydroxy-5-oxo-cyclohex-1-carbonyl-
CoA, (38) 2,5-Dioxo-cyclohex-1-carbonyl-CoA, (39) 4-Oxopimelyl-CoA, (40) Cyclohex-1,5-dien-
1-carbonyl-CoA, (41) 6-Hydroxycyclohex-1-en-1-carbonyl-CoA, (42) 6-Oxocyclohex-1-en-1-
carbonyl-CoA, (43) 3-Hydroxypimelyl-CoA, (44) 2,3-Dihydroxy-4,6-dien-cyclohexylcarbonyl-CoA,
(45) 2-Oxo-3-hydroxy-5-en-cyclohexylcarbonyl-CoA, (46) B-En-adipyl-CoA, (47) cis-Dihydrodiol
Derivat von Phenylacetyl-CoA, (48) p-Hydroxyadipyl-CoA, (49) Gentisat, (50) Maleylpyruvat,
(57) Fumarylpyruvat, (52) 2-Propanol, (53) Aceton, (54) 3-Oxo-butyrat, (65) 3-Oxo-butyryl-CoA,
(56) 2-Butanol, (57) 2-Butanon, (568) 3-Oxo-valerat, (59) 3-Oxo-valeryl-CoA, (60) Propionat, (67)
Propionyl-CoA, (62) Methylmalonyl-CoA, (63) Acetat, (64) Acetyl-CoA,

Enzymnamen (in alphabetischer Reihenfolge): Farbkennzeichnung: schwarz, identifiziert; grau,
nicht identifiziert; grin, identifiziert und dem Abbauweg aufgrund der differentiell-proteomischen
Daten neu zugeordnet. Enzymnamen in Klammern wurden in silico vorhergesagt. Die Funktion
von mit (?) gekennzeichneten Enzymen konnte in dieser Arbeit weder bestatigt noch widerlegt
werden. (AceA) Isocitrat Lyase, (AcnA, AcnB) Aconitase Isoenzym, (AscA) Acetyl-CoA
Synthetase, (AcxABC) Aceton Carboxylase, (Adh) Alkohol Dehydrogenase, (Ald) Aldehyd
Dehydrogenase, (BclA) Benzoat CoA-Ligase, (BclA-1) "aerobe” Benzoat CoA-Ligase, (BcrCBAD)
Benzoyl-CoA Reduktase, (BoxAB) Benzoyl-CoA Oxidationskomplex, (BoxC) Enoyl-CoA
Hydratase/lsomerase, (BoxZ) Aldehyd Dehydrogenase, (ChnA) vorhergesagte Cyclohexanol
Dehydrogenase, (Dch) Cyclohex-1,5-diene-1-carbonyl-CoA Hydratase, (EbA309) vermutliche
Dehydrogenase, (EbA720/722) vermutliche 3-Oxo-5-ene-cyclohexylcarbonyl-CoA Hydratase und
3,5-Dioxo-cyclohexylcarbonyl-CoA Hydrolase, (EbA723/738) vermutliche 3-Oxo-5-hydroxy-
cyclohexylcarbonyl-CoA Dehydrogenase, (EbA5004) Eisen-Schwefel Cluster Bindeprotein,
ahnlich zu 4Fe-4S Ferredoxin, (EbA5005) vorhergesagte Aldehyde:Ferredoxin Oxidoreduktase,
(EbA5007)  Ferredoxin:NADH  Oxidoreduktase, (EbA3118) Zn-enthaltende  Alkohol
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Dehydrogenase, (EbA5380) vermutliche p-Cresol Methylhydroxylase, (FumA, FumC) Fumarase
Isoenzyme, (GIcB) Malate Synthase, (GItA) Citrat synthase, (Had) 6-hydroxycyclohex-1-en-1-
carbonyl-CoA  Dehydrogenase, (HbcL)  m-Hydroxybenzoat = CoA-Ligase, (HbcL-1)
p-Hydroxybenzoat = CoA-Ligase, (Hbh) Hydroxybenzoat Hydroxylase, (HbrCBAD)
m-Hydroxybenzoyl-CoA Reduktase, (HcrCAB) p-Hydroxybenzoyl-CoA Reduktase, (lcd) Isocitrat
Dehydrogenase, (lorAB) Indolpyruvat:Ferredoxin Oxidoreduktase, (KctAB) Succinyl-CoA:3-
Ketoacyl CoA-Ligase, (Mdh) Malat Dehydrogenase, (Nagl) Gentisat-1,2-dioxygenase, (NagK)
Fumarylpyruvat Hydrolase, (NagL) Maleylpyruvat Isomerase, (Oah) 6-Oxocyclohex-1-en-1-
carbonyl-CoA Hydrolase, (PaaABCDE) Phenylacetyl-CoA (di)oxygenase, (PaaGZ) Ring
offnendes Enzym, (PaaG) Enoyl-CoA Hydratase/lsomerase, (PaaZ) Aldehyd Dehydrogenase,
(PaaFHJ) beteiligt an B-Oxidation via B-Ketoadipyl-CoA, (PaaK) Phenylacetat CoA-Ligase,
(PadBCD) Phenylacetyl-CoA:Acceptor Oxidoreduktase, (PadEFGHI) Phenylglyoxylat:Acceptor
Oxidoreduktase, (PadJ) Phenylacetat CoA-Ligase, (Pat) Phenylalanin Aminotransferase,
(PccAB, AccBC) Propionyl-CoA Carboxylase, (PchA) p-Hydroxybenzaldehyd Dehydrogenase,
(PchCF*; EbB97/EbA3165) p-Cresol Methylhydroxylase, (PchCF; EbA300/301) p-Cresol
Methylenhydroxylase ahnliches Protein, (Pdc) Phenylpyruvat Decarboxylase, (Pdh)
Phenylacetaldehyd Dehydrogenase oder vermutliche p-Hydroxybenzaldehyd Dehydrogenase,
(PpcABCD) Phenylphosphat Carboxylase, (PpsABC) Phenylphosphat Synthetase, (PrpE)
Propionat CoA-Ligase, (SbmAB) Methylmalonyl-CoA Mutase, (SdhABCD) Succinat
Dehydrogenase, (SucAB, Lpd) 2-Oxoglutarat Dehydrogenase-Komplex, (SucCD) Succinyl-CoA
Synthetase, (TioL) vorhergesagte Thiolase, (XccAB) Biotin-abhdngige Carboxylase (verandert
nach Rabus et al. 2005).

untersuchte Wachstumssubstrat bzw. den Abbauweg sind. Acht der 17 untersuchten
Verbindungen sind nicht nur Wachstumssubstrate von Stamm EbN1, sondern stellen auch
Abbauintermediate anderer Substrate dar (z.B. Phenylacetat im anaeroben Phenylalanin-
Abbau). Somit konnten auch die Subproteome sequenzieller Abbauwege (z.B. von
Phenylalanin zu Phenylacetat und von Phenylacetat zu Benzoyl-CoA; Abb. 6) differenziert
und in ihrer Substrat-spezifischen Regulation untersucht werden. Das experimentelle
Vorgehen bei dieser Studie ldsst sich in folgende Schritte untergliedern (Abb. 7): (i)
Extraktion loslicher Proteine von verschieden adaptierten Zellen, (ii) Kontrolle der Qualitit
der Proteinextrakte mit Hilfe Silber-gefdrbter 2DE-Gele, (iii) Quantitatives, differentielles
Proteinprofiling (DIGE) zur Detektion und Selektion von regulierter Proteinspots fiir die MS-
basierte Identifizierung, (iv) Herstellung preparativer Coomassie-gefdarbter 2DE-Gele zur

Bereitstellung ausreichender Proteinmenge fiir die MS-Analyse, (v) Protein-Identifizierung
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durch PMF-mapping und (vi) proteogenomische Rekonstruktion des katabolen Netzwerks
von Stamm EbNI1.

Es sei an dieser Stelle darauf hingewiesen, dass die Signifikanz der Abundanz-
Anderung eines Proteins durch das untersuchte biologische System bestimmt wird. In dieser
Studie wurde ein stringenter Signifikanz-Grenzwert einer >|2,5|-fachen Abundanz-Anderung
angelegt, da die Studie hauptséchlich auf katabole, d.h. erwartungsgemall abundante Proteine
ausgerichtet war. Zudem sollten Abundanz-Unterschiede ein hohes Mall an Konfidenz
aufweisen. Zur Vereinfachung und Anschaulichkeit, wird die verringerte Abundanz eines
Proteins als negative Anderung angegeben (z.B. -3-fach bei einer Verringerung um zwei
Drittel; also eigentlich eine 0,3-fache Anderung). Proteine, die eine Anderung von 1,0 oder
-1,0 aufweisen, zeigen somit iiberhaupt keine Anderung in ihrer relativen Hiufigkeit.

Insgesamt konnten in dieser Studie 369 unterschiedliche Protein-Spezies mit hoher
Zuverléssigkeit identifiziert werden. Diese Proteine konnen verschiedenen funktionalen
Kategorien zugeordnet werden: anaerober Aromaten-Abbau (48), aerober Aromaten-Abbau
(17), anaerober Aliphaten-Abbau (14), allgemeiner Metabolismus (77), Biosynthese (56),
zelluldre Funktionen (50) und Proteine unbekannter Funktion (107). Besonders die
Identifizierung von 37 hypothetischen Proteinen ist hervorzuheben, da ihre tatsdchliche
Bildung zum ersten Mal gezeigt werden konnte. Die spezifische Co-Regulation einiger

Proteine unbekannter Funktion Iésst erste Riickschliisse auf ihre Funktion zu (siehe unten).

2.1 Spezifitat und AusmaRB der Regulation

Von den 369 identifizierten verschiedenen Proteinen, waren 213 unter mindestens
einem Wachstumszustand differentiell reguliert, wahrend die verbleibenden 156 Proteine eine
unverinderte Abundanz aufwiesen. Einen Uberblick iiber das AusmaB der maximalen
Anderung der Abundanz aller identifizierten Proteine bietet Abb. 8. Die iiberwiegende
Mehrzahl der regulierten Proteine zeigte eine 2,5- bis 50-fach verstirkte Abundanz. Hingegen
wiesen nur wenige Proteine eine verringerte Abundanz auf. Die groBte Anzahl regulierter
Proteinspots wurde wéhrend des anaeroben Wachstums mit aromatischen Verbindungen
detektiert (z.B. mehr als 200 mit Phenol; Referenz Benzoat). Beriicksichtigte man, dass mehr
als 120 Proteinspots spezifisch widhrend des anaeroben Wachstums mit Benzoat gebildet
werden (Referenz Acetat), ldge diese Zahl noch hoher. Hingegen wurden nicht mehr als 115
Proteinspots wihrend des aeroben Aromaten-Abbaus (z.B. m-Hydroxybenzoat) und nur 70

wiahrend des anaeroben Aliphaten-Abbaus reguliert (Referenz jeweils Acetat). Diese hohe
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Abb. 7: Uberblick des experimentellen Vorgehens zur Untersuchung Substrat-spezifischer Regulation in "A. aromaticum" EbN1. Vor der proteomischen Analyse wurden die Zellen tiber mindestens 5 Passagen an das aerobe
(Blau) oder anaerobe (Rot und Orange) Wachstum mit den jeweiligen Substraten angepasst. Substratnamen: Pal, Phenylalanin; Pac, Phenylacetat; BzOH, Benzylalkohol; Bzal, Benzaldehyd; pCr, p-Cresol; Pol, Phenol; pHB,
p-Hydroxybenzoat; mHB, m-Hydroxybenzoat; oAB, o-Aminobenzoat; Bz, Benzoat; Gen, Gentisat; Ac, Acetat; PrOH, 2-Propanol; Act, Aceton; BuOH, 2-Butanol; Bun, 2-Butanon; Prp, Propionat. Die Qualitat der preparierten
Proteinextrakte wurde mittels Silber-gefarbter Gele Uberprift (oben). Die Anwendung der DIGE-Technologie erlaubte die quantitative Analyse unabhangiger Proteinextrakte (Mitte). Das Gesamtprojekt war in drei
Arbeitspakete aufgeteilt: anaerobes Wachstum mit aromatischen Verbindungen, aerobes Wachstum mit aromatischen Verbindungen und anaerobes Wachstum mit aliphatischen Carbonsauren, Ketonen und Alkoholen. Die

Bild-Analyse wurde mit der DeCyder-Software durchgefiihrt. Ausgewahlte regulierte und nicht-regulierte Proteinspots wurden aus separaten Coomassie-gefarbten Gelen ausgestochen und mittels ihres PMF identifiziert.
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® Die identifizierten Proteine des p-Ethylphenol Abbauwegs sind nicht enthalten, so dass in dieser Arbeit insgesamt 369 verschiedene Proteine identifiziert wurden.
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Zahl regulierter Proteine widhrend des anaeroben Aromaten-Abbaus konnte primér die
komplexen und diversen biochemischen Reaktionen reflektieren.

Neben Proteinen mit zugewiesener Funktion in den Abbauwegen, wurden mehrere
weitere Proteine Kontext-spezifisch gebildet. Darunter befanden sich Proteine mit
zugewiesener, aber Abbauweg-unabhédngiger und mit unbekannter Funktion (Abb.9). So
wurden beispielsweise drei hypothetische Proteine (EbA4705, EbA4712 und EbA4715)
spezifisch wihrend des anaeroben Wachstums mit Ketonen gebildet. Auf dem Chromosom
von Stamm EbNI liegen die kodierenden Gene dieser drei Proteine zwischen denen der
Aceton Carboxylase (acx4ABC) und der Succinyl-CoA:3-Ketoacyl-CoA Ligase (kctAB), den
ersten beiden Enzymen des anaeroben Ketonabbaus (Abb. 3 in Publikation 1). Die starke
Hochregulierung (bis zu 750-fach) und die sehr hohe Abundanz dieser Proteine (bis zu 10 %
aller 2DE separierten Proteine) lassen eine Funktion im anaeroben Ketonabbau vermuten.
Regulationsmuster dieser Art deuten darauf hin, dass manche Abbauwege bzw.

Wachstumszustinde mehr Proteine involvieren als bisher angenommen.

Der Gesamtdatensatz dieser Studie erlaubt eine erste Korrelation zwischen
Anpassungszustand und Spezifitdt der Regulation. So wurde im Bereich des anaeroben
Aromaten-Abbaus der hochste Grad an Substrat-Spezifitit der differentiellen Proteinprofile
beobachtet. Dies trifft auch auf modulare Abbauwege zu. So induzierte Phenylacetat unter
anoxischen Bedingungen lediglich die Bildung von Proteinen des Phenylacetat-Abbaus. Die
Bildung der Proteine, die an der Umsetzung von Phenylalanin zu Phenylacetat beteiligt sind
(Abb. 6) wurde jedoch nicht induziert. Einzig Proteine, die nicht katabolen
Reaktionssequenzen zugeordnet werden (z.B. das Bindeprotein eines ABC-Transporters,
EbA1033) zeigten bei Wachstum mit verschiedenen aromatischen Substraten eine erhohte
Abundanz. Fiir den anaeroben Abbau aliphatischer Alkohole, Ketone und Carbonsiuren
wurden ebenfalls hochspezifische Regulationsmuster festgestellt. So wurde die Propionyl-
CoA Carboxylase (PccA) des Methylmalonyl-CoA Wegs nur wihrend des Wachstums mit
Propionat, 2-Butanol und 2-Butanon gebildet. Nur bei Verwertung dieser drei Aliphaten ist
der Methylmalonyl-CoA Weg erforderlich (Abb. 6). Im Gegensatz zum anaeroben
Katabolismus, wurde im aeroben Aromaten-Abbau ein gewisses Ausmall von
Kreuzregulierung festgestellt. So wurden die Proteine eines Abbauwegs nicht nur in
Gegenwart ihres Abbau-Substrats gebildet, sondern auch in Gegenwart anderer Substrate,
wenngleich in geringerem Ausmalf (siche auch Abb. 4 in Publikation 1). Interessanter Weise

fiihrte das aerobe Wachstum mit Substraten, die auch anaerob verwertet werden konnen (z.B.
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Abb. 8: Relative Anderung der Protein-Abundanz aller identifizierter Proteine. Proteine, die keine
signifikante Anderung der Abundanz aufwiesen sind schwarz markiert. Proteine, die spezifisch
wahrend des anaeroben Wachstums mit aromatischen Verbindungen reguliert waren, sind in Rot
gezeigt (A). Blaue Punkte reprasentieren regulierte Proteine wahrend des aeroben Wachstums
mit aromatischen Verbindungen (B) und Proteine, die spezifisch wahrend des anaeroben

Wachstums mit aliphatischen Verbindungen reguliert waren sind in Orange gezeigt (C).
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Benzoat), zur geringfiligigen Bildung der Proteine des anaeroben Abbaus. In dhnlicher Weise
wurde in T. aromatica eine geringfiigige Expression der Benzoyl-CoA Reduktase wihrend
des aeroben Wachstums mit aromatischen Verbindungen beobachtet (Heider et al. 1998).
Ungeachtet dieser geringen Abweichungen von Kontext-spezifischer Regulation, scheint auch

in Stamm EbN1 Sauerstoff eine {ibergeordnete regulatorische Rolle einzunehmen.

2.2 Konstitutiv gebildete Proteine

Das konstitutive Proteom umfasst alle Proteine, die unter den untersuchten
Bedingungen keine signifikante Abundanz-Anderung aufwiesen (d.h. eine Abundanz-
Anderung <|2,5|-fach). Insgesamt konnten ~92 % aller detektierten Proteinspots dieser
Gruppe zugeordnet werden. Die Meisten dieser Proteine haben vorhergesagte Funktionen im
allgemeinen Stoffwechsel (z.B. Citratzyklus oder Pyruvat Metabolismus), in der Biosynthese

(z.B. Aminosdure- oder tRNA-Synthese) oder im allgemeinen Zellstoffwechsel (z.B.
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Abb. 9: Anzahl von Proteinen mit genomisch vorhergesagter Funktion in den untersuchten
Abbauwegen im Vergleich zu proteomisch identifizierten und Substrat-spezifisch regulierten
Proteinen. Proteine mit genomisch vorhergesagter Funktion im jeweiligen Abbauweg sind in
Schwarz gezeigt. Spezifisch regulierte und in dieser Studie identifizierte Proteine mit einer
zugewiesenen Funktion im vorhergesagten Abbauweg (Dunkelgriin), mit anderer vorhergesagter
Funktion (Hellgrin) oder mit unbekannter Funktion (Weil3) sind gezeigt. Die Abkirzungen der
Wachstumssubstrate entsprechen denen in Abb. 7 angegebenen: pAc, p-Hydroxyacetophenon;
pEp, p-Ethylphenol. Rot kennzeichnet anaerobes und Blau aerobes Wachstum mit aromatischen
Verbindungen, wahrend anaerobes Wachstum mit aliphatischen Alkoholen, Ketonen und

Carbonsauren in Orange dargestellt ist.
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Energiekonservierung, Detoxifizierung oder Transkription und Translation). Interessanter
Weise lag die durchschnittliche Abundanz-Anderung der identifizierten, konstitutiven
Proteine bei ~|1,3|-fach (Standardabweichung + 0,30). Somit wurde ihre Bildung unter keiner
der getesteten 22 Wachstumsbedingungen maflgeblich beeinflusst. Ein prominentes Beispiel
bildet das universelle Chaperon GroEL, dessen Abundanz-Anderung in allen 22 untersuchten
Zustianden zwischen 1,07 und 1,16 variiert (siche auch Abb. 5 in Publikation 1). Im marinen
Bakterium Rhodopirellula baltica wurden ebenso geringe Abundanz-Anderungen von

Enzymen des Citratzyklus beobachtet (Gade et al. 2005a).

2.3 Bestatigung genomisch vorhergesagter Abbauwege

Die Mehrzahl genomisch vorhergesagter Abbauwege konnte mit Hilfe des differentiell
proteomischen Ansatzes bestitigt werden. FEinen Uberblick iiber die metabolische
Rekonstruktion der Abbauwege in Stamm EbN1 gibt Abb. 6. In etlichen Fillen konnten
Untereinheiten der meisten (bis aller) Enzyme eines Abbauwegs auf den 2DE-Gelen
identifiziert und ihre Abundanz-Anderung iiber verschiedene Wachstumsbedingungen
vergleichend verfolgt werden. Beispielhaft sei hier der anaerobe Phenol-Abbau vorgestellt.
Durch Genomanalyse wurde fiir Stamm EbNI1 ein Abbauweg iiber Phenylphosphat und
p-Hydroxybenzoat vorgeschlagen (Rabus et al. 2005), wie er flir 7. aromatica beschrieben
wurde (Lack und Fuchs 1992; Lack und Fuchs 1994; Breinig et al. 2000). Die Abundanz von
Untereinheiten der beiden vorhergesagten initalen Enzyme Phenylphosphat Synthase (PpsB,
3,6-fach) und Phenylphosphat Carboxylase (PpcAC, 81,0- bzw. 120,3-fach) war wéhrend des
anaeroben Wachstums mit Phenol spezifisch erhoht (siehe auch Abb. 4 in Publikation 1),
welches ihre vorhergesagte Funktion unterstiitzt. Interessanter Weise ist an einer anderen
Stelle des Chromosoms eine paraloge Phenylphosphat Synthase kodiert (eb45781 und
ebdA5783 bei ~3,4 Mb; ppsABC und ppcABCD bei ~1,9 Mb). Wihrend des anaeroben
Wachstums mit Phenol war die Abundanz der identifizierten B-Untereinheit, EbA5783,
allerdings nicht erhoht (1,9-fach). Lediglich wéhrend des anaeroben Wachstums mit p-Cresol
war die EbA5783-Abundanz erhoht (19,3-fach). Dieses Regulationsmuster sowie das Fehlen
der C-Untereinheit im paralogen Gen-Cluster lassen eine essentielle Rolle des paralogen

Enzyms im anaeroben Phenol-Abbau unwahrscheinlich erscheinen.
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2.4 Identifizierung neuer Abbau-Substrate und Vorhersage neuer Abbauwege

Anhand der Genomsequenz von Stamm EbNI wurde iiber die Mdglichkeit eines
aeroben Abbaus von o-Aminobenzoat unter Beteiligung einer o-Aminobenzoat
Monooxygenase spekuliert. Jedoch ist Stamm EbN1 nicht in der Lage dieses Substrat aerob
zu verwerten. Interessanter Weise konnte in dieser Arbeit erstmals die anaerobe Verwertung
von o-Aminobenzoat gezeigt werden. Ein anaerober Abbauweg iiber CoA-Aktivierung und
reduktive Deaminierung zu Benzoyl-CoA wurde fiir 7. aromatica beschrieben (Lochmeyer et
al. 1992). Kodierende Gene des deaminierenden Enzyms sind jedoch noch unbekannt. Die
Aktivierung von o-Aminobenzoat in 7. aromatica erfolgt durch die Benzoyl-CoA Ligase
(Schiihle et al. 2003). Monohydroxybenzoat Analoga werden hingegen von anderen
spezifischen CoA-Ligasen aktiviert (Biegert et al. 1993; Laempe et al. 2001). Wéhrend des
anaeroben Wachstums von Stamm EbN1 mit o-Aminobenzoat konnte die differentielle
Proteom-Analyse die spezifische Bildung der m-Hydroxybenzoat CoA-Ligase (HbcL;
17,2-fach erhohte Abundanz) und eine verringerte Abundanz der Benzoyl-CoA Ligase (BclA;
-4,5-fach) zeigen. Dieses regulatorische Muster deutet darauf hin, dass die CoA-Aktivierung
von o-Aminobenzoat in Stamm EbN1 durch HbcL anstatt BclA erfolgt. Zusammen mit HbcL,
wurden zwei Untereinheiten der Hydroxybenzoyl-CoA Reduktase (HbrCABD) in anaerob mit
o-Aminobenzoat gewachsenen Zellen verstirkt gebildet (23,4- bzw. 82,1-fach erhdht), was
eine Beteiligung an der reduktiven Dearomatisierung vermuten lésst. Da Proteine der weiteren
Oxidation des m-Hydroxybenzoat-Wegs nicht induziert wurden (z. B. EbA720 -1,5-fach). ist
anzunehmen, dass der nachfolgende Abbau {iber den anaeroben Benzoat-Weg zu
3-Hydroxypimelyl-CoA verlduft (siche Abb. 6). Neben o-Aminobenzoat (anaerob), konnten
m-Hydroxybenzoat und Phenylalanin als neue aerobe Substrate von Stamm EbN1 identifiziert
werden. Aufgrund der differentiell proteomischen Daten konnte ihre Einbettung in das

Katabole-Netzwerk vorgeschlagen werden (sieche Abb. 6 und Publikation 1).

2.5 Katabole Funktionen bislang nicht beachteter Proteine

Fiir die anaeroben Wachstumssubstrate Phenylalanin, Benzylalkohol und p-Cresol
konnten die vorgeschlagenen Abbauwege bzw. die beteiligten Enzyme nicht bestatigt werden.
Anhand der Substrat-spezifischen Proteinmuster konnten jedoch andere, bisher nicht in
Betracht gezogene Proteine den jeweiligen Abbauwegen zugewiesen werden. Dies soll im

Folgenden am Beispiel des anaeroben p-Cresol-Abbaus dargestellt werden.
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Der anaerobe p-Cresol-Abbau wurde flir Pseudomonas putida sowie einige Thauera
und "Aromatoleum" (Azoarcus) Stimme beschrieben (Hopper und Taylor 1977; Rudolphi et
al. 1991). Initiale Hydroxylierung und Oxidierung der Methylgruppe fiihrt zur Bildung von
p-Hydroxybenzaldehyd. Durch nachfolgende reduktive Dehydroxylierung entsteht das
zentrale Intermediat Benzoyl-CoA (Abb. 6). Gene der beteiligten Enzyme wurden auf dem
Chromosom von Stamm EbN1 annotiert. Eine Untereinheit der initialen p-Cresol
Methylhydroxylase (PchF; EbA3165) sowie das zweite Enzym des Abbauwegs, die
p-Hydroxybenzaldehyd Dehydrogenase (PchA), wurden in der vorliegenden Arbeit auf 2DE-
Gelen identifiziert. Uberraschender Weise zeigten beide Proteine keine erhdhte Abundanz in
p-Cresol gewachsenen Zellen (1,1- bzw. 1,2-fach erhoht), jedoch in Zellen, die an das
anaerobe Wachstum mit Benzylalkohol oder Benzaldehyd angepasst waren (z.B. PchA 5,3-
bzw. 7,8-fach erhoht). Aufgrund dieser Befunde erscheint es unwahrscheinlich, dass diese
beiden Proteine eine Rolle im anaeroben p-Cresol Katabolismus spielen. Hingegen zeigte eine
vorhergesagte FAD-abhdngige Oxidase (EbA5380) die hochste Abundanz in p-Cresol
angepassten Zellen (352,2-fache Erhohung). Die Oxidase besitzt eine hohe
Aminosduresequenz Identitdt (jeweils 60 %) zu p-Cresol Methylenhydroxylasen von
P. putida und Nitrosomonas eutropha und konnte somit die initial Reaktion katalysieren. Das
kodierende Gen (ebA5380) bildet zusammen mit den Genen fiir eine vorhergesagte
Phenylacetaldehyd Dehydrogenase (pdh bzw. ebA5381) und ein regulatorisches Protein
(ebA5384) eine Opern-dhnliche Struktur auf dem Chromosom von Stamm EbNI1. Die
vorgesagte Funktion von EbAS5381 im anaeroben Phenylalanin-Abbau konnte aufgrund der
spezifischen Bildung in Gegenwart von p-Cresol (7,4-fach; lediglich -1,4-fach mit
Phenylalanin) nicht bestdtigt werden (siehe unten). EbA5381 gehort zu einer Gruppe von
Aldehyd Dehydrogenasen, die ein breit gefiachertes Spektrum aliphatischer und aromatischer
Substrate oxidieren. Aufgrund des genetischen Zusammenhangs und der spezifischen Bildung
in Gegenwart von p-Cresol ist es wahrscheinlich, dass EbAS5381 an der Oxidation der
Aldehydgruppe des p-Hydroxybenzaldehyd und nicht der des Phenylacetaldehyd beteiligt ist.

Diese Hypothese wird weiter unterstiitzt durch die spezifische Bildung einer
Aldehyd:Ferredoxin Oxidoreduktase (AOR; EbA5005) wihrend des anaeroben Wachstums
mit Phenylalanin (9,7-fach erhéhte Abundanz). EbA5005 konnte die urspriinglich der Pdh
zugeordnete Funktion der Phenylacetaldehyd Oxidation libernehmen. Das kodierende Gen ist
in einer Operon-dhnlichen Struktur mit einem 4Fe-4S Ferredoxin-dhnlichen Protein
(ebdA5004) und einer Ferredoxin:NADH Oxidoreduktase (ebA45007) organisiert. Beide

Proteine zeigen ebenfalls erhohte Abundanz wéhrend des anaeroben Wachstums mit
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Phenylalanin (49,7- bzw. 6,0-fach erhoht). Enzyme der AOR-Familie katalysieren die
Oxidation einer Vielzahl aliphatischer und aromatischer Aldehyde zu den korrespondierenden
Carbonséuren, wobei Ferredoxin als Elektronenakzeptor genutzt wird (Roy und Adams 2002;
Hagedoorn et al. 2005). Die Oxidation von Phenylacetaldehyd durch AOR wurde bereits fiir
Thermococcus Stamm ES-1 und Eubacterium acidaminophilum gezeigt (Heider et al. 1995;
Rauh et al. 2004). Somit kdnnte die AOR EbA5005 die Oxidation von Phenylacetaldehyd
katalysieren und die frei werdenden Elektronen auf EbA5004 iibertragen. Das dritte Protein
des Gen-Clusters, die Ferredoxin:NADH Oxidoreduktase EbA5007, konnte schlieflich an der
Regenerierung des Ferredoxin Cofaktors beteiligt sein (Abb. 6).

2.6 Anaerober Abbau von p-Ethylphenol in Stamm EbN1

Wihrend des anaeroben Wachstums mit p-Cresol wurden Proteine einer paralogen
Ethylbenzol Dehydrogenase, die allerdings keine Funktion im anaeroben Ethylbenzol Abbau
hat, verstéirkt gebildet. Inspiriert durch die Analogie zur Induktion des anaeroben Ethylbenzol
Abbaus durch das strukturell verwandte Toluol (Kiihner et al. 2005), wurden p-Ethylphenol
und auch p-Hydroxyacetophenon erstmals als anaerobe Wachstumssubstrate von Stamm
EbN1 erkannt. Eine anaerobe Verwertung von p-Ethylphenol ist bislang nur fiir den
verwandten Stamm EB1 bekannt (Ball et al. 1996), wobei der zu Grunde liegende Abbauweg
noch unbekannt ist. Die Sauerstoff unabhéngige Hydroxylierung von p-Ethylphenol wurde fiir
den aeroben Abbau in Pseudomonas putida JD1 beschrieben (Darby et al. 1987). Da
nachfolgende Reaktionen allerdings Monooxygenase-katalysierte Reaktionen involvieren
(Tanner und Hopper 2000), muss in Abwesenheit von Sauerstoff ein anderer Abbauweg

vorliegen.

2.6.1 Aufklarung des Abbauwegs

Mit Hilfe vergleichender GC-MS Analysen konnten p-Hydroxyacetophenon,
p-Hydroxybenzoat und Benzoat als Intermediate des anaeroben p-Ethylphenol Abbaus in
Stamm EbNI1 identifiziert werden. Dieser Befund wurde durch die Identifizierung
entsprechender 2,3,5,6-d,~-Isotopomere wihrend des Wachstums mit 2,3,5,6-d,-p-Ethylphenol
zusdtzlich unterstiitzt. Entsprechend konnten p-Hydroxybenzoat und Benzoat als Intermediate
des anaeroben p-Hydroxyacetophenon-Abbaus nachgewiesen werden.

Diese chemisch-analystischen Ergebnisse erlaubten den Vorschlag eines anaeroben

Abbauwegs von p-Ethylphenol, welcher Analogien zum anaeroben Ethylbenzol-Abbau
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aufweist: Nach initialer Hydroxylierung zu 1-(4-Hydroxyphenyl)-ethanol fiihrt eine
Dehydrogenierung zur Bildung von p-Hydroxyacetophenon. Nachfolgende Carboxylierung
und thiolytische Spaltung ergeben p-Hydroxybenzoyl-CoA, welches durch reduktive
Dehydroxylierung zum zentralen Intermediat Benzoyl-CoA umgesetzt wird (Abb. 10B).

2.6.2 Identifizierung beteiligter Proteine und kodierender Gene

Die 16slichen Subproteome von Zellen, die iiber mindestens 5 Passagen an das
anaerobe Wachstum mit p-Ethylphenol, p-Hydroxyacetophenon oder Benzoat (Referenz)
angepasst waren, wurden mittels differentieller zweidimensionaler Gelelektrophorese (2D
DIGE) untersucht. Ziel war es, Substrat-spezifische Proteine als Enzymkandidaten fiir die
untersuchten Abbauwege zu identifizieren. Neunundzwanzig Proteine wurden spezifisch
wihrend des Wachstums mit p-Ethylphenol und p-Hydroxyacetophenon gebildet (bis zu
>250-fach erhohte Abundanz; Abb. 10D). Zwdlf von ihnen konnten erstmals dem anaeroben
p-Ethylphenolabbau zugeordnet werden. lhre genomisch vorhergesagten Funktionen sind:
Untereinheit eines p-Cresol Methylenhydroxylase-dhnlichen Proteins (PchF), Thiolase
(TioL), Cyclohexanol Dehydrogenase (ChnA), putative Dehydrogenase (EbA309), FAD-
abhingige Oxidase (EbA310), Zucker Phosphatase (EbA312), Biotin-abhédngige Carboxylase
(XccAB) und vier hypothetische Proteine (EbA318, EbA329, EbA332 und EbA335).

Alle genannten Proteine sind in einer groBBen Operon-dhnlichen Struktur (~15 kb) auf
dem Chromosom von Stamm EbN1 kodiert. Lediglich die hypothetischen Proteine EbA329,
EbA332 und EbA335 sind in einer zweiten Operon-dhnlichen Struktur 2,5 kb upstream des
15 kb Operons kodiert (Abb. 10B). Interessanter Weise liegt zwischen den beiden "Operons"
ein Gen flr einen Sigma54-abhingigen Regulator (ebA324) in trans, der wahrscheinlich an
der Regulation der Gene des p-Ethylphenol Abbauwegs beteiligt ist (siche Abschnitt 2.6.3).

Aufgrund ihrer vorhergesagten Funktionen konnen die Meisten der spezifisch
gebildeten Proteine einzelnen Reaktionen im vorgeschlagenen Abbauweg zugeordnet werden.
Die initiale Dehydrogenierung von p-Ethylphenol konnte durch das p-Cresol
Methylenhydroxylase-dhnliche Protein (PchCF) katalysiert werden. PchF von Stamm EbN1
weist 31 % Aminoséduresequenz Identitit mit der p-Cresol Methylenhydroxylase (PCMH) von
Pseudomonas putida NCIMB 9866 auf, welche ebenfalls p-Ethylphenol umsetzt (MclIntire et
al. 1985). Die para-stindige Hydroxylgruppe des p-Ethylphenols ermoglicht die intermediére
Bildung eines Quinon-Methids, weshalb das Redox-Potential des Flavin-Cofaktors
(+280 mV) der PCMH fiir die initiale Dehydrogenierung wahrscheinlich ausreichend ist. Im

Gegensatz dazu, erfordert die initiale Oxidation des chemisch &dhnlichen, jedoch
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reaktionstrageren Ethylbenzols durch die Ethylbenzol Dehydrogenase einen Molybdén-
Cofaktor sowie einen Elektronenakzeptor mit hoherem Redox-Potential (+380 mV) um
signifikante Oxidationsraten zu erhalten (Kniemeyer und Heider 2001a). Die Oxidation des
ersten Intermediates 1-(4-Hydroxyphenyl)-ethanol zu p-Hydroxyacetophenon wird
wahrscheinlich durch eine der vorhergesagten Dehydrogenasen (ChnA und EbA309)
katalysiert. Beide Proteine besitzen eine hohe Aminosduresequenz Identitét (33 % bzw. 36 %)
zur (S)-1-Phenylethanol Dehydrogenase (Ped) von Stamm EbNI, welche die analoge
Reaktion im anaeroben Ethylbenzol-Abbauweg katalysiert (Abb. 10A; Kniemeyer und Heider
2001b). Die Katalyse dieser zweiten Reaktion ebenfalls durch die PCMH von Stamm EbN1
erscheint unwahrscheinlich. Das orthologe Enzym von P. putida bildet in der initialen
Reaktion bevorzugt das R(+)-Enantiomer. Letzteres wird allerdings nur sehr langsam von der
gereinigten PCMH zu p-Hydroxyacetophenon umsetzt (Reeve et al. 1990).

Die anschlieende Carboxylierung von p-Hydroxyacetophenon in Stamm EbN1 wird
wahrscheinlich von der Biotin-abhéngigen Carboxylase XccAB katalysiert. Biotin-abhdngige
Carboxylasen sind weit verbreitete Enzyme einer sehr diversen Gruppe, die einen
zweigeteilten Reaktionsmechanismus aufweisen: (i) initiale Carboxylierung des Biotin,
gefolgt von (ii) der Transcarboxylierung vom Biotin auf das jeweilige Akzeptor-Molekiil
(Cronan und Waldrop 2002). Interessanter Weise zeigt XccAB keine Ahnlichkeit zur
Acetophenon Carboxylase (Apcl-5), welche die analoge Reaktion beim anaeroben Abbau von
Ethylbenzol Kkatalysiert (Abb. 10A). Ebenso konnte keine Ahnlichkeit zur Aceton
Carboxylase (AcxABC) oder der Phenylphosphat Carboxylase (PpcABCD) von Stamm EbN1
festgestellt werden. Somit stellt die Biotin-abhéngige Carboxylase des anaeroben
p-Ethylphenol Abbauwegs eine neue Art von Carboxylasen in Stamm EbNI dar. Es ist zu
erwarten, dass diese einen anderen katalytischen Mechanismus aufweist, als die Carboxylasen
der anderen Gruppen. Zurzeit ist nicht bekannt, an welcher Stelle des p-Hydroxyacetophenon
Molekiils die Carboxylierung erfolgt.

Eine CoA-aktivierung konnte durch die kodierte Acetoacetyl-CoA Synthetase (AcsA)
katalysiert werden und die anschlieBende thiolytische Spaltung des unbekannten
Carboxylierungsprodukts zur Bildung von p-Hydroxybenzoyl-CoA konnte von der
vorhergesagten Thiolase (TioL) durchgefiihrt werden. Bemerkenswerter Weise weist AcsA
keine Ahnlichkeit zur Benzoylacetat-CoA Ligase (Bal) des anaeroben Ethylbenzol-Wegs auf.
Dies konnte als Hinweis auf ein signifikant anderes Carboxylierungsprodukt gedeutet werden.
Die abschlieBende reduktive Dehydroxylierung zu Benzoyl-CoA konnte durch die
vorhergesagte Hydroxybenzoyl-CoA Reduktase (HcrABC) katalysiert, wie es fiir den
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Abb. 10: Anaerobe Abbauwege von Ethylbenzol (A) und p-Ethylphenol (B) in "A. aromaticum"
EbN1. Die beiden chemisch analogen Initialreaktionen werden von unterschiedlichen
Enzymen katalysiert. Beide Abbauwege laufen auf der Stufe von Benzoyl-CoA zusammen. Die
Enzymnamen der angegebenen Genprodukte sind: Apc1-5, Acetophenon Carboxylase; Bal,
Benzoylacetat CoA-Ligase; BcrABCD, Benzoyl-CoA Reduktase; ChnA, vorgeschlagene
Cyclohexanol Dehydrogenase; EbA309, mogliche Dehydrogenase; EbdABCD, Ethylbenzol
Dehydrogenase; HcrABC, p-Hydroxybenzoyl-CoA Reduktase; Ped, (S)-1-Phenylethanol
Dehydrogenase; PchCF, p-Cresol Methylenhydroxylase ahnliches Protein; Tiol,
vorgeschlagene Thiolase; XccABC, Biotin-abhangige Carboxylase. Fir jeden Abbauweg ist
die Organisation der kodierenden Gene dargestellt. Der Mal3stab gibt die Lokalisierung der
Gene auf dem Chromosom an (Nukleotid-Positionen). Die Gene von identifizierten Proteinen
sind schwarz gekennzeichnet. Vorgeschlagene Intermediate, die mittels GC-MS-Analyse
identifiziert wurden, sind markiert (*). (C) 2D DIGE Gelbilder p-Ethylphenol adaptierter (pEp,
links) und p-Hydroxyacetophenon adaptierter (pAc, rechts) Zellen (Referenz Benzoat, Bz).
Identifizierte Proteine des p-Ethylphenol Abbauwegs sind annotiert. (D) Die Anderung der
Abundanz von Proteinen beider Abbauwege in Substrat-angepalten Zellen wurde mittels 2D
DIGE bestimmt. Protein-Extrakte von anaerob mit Benzoat gewachsenen Zellen wurden als
Referenz genutzt, da die aktivierte Form, Benzoyl-CoA, das erste gemeinsame Intermediat
beider Abbauwege darstellt. Einzelne Enzyme (oder ihre Untereinheiten; siehe A und B) sind

durch einen Farbcode markiert.

anaeroben Abbau von Phenol und p-Cresol vorhergesagt wurde (Abb. 10B; Rabus et al.
2005). Allerdings konnte keine Untereinheit dieses Proteins im Rahmen der vorliegenden
Arbeit auf den 2DE-Gelen identifiziert und keine signifikante Expression des /icrB Gens
festgestellt werden. Dies trifft auch fiir Zellen zu, die an das anaerobe Wachstum mit
p-Hydroxybenzoat angepasst waren. Daher ist der letzte Schritt des anaeroben Abbaus von
p-Ethylphenol sowie von Phenol und p-Cresol in Stamm EbN1 bislang noch nicht vollstéindig

verstanden.

2.6.3 Substrat-spezifische Regulation des Abbauwegs

Die Regulation des anaeroben p-Ethylphenol-Abbaus wurde in Substrat-adaptierten
Zellen von Stamm EbNI1 untersucht. Anpassungssubstrate waren p-Ethylphenol,
p-Hydroxyacetophenon, Ethylbenzol und Acetophenon. Regulationsmuster wurden
vergleichend auf mRNA (real-time RT-PCR) und Protein Ebene (2D DIGE) untersucht. Als
Referenz-Zustand diente in allen Féllen anaerobes Wachstum mit Benzoat. Im Fall der

Transkriptions-Analysen wurde bcrC (Untereinheit der Benzoyl-CoA Reduktase) als
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Referenzgen verwendet, da die Abbauwege fiir p-Ethylphenol und Ethylbenzol auf der Stufe
des Benzoyl-CoA zusammenflieBen (Abb. 10A und B).

Die genomische Organisation aller Gene des anaeroben p-Ethylphenol-Abbaus in
einer Operon-dhnlichen Struktur ldsst eine koordinierte Regulation vermuten. Dies steht im
Gegensatz zur sequentiellen Regulation des zweigeteilten Abbauwegs fiir Ethylbenzol. In
Abb. 10D sind die relativen Haufigkeiten der identifizierten Proteine beider Abbauwege in
Abhidngigkeit der Anpassungssubstrate dargestellt. Obwohl die Substrate und bislang
bekannten Intermediate der beiden Abbauwege sich lediglich durch eine Hydroxylgruppe
unterscheiden, folgt die Bildung der jeweiligen Enzyme einer hohen Substrat-Spezifitit. Die
Abundanzprofile der Proteine des p-Ethylphenol Abbauwegs sind in p-Ethylphenol und
p-Hydroxyacetophenon adaptierten Zellen ausgesprochen dhnlich. So ist beispielsweise die
Abundanz der Flavin-Untereinheit der PCMH (PchF) beim Wachstum mit p-Ethylphenol
18,9-fach und mit p-Hydroxyacetophenon 23,1-fach erhoht. Dieses gleichartige regulatorische
Muster konnte durch das édhnliche Expressions-Level von pchF und xccA ebenfalls auf
transkriptoineller Ebene gezeigt werden (140- bzw. >140-fach erhoht in p-Ethylphenol-
adaptierten Zellen und 107- bzw. 97-fach erhoht in p-Hydroxyacetophenon-adaptierten
Zellen). Dariiber hinaus konnte gezeigt werden, dass beide Gene als ein polycistronisches
Transkript abgelesen werden, welches die Hypothese der koordinierten Regulation weiter
untermauert.

Diese transkriptionelle Regulation des p-Ethylphenol Abbauwegs wird
moglicherweise durch den SigmaS54-abhéngigen Regulator EbA324 vermittelt. Sowohl das
Operon der katabolen Enzyme, als auch das benachbarte Operon der hypothetischen Proteine
weisen eine -12/-24 Konsensus-Sequenz (5-TGGC-N7-TTGCA-3"; Morett und Segovia
1993) SigmaS54-abhingiger Promotoren ~100 bp stromaufwérts des Translationsstarts von
acsA und ebA335 auf. SigmaS4-abhingige Regulatoren sind an der transkriptionellen
Kontrolle einer Vielzahl physiologischer Funktionen beteiligt, einschlieBlich des Aromaten-
Abbaus (Abril et al. 1989). Da die Expression der Gene des p-Ethylphenol-Abbaus wihrend
des Wachstums mit p-Ethylphenol und p-Hydroxyacetophenon in Stamm EbNI1
gleichermallen induziert wurde, konnte man spekulieren, dass beide Verbindungen vom
Regulator EbA324 erkannt werden. Die chemisch verwandten Verbindungen Ethylbenzol und
Acetophenon scheinen jedoch nicht zum Effektor-Spektrum des Regulators EbA324 zu
gehoren. Dariliber hinaus konnte die Bildung der Enzyme des anaeroben p-Ethylphenol-
Abbaus auch nicht wéhrend des anaeroben Wachstums mit anderen aromatischen oder

aliphatischen Substraten gezeigt werden (Wohlbrand et al. 2007), was auf eine sehr stringente
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Regulation hindeutet. Die Integration von Effektor-Sensierung und Transkriptions-Initiation
in einem Molekill (wie bei EbA324) sollte eine Kreuz-Aktivierung durch einen anderen
Sensor ausschlieBen. Letzteres wurde im Fall des Response-Regulators Tcr2 des Ethylbenzol

Abbauwegs durch den Toluol-Sensor TdiS diskutiert (Kiihner et al. 2005).

3. Physiologische und proteomische Antwort auf Losungsmittelstress

3.1 Relevanz der eingesetzten Losungsmittelkonzentrationen

"A. aromaticum" EbN1 sowie die anderen Mitglieder der "Aromatoleum"/Thauera
Verwandtschaftsgruppe anaerober Kohlenwasserstoff-Abbauer wurden aus kontaminierten
und unbelasteten Bodden oder SiiBwassersedimenten isoliert. Die Kohlenwasserstoff-
konzentration in diesen Habitaten kann aufgrund verschiedener Umwelteinfliisse (z.B.
unterschiedlicher Eintrag in den Boden oder Anderung der Stromungsverhiltnisse) variieren.
Ethylbenzol- und Toluolkonzentrationen von 1 mg/L (d.h. 9.4 uM bzw. 10,9 uM) sind
charakteristisch fiir Benzin-kontaminierte Grundwasserleiter (Gulensoy und Alvarez 1999).
Des Weiteren wurden in industriellen Abwidssern Phenol- und  Alkylphenol-
Gesamtkonzentrationen von bis zu 68 g/L nachgewiesen (Bérne und Cordonnier 1995). Als
Reaktion auf die toxischen Eigenschaften von Losungsmitteln bilden aerobe
Mikroorganismen Efflux-Pumpen, Hitzeschock-Proteine und verdndern die Struktur ihrer
Membranphospholipide (Isken und de Bont 1998; Heipieper et al. 2007). Die Anpassung
anaerob Kohlenwasserstoff-abbauender Bakterien an Losungsmittelstress ist bisher allerdings
kaum untersucht und somit nicht verstanden.

In vorangegangenen sowie dieser Arbeit wurden umfangreiche physiologische und
proteomische Untersuchungen zur Anpassung an LOsungsmittelstress unter anaeroben
Bedingungen durchgefiihrt. Die Reaktion von Stamm EbN1 auf experimentell bestimmte,
semi-inhibitorische (d.h. ~50 % Wachstumsinhibierung) Konzentrationen aromatischer
Wachstumssubstrate wurde unter zwei unterschiedlichen Bedingungen untersucht: (i)
wiéhrend des anaeroben Wachstums mit 0,32 mM Ethylbenzol oder 0,74 mM Toluol und (ii)
wihrend des anaeroben Wachstums mit Succinat und plotzlicher Exposition (Schock)
gegeniiber 0,5 mM Ethylbenzol, 1,2 mM Toluol, 3,0 mM p-Cresol und 6,5 mM Phenol als
Einzelverbindungen oder als Losungsmittel-Gemisch mit einer Gesamtkonzentration von
2,7mM. Im ersten Fall sind die katabolen Abbauleistungen vorhanden, wéhrend Sie im

zweiten Fall, bei den reinen Schock-Experimenten, nicht operativ sind.
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Unter allen getesteten Bedingungen konnte eine Ldsungsmittelkonzentrations-
abhingige Beeintriachtigung des Wachstums von Stamm EbN1 beobachtet werden: sowohl
die Wachstumsrate als auch die maximal erreichte optische Dichte waren signifikant
reduziert. Die bestimmten semi- und vollstindig-inhibitorischen Ldsungsmittel-
konzentrationen (siche Abb. 11A) belegen, dass Ethylbenzol fiir Stamm EbN1 die hochste
Toxizitdt und Phenol die geringste besitzt. Dieser Befund korreliert gut mit den Partitions-
Koeffizienten (log Pow) der getesteten Losungsmittel (sieche Abb. 1). Interessanter Weise
liegen die tolerierten Losungsmittelkonzentrationen deutlich héher als die in der Umwelt
bekannten. So kann Stamm EbN1 beispielsweise mit Ethylbenzolkonzentrationen von bis zu
0,48 mM wachsen, wéhrend in der Umwelt bislang nur 9,6 uM als Hochstwert nachgewiesen
wurde. Daher kann man annehmen, dass Stamm EbNI1 in den meisten kontaminierten
Habitaten iiberleben und sich vermehren kann. Bemerkenswerter Weise lagen die semi-
inhibitorischen Alkylbenzol-Konzentrationen fiir Succinat-verwertende Zellen mindestens
2,5-fach hoher als kiirzlich fiir andere anaerobe Abbauer (z.B. T. aromatica oder Geobacter
sulfurreducens) berichtet wurde (Duldhardt et al. 2007). In der Tat dhnelt die Ethylbenzol-
Toleranz von Stamm EbN1 eher der des aeroben Abbauers P. putida (Duldhardt et al. 2007).

3.2 Physiologische und molekulare Anpassung an Losungsmittelstress

In Gegenwart semi-inhibitorischer Losungsmittelkonzentrationen war neben der
Wachstumsrate auch die Denitrifikation deutlich beeintrachtigt. Sowohl wéhrend des
anaeroben Wachstums mit Alkylbenzolen als auch beim Losungsmittelschock Succinat-
verwertender Kulturen war der Nitrat-Verbrauch verlangsamt und die intermedidre
Akkumulierung von Nitrit reduziert und verldngert. Wahrend des Wachstums mit hohen
Alkylbenzolkonzentrationen (0,21 und 0,32 mM Ethylbenzol bzw. 0,74 mM Toluol) kam es
zum Ubergang in die stationire Phase wenn Nitrat verbraucht, aber Nitrit noch in maximaler
Konzentration vorhanden war. Succinat-verwertende, Losungsmittel-exponierte Zellen setzten
das Wachstum jedoch nach dem Verbrauch von Nitrat fort. Die proteomischen Analysen
zeigten, dass verschiedene Proteine der Denitrifikation unter allen Ldsungsmittelstress
Bedingungen hochreguliert wurden. So war die Abundanz der periplasmatischen Nitrit-
Reduktase (NirS) beim Wachstum mit 0,32 mM Ethylbenzol und 0,74 mM Toluol >3-fach
erhoht. Eine erhohte NirS-Abundanz wurde bereits wihrend des anaeroben Wachstums mit
anderen aromatischen Verbindungen beobachtet (z.B. >6 fach mit Phenol oder m

Hydroxybenzoat; Wohlbrand et al. 2007). Dies konnte auf eine generelle Beeintrdchtigung der
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Abb. 11: Untersuchungen zum Losungsmittelstress bei "A. aromaticum" EbN1. (A) Semi- (Grau)
und vollstandig—inhibierende (Schwarz) Lésungsmittelkonzentrationen. Abkurzungen fur
Lésungsmittelnamen: Etb, Ethylbenzol; Tol, Toluol; pCr, p-Cresol; Pol, Phenol; Mix, Gemisch aus
Etb, Tol, pCr und Pol. Konzentrationsangabe [mM] bezieht sich auf die Konzentration im
wassrigen Medium. (B) Modell einer RND-Efflux-Pumpe, die an der Lésungsmittel-Toleranz von
E. coli (Komponenten in Schwarz) beteiligt ist. Ein &hnlicher Mechanismus wird fir ein
Losungsmittel-spezifisches  Efflux-System von Stamm EbN1 (Komponenten in Grau)
angenommen, hier exemplarisch fir p-Ethylphenol angegeben (verandert nach Yu et al. 2003 und
Piddock 2006).

Nitrit-Reduktase durch aromatische Verbindungen hindeuten. In Succinat-verwertenden,
Losungsmittel-exponierten Zellen wurde NirS lediglich im Fall des Losungsmittel-Gemisches
signifikant hochreguliert (3,0-fach). Allerdings wurde die periplasmische NO-Reduktase
(NosZ), die den vorletzten Schritt der Denitrifikation katalysiert, 5,1-, 5,2- bzw. 2,6-fach hoch
reguliert (Schock mit Ethylbenzol, Toluol bzw. dem Losungsmittel-Gemisch). Insgesamt 14sst
dieses regulatorische Muster vermuten, dass hohe Losungsmittelkonzentrationen die Funktion
periplasmatischer Proteine der Denitrifikation beeintrachtigen. So konnten diese
Verbindungen den Elektronen-Fluss zu oder innerhalb NirS behindern, z.B. durch Inhibierung
der Dimerisierung von NirS oder seiner Interaktion mit Cytochrom c. Entsprechend konnte in
Pseudomonas nautica ein beeintrachtigter Elektronen-Fluss als Folge einer NirS
Inaktivierung durch NO-Bindung festgestellt werden (Lopes et al. 2001). Eine verstirkte
NirS-Bildung in Stamm EbN1 konnte daher einen Mechanismus darstellen, eine

Losungsmittel-bedingte Inaktivierung von NirS zu kompensieren.
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3.3 Identifizierung eines potentiellen Efflux-Systems fir Alkylbenzole und
(Alkyl)Phenole

Bakterien haben im Laufe der Evolution verschiedene Mechanismen zur
Detoxifizierung giftiger Verbindungen entwickelt. Einen dieser Mechanismen stellen die so
genannten multidrug resistance (MDR) Efflux-Systeme dar. Sie katalysieren den aktiven
Aussto3 vieler strukturell und funktionell verwandter Verbindungen aus dem bakteriellen
Cytoplasma ins externe Medium (Ramos et al. 2002). Es wird angenommen, dass die
physikalischen Eigenschaften der zu exportierenden Verbindungen (z.B. Ladung oder
Hydrophobizitit), van der Waals Interaktionen mit den aktiven Zentren und der Effektor-
Bindestelle sowie die Flexibilitit dieser Interaktionsstellen die Spezifitidt dieser Efflux-
Systeme bestimmen (Neyfakh 2001). Vier Haupt-Familien von MDR Transportern wurden in
Bakterien identifiziert: (i) major facilitator superfamily (MFS), (ii) small multidrug resistance
elements, (iii)) ATP-binding cassette Pumpen und (iv) Pumpen der resistance-nodulation-cell

division (RND) Familie (Ramos et al. 2002). Alle bisher bekannten Efflux-Pumpen Gram-
negativer Bakterien gehdren zur RND Familie (Tabelle 1).

Tabelle 1: RND-Efflux-Pumpen zum aktiven Export von Ldsungsmitteln. Die
Grolien der jeweiligen Proteine in Aminosauren sind in Klammern angegeben
(Ramos et al. 2002).

AKkzessorisches Kanal durch
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Efflux-Pumpe ¢ in duBere Membran ~ DoKterium

AcrB (1049) AcrA (397) TolC (495) E. coli

AcrF (1034) AcrE (385) TolC (495) E. coli

MexB (1046) MexA (383) OprM (485) P. aeruginosa

TtgB (1050) TtgA (384) TtgC (484) P. putida

TtgE (1048) TtgD (382) TtgF (480) P. putida

TtgH (1049) TtgG (391) Ttgl (470) P. putida

SrpB (1049) SrpA (382) SrpC (470) P. putida

ArpB (1050) ArpA (371) ArpC (484) P. putida

EbA327 (799) EbA332 (454) EbA335 (561) "A. aromaticum" EbN1
EbA1928 (799) EbA1932(454)  EbA1936 (561) "A. aromaticum" EbN1
EbAS5763 (807) EbA5766 (450)  EbAS5768 (561) "A. aromaticum" EbN1
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Die RND Pumpen Gram-negativer Bakterien exportieren toxische Substanzen sowohl
tiber die Cytoplasma- als auch die duflere Membran in einem einzigen, Energie-abhidngigen
Schritt. Diese Efflux-Systeme bestehen aus drei Komponenten: (i) einer Cytoplasmamembran
durchspannenden Efflux-Pumpe, (ii) einem Kanal durch die d&uBBere Membran und (iii) einem
periplasmatischen akzessorischen Protein, welches die Interaktion der beiden anderen
Proteine vermittelt (Abb. 11B). Die Beteiligung von Efflux-Systemen der RND-Familie an
der Losungsmittel-Toleranz (z.B. gegeniiber n-Hexan oder Toluol) ist fiir mehrere Gram-
negative Bakterien bekannt, vor allem E. coli und Pseudomonas spp. (Ramos et al. 2002; Yu
et al. 2003). Das AcrAB-TolC Efflux-System aus E. coli und Pseudomonas spp. ist gut
verstanden. Es besteht aus der membranstindigen Efflux-Pumpe (AcrB), dem Kanal durch die
duBere Membran (TolC) und einem weiteren Protein (AcrA), welches die AcrB-TolC
Interaktion vermittelt (Abb. 11B; Ramos et al. 2002; Piddock 2006). Es wird angenommen,
dass die membranstindige Efflux-Pumpe AcrB das Substrat entweder aus dem Cytoplasma
oder direkt aus der inneren Membran aufnimmt. Die Exkretion durch den Kanal TolC in der
duBeren Membran wird dabei durch das Protonenpotential (Proton motive force) getrieben
(Piddock 2006).

Wihrend des anaeroben Wachstums von Stamm EbNI1 mit p-Ethylphenol und
p-Hydroxyacetophenon wurden Proteine unbekannter Funktion spezifisch gebildet (EbA329,
EbA332 und EbA335 mit bis zu 259-fach erhdhter Abundanz), die Teile eines neuartigen
Losungsmittel-spezifischen Efflux-Systems darstellen konnten. Die korrespondierenden Gene
sind zusammen mit einem weiteren hypothetischen Protein (EbA326) und einem mdoglichen
Transport-Protein (EbA327) in einer Operon-dhnlichen Struktur 2,5 kb upstream der Gene des
anaeroben p-Ethylphenol Abbauwegs kodiert (Abb. 10). EbA326 weist Doménen eines
cytoplasmatischen universellen Stressproteins (UpsA) von E. coli auf (Mulder et al. 2007). In
E. coli wird die upsA Expression verstirkt, wenn die Zellen ldngere Zeit Stress-Faktoren (z.B.
Hitzeschock oder H,0,) ausgesetzt sind (Nystrom und Neidhardt 1994). Dies unterstiitzt eine
Losungsmittelstress  bezogene Funktion von EbA326 in Stamm EbNI1. Die
Aminosduresequenz von EbA327 weist zwei Transmembran- und eine Sensor-Doméne auf,
wie sie charakteristisch fiir die Efflux-Pumpe AcrB der RND-Familie von E. coli sind
(Mulder et al. 2007).

Interessanter Weise besitzen die Sequenzen der hypothetischen Proteine EbA332 und
EbA335 Signalsequenzen fiir eine periplasmatische Lokalisierung (Emanuelsson et al. 2007).
Obwohl die Aminosiuresequenzen beider Proteine keine signifikante Ahnlichkeit zu AcrA

bzw. TolC aufweisen, sind Sie jedoch dhnlich hinsichtlich der Molekulargrésse (Tabelle 1).
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Dartiber hinaus deutet die Vorhersage der Sekundéirstruktur von EbA335 auf die Bildung
zahlreicher Betafaltblétter und "Turn"-Regionen hin, wie sie charakteristisch fiir Porine der
dufleren Membran sind (Delcour 2002). Die spezifische Bildung dieser Proteine in Gegenwart
aromatischer Losungsmittel sowie die chromosomale Co-Lokalisierung mit einem Stress
Protein sind erste Hinweise dafiir, dass EbA327, EbA332 und EbA335 ein bisher
uncharakterisiertes, Losungsmittel-spezifisches Efflux-System darstellen konnten, welches
analog zum AcrAB-TolC System von E. coli und Pseudomonas spp. ist.

Bemerkenswerter Weise enthélt das Genom von Stamm EbN1 zwei weitere Gen-
Cluster, die eine sehr hohe Aminosduresequenz Identitdt mit EbA326-335 aufweisen (76-
97 %) und exakt die selbe Gen-Anordnung aufweisen (Abb. 6 und S3 in Publikation 3; Rabus
et al. 2005). Dariiber hinaus liegen diese beiden Gen-Cluster, ebenso wie ebA4A326-335, in
direkter chromosomaler Nachbarschaft von Genen anaerober Aromaten-Abbauwege. Das
erste Cluster (ebdA1926-1936) ist neben den Genen des anaeroben Toluol-Abbaus lokalisiert,
wiéhrend das zweite Cluster (eb45762-5768) in der Nihe einer paralogen Phenylphosphat
Synthase des anaeroben Phenol-Abbaus liegt (Rabus et al. 2005). Die korrespondierenden
Genprodukte aller drei Gen-Cluster werden spezifisch gebildet, wenn das Substrat der in
Nachbarschaft kodierten Abbauwege zugegen ist, d.h. p-Ethylphenol/p-Hydroxyacetophenon,
Toluol und Phenol/p-Cresol. Die Bildung von EbA5762-5768 wurde auch beobachtet, wenn
Succinat-verwertende Zellen plotzlich mit phenolischen Verbindungen geschockt wurden.
Diese analogen regulatorischen Muster unterstiitzen somit die vermutete Losungmittel-
bezogene Funktion dieser Proteine und lassen auf ein fein abgestimmtes und Substrat-
spezifisches System der Losungsmittel-Toleranz in Stamm EbN1 vermuten.

An dieser Stelle sollte angemerkt werden, dass sehr &hnliche Gen-Cluster in den
Genomen des Pflanzen-assoziierten Azoarcus sp. BH72 (42-80 % Aminosduresequenz
Identitdt; Krause et al. 2006), des anaeroben Aromaten-Abbauers 7. aromatica K172 (80-
88 % Aminosduresequenz Identitdt; Leuthner et al. 1998) und des aeroben Aromaten-
Abbauers Pseudomonas putida KT2440 (42-64 % Aminosduresequenz Identitét; Nelson et al.
2003) vorhanden sind. Im Falle von Azoarcus sp. BH72 und T. aromatica K172 sind diese
Gene ebenfalls in der Ndhe von Genen fiir katabole Wege aromatischer Verbindungen
(Phenol bzw. Toluol) lokalisiert, was eine Ldosungsmittel-Stress bezogene Funktion dieses

Gen-Clusters zusétzlich unterstiitzt.
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4. Genetische Manipulierbarkeit von Stamm EbN1

Auf Basis des vollstindig sequenzierten Genoms von "4. aromaticum" EbN1 wurden
die physiologischen Funktionen vieler Gene mittels vergleichender Genom-Analyse
vorhergesagt (Rabus et al. 2005). Wie in allen bisher untersuchten Genomen wurden aber
auch viele hypothetische Proteine gefunden, fiir die keine verldssliche funktionelle Zuweisung
in silico gemacht werden konnte. Eine der post-genomischen Herausforderungen besteht nun
darin die Genom-basierten Daten mit Hilfe klassischer Methoden (z.B. Physiologie,
Biochemie oder molekulare Genetik) in den physiologischen Gesamtzusammenhang zu
stellen. Die Bildung von Proteinen unbekannter Funktion unter distinkten
Wachstumsbedingungen erlaubt eine erste funktionelle Einordnung. Fiir eine abschlieBende
Funktionsbeschreibung ist jedoch ein genetisch-biochemischer Ansatz notwendig.

Stamm EbN1 hat aufgrund der umfangreichen genomisch/proteomischen Datenlage
das Potential ein wichtiger Modellorganismus fiir die Forschung mit der
"Aromatoleum"/Azoarcus/Thauera-Gruppe zu werden. Um diesem Potential gerecht zu
werden, wurde im Rahmen der vorliegenden Arbeit ein genetisches System fiir Stamm EbN1
entwickelt. Die genetische Zuginglichkeit der anaeroben Aromaten-Abbauer A. evansii
(Gescher et al. 2002; Rost et al. 2002), Azoarcus sp. Stamm T (Achong et al. 2001) und

T. aromatica Stamm T1 (Coschigano 2002) wurde bereits beschrieben.

4.1 Etablierung von Techniken zur Kultivierung auf festem Medium und

Generierung einer Streptomycin-resistenten Mutante (Stamm EbN1-SR7)

Die Grundvoraussetzung fiir molekulargenetische Experimente ist die Moglichkeit
genetisch modifizierte Einzelkolonien auf festem Medium zu isolieren. Zu Beginn der
vorliegenden Arbeit konnte Stamm EbN1 nur nach langer Inkubation (>14 Tage) zu geringem
Wachstum (d.h. sehr kleine Koloniegro3e) auf verfestigtem Mineralmedium gebracht werden.
Stamm EbN1 ist nicht in der Lage, auf Standard Festmedien (z.B. LB- oder BHI-Agar) zu
wachsen (sowohl aerob als auch anaerob). Ebenso kann das feste Medium, welches fiir den
phylogenetisch verwandten Azoarcus sp. BH72 beschrieben wurde (Reinhold-Hurek et al.
1993a), nicht zum Wachstum fiir Stamm EbN1 genutzt werden.

Im Rahmen dieser Arbeit war es moglich eine Methode zur schnellen und effizienten
Kultivierung von Stamm EbN1 auf festem Mineralmedium zu etablieren. Optimales
Wachstum wurde mit einem Phosphat-gepufferten Mineralmedium und Inkubation unter einer

Ny-Atmosphédre (im Anaerobentopf) erzielt. Das Festmedium enthielt, im Vergleich zum
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flissigen Medium, 4- bis 5-fach erhohte Nitrat- und Ammoniumkonzentrationen
(Endkonzentration je 30 mM), um eine Limitierung der reduzierten Stickstoffquelle sowie des
Elektronenakzeptors (bei anaeroben Wachstum) zu vermeiden. Als gut verwertbare
organische Substrate wurden Acetat (5 mM), Pyruvat (5 mM) und Benzoat (4 mM)
angeboten. Mit diesem neu entwickelten Medium konnten bereits nach 5-7 Tagen Bakterien-
Kolonien mit einem Durchmesser von 1-2 mm erzielt werden. Gleichartige Kolonien bildeten
sich unter oxischen Bedingungen erst nach 9-10 Tagen. Um die Plattierungseffizienz zu
bestimmen, wurde eine fliissig Verdiinnungsreihe (ausgehend von 1,1 x 10° Zellen/ml) auf
dem neu entwickelten Festmedium ausplattiert. Die Bildung von 1,5 (+0,2) x 10° CFU/ml
belegte eine relativ hohe Plattierungseffizienz.

Das Wachstum von Stamm EbN1 wurde von einer Vielzahl Antibiotika sowohl in
flissigem wie festem Medium inhibiert, z.B. Ampicillin, Gentamycin, Kanamycin oder
Streptomycin. Dies ermoglicht den Einsatz einer groflen Bandbreite von Antibiotika-
Resistenz-Markern zur Selektion auf genetische Varianten.

Um genetisch modifizierter Zellen von Stamm EbN1 gegeniiber Donor-Stdmmen (z.B.
E. coli) selektieren zu konnen, wurde eine Streptomycin-resistente Mutante erzeugt (Stamm
EbN1-SR7). In der Gegenwart von Streptomycin zeigte Stamm EbN1-SR7 im Vergleich zum
Wildtyp etwas geringere Wachstumsraten und maximale optische Dichten. Die
Verdopplungszeiten wihrend des anaeroben Wachstums mit Benzoat waren jedoch sehr
dhnlich (3,3h fiir Stamm EbN-SR7 bzw. 3,0h fir den Wildtyp). Umfangreiche
Wachstumstests zeigten, dass Stamm EbNI1-SR7 dieselben Substrate wie der Wildtyp
verwerten kann (Tabelle 1 in Publikation 4). Ebenso konnten in einer proteomischen
Vergleichsanalyse (Silber-gefirbte 2DE Gele; pH-Bereich 3-10) nur weniger als 10
unterschiedliche Proteinspots (aus >1000 im Gel getrennten) nachgewiesen werden. Diese
sind sehr wahrscheinlich der Streptomycin-Resistenz zuzuordnen. Insgesamt konnte gezeigt
werden, dass Stamm EbN1-SR7 sich in seinen zentralen physiologischen Eigenschaften
offenbar nicht vom Wildtyp unterscheidet und somit gut fiir genetische Experimente geeignet

ist.

4.2 Etablierung von Techniken zum Transfer extrachromosomaler DNA mittels
Konjugation fiir Stamm EbN1-SR7

Wihrend der Konjugation konnen durch direkten Zellkontakt Plasmide oder auch

chromosomale DNA iibertragen werden. Da es sich um einen replikativen Vorgang handelt,
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besitzen beide Zelltypen (Donor und Rezipient) nach Abschluss der Konjugation eine Kopie
der libertragenen DNA. Essentiell fiir diesen Vorgang sind die Gene der #ra-Funktion und der
oriT. Letzterer stellt den Replikationsstartpunkt der zu iibertragenden DNA-Kopie dar. Die
"normale" Replikation startet hingegen am oriV. Die Gene der tra-Region lassen sich in 2
Gruppen unterteilen: Erstens, Gene, die zur Synthese spezieller Oberfldchenstrukturen (dem
Pilus) notwendig sind und zweitens, die mob-Region, welche die D¢r-Funktionen (DNA
transfer and replication) zur Mobilisierung des Plasmids enthilt. Plasmide, denen die tra-
Region teilweise oder vollstidndig fehlt, konnen nur durch Zellen {ibertragen werden, die iiber
die fehlenden Funktionen auf einem weiteren (Helfer-) Plasmid oder im Genom verfiigen. Das
in dieser Arbeit etablierte genetische System fiir Stamm EbNI1 ist in Abb. 12
zusammenfassend dargestellt.

Die Konstruktion von Plasmidvektoren in E. coli erfordert Protokolle zum spédteren
Transfer des Vektor-Konstrukts in Stamm EbN1-SR7. Der Transfer nicht selbstiibertragbarer
Sicherheitsvektoren wurde mit E. coli S17-1 und dem Broad-Hoast-Range Plasmid pBBR1-
MCS4, welches eine Ampicillin-Resistenz tragt, etabliert. Das Chromosom von E. coli S17-1
enthdlt die fir den Transfer erforderlichen #ra-Gene und ermdglicht so den Transfer des
Plasmids auf Stamm EbNI1-SR7. Verschiedene Konjugationsbedingungen mit
unterschiedlichen Donor:Rezipient Verhéltnissen und verschiedenen "Paarungs-Zeiten"
(mating times) wurden getestet. Die besten Ergebnisse ergab ein Donor:Rezipient-Verhéltnis
von 1:3 und einer "Paarung" iiber Nacht. Unter diesen Bedingungen konnte eine
Transformations-Effizienz von 1,3 x 10° erzielt werden. Ahnliche Transformations-
Effizienzen beim Plasmid-Transfer unter Nutzung des Donor-Stamms E. coli S17-1 wurden
fir die Proteobakterien Allochromatium vinosum (3,6 x 10*) und Bordetella henselae

(2 x 10) beschrieben (Pattaragulwanit und Dahl 1995; Dehio und Meyer 1997).

4.3 Unmarkierte Gen-Deletion mittels homologer Rekombination am Beispiel
der y-Untereinheit einer paralogen Ethylbenzol Dehydrogenase (ebdC2)

Das Chromosom von Stamm EbN1 kodiert das erste Enzym des anaeroben
Ethylbenzol-Abbaus, die Ethylbenzol Dehydrogenase (ebdABCD), in einer Operon-dhnlichen
Struktur bei ~1,4 Mb (Rabus et al. 2002). Interessanter Weise enthélt das Chromosom dariiber
hinaus noch Gene einer paralogen Ethylbenzol Dehydrogenase (ebdABCDZ2), welche an einer
anderen Stelle des Chromosoms (bei ~3,4 Mb) lokalisiert sind (Rabus et al. 2005). Wahrend
die EbdABCD Proteine spezifisch wihrend des anaeroben Wachstums mit Ethylbenzol
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gebildet werden, trifft dies nicht auf die paralogen EbdABCD2-Proteine zu (Kiihner et al.
2005). In dieser Studie konnte erstmals ihre Bildung wéhrend des anaeroben Wachstums mit
p-Cresol beobachtet werden, obwohl sie sehr wahrscheinlich nicht am p-Cresol Abbauweg
beteiligt sind. Die physiologische Funktion der paralogen Ethylbenzol Dehydrogenase
(EbdABCD?2) ist bisher unklar.

Die unmarkierte Deletion der y-Untereinheit der paralogen Ethylbenzol
Dehydrogenase (ebdC2) mittels homologer Rekombination in Stamm EbN1-SR7 sollte die
Funktionalitit des genetischen Systems belegen. Dartiber hinaus sollte auf diese Weise nach
ersten Hinweisen auf eine potentielle Funktion gesucht werden. Der gewihlte Suizid-Vektor
pK19mobsacB triagt eine Kanamycin Resistenz (Schéfer et al. 1994) und ist nicht in der Lage,
in Stamm EbNI1-SR7 selbstindig zu replizieren. Im Gegensatz zu Broad-Host-Range
Plasmiden, konnen derartige Suizid-Vektoren (oder "Narrow-Host-Range" Vektoren) nur in
den Rezipienten-Zellen verbleiben, wenn sie in dessen Genom integrieren. Anhand des im
Vektor kodierten Markers (hier eine Kanamycin-Resistenz) kann auf Zellen mit integriertem
Vektor selektiert werden. Daher sind Suizid-Vektoren fiir die gerichtete Mutagenese durch
homologe Rekombination geeignet. Um ein Gen zu deletieren oder mittels Insertions-
Mutagenese zu inaktivieren, ist ein so genanntes Doppel-Crossover notwendig. Hierzu
miissen zundchst die flankierenden Bereiche des zu inaktivierenden Gens in den Suizid-
Vektor kloniert werden. Nach dessen Integration in das Genom (Single-Crossover) muss auf
ein Doppel-Crossover selektiert werden, bei dem das generierte Konstrukt das Wildtypallel
ersetzt. Um ein solches Screening zu vereinfachen, tridgt der gewéhlte Suizid-Vektor das
sacB-Gen, welches die Levansucrase kodiert. In Gegenwart von Saccharose bildet dieses
Enzym das Polymer Levan, welches toxisch auf die meisten Bakterien wirkt. Durch den
Einsatz Saccharose-haltigen Mediums, konnen somit Zellen selektiert werden, die nach
Verlust des Vektors entweder den gewiinschten Genotyp (d.h. die Deletion) aufweisen oder
bei denen der Wildtyp-Genotyp wieder hergestellt wurde.

Um eine Integration in das Chromosom von Stamm EbNI1-SR7 zu ermoéglichen,
wurden die Kopien der ebdC2-flankierenden Gene ebdB2 und ebdD?2 in den pK19mobsacB
Vektor kloniert. Das in E. coli S17-1 generierte Konstrukt enthielt anstatt eines kompletten
ebdC2-Gens lediglich das Start- und Stop-Codon von ebdC2, welche durch eine Xbal-
Schnittstelle getrennt waren (Abb. 12 sowie Abb. 3 in Publikation 4). Nach dem konjugativen
Transfer des Konstruktes (Plasmid pK19ebdB2D2) in Stamm EbNI1-SR7 konnten
Kanamycin-resistente Klone erhalten werden, die das Konstrukt ins Chromosom integriert

hatten (Single-Crossover). Eine anschlieBende Kultivierung in Kanamycin-freiem Medium
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Abb. 12: Funktionsweise des genetischen Systems flir Stamm EbN1. Besondere Bestandteile des
Mineralmediums (Hellgrau) oder des Vollmediums (Dunkelgrau) sind angegeben. Die ebdC2

flankierenden Gene ebdB2 und ebdD2 wurden mittels PCR amplifiziert, dabei mit Restriktions-
Schnittstellen versehen, und in den pK19mobsacB Vektor kloniert. Dieser wurde mittels Konjugation in

Stamm EbN1-SR7 Ubertragen und anschlieBend auf den AebdC2 Genotyp selektiert. Kan

Kanamycin; Strep, Streptomycin. (*) Integriert in das Chromosom von Stamm EbN1-SR7
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erlaubte genetische Rekombination (zweites Crossover) ohne Selektionsdruck. Das Screening
von Kolonien, die auf Saccharose-haltigem Medium gewachsen waren zeigte, dass das zweite
Crossover ein seltenes Ereignis war. Weniger als 4 % der untersuchten Kolonien wiesen eine
Deletion des ebdC2-Gens auf. Die Deletion des Gens in der generierten Mutante Stamm
EbN1-SR7 AebdC2 konnte mittels PCR und Sequenzierung der PCR-Produkte zweifelsfrei
nachgewiesen werden (Abb. 3 in Publikation 4).

Expressionsanalysen von ebdB2, ebdC2 und ebdD2 in Wildtyp-Zellen von Stamm
EbN1 zeigten, dass die Gene der paralogen Ethylbenzol Dehydrogenase wéhrend des
anaeroben Wachstums mit p-Cresol abgelesen werden. In der EbN1-SR7 AebdC2 Mutante
hingegen, werden nur Transkripte von ebdB2 und ebdD?2 gebildet, was die korrekte (in frame)
ebdC2-Deletion bestitigt. Die Transkription von ebdD?2 zeigt, dass die generierte Deletion
keinen schwerwiegenden Einfluss auf die Transkription von Genen hat, die downstream des
deletierten ebdC2 liegen und wahrscheinlich in einem polycistronischen Transkript abgelesen
werden. Ein neuer Phédnotyp wire somit auf die Deletion von ebdC2 zurilickzufiihren und
nicht auf eine deutlich verdnderte Expression anderer Gene.

Fir die phenotypische Charakterisierung war eine Komplementation der EbNI1-
SR7 AebdC2 Mutante notwendig. Bei der Komplementation wird das inaktivierte oder
deletierte Gen in seiner "Wildtyp-Form" wieder in die Mutante eingebracht, um den
urspriinglichen Phénotyp wiederherzustellen. In dieser Arbeit wurde eine Komplementation in
trans durchgefiihrt, d.h. das deletierte Gen (ebdC2) wurde mit Hilfe eines Broad-Host-Range
Vektors (hier das Plasmid pBBR1-MCS4 ebd(C?2) in die Zellen eingebracht und exprimiert.
Die Expression ist konstitutiv, d.h. unabhingig von den Wachstumsbedingungen. Wahrend
die Bildung von EbdC2 im Wildtyp bisher lediglich wihrend des anaeroben Wachstums mit
p-Cresol beobachtet wurde, wird das heterolog exprimierte EbdC2 unter allen Bedingungen
gebildet. Entsprechend war es moglich, in der komplementierten EbN1-SR7 Aebd(C2 Mutante
auch wihrend des anaeroben Wachstums mit Benzoat ein ebdC2-Transkript nachzuweisen.
Die anderen Gene des ebd2-Clusters wurden, genau wie im Wildtyp, unter diesen

Bedingungen nicht exprimiert wurden.
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4.4 Potentielle physiologische Funktion der paralogen Ethylbenzol

Dehydrogenase

Interessanter Weise hatte die Deletion der y-Untereinheit der paralogen Ethylbenzol
Dehydrogenase keinen nachweisbaren Phianotyp zur Folge. Die generierte Mutante war in der
Lage, mit allen bekannten Wachstumssubstraten des Wildtyps zu wachsen (sieche Tabelle 1 in
Publikation 4; Rabus und Widdel 1995). Dabei war das Wachstumsverhalten der Mutante
nicht signifikant anders als das von Stamm EbNI-SR7. So war beispielsweise die
Verdopplungszeit wahrend des anaeroben Wachstums mit Ethylbenzol fast identisch: 5,18 h
fir Stamm EbNI1-SR7 und 5,10 h fir Stamm EbNI1-SR7 AebdC2. Ebenso konnte fiir die
komplementierte Mutante kein distinkter Phénotyp festgestellt werden.

Die hohe Aminosduresequenz Identitdt der Ethylbenzol Dehydrogenase und seines
Paralogs (52-83 %; Rabus 2005b) lieB vermuten, dass ein potentielles Substrat von EbdABC2
chemisch dem Ethylbenzol &hnlich sein miisste. Tatsdchlich konnte in dieser Arbeit
p-Ethylphenol als neues anaerobes Wachstumssubstrat festgestellt werden. Da die AebdC?2
Mutante sowohl mit Ethylbenzol als auch mit p-Ethylphenol wuchs, wurden umfangreiche
Wachstumstests mit verschiedenen, strukturell dem Ethylbenzol &hnlichen aromatischen
Verbindungen wurden durchgefiihrt. Allerdings unterstiitze keine der folgenden
Verbindungen das anaerobe Wachstum von Stamm EbN1: Ethyltoluole, Ethylanilin, Styrol,
Xylole, Fluor-Toluole und Propylphenole sowie das heterocyclische Ethylpyridin und die
Cyclopentadiene Ethylfuran und Ethylthiophen (sieche Tabelle 1 in Publikation 4). Die

physiologische Funktion des paralogen Enzyms bleibt somit weiterhin unklar.

5. Ausblick

In der vorliegenden Arbeit konnte die differentielle Regulation von Abbauwegen
aromatischer und aliphatischer Verbindungen unter oxischen und anoxischen Bedingungen
umfassend auf physiologisch/proteomischer Ebene nachgewiesen werden. Dabei wurden
16sliche Subproteome von Zellen untersucht, die an das Wachstum mit einzelnen Substraten
angepasst waren. In weiterfilhrenden Studien wére es von Interesse zu untersuchen, welchen
Effekt die gleichzeitige Prisenz mehrer Substrate auf die Auspragung der jeweiligen Substrat-
spezifischen Abbauleistungen hat.

Die umfassenden proteomischen Untersuchungen weisen darauf hin, dass in Stamm

EbNI iibergeordnete Regulationssysteme existieren, die die Genexpression in Abhingigkeit
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der Redox-Bedingungen kontrollieren. Im Genom von Stamm EbN1 wurden respiratorische
Komplexe mit hoher und niedriger Sauerstoff-Affinitit annotiert, was auf eine
Unterscheidung zwischen aeroben und microaerophilen Bedingungen hinweisen konnte. Es
wire daher von Interesse zu untersuchen, ob es eine derartige Unterscheidung gibt, und wenn
ja in welchem AusmalB. Eine Vorraussetzung hierzu wire allerdings zunéchst die Kultivierung
im Chemostat. In diesem Zusammenhang wire anzumerken, dass eine Analyse des Membran-
Proteoms weitere Aufschliisse iiber die Regulation von Proteinen der Atmungskette oder auch
spezifischen Transport-Proteinen ermdglichen wiirde. Mittlerweile ist es moglich auch
Proteine mit mehreren Transmembrandomdnen in einer besonderen Variante der zwei-
dimensionalen Gelelektrophorese aufzutrennen (Braun et al. 2007).

Im Rahmen dieser Arbeit konnte p-Ethylphenol als anaerobes Wachstumssubstrat von
Stamm EbN1 identifiziert und der Abbauweg sowie beteiligte Enzyme vorgeschlagen werden.
Es wird angenommen, dass die Biotin-abhidngige Carboxylase (XccAB) die Carboxylierung
des Intermediates p-Hydroxyacetophenon katalysiert. Dieses Enzym weist allerdings keine
signifikante Ahnlichkeit zur Acetophenon Carboxylase des anaeroben Ethylbenzol Abbaus
auf und verfiigt wahrscheinlich {iber einen distinkten, Biotin-abhéngigen, katalytischen
Mechanismus. Ebenso ist die vorgeschlagene Thiolase, welche die thiolytische Spaltung des
Carboxylierungsprodukts katalysiert, nicht dhnlich zum analogen Enzym des anaeroben
Ethylbenzol Abbauwegs, weshalb ein distinktes Carboxylierungsprodukt erwartet werden
kann. Daher wére es von besonderem Interesse das Carboxylierungsprodukt von
p-Hydroxyacetophenon zu identifizieren.

In dieser Arbeit konnte die Bildung vieler Proteine unbekannter Funktion erstmals
nachgewiesen werden, in einigen Féllen mit hoher Substrat-Spezifitdit und mit hoher
Abundanz. Obwohl diese Proteine auf diese Weise mit einem bestimmten Wachstumszustand
in Verbindung gebracht werden konnten, ist ihre genaue Funktion weiterhin unklar. Eine
wichtige Frage zukiinftiger Forschung sollte daher die funktionelle Untersuchung dieser
Proteine darstellen. Das in dieser Arbeit entwickelte genetische System ermoglicht eine
gerichtete Mutagenese der jeweiligen kodierenden Gene. Sollten diese Mutanten einen
interpretierbaren Phdnotyp aufweisen, konnte das betreffende Protein in Stamm EbNI1
iiberexprimiert, gereinigt und biochemisch untersucht werden. Die hohe Losungsmittel-
Toleranz von Stamm EbN1 zusammen mit der Moglichkeit der heterologen Genexpression
konnte dariiber hinaus genutzt werden, um Proteine von verwandten Organismen (z.B.
Thauera spp.) zu untersuchen, falls dies mit anderen Wirtstimmen (z.B. E. coli)

Schwierigkeiten hervorrufen sollte.
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The denitrifying “Aromatoleum aromaticum” strain EbN1 utilizes a wide range of aromatic and
nonaromatic compounds under anoxic and oxic conditions. The recently determined genome
revealed corresponding degradation pathways and predicted a fine-tuned regulatory network. In
this study, differential proteomics (2-D DIGE and MS) was used to define degradation pathway-
specific subproteomes and to determine their growth condition dependent regulation. Differ-
ential protein profiles were determined for cultures adapted to growth under 22 different sub-
strate and redox conditions. In total, 354 different proteins were identified, 199 of which dis-
played significantly changed abundances. These regulated proteins mainly represented
enzymes of the different degradation pathways, and revealed different degrees of growth con-
dition specific regulation. In case of three substrate conditions (e.g. phenylalanine, anoxic),
proteins previously predicted to be involved in their degradation were apparently not involved
(e.g. Pdh, phenylacetaldehyde dehydrogenase). Instead, previously not considered proteins were
specifically increased in abundance (e.g. EbA5005, predicted aldehyde:ferredoxin oxidore-
ductase), shedding new light on the respective pathways. Moreover, strong evidence was
obtained for thus far unpredicted degradation pathways of three hitherto unknown substrates
(e.g. 0-aminobenzoate, anoxic). Comparing all identified regulated and nonregulated proteins
provided first insights into regulatory hierarchies of special degradation pathways versus general
metabolism in strain EbN1.

Keywords:
Anaerobic biodegradation / Aromatic compounds / Fluorescence two-dimensional
difference gel electrophoresis / Functional proteomics / Mass spectrometry
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tities [1] and used as solvents and start compounds for syn-
thesis in chemical industry. Due to production, transport, or
storage accidents, these toxic compounds are increasingly
released to the environment (EPA, US Environmental Pro-
tection Agency, http://www.epa.gov/safewater/mcl.html
2002), often accumulating in anoxic zones of soils and sedi-
ments. Therefore, microbial degradation of aromatic com-
pounds, in particular under anoxic conditions, is of increas-
ing interest.

The chemical stability of aromatic compounds necessi-
tates special biochemical reactions for their biodegradation.
Aerobic degradation is a long known and well-understood
process. Here, highly reactive oxygen species are used as
cosubstrates in oxygenase catalyzed reactions for initial
hydroxylation steps and subsequent ring cleavage [2, 3]. In
contrast, anaerobic degradation is a more recently discovered
process performed by a variety of newly isolated bacteria.
Due to the absence of molecular oxygen many novel reac-
tions are involved, which are fundamentally different from
their aerobic counterparts. In many cases, the aromatic
compounds are channelled via specific reaction sequences to
the common intermediate benzoyl-CoA. Further degrada-
tion of the latter involves reductive dearomatization, hydro-
Iytic ring cleavage, and P-oxidation-like reactions [4, 5].
Interestingly, these new bacteria also harbour unusual path-
ways and novel types of oxygenases for the aerobic degrada-
tion of aromatic compounds [6, 7].

The majority of newly discovered anaerobic aromatic
compound degrading bacteria are denitrifiers belonging to
the Azoarcus/Thauera cluster within the Betaproteobacteria
[8-10]. This group will be proposed as the new genus “Aro-
matoleum” (Rabus, unpublished data). “Aromatoleum aroma-
ticum” strain EbN1 is a metabolically versatile representative
of this group [11]. Besides toluene and ethylbenzene, strain
EbN1 anaerobically degrades a wide variety of polar aromatic
compounds (including phenol and p-cresol), aliphatic car-
boxylic acids, ketones (including acetone) and alcohols. In
addition, strain EbN1 is also able to degrade several aromatic
compounds aerobically (Fig. 1).

The complete genome sequence of strain EbN1 was the
first to be determined for a member of the “Aromatoleum’”/
Azoarcus/Thauera cluster and an anaerobic hydrocarbon
degrader [12]. The genome revealed the presence of gene
clusters for more than ten anaerobic and four aerobic aro-
matic compound degradation pathways. The absence of
these pathways in the aerobic aromatic compound degrader
Pseudomonas putida [13] and aerobic alkane degrader Alcani-
vorax borkumensis [14] underline the metabolic distinctive-
ness of strain EbN1. The only other genome sequenced bac-
terium also capable of anaerobic aromatic compound degra-
dation is the phototrophic Rhodopseudomonas palustris [15].
In addition, the genome of strain EbN1 revealed the presence
of multiple respiratory complexes and a large number of
regulatory proteins. Thus, strain EbN1 is assumed to be well
equipped to adapt to fluctuating availability of organic sub-
strates and electron acceptors in the environment.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Regulation of individual aerobic or anaerobic pathways
for aromatic compound degradation has already been stud-
ied with different organisms, e.g. P. putida [16], Thauera aro-
matica [17], R. palustris [18], and strain EbN1 [19]. The avail-
ability of the genome of strain EbN1 [12] together with 2-D
DIGE-enabled quantitative protein profiling [19] and mass
spectrometric protein identification [20] now allows for the
first time global investigation of the entirety of anaerobic and
aerobic degradation pathways. Thus, the present study pur-
sued the following lines of research: (i) To what extent do the
proteomic data corroborate the earlier genome-based path-
way predictions? (i) Do we find new protein components for
individual pathways due to substrate-specific coregulation?
(iii) How specifically are the individual pathways induced by
their respective substrates? (iv) To what degree do individual
substrates act as gratuitous inducer for other pathways? (v)
Do different levels of regulatory hierarchy exist? (vi) Can
regulated subproteomes be differentiated from a common
constitutive subproteome?

2 Materials and methods
2.1 Medium and cultivation

The denitrifying strain EbN1 was cultivated under nitrate-
reducing conditions as previously described [11]. Cultivation
was performed in 500 mL flat glass bottles, containing
400 mL of medium. Acetate (5mM), acetone (2 mM),
o-aminobenzoate (4 mM), benzaldehyde (2 mM), benzoate
(4 mM), benzyl alcohol (2 mM), 2-butanol (5 mM), 2-buta-
none (2 mM), p-cresol (2 mM), m-hydroxybenzoate (4 mM),
p-hydroxybenzoate (4 mM), phenol (0.5 mM), phenylacetate
(4 mM), phenylalanine (2 mM), 2-propanol (5 mM), and
propionate (5 mM) were added from sterile-stock solutions.

Aerobic cultivation was performed in 500 mL glass bottles
filled with 100 mL ascorbate- and nitrate-free phosphate buf-
fered medium [11]. The gas headspace (400 mL) contained
sterile air. The amount of oxygen in the headspace was suffi-
cient for complete oxidation of the organic substrates. Acetate
(5 mM), benzoate (4 mM), gentisate (2 mM), m-hydroxy-
benzoate (4 mM), phenylacetate (1 mM), and phenylalanine
(1 mM) were added in the same way as under anoxic conditions.

Prior to mass cultivation, both aerobic and anaerobic
cultures were adapted for at least five passages to the respec-
tive substrate. A new passage for a growth condition was
achieved by transferring 5% v/v of a freshly grown culture to
new substrate containing medium. Transfer of culture liquid
was performed with N,-flushed sterile syringes in case of
anaerobic cultivation.

2.2 Mass cultivation
Mass cultivation was performed to supply sufficient cell

material for proteomic analysis. Anaerobic mass cultivation
was carried out as described before [21]. Aerobic mass cul-

www.proteomics-journal.com



Proteomics 2007, 7, 2222-2239

Functional proteomic view of metabolic regulation in "Aromatoleum aromaticum" strain EbN1

L. Wéhlbrand et al.

2224

H
¥ood d
§8oo|o|uoo o AF VOOS00—"HO—"HD i¥ €52 000 -'HO-"HO ¢

fuh pe— i
¥o2500—="HD £F
!

Sooooufuumufo o ﬁumooufouwufuufu o

voohuong aEuIang

pd1 'gyong \ ./aum{%m o 0
e Box-Z spesewng vl ﬂ mss;
.ooolfo..w|fo s .80|£o|w|£ol.zo &

D=J="HD=~
"
o HO
——
ZZL0ZLYA3 1@ ‘_uﬂ..l@
HO=HI="HO="HD &£ \ Wo9S00
0
g
¥02S00

wmsunﬁ 3
o, nf
nIz =
0 ¥00S00 HO

pe
s L
3006veRd zoeed o: Hieed reed /| somoo \@ wa p m:mﬁm
a Hieed reed HO o Jll:ol pi:E 6
5 % @ @ :o\@ 02800 We3s0d @ ‘ ’

¥o2800 VoS00 V2802 002

HOS3PEd 4
‘ _bves ‘ :o”‘ — e & — 28, 0097, s A_

700800 02800 702500 0007  woo500

83

www.proteomics-journal.com

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Functional proteomic view of metabolic regulation in "Aromatoleum aromaticum" strain EbN1

2225

Microbiology

Proteomics 2007, 7, 2222-2239

‘[09] sngey wouy palIpoA ‘9se1dyiuAs yod—|Auloons (qHong) ‘xa|dwod aseusboipAysp siesein|boxo-g
(pd1 ‘gyong) ‘eseuaboipAyap a1euldons (QIgvUpPS) ‘eseinw yo)-jAuojew|Aylew (gywqs) ‘asebi| yod-e1euoldoud (3did) ‘esersyiuAs sleydsoydjAusyd (Dgysdd) ‘esejAxoqled ajeyd
-soydjAusyd (gogvodd) ‘eseuaboipAysp apAysp|ezuaqAxoipAy-d aaneind Jo aseusbBoipAysp spAyep|elsoejAuayd (ypd) ‘esejAxoqiedsp aleAnsAdjAusyd (opd) ‘esejAxolpAyjAylew
|0sa19-d (40Yod) ‘@seuaboipAysp apAysplezuagAxoipAy-d (Yydod) ‘esejAxoqies yod-jAuoidoid (9gooy ‘gyo9d) ‘eselajsuesioulwe aulueejAuayd (1ed) ‘esebi| yo)-alelaoe|Ausyd
(rped) ‘esejonpalopixo 101dasoe:ale|AxoA|BjAuayd (JHD43ped) ‘@seronpalopixo Joidadoe:yo)—|AleoejAuayd (gogped) ‘esebi| yod—aielaoejAuayd (yeed) ‘vo)—|Adipeoiay-g eia uonep
-1X0-¢ Ul paAjoAul (FH4eed) ‘eseuaboipAyap spAyaple (zeed) ‘aselawosi/aselelpAy yo)—-|Aous (Deed) ‘@wAzus Buluado Buu (zoeed) ‘aseusbAxo(ip) yod—-lA1eoejAuayd (3gogveed)
‘ase|0JpAy yY0D-|Au0Qied-L-aud-1-Xayo|oA20X0-9 (YeQ) ‘esesawos| aleantAdjAsjew (16epN) ‘esejoipAy aleansAdjAiewny (yb6epN) ‘eseusbAxolp-g‘L-alesiiuab (|Be) ‘eseusboipAysp
alelew (YpA) ‘@wAzus oljew (gae) ‘esebl] y0)—-pIoe01ay-£:1y0)—|Auloons (gy19)) ‘9Selonpalopixo uixopatiayaieaniAdajopul (gy4o]) ‘eseusaboipAysp 91eJ1100s! (pI]) ‘eselonpal
v0D-|A0zuaqAxoipAy-d (gyDI9H) ‘eselonpal yo)—-|AozuagqAxolpAy-w (QvgdIgH) ‘@sejAxolpAy a1eozuagAxolipAy (UgH) ‘@sebi| yo)—-a1eozuagAxolpAy-d (L-79gH) ‘@sebi| yo)—aieozuaq
-AxoupAy-w (7199H) ‘eseusboipAyap yOI-|Au0QgIeI-|-8ud-|-XaYO|9AIAX0IPAY-9 (PEH) ‘@SeUlUuAS 91eald (W1|D) ‘OSeyluAs alejew (go]D) ‘SawAzuU0Ss| aselewn) (Qwn4 ‘ywnd) ‘asejA
-x0JpAy|Aylaw |0sa19-d aAneInd (08€SYqT) ‘@se1onpalopixo HAYN:UIXOPalia) (L00SVd3) ‘HOV pPaidipaid (S00SYq3T) ‘UIXOpalla) Sy—a4p 01 Jejiwis ‘uidjoid Bulpuig-191sn|d JnyNs—uoJi
(#00SVvq3) ‘eseuaboipAysp [oyodje Buluieluod-uz (gLLEYQT) ‘@seuaboipAysp yo)—-jAuoglesjAxayojoAs-AxolpAy-g-oxo-g aaneind (8€//czLvd3) ‘@se|oipAy yo)—|Auog.esjAxayojoAd
-0X0Ip-G’s pue aselelpAy y0)—|Auoqied|Axayo|oAd-aua-G-0xo-¢ aAneind (zz//0zLvq3) ‘eseielpAy yod-|Auoqued-|-aualp-G'L-xayoloAd (yoq) ‘eseusbBoipAysp apAysple (zxog)
‘aselawosl/aseieipAy yod—jAoua (Jxog) ‘xajdwod uoiepixo yo)-jAozuaq (gyxog) ‘aselonpal yod—jAozuaqg (qQygo40g) ‘osebl| yo)-a1eozuaq ,01qolae,, (L-y|0g) ‘@sebl| yo)—areozuaq
(v12g) ‘eseuaboipAyap apAyapie (p|y) ‘@seusaboipAysp |0yooje (Ypy) ‘osejAxoqled auoiade (Jgyxoy) ‘9seroyiuAs yo)—|A1eoe (ysoy) ‘SoWAZUS0S] 9SeHUOIe (qUIY ‘YUudy) ‘xa|dwod
awAzuannw aseusaboipAysp a1eAnIAd (pd ‘4300Y) ‘OseA| 91e.1100SI (Yo9Y) ‘Apnis siyl Aq paaoudsip Jou pauoddns ag Jayiau pinod (i) Yum paylew sawAzua jo Aemyled aAnoadsal
ayl ul uonouny y "Apnis siyl ul paubISse a1aM (y) UM payJew saweu awAzug 0ljis ul pajolpald a1am s1o)oe.Iq ul saweu awAzug "paljiauspl Jou ‘Asib paynuapl yoe|q :6uipod 10jo)
:(dapJo |eonnageyd|e ul) saweu awAzug "a1e1ade (0G) ‘e1eAnlAd (g1) ‘YoD—jAuojewjAylaw (8Y) ‘YOD-|A1998 (L) ‘WOD-|AIAING-0X0-E (91) ‘91eJAINg-0X0-E (Gi7) ‘@u01ade (y) ‘louedouid-z ()
‘ajeuoldoud (zy) ‘wod-lAuoidoud (L) “‘Y0D—|AI18]BA-OXO-E (0F) ‘@1BI9|BA-0XO0-E (BE) ‘@UOURING-Z (8€) ‘loueINg-Z (LE) ‘@1eAntAd|Atewny (9€) ‘01eAniAd|Asjew (gg) ‘@1esnuab (yg) ‘vod-|Ad
-1pe-AxoipAy-g (£€) “woD-|A199e]Auayd Jo aAlRALISP |0IPOIPAYIP-SI0 (ZE) “YOD-|AdIpe-aua-g (LE) ‘WOI—|Au0qied|Axay0]oAd-aua-G-AX0IpAY-£-0X0-Z (0€) ‘YOD—-|AuoqgiedjAxayo|oAd-aualp
-9'y-AX0IpPAYIP-€°Z (6Z) 'WOD-IAlowidoxo-¥ (8Z) ‘WOD—-]Au0Qgied-|-xayo|oAd-0xXoIp-G'Z (LZ) "'vOI—-|Auogied-|-xayo|oAd-0x0-G-AX0IPAY-Z (92) ‘YOI—|Auoqied-|-xayo|oAd-0Xx0-G-aud-Z (5Z)
‘v0)—-1AozuagAxolpAy-w ($z) ‘e1e0zuagAxolpAy-w (£g) ‘vod-|Aozusqouiwe-o (zg) ‘eleozusqoulwe-o (1z) ‘e1eydsoydjAuayd (0z) ‘jousayd (61) ‘wod—|AozuagAxoipAy-d (g1) ‘@1eozuagAx
-04pAy-d (LL) ‘@pAysp|ezuagAxoipAy-d (91) ‘10s849-d (G1) ‘YOI—|AjowIdAX0IPAY-E (Y1) ‘YOD—|AUOQIED-|-8Ud-|-X8YO|IAD0X0-g (£1) ‘YOI—-|AUOQIRI-|-8Ud-|-XaYO|9ADAX0IPAY-9 (Z1) ‘WO
—jAuoqJeo-|-aualp-G‘L-Xayo|oAd (L L) ‘YoD—|Aozuaq (QL) ‘@reozuaq (g) ‘opAyap|ezuaq (8) ‘joyoale |Azuaq (L) ‘e1e|AxoA|BlAusayd (9) ‘vo)—|A1e0ejAusayd (G) ‘alelaoe|Auayd () ‘epAyap|eleoe
-JAuayd (g) ‘e1eAnuAdjAuayd (z) ‘euluejejAuayd (1) :ssweu punodwo)) ‘salels 1S9} pazAjeue ayl spunodwod palo|od 18Yylo 8yl pue Salels aduaiajal ayl Juasaidas spunodwos paxog
‘spunodwod d1jewoJe o uoljepelBap diqouae ‘an|q ‘spunodwod d1eydije jo uonepesbap diqoiseue ‘abuelo ‘spunodwod d1jewode Jo uonepelBap dlqolaeue ‘pai sisAjeue 39|q 4-Z 4104
sdnoub |eoiBojoisAyd ulew s109)y24 Buip0o9-10]0) "uone|nBau o1109ds-a1e41sgNSs J19Y} 10} paiebiIsaAul L NG Uledls ,wnoijewole wnajojewody ,, jo shemyied uonepesbap uiely L aianbig

www.proteomics-journal.com

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

84



Functional proteomic view of metabolic regulation in "Aromatoleum aromaticum" strain EbN1

2226 L. Wohlbrand et al.

tures were performed in 5L glass bottles containing 1L
phosphate buffered medium (see above). Cells were har-
vested during the midlinear growth phase as described [11].
Cell pellets were immediately frozen in liquid nitrogen and
stored at —80°C until further analysis.

2.3 2-DE

Cell disruption with the PlusOne Sample grinding kit (GE
Healthcare, Munich, Germany) as well as preparation of
protein extracts was performed as described before [22]. Pro-
tein concentration was determined according to the method
described by Bradford [23].

IEF was carried out as described [19, 22] using the IPG-
phor (GE Healthcare) and commercial 24-cm IPG strips with
linear pH gradients of 4-7 (GE Healthcare). The EttanDalt IT
system (GE Healthcare) was used for separation according to
molecular mass in 12.5% acrylamide or duracryl (in case of
silver staining; Genomic solutions, Ann Arbor, Mi, USA)
gels. Low fluorescence glass plates (GE Healthcare) were
used for 2-D DIGE. The quality of the sample preparation
method was verified by silver-stained gels according to the
method described by Heukeshoven and Dernick [24]. Inde-
pendent samples were used for silver staining, colloidal CBB
(cCBB) staining and 2-D DIGE.

2.4 2-D DIGE

2-D DIGE (Ettan DIGE Technology) was essentially carried
out as described by Gade et al. [22]. A total of 200 pmol of
CyDye DIGE Fluors (GE Healthcare) were used to label
50 ug of the protein sample. Labeling with different fluores-
cence dyes prior to electrophoresis allows coseparation of up
to three samples in a single gel. An individual experiment in
the present study contained (per gel) reference state, test
state, and internal standard. To achieve statistical confidence,
five parallel gels were run per experiment.

Due to the broad range of test states, the project was
divided into three main physiological groups: (i) anaerobic
growth with aromatic compounds, (ii) aerobic growth with
aromatic compounds, and (iii) anaerobic growth with alco-
hols, ketones, and carboxylic acids (Supporting Information
1: Fig. 1.1). For group (i), protein extracts from cells grown
anaerobically with benzoate served as reference state since
its activated form benzoyl-CoA is the central intermediate of
anaerobic aromatic compound degradation. The reference
state was labeled with Cy5. Protein extracts from cells grown
anaerobically with o-aminobenzoate, benzyl alcohol, benzal-
dehyde, p-cresol, m-hydroxybenzoate, p-hydroxybenzoate,
phenol, phenylacetate, or phenylalanine represented the test
states and were each labeled with Cy3. All performed experi-
ments of group (i) contained the same internal standard,
which was composed of equal amounts of the reference state
and all test states and labeled with Cy2.

In case of group (ii), protein extracts from aerobically ac-
etate grown cells were used as reference state and were

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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labeled with Cy5. This reference was chosen because acetyl—
CoA represents a common intermediate of all tested com-
pounds. Protein extracts from cells grown aerobically with
benzoate, m-hydroxybenzoate, gentisate, phenylacetate, or
phenylalanine served as test states and were each labeled
with Cy3. The internal standard was composed of equal
amounts of the reference state and all test states and labeled
with Cy2.

Protein extracts from anaerobically acetate grown cells
also represented the reference state of group (iii) and were
labeled with Cy5. Except for propionate, acetyl-CoA is a cen-
tral intermediate of aliphatic compound degradation. Protein
extracts from cells grown anaerobically with acetone, 2-buta-
nol, 2-butanone, 2-propanol, or propionate served as test
states and were labeled with Cy3. Equal amounts of the
reference and all test states were used as internal standard
and labeled with Cy2.

2-D DIGE gels were scanned immediately after electro-
phoresis with a Typhoon 9400 scanner (GE Healthcare).
Analysis of cropped images was performed with the DeCy-
der software (version 5.0, GE Healthcare). Parameters for
codetection of spots were as follows: (i) detection of 3000
spots and (ii) exclusion of signals with a slope of >1, an
area <200, a peak height of <190, and a volume of
<60 000. Statistical analysis was based on independent spot
maps. Regulated protein spots (i.e. protein spots with sig-
nificantly changed abundances) fulfilled the following cri-
teria: an average ratio (fold change) of <—2.5 or >2.5, an
ANOVA p value of <0.05, t-test value of <10~*, and match-
ed in at least 75% of all gels. It should be noted that the
studied biological system determines the level of a reason-
able threshold. In the present study, a stringent threshold
(>[2.5)) was applied to achieve a high level of confidence and
since mainly catabolic (abundant) proteins were targeted.
According to the applied threshold, proteins with average
ratios of <[2.5| are classified as nonregulated or constitutive
(i.e., relative changes in abundance are regarded as not sig-
nificant). This includes also those proteins with average
ratios of 1 or —1, i.e., with absolutely unchanged abun-
dance.

The main physiological group (i) comprised 45 gels
(representing 135 gel images) which contained on average
1345 detected protein spots. In case of group (i), 25 gels
(corresponding to 75 gel images) were analyzed containing
on average 1548 detected protein spots. The main physio-
logical group (iii) covered 25 gels (representing 75 gel
images) containing on average 1047 detected protein
spots.

Advanced data analysis was performed with the Extended
Data Analysis (EDA) module (version 1.0) of DeCyder (ver-
sion 6.5; GE Healthcare). Principle component analysis
(PCA) was performed with the NIPALS algorithm [25]. The
calculation is based on a minimal number of principle com-
ponents required to describe 80-90% of dataset variability and
the two principle components containing most information
(i.e. most of the variability in the dataset) are displayed (Fig. 2).
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Figure 2. PCA of the spotmaps for each analyzed 2-D DIGE gel of all three main physiological groups. Relative values at the axis represent
the variability of the respective principle component (PC1and PC2). For each test state five parallel gels were analyzed. Correspondingly, 45
(group i) or 25 (groups ii and iii) reference gels were included in the analysis. The tight clusters reflect the low data variability between the
corresponding spotmaps, i.e. high reproducibility within each tested state. Conversely, the individual states are clearly separated. The
inserts contain the color coding of the analyzed states: Group (i), anaerobic growth with aromatic compounds (A); group (ii), aerobic
growth with aromatic compounds (B); and group (iii), anaerobic growth with aliphatic alcohols, ketones, and carboxylic acids (C). Com-
pound abbreviations: (Ac) acetate, (Act) acetone, (BuOH) 2-butanol, (Bun) 2-butanone, (Bz) benzoate, (Bzal) benzaldehyde, (BzOH) benzyl
alcohol, (Gen) gentisate, (mMHB) m-hydroxybenzoate, (0AB) o-aminobenzoate, (Pac) phenylacetate, (Pal) phenylalanine, (pCr) p-cresol,

(pHB) p-hydroxybenzoate, (Pol) phenol, (PrOH) 2-propanol, (Prp) propionate. Reference states are indicated in red.

While the 2-D DIGE experiments confirmed and quanti-
fied the regulated proteins, initially defined by silver stain-
ing, they also allowed detection and identification of addi-
tional specifically regulated proteins.

In order to obtain sufficient amounts of protein for MS
analysis, separate preparative gels were run with each of the
22 studied growth conditions. These gels were stained with
cCBB according to the method described by Doherty et al.
[26]. The high reproducibility of spot patterns (Supporting
Information 1: Fig. 1.2.) allowed MS-based identification of
proteins selected by the 2-D DIGE/DeCyder analysis from
cCBB stained gels; only unambiguously matching protein
spots were included in the present study.

2.5 Protein identification by MS

Selected regulated and constitutive protein spots were
excised with an automatic excision workstation (PROTEI-
NEER spll; Bruker Daltonik, Bremen, Germany) equipped
with an on-board visual scanner for image acquisition. Sam-
ple preparation and tryptic digest of the excised proteins
were performed as described [20]. MALDI-TOF-MS(/MS)
analysis was done on an ultraflex or ultraflex II (Bruker Dal-
tonik) as previously described [20]. Based on MS or MS/MS
data, fingerprinting was done on a MASCOT server (Matrix
Science, London, UK) and a ProFound server (Genomic
Solutions, MS only) against a genomic database of strain
EDN1, translated into amino acid sequences [20].
Identification was based on matching spots from at least
two parallel gels with a MASCOT score of at least 95 or a
ProFound score of 2.2. The average scores of the identified

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

proteins of the present study were 201 (MASCOT) and 2.34
(ProFound). Three percent of the proteins were identified
from two parallel gels, 14% from three gels, and 74% from
more than three gels. The average sequence coverage was
50.8%. For details see ref. [20].

3 Results and discussion

Substrate-dependent regulation in “A. aromaticum’ strain
EbN1 was quantitatively investigated with the 2-D DIGE
approach. Gel-based protein separation was preferred over
LC-based peptide separation, since the former approach
allows reducing analytical complexity and maintains the
structural protein information; both aspects facilitate the effi-
ciency of subsequent MS-based protein identification. To
study substrate-dependent regulation, strain EbN1 was adapt-
ed to grow with 17 different aromatic and nonaromatic com-
pounds under anoxic or oxic conditions, resulting in a total of
22 different growth conditions. All of these growth conditions
were assigned to three main physiological groups: (i) anaero-
bic growth with aromatic compounds, (ii) aerobic growth with
aromatic compounds, and (iii) anaerobic growth with alipha-
tic alcohols, ketones, and carboxylic acids (Fig. 1). In each of
the three groups, the various catabolic routes converge at
common intermediates: benzoyl-CoA in case of group (i) and
acetyl-CoA in case of groups (ii) and (iii). The precursors of
these two central intermediates (benzoate and acetate) were
used as reference states to detect and identify proteins speci-
fically regulated in response to the tested growth conditions.
Notably, 8 out of the 17 tested growth substrates represent

www.proteomics-journal.com
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intermediates in the catabolic pathways of other compounds,
e.g. phenylacetate in the phenylalanine pathways (Fig. 1).
Thus, the present study also allowed defining the sub-
proteomes of connected pathway modules (e.g. from phenyl-
alanine to phenylacetate vs. from phenylacetate to benzoyl-
CoA during anaerobic degradation) and the extent of their
substrate-dependent regulation. The entirety of the proteins
with significantly changed abundances (fold change >[2.5))
provided a first global experimental perspective on the in silico
predicted regulatory potential of strain EbN1. Conversely,
identification of a large number of proteins not changing sig-
nificantly in abundance (fold change <[2.5|) revealed the
extent and nature of the constitutive subproteome. Extensive
Supporting Information is provided, including biochemical
background information for each analyzed pathway as well as
annotated gel images and gene context for each analyzed
substrate condition.

3.1 General properties of the analyzed dataset

The present study builds on a comprehensive, high quality
dataset. The differential protein profiles determined by 2-D
DIGE were essentially the same as revealed by independent
silver- or cCBB-stained 2-DE gels (Supporting Information 1:
Fig. 1.1 for general workflow and Fig. 1.2 for reproducibility
of spot patterns). For the quantification of differential protein
profiles by 2-D DIGE, a total of 285 digital gel images con-
taining an average of 1047-1548 detected protein spots were
analyzed. PCA demonstrated the high reliability of the gen-
erated spot maps in the case of all tested growth conditions
within a 95% significance level (Fig. 2). Protein spots not
meeting the 95% significance level according to PCA repre-
sent specifically and strongly regulated proteins, rather than
analytical artifacts (Supporting Information 1: Fig. 1.3.). The
threshold of significance for fold changes in protein abun-
dance was set at the rather high value of 2\2.5 , to limit the
number of biological false positives. In total, more than 4500
2-DE-separated proteins spots were analyzed by high-
through-put MS, resulting in the highly reliable identifica-
tion of 354 different proteins. The identification was based
on matching spots from at least two independent 2-DE gels
and a high average MASCOT score of 201 (see Section 2).

3.2 Anaerobic growth with aromatic compounds
3.2.1 Phenylalanine and phenylacetate

All predicted proteins of the anaerobic phenylalanine degra-
dation pathway, i.e. phenylalanine aminotransferase (Pat),
phenylpyruvate decarboxylase (Pdc), and phenylacetaldehyde
dehydrogenase (Pdh), were identified on the 2-DE gels of
phenylalanine-adapted cells (Fig. 3). Remarkably, expression
of pat is apparently not specifically upregulated during
anaerobic growth with phenylalanine (Fig. 4). One may
speculate that Pat is constitutively formed or that an alter-
native aminotransferase (16 predicted) catalyzes this initial

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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reaction, but may have escaped our analytical window. In
contrast, Pdcis 27.5-fold increased in abundance, supporting
its proposed function in phenylalanine degradation. Pdh was
again not increased in abundance during anaerobic growth
with phenylalanine, but specifically with p-cresol (7.4-fold),
implicating a dedicated function in p-cresol rather than
phenylalanine degradation (see Section 3.2.3. “p-cresol”).

The differential protein profiling suggested a predicted
aldehyde:ferredoxin oxidoreductase (AOR) (EbAS5005) as a
possible substitute for Pdh. The encoding gene, ehA5005, is
colocalized with ebA5004 (iron—sulfur cluster-binding protein)
and ebA5007 (ferredoxin:NADH oxidoreductase) in an
operon-like structure (Fig. 3). All three proteins were specifi-
cally increased in abundance during anaerobic growth with
phenylalanine (9.7-,49.7-, and 6.0-fold, respectively). Enzymes
of the AOR family are widespread among prokaryotes and
catalyze the oxidation of a broad range of both aliphatic and
aromatic aldehydes to their corresponding carboxylic acid
using ferredoxin as electron acceptor [27, 28]. Investigation of
the substrate spectrum of purified AOR from Thermococcus
strain ES-1 and Eubacterium acidaminophilum, indeed, exhib-
ited a high activity with phenylacetaldehyde [29, 30]. EbA5005
may be supported by the two additional proteins. EbA5004
may function as electron acceptor for EbA5005, since it exhib-
its high similarities to ferredoxin from Rhodoferax ferrireducens
T118 (69% identities, as determined by BLAST-analysis [31])
and is classified by InterPro as a 4Fe—4S ferredoxin [32].
Moreover, the ferredoxin:NADH oxidoreductase (EbA5007)
could be involved in regeneration of the ferredoxin cofactor.

Subunits of all three proteins of the anaerobic phenyl-
acetate degradation pathway (Fig. 1) were identified in this
study. The phenylacetate—CoA ligase (Pad]), a subunit of the
phenylacetyl-CoA:acceptor oxidoreductase (PadC) and two
subunits of phenylglyoxylate:acceptor oxidoreductase (PadG
and PadH) were most strongly increased in abundance
(ranging from 5.5- to 29.5-fold) during anaerobic growth
with phenylalanine and phenylacetate (Fig. 4), corroborating
this pathway for the degradation of both compounds in
strain EbN1.

An alternative pathway shortcutting the phenylalanine
degradation from phenylpyruvate directly to phenylacetyl-
CoA was previously speculated to involve indolepyr-
uvate:ferredoxin oxidoreductase (IorAB) [12]. However, the
present proteomic data do not support this possibility, since
identified IorA was not differentially regulated (Fig. 4).

3.2.2 Benzyl alcohol and benzaldehyde

Analysis of the strain EbN1 genome suggested the presence
of various dehydrogenases for aromatic alcohols and alde-
hydes possibly involved in anaerobic benzyl alcohol and
benzaldehyde degradation [12]. The present proteomic study
revealed a multifaceted regulatory pattern, which did not
allow defining dedicated dehydrogenases for the two oxida-
tion reactions. Notably, the genomically predicted dehy-
drogenases were also increased in abundance during anae-
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robic growth with other aromatic compounds, e.g. p-cresol
(Fig. 4; further information is provided in Supporting Infor-
mation 3).

The protein spot revealing the largest increase in abun-
dance during anaerobic growth with benzyl alcohol (144.5-
fold) as well as benzaldehyde (66.2-fold) is EbA5637, a puta-
tive mandelate racemase [12]. In addition, products of genes
forming an operon-like structure with ehA5637 (an acyl-CoA
transferase  (EbA5640), an acyl-CoA dehydrogenase
(EbA5641), the benzaldehyde dehydrogenase (Ald), and
another acyl-CoA transferase (EbA5643)) also revealed
strongly increased abundances during anaerobic growth
with benzyl alcohol and benzaldehyde as well as with p-cresol
(Fig. 4). However, strain EbN1 cannot utilize either of the
two-mandelate isomers (data not shown), agreeing with the
absence of mandelate and benzylformate dehydrogenase
encoding genes in the genome sequence of strain EbN1. In
known mandelate utilizing bacteria, such as Acinetobacter
calcoaceticus, the respective catabolic operon is not induced
by benzaldehyde [33, 34], suggesting that the observed reg-
ulation in strain EbN1 might be nonspecific and a relict, orig-
inating from gene recruitment or genome evolution (further
information is provided in Supporting Information 3).

3.2.3 p-Cresol

One subunit of the first enzyme of anaerobic p-cresol degra-
dation, p-cresol methylhydroxylase (PchF) as well as the sec-
ond enzyme, p-hydroxybenzaldehyde dehydrogenase (PchA),
could be identified. However, both did not display significant
increases in abundance during anaerobic growth with p-cre-
sol, but surprisingly with benzaldehyde and benzyl alcohol
(PchA: 7.8- and 5.3-fold, respectively, Fig. 4).

The largest increase in abundance in p-cresol grown cells
(352.2-fold) was observed for a predicted FAD-dependent
oxidase (EbA5380), which displays high similarities to p-cre-
sol methylhydroxylases of P. putida and Nitrosomonas eutro-
pha (60% identities and 78% positives each). Notably, the
ebA5380 gene of strain EbN1 forms an operon-like structure
with a predicted phenylacetaldehyde dehydrogenase (pdh/
ebA5381) and a putative regulatory protein (ehA5384). The
product of ehA5381 is specifically formed (7.4-fold increase)
during anaerobic growth with p-cresol, and its previous
functional assignment as Pdh in the phenylalanine degrada-
tion pathway could not be supported by the present study
(see Section 3.2.1. “phenylalanine and phenylacetate”). The
described regulatory patterns suggest that strain EbN1 uses
EbAS5381 to oxidize the aldehyde group of p-hydro-
xybenzaldehyde rather than that of phenylacetaldehyde.
Thus, the products of ebA5380 (putative p-cresol methylhy-
droxylase) and ebA5381 (putative p-hydroxybenzaldehyde
dehydrogenase) are suggested to be involved in anaerobic p-
cresol degradation, rather than PchCF and PchA.

p-Cresol may also function as gratuitous inducer for
other pathways of anaerobic aromatic compound degrada-
tion. Firstly, several proteins involved in anaerobic toluene
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degradation (BssE, BbsA, BbsH, EbA1929, EbA1932, and
EbA1936) were observed to be increased in abundance (6.8-
to 72.7-fold) in p-cresol grown cells. While previous studies
indicated a rather strict specificity of the predicted TdiS
sensor for toluene (not responsive to ethylbenzene or aceto-
phenone [19]), the present results suggest that TdiS may
also recognize the structurally highly similar p-cresol. Sec-
ondly, during anaerobic growth with p-cresol also two pro-
teins (Ped2 and EbA5797) encoded in a paralogous ebd
operon exhibited an increased abundance (235.4- and 12.1-
fold, respectively). The gene products of this operon are
highly similar to the enzymes of the “upper” pathway of
ethylbenzene degradation to acetophenone (e.g. 77.8%
identity in case of the catalytic EbdA subunit of ethylben-
zene dehydrogenase). However, ethylbenzene and toluene
do not induce this paralogous operon. Thus, the unex-
pected p-cresol dependent induction may provide a first
hint onto the nature of the true, so far unknown, substrate
for these paralogous enzymes, e.g. the structurally similar
p-ethylphenol. This hypothesis is currently tested in our
laboratory.

3.2.4 Phenol

Subunits of both enzymes of the anaerobic phenol degrada-
tion pathway, i.e. PpsB (EbA3134) of phenylphosphate syn-
thase and PpcAC of phenylphosphate carboxylase, whose
genes are encoded in an operon-like structure, were identi-
fied on the 2-DE gels. In phenol grown cells of strain EbN1,
all three proteins revealed specifically increased abundances
(e.g. 120.3-fold for PpcC). Correspondingly, enzymatic and
proteomic analysis of T. aromatica also revealed strict phenol-
specific induction of both enzymes [35, 36].

In contrast, the abundance of a paralogous PpsB protein
(EbA5783), encoded by a paralogous ppsB gene at a different
chromosomal position, was increased in abundance during
growth with p-cresol (19.3-fold) and slightly with phenyl-
acetate (2.8-fold), but its abundance was not significantly
changed with phenol. Thus, an essential role of paralogous
PpsB in anaerobic phenol degradation appears unlikely. In
addition, the respective paralogous pps gene cluster does not
contain a PpsC encoding gene, which was demonstrated
before to markedly increase (four-fold) the in vitro activity of
phenylphosphate synthase (purified PpsAB) in T. aromatica
[37]). In strain EbN1, the second pps-operon is flanked by
genes encoding transposases of the 1S4 family. Indeed, the
actual position of ppsCis occupied by a transposase (tnp46) in
trans. This might be a hint for genome evolution, reshuffling
of genes within the genome, or assimilation of new genes by
lateral gene transfer. Thus, one may speculate that the para-
logous pps gene cluster is involved in a hitherto unknown
degradation pathway.

In addition to the Ppc proteins, several heat-shock pro-
teins (EbA2730, EbB88, and EbA4332) and proteins related
to oxidative stress (superoxide dismutase (SodB) and glu-
tathion peroxidase (BtuE)) or DNA protection (Dps) revealed
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Figure 3. Differential protein profiles (2-D DIGE) representing anaerobic growth of strain EbN1 with phenylalanine (A) and 2-propanol (B).
Scale models of genes predicted [12] to be involved in anaerobic degradation of phenylalanine (C) and 2-propanol (D). Genes encoding
identified proteins are highlighted in blue. Fold changes in protein abundance and their relative share of total 2-DE separated protein in
phenylalanine (E) and 2-propanol (F) grown cells. Each dot represents a spot on the 2-DE gel, except for repeatedly identified proteins
(values summed up). (O) Identified proteins, (®) not identified proteins.

>

Figure 4. Fold changes in abundance of identified proteins during growth of strain EbN1 with different aromatic compounds under anoxic
(A) or oxic (B) conditions as well as with aliphatic alcohols, ketones, or carboxylic acids under anoxic conditions (C). Color code indicates
increased (fold change >2.5, green), decreased (fold change <—2.5, red), or unchanged (fold change <2.5 and >-2.5, yellow) abundances
(white, not determined). The more intense the color, the stronger the fold change (see colored scale bar). (a) Cells were adapted over at
least five passages to the respective growth condition. Fold changes were determined on the basis of five parallel gels. For details see
Section 2. Substrate abbreviations: (Ac) acetate, (Act) acetone, (BuOH) 2-butanol, (Bun) 2-butanone, (Bz) benzoate, (Bzal) benzaldehyde,
(BzOH) benzyl alcohol, (Gen) gentisate, (mHB) m-hydroxybenzoate, (0AB) o-aminobenzoate, (Pac) phenylacetate, (Pal) phenylalanine,
(pCr) p-cresol, (pHB) p-hydroxybenzoate, (Pol) phenol, (PrOH) 2-propanol, (Prp) propionate. (b) Proteins are listed in order of catalytic ac-
tivity in the respective pathway. Protein names and ORF numbers (e.g. EbA720) are as described in ref. [12]. Substrate abbreviations are as
described above. Tol, toluene. (c) The paralogs of BcrA and HbrA as well as BerD and HbrD share 100% sequence identity and are therefore
not distinguishable by PMF. (d) Anaerobic growth with toluene or propionate were not included in this group of the DIGE analysis. (e) Hbh
was originally named S5h. (*) Proteins with unrelated gene context, organized in operon-like structures, are marked by parenthesis.
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increased abundances in phenol grown cells. The majority of
these stress proteins were also increased in the presence of
the solvent p-cresol, though to a lesser extent. Furthermore, a
hypothetical protein EbA3088 was highly upregulated (41.4-
fold), which was predicted to play a role in the cell envelope.
These results are consistent with the toxic nature of organic
solvents that forces the cell to pursue complex survival strat-
egies [38].

3.2.5 p-Hydroxybenzoate

While p-hydroxybenzoate is a true substrate for anaerobic
growth of strain EbN1, it also represents the first common
intermediate of anaerobic p-cresol and phenol degradation
(see Fig. 1). While genes of the anaerobic p-hydroxybenzoate
pathway (encoding p-hydroxybenzoate-CoA-ligase (hbcL-1),
and p-hydroxybenzoyl-CoA reductase (hcrCAB)) are present
on the chromosome of strain EbN1 [12], none of their prod-
ucts could be identified in the present study.

3.2.6 m-Hydroxybenzoate

In case of anaerobic m-hydroxybenzoate degradation, the
specific CoA-ligase (HbcL), the paralogous m-hydro-
xybenzoyl-CoA reductase (HbrCABD) as well as the
hydrolases and dehydrogenases (EbA720, EbA722, EbA723,
EbA736, and EbA738; Fig. 1) of the subsequent metabo-
lism of the alicyclic intermediate were identified. All of
them revealed a large increase in abundance during anae-
robic growth with m-hydroxybenzoate, supporting the
assumed pathway. The regulation was highly substrate-
specific, with the exception of o-aminobenzoate (see
below).

3.2.7 o-Aminobenzoate

Anthranilic acid (o-aminobenzoate) is an intermediate of
tryptophan synthesis as well as degradation. In T. aromatica a
single benzoyl-CoA ligase is used for the activation of
benzoate as well as o-aminobenzoate, but not for mono-
hydroxybenzoate analog (e.g. m-hydroxybenzoate) or phenyl-
acetate [39]. Activation of the latter compounds is achieved by
other specific CoA-ligases [40—42). Interestingly, benzoate—
CoA ligase (BclA) is 4.5-fold decreased in abundance in
o-aminobenzoate grown cells of strain EbN1, while the CoA-
ligase predicted to be specific for m-hydroxybenzoate (HbcL)
revealed a marked increase in abundance (17.2-fold).

At present, the postulated aminobenzoate reductase and
its coding gene(s) have not been discovered in T. aromatica or
strain EbN1. However, we identified a putative ferredoxin
(EbA5004) which was strongly increased in abundance (47.9-
fold) in o-aminobenzoate adapted cells of strain EbN1. One
may speculate that EbA5004 may function as electron donor
for reductive deamination or dearomatization.

In addition to HbcL also HbrB and HbrC (subunits of
hydroxybenzoyl-CoA reductase) are specifically increased in
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abundance. Thus, dearomatization of o-aminobenzoate is
most likely performed by the same enzyme proposed for the
m-hydroxybenzoate pathway. Since the proteins involved in
ring cleavage and further oxidation of the m-hydroxy-
benzoate pathway (EbA720, EbA722, and EbA723) are not
induced by o-aminobenzoate, subsequent degradation might
proceed via the anaerobic benzoate pathway to 3-hydroxy-
pimelyl-CoA involving Dch, Had, and Oah as described for
T. aromatica.

It should be noted that three more proteins of the hbr-
operon, EbA736, EbA741, and DctP, are also upregulated in
the presence of o-aminobenzoate, even though their role in
the degradation pathway is presently unknown.

3.3 Aerobic growth with aromatic compounds
3.3.1 Benzoate

Four of five predicted gene products of a new aerobic benzo-
ate pathway [43, 44], namely benzoate—CoA ligase (BclA-1),
one subunit of benzoyl-CoA oxygenase (BoxB), enoyl-CoA-
hydratase/isomerase (BoxC), and the aldehyde dehydro-
genase involved in ring opening (BoxZ), could be identified.
All four proteins were strongly increased in abundance
(4.4- to 34.8-fold; Fig. 4) during aerobic growth with benzo-
ate.

A certain degree of regulatory unspecificity was observed
in two directions. Firstly, the identified proteins of the aero-
bic benzoate pathway were not only formed during aerobic
growth with benzoate, but also with phenylalanine, phenyl-
acetate, or m-hydroxybenzoate, even though to a lesser
extent. The implicated gratuitous induction of the aerobic
benzoate pathway by such compounds is supported by
reduced BoxA activity in phenylacetate and m-hydro-
xybenzoate grown cells of A. evansii [44] and proteomic
detection of benzoate dioxygenase and subsequent enzymes
in p-hydroxybenzoate grown cells of P. putida KT 2440 [45].

Secondly, aerobic growth with benzoate did not only lead
to the formation of the enzymes of the respective pathway,
but also to a lower level upregulation of enzymes from the
aerobic gentisate and the anaerobic benzoate pathways.
Interestingly, the fumarylpyruvate hydrolase NagK (aerobic
gentisate pathway) was next to BoxB the most strongly
increased protein (34.9-fold; for comparison: 120.3-fold with
gentisate) during aerobic growth with benzoate. Considering
that both NagK and salicylate 5-hydroxylase (S5h; suggested
to be renamed as hydroxybenzoate hydroxylase (Hbh); see
below) were also increased in abundance during anaerobic
growth with benzoate (acetate grown cells used as reference
state, data not shown), the latter obviously functions as gra-
tuitous inducer of the aerobic gentisate pathway. From the
anaerobic benzoate pathway, the abundance of subunits of
the benzoyl-CoA reductase (BcrCD) and proteins of the
subsequent B-oxidation steps (Oah and Orf3) were slightly
increased (Fig. 4). Conversely, proteins of the aerobic benzo-
ate pathway were also slightly increased in abundance dur-
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ing anaerobic growth with benzoate (acetate grown cells
used as reference state; data not shown). Thus, redox condi-
tions apparently do not control the protein constituents of
aerobic and anaerobic degradation pathways for benzoate
with absolute stringency.

3.3.2 m-Hydroxybenzoate and gentisate

While m-hydroxybenzoate degradation in Pseudomonas,
Bacillus, and Klebsiella species does not require initial activa-
tion to m-hydroxybenzoyl-CoA [46—48], this has been reported
for T. aromatica [49]. In both cases, a hydroxylation then
yields gentisate. Since orthologous genes for a respective
CoA-ligase and hydroxylase were previously not identified in
the genome of strain EbN1, the pathway for aerobic
m-hydroxybenzoate degradation in this strain could not be
predicted in silico.

Gentisate 1,2-dioxygenase (Nagl), maleylpyruvate isom-
erase (NagL), and fumarylpyruvate hydroxylase (NagK), pre-
dicted to be involved in aerobic gentisate degradation were
identified in this study. Furthermore, a predicted salicylate
5-hydroxylyse (S5h), encoded in an operon-like structure with
nagl, nagL, and nagK, was identified. All four proteins were
found to be specifically and strongly formed in cells growing
aerobically with gentisate or m-hydroxybenzoate. Overall, a
markedly larger increase in abundance was observed in
m-hydroxybenzoate versus gentisate grown cells: NagK (197.0-
vs. 120.3-fold) and S5h (17.6- vs. 10.7-fold). This agrees with
previous studies showing higher rates for m-hydroxybenzoate
and gentisate consumption in m-hydroxybenzoate versus gen-
tisate grown cells of Pseudomonas spp. [47].

In particular, m-hydroxybenzoate dependent formation
of S5h implicated that this protein represents an m-hydroxy-
benzoate hydroxylase rather than the previously predicted
salicylate 5-hydroxylase; S5h should therefore be renamed as
hydroxybenzoate hydroxylase (Hbh). This assumption is
corroborated by two further lines of evidence. Firstly, strain
EbN1 cannot grow with salicylate. Secondly, orthologous
gene clusters related to gentisate catabolism from Polar-
omonas naphthalenivorans CJ2 and P. alcaligenes NCIMB 9867
also contain genes similar to hbh, namely xlnD and orf2,
respectively [50, 51]. Furthermore, XInD was characterized as
3-hydroxybenzoate 6-hydroxylase catalyzing the NADH-de-
pendent conversion of m-hydroxybenzoate to gentisate [52].
Hbh of strain EbN1 also displays high sequence similarities
to 3-hydroxybenzoate 6-hydroxylases of P. entomophila 148
(61% identity) and K. pneumoniae (62% identity).

Interestingly, seven out of eight identified proteins of the
anaerobic m-hydroxybenzoate pathway were also increased
in abundance during aerobic growth with m-hydro-
xybenzoate, even though mostly to a lesser extent. Remark-
ably, HbcL and EbA736 were also strongly increased in cells
grown aerobically with gentisate (20.8- and 15.3-fold, respec-
tively), but none of the other proteins of the anaerobic
m-hydroxybenzoate pathway. Conversely, Nagl and NagK
from the aerobic gentisate pathway also displayed an
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increased abundance under anoxic conditions (data not
shown). As in case of the benzoate pathways, these results
indicate a relaxed stringency of redox control of anaerobic
versus aerobic degradation pathways.

m-Hydroxybenzoate may also function as gratuitous
inducer for another possible operon, the products of which
have diverse predicted functions (e.g. a subunit of p-cresol
methylhydroxylase (PchF), a thiolase (TioL), or a carboxylase
(XccAB) were identified) and are strongly increased in
abundance (9.1- to 30.6-fold, see Fig. 4). However, one should
consider that the observed induction of this operon may be
erroneous, since transposases flanking the operon [12] could
indicate remnants of genome evolution or reshuffling of the
genome.

3.3.3 Phenylalanine and phenylacetate

Aerobic phenylalanine degradation in strain EbN1is assumed
tobe channeled into the aerobic phenylacetate pathway (Fig. 1)
for several reasons. (i) Abundant formation of the predicted
proteins for aerobic phenylacetate degradation (Paa) in aero-
bically phenylalanine grown cells of strain EbN1 indicates
intermediate formation of phenylacetyl-CoA, which is also
known to induce paa gene expressionin E. coliand P. putida U
[53]. (ii) Substrate-specific enzyme activities and paa gene
expression in A. evansii also support this pathway [7]. (iii) A
catabolic route via tyrosine connecting to the homogentisate
pathway as described for P. putida [54] seems unlikely, since
genes encoding a phenylalanine hydroxylase (phhA; tyrosine
forming) and p-hydroxyphenylpyruvate dioxygenase (hpd)
could not be detected in the genome of strain EbN1 [12]. Fur-
thermore, the only present gene from the tyrosine pathway,
tyrB, is not upregulated in phenylalanine or phenylacetate
grown cells of strain EbN1 (Fig. 5). (iv) Tyrosine does not sup-
port growth of strain EbN1 (data not shown).

In this study, three subunits of the ring hydroxylating en-
zyme (phenylacetyl-CoA oxygenase (PaaACE)) and the
enzymes responsible for ring opening (enoyl-CoA hydratase/
isomerase (PaaG) and aldehyde dehydrogenase (PaaZ)) of the
aerobic phenylacetate degradation pathway were identified.
The respective genes are encoded in a gene cluster (at approx.
2.1 Mb) bearing most of the genes of aerobic phenylacetate
degradation, except for enoyl-CoA hydratase (paaF) and 3-
ketoadipyl-CoA thiolase (paaj). Another subunit of the ring
hydroxylating enzyme (PaaC2) and Paa], encoded in a second
gene cluster (at approx. 3.4 Mb), could also be identified.

All of these proteins were specifically formed during
aerobic growth with phenylacetate and phenylalanine.
Except for PaaJ] and PaaE, the increase in abundance is
slightly larger with phenylalanine than with phenylacetate.
This is consistent with previous observations from adapta-
tion studies with A. evansii [7].

Since Paa protein abundance was only increased in
phenylalanine and phenylacetate grown cells, a strict reg-
ulatory circuit can be envisioned, with the predicted reg-
ulator PaaR displaying high specificity for the possible
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inductor phenylacetyl-CoA. It should be noted, however, that
Paa proteins were also slightly increased in cells grown
anaerobically with phenylalanine or phenylacetate.

3.4 Anaerobic growth with aliphatic alcohols,
ketones, and carboxylic acids

3.4.1 2-Propanol, 2-butanol, acetone, and
2-butanone

Surprisingly, no short-chain alcohol dehydrogenase possibly

involved in the oxidation of the tested alcohols to the respec-
tive ketones, could be identified. One may speculate that the
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anine, (pCr) p-cresol, (pHB) p-hydro-
xybenzoate, (Pol) phenol, (PrOH) 2-pro-
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112 198 10 11

involved alcohol dehydrogenase is constitutively formed or
escaped the applied analytical window.

In contrast, all subunits of acetone carboxylase (AcxABC)
and succinyl-CoA:3-ketoacyl-CoA transferase (KctAB) were
identified in the present proteomic study displaying highly
increased abundances (ranging from 8.6- to 185.6-fold) dur-
ing anaerobic growth with either of the two alcohols or
ketones. No increase in abundance was observed, however,
during anaerobic growth with propionate (Fig. 4). Substrate-
dependent regulation is probably mediated by the regulator
AcxR, which is encoded in a gene cluster together with
acxABC and kctAB. Similar regulation of the acetone carbox-
ylase has also been shown for Xanthobacter autotrophicus,
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Rhodococcus rhodochrous B276, and Rhodobacter capsulatus
strain B10 [55-58]. Analogous regulatory patterns of AcxABC
in acetone and 2-butanone grown cells of strain EbN1 indi-
cated that the same enzyme was used for the carboxylation of
the two different ketones. This is supported by previous
results with the purified enzymes of R. rhodochrous and
X. autotrophicus [58].

The acx and ket genes of strain EbN1 frame genes for one
acetyl-CoA synthase and four hypothetical proteins, together
representing a large operon-like structure (Fig. 3). Three of
the latter (EbA4705, EbA4712, and EbA4715) were highly
increased in abundance in response to the alcohols and
ketones. Most interestingly, EbA4712 displayed the most
pronounced increase in abundance (409.3- to 754.7-fold) of
the entire study. Furthermore, EbA4715 had an unusually
high share of more than 11% from the total 2-DE-separated
protein; for comparison, acetone carboxylase (AcxABC) had a
maximal share of 6.2%. Considering that no ebA4705,
ebA4712, or ebA4715 homologs could be detected in the
available genome sequences of X. autotrophicus Py2 and
Rhodobacter sphaeroides (www.jgi.doe.gov), one may spec-
ulate that their products serve essential, hitherto unknown
functions in anaerobic ketone degradation of strain EbNT1.

3.4.2 Propionate

Propionyl-CoA ligase (PrpE), a subunit of propionyl-CoA
carboxylase (PccA) as well as a subunit of biotin carboxylase
(AccC), possibly delivering carboxylated biotin carrier pro-
tein, were identified. PccA was increased in abundance dur-
ing growth with propionate (8.1-fold), 2-butanol (6.3-fold),
and butanone (7.3-fold), but not with 2-propanol and ace-
tone. This agreed with the methylmalonyl-CoA pathway not
being required for the degradation of the latter two com-
pounds. Surprisingly, PrpE and AccC were not differentially
regulated, raising doubts about their role in the propionate
degradation. Also no subunits of methylmalonyl-CoA
mutase (SbmAB) were identified in this main physiological
group (iii).

3.5 Regulated subproteomes
3.5.1 Extent of regulation

The high number of regulated proteins (199 identified) is
contrasted by a suite of constitutive proteins (155 identified)
displaying highly stable abundances (a general overview of
all identified proteins with respect to observed maximal fold
changes in abundance is presented in Supporting Informa-
tion 1, Fig. 1.4.). The vast majority of regulated proteins dis-
played increases in abundance with fold changes ranging
from 2.5 to 50. The highest numbers of proteins with
increased abundance were observed during anaerobic
growth with aromatic compounds. For example, >200 pro-
tein spots with changed abundance were observed during
anaerobic growth with phenol (reference benzoate; this
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study). In fact, this number should be even higher, since ad-
ditional >120 protein spots are specifically formed during
anaerobic growth with benzoate (reference acetate; data not
shown). In contrast, only >115 protein spots with changed
abundance were detected during aerobic growth with
m-hydroxybenzoate and 70 during anaerobic growth with
2-butanol. These higher numbers of proteins with changed
abundance probably reflect the complex and diverse bio-
chemical reactions and adaptations involved in anaerobic
degradation of aromatic compounds.

The metabolic relevance of a regulated protein is not only
reflected by the degree of its fold change, but also by its rela-
tive abundance (share from total 2-DE-separated protein), as
exemplified in the following (see also Supporting Informa-
tion 1: Table 1.1). During anaerobic growth with aromatic
compounds on average >100 protein spots (out of ~1300)
were changed in abundance, comprising ~20% of the total 2-
DE-separated protein. During anaerobic growth with 2-pro-
panol or 2-butanol only about 60 protein spots (out of ~1000)
were found to be regulated. However, they comprised more
than 40% of the total 2-DE-separated protein, emphasizing
their prominent metabolic role and the relatively simple
metabolic context.

In addition to proteins with assigned pathway functions,
multiple other proteins were also specifically increased in
abundance under each analyzed growth condition. These
additional proteins displayed other predicted or unknown
function (Fig. 6). This unexpected finding may indicate that
some of the pathways involve more protein components than
previously known (e.g. highly specific formation of EbA4705,
EbA4712, and EbA4715 — all of unknown function — during
anaerobic degradation of ketones), that a certain degree of
unspecific regulation occurs or that the toxic properties of
aromatic compounds (e.g. p-cresol and phenol) activate stress
response mechanisms.

3.5.2 Specificity of regulation

The large number of regulatory proteins predicted from the
genome of strain EbN1 suggested a fine-tuned regulatory
network to adapt to changing growth conditions [12]. The
present comprehensive study allows for the first time to
assess this hypothesis on an experimental basis. In fact, var-
ious degrees of regulatory specificity were observed depend-
ing on individual substrate and redox conditions.

In case of anaerobic aromatic compound degradation,
individual pathways generally displayed a rather strict reg-
ulation in response to the respective substrate. Furthermore,
also modular pathways were strictly regulated, e.g. phenyl-
acetate only induced the formation of proteins involved in its
degradation (lower pathway), but not those converting
phenylalanine to phenylacetate (upper pathway). Exceptions
were proteins, which were previously not correlated to any of
the pathways but were increased in abundance in response
to several different aromatic compounds (e.g. EbA1033).
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Figure 6. Number of proteins involved in the analyzed pathways predicted from genome analysis versusidentified upregulated proteins as
determined by proteomics. Abbreviations are as described in legend to Fig. 4. Red indicates anaerobic growth with aromatic compounds,
blue aerobic growth with aromatic compounds, and orange anaerobic growth with aliphatic alcohols, ketones, and carboxylic acids. Pro-
teins with assigned pathway functions, as previously predicted by genome analysis (black bars). Specifically upregulated and identified
(this study) proteins with assigned functions in pathway (dark green bars), with other predicted functions (light green bars), or with

unknown functions (open bars).

In case of anaerobic growth with aliphatic alcohols,
ketones and carboxylic acids also a high degree of regulatory
specificity was observed. For example, propionyl-CoA car-
boxylase of the propionate pathway was only formed during
growth with propionate, 2-butanol and 2-butanone, agreeing
with their degradation via the methylmalonyl-CoA pathway.

In case of aerobic aromatic compound degradation, the
specificity of regulation was less pronounced than under
anoxic conditions. While the proteins of a given degradation
pathway generally displayed highest fold changes in the
presence of the respective substrate, they were also formed in
the presence of other substrates, indicating a certain degree
of crossregulation on the substrate level (Fig. 4). For some
aromatic compounds (e.g. benzoate), strain EbN1 possesses
next to the aerobic also an anaerobic degradation pathway.
Interestingly, these anaerobic pathways were also induced
under oxic conditions, even though to a lesser extent. Sup-
porting these proteomic findings, low-level expression of
benzoyl-CoA reductase during aerobic growth with aromatic
compounds was also observed in T. aromatica[36]. Conversely,
low abundance of proteins involved in aerobic benzoate deg-
radation was observed in cells of strain EbN1 grown anaero-
bically with benzoate (reference state: anaerobic growth with
acetate; data not shown). These unexpected low-level protein
formation may be due to relaxed regulatory specificities, but
one may also speculate that it serves to maintain a basal level
of enzymes, allowing immediate response to the emergence
of the respective environmental conditions.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Overall, comparison of anoxic and oxic conditions
revealed that also in strain EbN1 the latter have an over-
ruling regulatory effect, even though not with absolute
stringency. Considering the presence of several terminal
oxidases with different O,-affinities in strain EbN1, it will be
interesting to study the fine-tuned response to varying O,
partial pressures.

3.6 Constitutive subproteome

Overall, 92% of all detected protein spots were not signifi-
cantly changed in abundance and therefore attributed to the
constitutive subproteome (Supporting Information 1: Table
1.1.). Most of the identified nonregulated proteins possess
functions of general cell metabolism (e.g. TCA-cycle or pyru-
vate metabolism), biosynthesis (e.g. amino acid or tRNA
synthesis), or have cellular functions (energy conservation,
detoxification, DNA/RNA metabolism, transcription or
translation). Notably, the central metabolic pathways (e.g.
glycolysis and TCA-cycle) could be almost completely recon-
structed on the basis of identified proteins (Fig. 5 and Sup-
porting Information 4 and 5). Interestingly, the constitutive
proteins (155 identified) displayed a low average fold change
in abundance of ~|1.3|-fold (SD = 0.30; Fig. 5), being only
slightly affected by changing growth conditions. For exam-
ple, the fold changes of GroEL abundances ranged between
1.07 and 1.16 (SD,,,c = 0.07) across all tested growth condi-
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tions. Such marginally changed protein abundances were
previously also observed for TCA-cycle enzymes of Rhodopir-
ellula baltica [59)].

Expanding this analysis to all detected, nonregulated
protein spots (representing mostly unidentified proteins)
also yielded highly similar fold changes. For example, in the
group of anaerobic aromatic compound degradation, the
average fold change only increased from 1.34 (SD * 0.31;
based on 146 identified protein spots) to 1.36 (SD * 0.32;
based on 693 identified as well as unidentified protein spots).

3.7 Hypothetical proteins

A total of 37 hypothetical or conserved hypothetical proteins
were identified in the present study, demonstrating their
principle formation for the first time. Eighteen of them
were specifically increased in abundance under at least one
of the analyzed growth conditions, the majority (12) being
regulated during anaerobic growth with aromatic com-
pounds (Figs. 4 and 6). Often, the coding genes are not
located in close proximity to the designated pathway genes,
impairing a possible functional assignment based on the
observed coregulation. Prominent exceptions are the hypo-
thetical proteins EbA4705, EbA4712, and EbA4715, which
could be correlated to anaerobic ketone degradation (see
above).

4 Concluding remarks

The comprehensiveness of the present study allows unpre-
cedented insights into the metabolic regulation of a relevant
environmental bacterium on the proteomic level. The
majority of the predicted pathways (for 22 different growth
conditions) could be confirmed by the differential proteomic
data. In case of three pathways (anaerobic degradation of
phenylalanine, benzyl alcohol, and p-cresol), the predicted
proteins could not be confirmed. In fact, the differential
protein profiles indicated the involvement of other thus far
not considered proteins (e.g. p-cresol methylhydroxylase). In
case of the previously unknown growth substrates o-amino-
benzoate (anoxic), phenylalanine, and m-hydroxybenzoate
(both oxic), respective degradation pathways could not be
predicted by genome analysis. In all three cases, substrate-
specific protein formation advanced our catabolic under-
standing (e.g. discovery of a putative m-hydroxybenzoate hy-
droxylase). In addition, the extent of regulated proteins
demonstrates the high-regulatory flexibility and thereby en-
vironmental adaptability of strain EbN1, as previously pre-
dicted by genome analysis.

Overall, the present study demonstrates the benefit of
physiological proteomics for the functional interpretation of
genomic data, by actually verifying in silico predictions and
providing unexpected functional perspectives based on co-
regulation. The latter generated multiple new hypotheses for
future genetic and biochemical followup studies.
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The denitrifying betaproteobacterium “Aromatoleum aromaticum” strain EbN1 degrades several aromatic
compounds, including ethylbenzene, toluene, p-cresol, and phenol, under anoxic conditions. The hydrophobic-
ity of these aromatic solvents determines their toxic properties. Here, we investigated the response of strain
EbN1 to aromatic substrates at semi-inhibitory (about 50% growth inhibition) concentrations under two
different conditions: first, during anaerobic growth with ethylbenzene (0.32 mM) or toluene (0.74 mM); and
second, when anaerobic succinate-utilizing cultures were shocked with ethylbenzene (0.5 mM), toluene (1.2
mM), p-cresol (3.0 mM), and phenol (6.5 mM) as single stressors or as a mixture (total solvent concentration,
2.7 mM). Under all tested conditions impaired growth was paralleled by decelerated nitrate-nitrite consump-
tion. Additionally, alkylbenzene-utilizing cultures accumulated poly(3-hydroxybutyrate) (PHB) up to 10%
of the cell dry weight. These physiological responses were also reflected on the proteomic level (as
determined by two-dimensional difference gel electrophoresis), e.g., up-regulation of PHB granule-asso-
ciated phasins, cytochrome cd, nitrite reductase of denitrification, and several proteins involved in

oxidative (e.g., SodB) and general (e.g., ClpB) stress responses.

BTEX (benzene, toluene, ethylbenzene, and xylenes) and
phenolic compounds are of environmental concern. They rep-
resent major constituents of crude oil (in the case of BTEX)
(27) and are widely used as solvents and starting compounds in
chemical synthesis. Due to accidental spillage during produc-
tion, storage, and transport, these compounds are increasingly
released into the natural environment (13). Contamination
with BTEX or phenolic compounds in the vicinity of ground-
water aquifers is of particular concern, since these compounds
also exhibit considerable water solubility. For example, 1:20
mixtures of gasoline and water contain 3.2 mg liter " ethyl-
benzene, 70 mg liter ! toluene, and altogether 130 mg liter
BTEX (10). The frequent occurrence of oxygen-limited or
even anoxic conditions in such environments emphasizes the
significance of anaerobic biodegradation. In past years many
novel bacterial strains that are able to degrade aromatic com-
pounds under anoxic conditions employing many novel and
intriguing biochemical reactions have been isolated (18, 51).

The denitrifying bacterium strain EbN1 is able to degrade
toluene and ethylbenzene under anoxic conditions and also
directly from crude oil (36). This organism belongs to a novel
cluster of anaerobic degraders within the Betaproteobacteria,
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the proposed new genus “Aromatoleum,” which is distinct from
the plant-associated Azoarcus sensu stricto species (R. Rabus,
L. Woéhlbrand, D. Lange, B. Reinhold-Hurek, F. Widdel, and
P. Kampfer, unpublished). In addition, strain EbN1 also uti-
lizes p-cresol, phenol, and some other polar aromatic com-
pounds under anoxic conditions. Recently, the complete ge-
nome sequence of strain EbN1 was determined, allowing
detailed reconstruction of its metabolic network and in-depth
proteomic analysis of substrate-dependent regulation of indi-
vidual degradation pathways (28, 35, 54). Strain EbN1 repre-
sents a promising model organism for in situ processes, since
toluene-amended microcosms from oil-contaminated and pris-
tine sites displayed rapid consumption of nitrate (31) and con-
tained high numbers of bacteria related to the phylogenetic
cluster harboring strain EbN1 (20, 31). Correspondingly, strain
EbN1 removes toluene with high efficiency in laboratory two-
dimensional aquifer microcosms which mimic in situ concen-
tration gradients (2). Moreover, the detection of bss4 expres-
sion (BssA is the catalytic subunit of toluene-activating
benzylsuccinate synthase) in contaminated aquifers (3, 53) fur-
ther emphasized the significance of anaerobic degradation for
in situ bioremediation.

The toxicity of aromatic compounds generally correlates with
their hydrophobicity, which is described by the logarithm of their
partition coefficients in a mixture of n-octanol and water (log
Pow). Compounds with a log P\ between 1 and 4 are cyto-
toxic, since they preferentially dissolve in biological membranes
(40). Consequently, membrane fluidity increases, which leads to a
loss of ions, ATP, and other cellular metabolites. Furthermore,
dissipation of the proton motive force and denaturation of mem-
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brane proteins (e.g., respiratory complexes or nutrient transport-
ers) result in severe energetic problems in solvent-exposed cells
(for an overview, see reference 41).

Despite the recent insights into the organisms, biochemistry,
and genetics of anaerobic aromatic compound degradation,
little is known about the strategies that the novel isolates use to
cope with the toxicity of their growth substrates. Until now,
bacterial solvent tolerance was studied mainly with aerobic,
biotechnologically relevant microorganisms. The solvent stress
response of these organisms involved mainly solvent efflux
pumps, heat shock proteins, and modifications of the cytoplas-
mic membrane (19, 22). Here, we investigated for the first time
the physiological and proteomic responses of the denitrifying
bacterium “Aromatoleum aromaticum” strain EbN1 to semi-
inhibitory concentrations of its aromatic growth substrates.

MATERIALS AND METHODS

Medium and cultivation. The denitrifying bacterium strain EbN1 was culti-
vated under nitrate-reducing conditions as previously described (36). Cultivation
was carried out in 500-ml flat glass bottles containing 400 ml medium that were
anoxically sealed with butyl rubber stoppers under an N,-CO, (90/10%, vol/vol)
atmosphere. The alkylbenzene substrates for anaerobic growth were provided as
dilutions in 20 ml of deaerated 2,2,4,4,6,8,8-heptamethylnonan (HMN) as an
inert carrier phase. Succinate was directly added to the medium from sterile
stock solutions. The chemicals used were analytical grade.

Physiological experiments. The present study was based on two different lines
of experiments comprising a total of seven different solvent stress conditions. (i)
Strain EbN1 was adapted to “standard” substrate concentrations of 5% (vol/vol)
cthylbenzene in HMN and 2% (vol/vol) toluene in HMN for at least five pas-
sages. These cultures served as inocula for subsequent cultivation at low, stan-
dard, and semi-inhibitory (about 50% growth inhibition) substrate concentra-
tions (see Table S1 in the supplemental material). In the case of ethylbenzene
these concentrations were 2, 5, and 8% (corresponding to determined equilib-
rium concentrations of 0.08, 0.21, and 0.32 mM, respectively, in the culture
medium), and in the case of toluene they were 0.5, 2, and 5.5% (corresponding
to 0.07, 0.24, and 0.74 mM, respectively). In this first line of experiments the
alkylbenzenes served as growth substrates. (ii) Cultures of strain EbN1 adapted
for at least five passages to anaerobic growth with 10 mM succinate were sud-
denly exposed (shocked) to ethylbenzene, toluene, p-cresol, or phenol as a single
stressor and to a mixture of all four compounds during early linear growth with
succinate. Application of the solvent mixture should have mimicked an in situ
multiple-stress situation. In the second line of experiments succinate served as
the growth substrate. The aromatic stressors were added directly to the aqueous
medium, and the culture bottles were shaken vigorously to dissolve the hydro-
phobic compounds. The determined semi-inhibitory concentrations of the single
solvents in the culture medium were 0.5 mM ethylbenzene, 1.2 mM toluene, 3.0
mM p-cresol, and 6.5 mM phenol (see Table S1 in the supplemental material).
The solvent mixture had a semi-inhibitory effect at a total solvent concentration
of 2.7 mM, corresponding to about one-quarter of the individual solvent con-
centrations mentioned above.

The same sampling procedure was used for all seven experiments. Samples
were taken from the aqueous phase of the cultures using N,-flushed, sterile
syringes to determine the concentration(s) of the aromatic compound(s), the
nitrate-nitrite concentrations, and the optical density. Carrier phase-containing
culture bottles were inverted to avoid retrieving HMN together with the sample.
Contact between the inert carrier phase and rubber stoppers was generally
avoided. Each sample (2.5 ml) was divided into two subsamples (1 and 1.5 ml),
which were processed as follows. The 1-ml subsamples containing alkylbenzenes
were filtered (Spartan 13/0.2 RC; Schleicher & Schuell, Dassel, Germany) into 1
ml methanol (high-performance liquid chromatography [HPLC] grade) and
stored in Teflon-sealed vials at 4°C. The 1-ml subsamples containing phenol or
p-cresol were not diluted with methanol, but otherwise were treated in the same
way. The second subsample (1.5 ml) was first used to record growth by measuring
the optical density at 660 nm (UV-mini 1240; Shimadzu, Duisburg, Germany).
Subsequently, cells were removed by filtration (Spartan 13/0.2 RC), and the
filtrates were stored at 4°C for HPLC analysis of nitrate and nitrite. Parallel
cultures (=3) yielded very similar time courses of growth and concentrations of
aromatic compounds, nitrate, and nitrite (data not shown). The concentrations
of aromatic compounds in the aqueous medium remained essentially constant
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during the incubation time (data not shown). Controls lacking either the aro-
matic compounds or inoculum were treated in the same way.

Theoretical membrane concentrations of the aromatic solvents were calcu-
lated based on their log P values (obtained from www.inchem.org) as de-
scribed previously (40).

Mass cultivation. Mass cultivation was performed to obtain sufficient cell
material for proteomic and polyhydroxyalkanoate (PHA) analysis. Cultures
grown with alkylbenzenes and cultures grown with succinate were treated dif-
ferently, as follows. To obtain compact cell pellets from alkylbenzene-utilizing
cultures, a phosphate-buffered mineral medium supplemented with NaCl (1 g
liter ') was used (46). Twelve parallel cultures for each of the three different
concentrations of ethylbenzene and toluene were inoculated with correspond-
ingly adapted precultures. All cultures were harvested at an optical density at 660
nm of around 0.2, corresponding to the half-maximal optical density during
growth with 0.32 mM ethylbenzene. The latter culture yielded the lowest maxi-
mal optical density among the cultures containing the six alkylbenzene concen-
trations used. Six parallel succinate-utilizing cultures were harvested for each
aromatic stressor and time point (45, 250, and 600 min after stressor addition).
Unexposed succinate-utilizing cultures were harvested at the same time points.
Harvesting and storage of cells were performed as described previously (8).

Chemical analysis. Concentrations of the alkylbenzenes, p-cresol, and phenol
were determined with an HPLC system (Sykam, Fiirstenfeldbruck, Germany)
using a reversed-phase column as described previously (36). The eluent was
composed of either 80% (vol/vol) acetonitrile (for analysis of alkylbenzenes) or
45% (vol/vol) acetonitrile (for analysis of p-cresol and phenol) and 0.75 mM
phosphoric acid. In both cases the flow rate was 1 ml min '. The aromatic
compounds were detected at 215 nm (alkylbenzenes), 254 nm (phenol), and 270
nm (p-cresol) and had retention times of 4.4 min (phenol), 4.5 min (toluene), 5.1
min (ethylbenzene), and 5.4 min (p-cresol).

Nitrate and nitrite samples were analyzed with an HPLC system (Sykam) as
previously described (36).

2D DIGE. Cells were disrupted with a PlusOne sample grinding kit (GE
Healthcare, Munich, Germany), and protein extracts were prepared as recently
reported (14). The protein concentration was determined as described by Brad-
ford (5). Isoelectric focusing was performed using an IPGphor (GE Healthcare)
and commercial 24-cm IPG strips with a nonlinear pH 3 to 10 gradient (GE
Healthcare) as described previously (14). The EttanDalt IT system (GE Health-
care) was used for separation according to molecular mass in 12.5% Duracryl
(Genomic Solution, Ann Arbor, MI) or acrylamide gels. Two-dimensional dif-
ference gel electrophoresis (2D DIGE) was carried out essentially as described
previously (14). Preelectrophoretic labeling with different fluorescent dyes al-
lowed coseparation of three samples in a single gel, representing the reference
state, the test state, and an internal standard. The compositions of these three
states varied in the two different lines of experiments. (i) Protein extracts from
cultures grown with 0.21 mM ethylbenzene or 0.24 mM toluene (“standard”
equilibrium concentrations in the aqueous phase) served as reference states and
were labeled with CyS5. Protein extracts from cultures adapted to 0.08 or 0.32 mM
ethylbenzene and to 0.07 or 0.74 mM toluene represented the four test states and
were each labeled with Cy3. Each test state was related to the corresponding
reference state. (ii) Protein extracts from untreated succinate-utilizing cultures
harvested 45 min after addition of the aromatic stressor(s) to the test cultures
served as the reference state and were labeled with Cy5. This reference state was
chosen since only a few proteins displayed changed abundances relative to those
in untreated cells harvested after 250 min (see Table S3 in the supplemental
material). In each experiment protein extracts obtained at two or three different
time points (45, 250, and 600 min) after addition of the aromatic stressor(s)
served as test states. For example, succinate-utilizing cultures harvested 45, 250,
and 600 min after addition of 0.5 mM ethylbenzene represented three indepen-
dent test states that were each related to the reference state. Each test state was
labeled with Cy3. The preparations in the two lines of experiments also contained
different internal standards, which consisted of equal amounts of the correspond-
ing reference and test states and were labeled with Cy2. To achieve statistical
confidence, a minimum of four parallel gels were included in the analysis for each
test state.

2D DIGE gels were scanned immediately after electrophoresis with a Typhoon
9400 scanner (GE Healthcare). Cropped images were analyzed with the DeCyder
software (version 5.0; GE Healthcare). The parameters used for codetection of
spots were described recently (54). Spot matching was manually controlled for
differentially regulated spots, which had to fulfill the following criteria: average
ratio (fold change) of less than —2.5-fold or more than 2.5-fold, ¢ test value of less
than 104, and matched in at least 75% of the gels. Altogether, 23 and 52 2D
DIGE gels (corresponding to 69 and 156 gel images) were analyzed for alkyl-
benzene- and succinate-utilizing cells, respectively. Differentially regulated pro-
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TABLE 1. Proteomic responses of strain EbN1 to semi-inhibitory concentrations of aromatic solvents

Fold change®

Alkylbenzene-utilizing q p— L .
Protein® Predicted function® cells® Succinate-utilizing cells 250 min after exposure to:

Ethylbenzene  Toluene  Ethylbenzene Toluene  p-Cresol Phenol  Solvent mixture
032mM)Y  (0.74 mM)? (0.5 mM)*  (12mM)° (3.0 mM) (6.5 mM)Y (2.7 mM)¥

Denitrification

NirS Cytochrome cd; nitrite reductase 3.0 3.2 2.3 1.9 1.7 1.1 3.0
NorQ Putative chaperone required for =) (&) 1.6 %3] 1.0 1.0 2.6
nitric oxide reductase (NorCB)
NosZ Nitrous oxide reductase (&) (=) 51 5.2 1.9 2.0 2.6
Ethylbenzene degradation
bdA Ethylbenzene dehydrogenase, -13 2.7 = = = = =
alpha subunit
Apcl Acetophenone carboxylase, -24 1.7 = = = = 5.9
subunit 1
Apc3 Acetophenone carboxylase, =Y 1.6 (-) (-) = = 2.6
subunit 3
Apc4 Acetophenone carboxylase, -1.6 1.8 (-) (-) = = 6.1
subunit 4
Orf84 Putative methyltransferase 1.6 3.6 = = = = 8.3
Toluene degradation
BssA Benzylsuccinate synthase, alpha 1.6 33 = = = = =
subunit
BssE Benzylsuccinate synthase, 2.0 31 = = = = =
chaperone
BbsG (R)-Benzylsuccinyl-CoA =i 15 = - - - =
dehydrogenase
BbsH Phenylitaconyl-CoA hydratase =i le) = = = = = &
BbsA Benzoylsuccinyl-CoA thiolase, 1.0 1.1 = - = = =
alpha subunit
PHA synthesis
PhbB Acetoacetyl-CoA reductase 1%3) 31 = = = = (-)
PhaC Putative poly(3-hydroxyalkanoate) 1.0 35 = = = (-) (-)
synthase
EbA1323 Predicted phasin 5.7 5.5 -1.6 -13 12 1.3 1.4
EbA6852 Probable phasin 4.0 274 (-) (-) (-) (-) (-)
EbA5033 Probable phasin 54 6.6 S)\7) =il7) = = =
Oxidative stress-related
proteins
SodB Superoxide dismutase (Fe) 1.6 2.8 =il 1.1 —1.6 2.1 2.3
KatA Catalase &) (-) 2.5 14 2.0 1.6 53
Dps DNA-binding ferritin-like protein 1.3 1.4 2.0 2.0 2.4 1.3 2.6
NorVW Flavorubredoxin with associated (-) (-) 2.3 =il 3 (-) 2.4 7.0
reductase
EbA1861 Putative high-affinity iron =99 -373 = = = = =
transporter
EbA4918 Putative iron-binding protein of -2.6 —4.5 = = = = =
ABC iron transporter
AcnA Aconitase A 231 59 - - - - -
AcnA2 Aconitase A2 1.8 4.5 = = = = =
General stress-related
proteins
BetB Betaine aldehyde dehydrogenase 2.3 3.5 (-) (-) (-) &) 2%2)
WbjB Involved in O-antigen chain = = 4.5 2.0 = = =
biosynthesis
HtpG Heat shock protein (-) (-) 2.6 1.9 13 1553 1.2
EbB88 Putative heat shock protein 1.0 12 33 2.1 15 4.8 3.6
GrpE Putative Hsp-70 cofactor &) (-) 1.8 1.4 = = 4.7
ClpB Chaperone (i3] 1.4 3.6 2.0 252 4.1 34
OmpC Outer membrane protein (porin) = = 1.0 =il 324 21.9 234

“ Fold change in protein abundance as determined by 2D DIGE (see Fig. 2).

® Protein designations and predicted functions as described previously (35; http://www.micro-genomes.mpg.de/ebn1). Proteins may belong to more than one group.

¢ Comparison of fold changes between alkylbenzene- and succinate-utilizing cells in absolute terms is not recommended, since the 2D DIGE working packages had
different compositions. Visual comparison of relative spot positions of identified proteins (>[2.5/-fold change) was used to match protein spots with fold changes below
the threshold in other DIGE work spaces. —, proteins that were absent on 2D electrophoresis gels; (—), uncertain matches due to ambiguous protein spot patterns.
Values marked in bold represent changes above the set threshold of significance.

4 See Tables S1 and S2 in the supplemental material.

¢ See Tables S1 and S3 in the supplemental material.

/See Tables S1 and S4 in the supplemental material.

8 The total solvent concentration of a mixture of ethylbenzene, toluene, p-cresol, and phenol in the culture medium was 2.7 mM.
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tein spots were manually excised either from the same 2D DIGE gel (alkylben-
zene-utilizing and -shocked cells and phenol-shocked cells) or from separate
preparative gels (p-cresol- and solvent mixture-shocked cells), both stained with
colloidal Coomassie brilliant blue using the method described by Doherty et al.
(11). The high reproducibility of spot patterns between 2D DIGE and colloidal
Coomassie brilliant blue-stained gels was demonstrated previously with strain
EbN1 (54).

Protein identification by mass spectrometry. Tryptic digestion of excised pro-
teins was performed as described previously (23). Peptide masses were deter-
mined by matrix-assisted laser desorption ionization-time of flight mass spec-
trometry (TopLab GmbH, Martinsried, Germany). The protein identification
and genome analysis were based on the previously published list of annotated
genes in the genome sequence of strain EbN1 (35). Peptide mass fingerprints
were mapped to the in silico digests of the predicted proteins by using the
MS-Digest program (9).

Analysis of PHA. PHA were analyzed using whole-cell samples. For this, about
5 mg (dry weight) of cell matter was subjected to methanolysis in the presence of
15% (wt/vol) sulfuric acid. The methyl esters of 3-hydroxybutyric acid were
analyzed by gas chromatography with a Hewlett Packard type GC6850 gas chro-
matograph (Hewlett Packard, Waldbronn, Germany) equipped with a hydropho-
bic capillary column (SGE GmbH, Darmstadt, Germany), an autosampler (Agi-
lent Technologies Inc., Palo Alto, CA), and a flame ionization detector (6, 44).
Retention times and peaks were analyzed using the Agilent Cerity software
(version A.02.01; Agilent Technologies Inc.), and the total amount of poly(3-
hydroxybutyrate) (PHB) in samples was analyzed in relation to methyl esters
obtained from purchased sodium salt of 3-hydroxybutyric acid.

To analyze polyesters other than PHB, samples were also analyzed by com-
bined gas chromatography and mass spectrometry. The solutions of 1-methyl-
esters were injected into a Hewlett Packard series 6890 GC capillary gas chro-
matograph equipped with a Hewlett Packard series 5973 electron ionization mass
selective detector and a capillary column (identical to the column described
above). Data were collected using the program HP MSD Productivity Chem-
Stations (revision B.01.00). Single fragments were analyzed with the program
AMDIS (automated mass spectral deconvolution and identification system;
version 2.1) and by the NIST mass spectral search program (version 1.6d ed.; S.
Stein, A. Levitsky, O. Fateev, and G. Mallard).

RESULTS AND DISCUSSION

The ability to utilize ethylbenzene and other aromatic com-
pounds under nitrate-reducing conditions is a distinct feature
of strain EbNI. In this study we investigated the stress re-
sponse of strain EbN1 exposed to experimentally determined
semi-inhibitory (about 50% growth inhibition) (see Table S1 in
the supplemental material) concentrations of aromatic growth
substrates under two different conditions. First, during anaer-
obic growth with 0.32 mM ethylbenzene or 0.74 mM toluene
the corresponding degradation pathways were operative. Sec-
ond, when succinate-utilizing cells were suddenly exposed to
0.5 mM ethylbenzene, 1.2 mM toluene, 3.0 mM p-cresol, and
6.5 mM phenol applied as single stressors or as a mixture (total
solvent concentration, 2.7 mM), the corresponding degrada-
tion pathways were not operative. Additional physiological and
proteomic data for each individual experiment are provided in
the supplemental material, as indicated in Table 1.

Growth behavior. Concentration-dependent impairment of
growth was observed under all stressor conditions applied (Fig.
1; see Table S1 in the supplemental material). The growth
rates and maximum optical densities were significantly reduced
at semi-inhibitory concentrations of aromatic solvents, as ex-
emplified by growth with ethylbenzene (Fig. 1A) and by the
growth of succinate-utilizing cultures shocked with the solvent
mixture (Fig. 1C). Remarkably, in the latter case about one-
quarter of the applied semi-inhibitory concentration of each
single solvent sufficed to reduce growth by one-half, suggesting
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an additive effect of the different toxic properties of the indi-
vidual solvents.

Growth with alkylbenzenes was completely inhibited at 0.48
mM ethylbenzene and 0.86 mM toluene (equilibrium concen-
trations in aqueous medium) (see Table S1 in the supplemen-
tal material). Complete growth inhibition of succinate-utilizing
cultures was observed upon shock with 0.6 mM ethylbenzene,
3.0 mM toluene, 4.0 mM p-cresol, or 8.0 mM phenol singly or
with 3.0 mM solvent mixture. The growth-inhibiting concen-
trations determined indicated that ethylbenzene was the most
toxic and phenol was the least toxic of the four tested com-
pounds, agreeing well with the theoretical membrane concen-
trations of the compounds (40) (e.g., 175 mM ethylbenzene
and 48 mM phenol when these compounds were present in the
aqueous medium at concentrations of 0.6 and 8.0 mM, respec-
tively).

Petroleum-contaminated groundwater often contains ethyl-
benzene and toluene at a concentration of 1 mg liter ' (9.4
and 10.9 pM, respectively) (17). In addition, combined con-
centrations of phenol and alkyl-substituted phenols up to 68 g
liter ! have been determined for industrial wastewaters (4).
Considering its markedly higher solvent tolerance (e.g., growth
with <0.48 mM ethylbenzene), strain EbN1 should be able to
survive and proliferate in most contaminated environments.
Interestingly, the semi-inhibitory alkylbenzene concentrations
determined for succinate-utilizing cells of strain EbN1 were
higher (at least 2.5-fold) than those reported for other anaer-
obic degraders (Thauera aromatica, Desulfococcus multivorans,
and Geobacter sulfurreducens) (12). Indeed, the ethylbenzene
tolerance of strain EbN1 is more similar to that of the aerobic
bacterium Pseudomonas putida (12).

Denitrification. During anaerobic growth with increasing
concentrations of ethylbenzene, nitrate consumption and turn-
over of intermediary formed nitrite decelerated. With 0.21 and
0.32 mM ethylbenzene (Fig. 1B), as well as with 0.74 mM
toluene (data not shown), the transition to stationary growth
phase coincided with complete depletion of nitrate and max-
imum formation of nitrite. In contrast, succinate-utilizing,
solvent-shocked cultures (Fig. 1D) continued to grow when
nitrate was depleted, although denitrification was similarly
impaired.

In accordance with the physiological behavior described
above, the abundance of several denitrification enzymes
changed in response to solvent stress (Table 1 and Fig. 2). In
cells growing with 0.32 mM ethylbenzene and 0.74 mM tolu-
ene, periplasmic cytochrome cd, nitrite reductase (NirS) was
3.0- and 3.2-fold more abundant, respectively. Notably, NirS
was among the most abundant protein spots observed in 2D
DIGE gels generated from alkylbenzene-utilizing cultures,
while it was far less abundant in succinate-utilizing cultures.
Recently, increased NirS abundance was also observed during
anaerobic growth of strain EbN1 with other aromatic sub-
strates (54). One may speculate that aromatic compounds
could interfere with electron flow to or within NirS, e.g., by
inhibiting NirS dimerization or the NirS-cytochrome ¢ interac-
tion. An impaired electron flow was reported to result in NirS
inactivation by irreversible NO binding in Pseudomonas nau-
tica (29). Hence, an increased NirS concentration might com-
pensate for solvent-induced NirS inactivation in strain EbN1.

Unstressed, succinate-utilizing cells displayed growth phase-
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FIG. 1. Physiological response of strain EbN1 to solvent stress during anaerobic growth with ethylbenzene (A and B) and succinate (C and D).
(A) Growth of ethylbenzene-adapted cells with 0.08 mM A, 0.21 mM [, and 0.32 mM 4 ethylbenzene. These values represent the equilibrium
concentrations in the aqueous medium when the ethylbenzene was supplied in an inert carrier phase. (C) Growth of succinate-utilizing cells
suddenly exposed (indicated by an arrow) to a solvent mixture (containing ethylbenzene, toluene, p-cresol, and phenol) having a total solvent
concentration of 0 mM A, 2.7 mM @, or 3.0 mM [ in the culture medium. The vertical dotted lines indicate time points when mass cultures were
harvested for proteomic studies (45 or 250 min after solvent addition). Concentrations of nitrate (solid lines) and nitrite (dashed lines) are

indicated in panels B and D.

dependent increases in the abundance of NirS (5.7- and 5.9-
fold increases in the linear [250 min] and stationary [600 min]
growth phases, respectively) (see Table S3 in the supplemental
material). Interestingly, upon shock with the single aromatic
stressors the NirS abundance remained unchanged, whereas
only the solvent mixture led to a 3.0-fold increase in NirS
abundance 250 min after solvent addition. Moreover, periplas-
mic nitrous oxide reductase (NosZ), which performs the last
reaction in denitrification, was 5.1-, 5.2-, and 2.6-fold up-reg-
ulated after shock with ethylbenzene, toluene, and the solvent
mixture, respectively. The abundance of the NO reductase-
related chaperone NorQ also was increased (2.6-fold) in suc-
cinate-utilizing cells shocked with the solvent mixture. Inacti-
vation of the norQ homolog nirQ in Pseudomonas stutzeri
resulted in an inactive NO reductase complex (24). Thus, up-
regulation of NorQ in strain EbN1 might point to an impaired
NO reductase and elevated NO levels. Accordingly, a 7.0-fold-
increased abundance of the NO-detoxifying flavorubredoxin
(NorVW) was observed in cells shocked with the solvent mix-
ture. In Escherichia coli norV/W expression was induced at sub-
micromolar NO concentrations (15). Generally, fine-tuned co-
operation of denitrification enzymes is thought to ensure low
concentrations of toxic NO in unchallenged cells (16).
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Degradation pathways. Proteins involved in the anaerobic
degradation of ethylbenzene, toluene, p-cresol, and phenol
have been identified in previous proteomic studies with strain
EbNT1 (28, 54). Here, 11 and 12 2D electrophoresis-separated
protein spots could be correlated with ethylbenzene and tolu-
ene degradation pathways, respectively (see Table S2 in the
supplemental material). Interestingly, only in cells utilizing
0.74 mM toulene did a few of these protein spots reveal slightly
increased abundances (e.g., 3.3- and 3.1-fold increases for the
catalytic subunit [BssA] and the chaperone [BssE] of benzyl-
succinate synthase, respectively). Ethylbenzene-utilizing cells
did not show increased abundance of catabolic enzymes. It is
noteworthy that the initial enzyme of anaerobic ethylbenzene
degradation, ethylbenzene dehydrogenase, exhibits a very high
affinity (K,,,, 0.4 uM) for ethylbenzene (43). Indeed, the lowest
ethylbenzene concentration (0.08 mM) used in this study is 200
times higher than this K,,. Thus, alkylbenzene degradation
should not be enhanced by slightly increased levels of the
catabolic enzymes and therefore should not contribute to the
solvent tolerance of strain EbN1 under the conditions used.
Remarkably, the toluene tolerance of P. putida strain DOT-
T1E did not change when toluene degradation was disabled by
deletion of the alpha subunit of toluene dioxygenase (30).
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FIG. 2. Proteomic response of anaerobically growing strain EbN1 to solvent stress. (A) Ethylbenzene-utilizing cells (0.21 mM ethylbenzene;
reference state) were shifted to a semi-inhibitory ethylbenzene concentration (0.32 mM). Cells were harvested at an optical density at 660 nm of
0.2. (B) Succinate-utilizing cells were shocked with a solvent mixture containing ethylbenzene, toluene, p-cresol, and phenol (total concentration,
2.7 mM). The solvent-shocked cells were harvested 250 min after solvent addition. Untreated, succinate-utilizing cells were harvested 45 min
(reference state) after addition of the solvent mixture to test cultures. Proteins whose abundance was increased or decreased are indicated by green
or red spots, respectively. Selected, mass spectrometrically identified proteins regulated more than |2.5|-fold are indicated. Fold changes in

abundance are shown in Table 1.

In succinate-utilizing, solvent-shocked cells enzymes in-
volved in the degradation of the aromatic compounds were not
detected during the incubation time. The only exception was
observed with cells exposed to the solvent mixture, where the
levels of three subunits of acetophenone carboxylase (Apcl,
Apc3, and Apc4; 5.9-, 2.6-, and 6.1-fold, respectively) and of a
putative methyltransferase (Orf84; 8.3-fold) were increased;
both proteins are involved in ethylbenzene degradation. The
physiological meaning of this regulatory behavior is unclear,
since it was not observed when the single aromatic stressors
were used.

PHA formation. Many bacteria accumulate PHA as an in-
soluble energy and carbon storage compound when an excess
of a carbon source is accompanied by a limitation in another
nutrient. In Ralstonia eutropha, the initial formation of aceto-
acetyl-coenzyme A (acetoacetyl-CoA) from two acetyl-CoA
units is catalyzed by acetyl-CoA acetyltransferase (PhbA). Sub-
sequent reduction catalyzed by acetoacetyl-CoA reductase
(PhbB) yields p-3-hydroxyacyl-CoA, which is polymerized to
PHB by PHA synthase (PhaC). The product accumulates as
granules which are coated with phospholipids and proteins,
mostly phasins. PHA-forming cells synthesize phasins only in
amounts that can be bound to the granules (52). Therefore, the
occurrence of phasins can be used as a marker for PHA syn-
thesis (55). In the present proteomic analysis, the levels of
PhbB and PhaC were increased 3.0-fold during growth with
0.74 mM toluene. In addition, three phasin-like proteins
(EbA1323, EbA6852, and EbA5033) were up-regulated in the
same cultures (up to 27.4-fold) and also during growth with
0.32 mM ethylbenzene (up to 5.7-fold). The sequence similar-
ities of these predicted phasins to their orthologs PhaP1 to
PhaP4 in R. eutropha (33) are 42 to 66%. In succinate-utilizing,
solvent-shocked cultures of strain EbN1, where the aromatic
compounds were not catabolized, either PHB-related proteins
were not detected or their abundances were not increased.

The proteomic findings were corroborated by chemical de-
termination of PHA levels. Only during growth with 0.21 and
0.32 mM ethylbenzene and with 0.74 mM toluene did PHB
accumulate at levels that accounted for up to 2.0, 10.3, and
5.2% of the cell dry weight, respectively. PHAs other than
PHB were not observed. However, the absence of PHB in
ethylbenzene- and toluene-shocked cells may have been due to
an insufficient incubation time (maximum of 10 h after alkyl-
benzene addition) (see Table S3 in the supplemental material),
since phasin-like proteins were first detected after 20 h in
cultures utilizing 0.07 mM toluene.

Under all applied growth conditions, the potential electron
supply provided by the organic substrate exceeded the elec-
tron-accepting capacity of nitrate (>19-fold, >4-fold, and
4-fold in ethylbenzene-, toluene-, and succinate-utilizing cells,
respectively). PHB accumulation was observed only in alkyl-
benzene-utilizing cultures displaying reduced growth, nitrate
consumption, and nitrite turnover. Importantly, in these cul-
tures the electron-accepting nitrate and nitrite were not limit-
ing. Thus, PHB formation presumably does not result from
imbalanced nutrient supply but rather results from an impaired
coupling of alkylbenzene catabolism and denitrification (see
above). Thus, one may speculate that in alkylbenzene-utilizing
cells of strain EbN1 alkylbenzene-derived acetyl-CoA is re-
routed from oxidation via the tricarboxylic acid cycle to PHB
synthesis accompanied by a decrease in the NAD(P)H pool
and recycling of free CoA. In such a scenario, PHB could be
considered a sink for reducing equivalents, ensuring continu-
ous alkylbenzene degradation.

PHB could also function as a kind of hydrophobic trap or
sink for aromatic compounds, since PHB granules are known
to accumulate hydrophobic compounds, such as the fluores-
cent dye Nile red (42). Considering the absence of PHB and
related proteins in succinate-utilizing, solvent-shocked cells of
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strain EbN1, this would be restricted to long-term solvent
exposure and/or utilization, if it occurs at all.

Oxidative stress-related proteins. Oxidative stress responses
have been reported in aerobic bacteria challenged with aro-
matic solvents (e.g., phenol-stressed P. putida [38]), where
highly reactive oxygen species can be generated from impaired
oxygen respiration. Even though dioxygen and superoxide are
not present in anoxic media, highly reactive NO compounds
may also be generated during denitrification. In particular, the
radical-containing intermediate NO may be accidentally con-
verted to the highly reactive nitroxyl anion (NO™) via several
intracellular routes (21), resulting in oxidative stress. The ob-
served increased abundance of superoxide dismutase (SodB;
2.8-fold) during anaerobic growth with 0.74 mM toluene, as
well as the increased abundance of catalase (KatA; 5.3-fold), a
DNA-binding protein related to oxidative stress (Dps; 2.6-
fold), and NorVW (7.0-fold) (see above), in succinate-utilizing
cultures shocked with the solvent mixture may have been due
to the presence of such reactive NO species. Accordingly, ni-
trate has been reported to increase SodB activity in Porphy-
romonas gingivalis (1) and to enhance sodB expression in E. coli
(34). The latter result was not observed in a nitrate reductase-
deficient E. coli strain (34). Indeed, NO™ is a known substrate
of superoxide dismutase, which reoxidizes it to NO (37). No-
tably, constitutive formation of SodB and KatA in anaerobi-
cally growing strain EbN1 seems likely, since the corresponding
protein spots were detected on almost all 2D electrophoresis gels
in this and previous studies (28, 54).

Besides up-regulation of antioxidative defense proteins,
large decreases in the abundances of two predicted iron uptake
proteins, EbA1861 and EbA4918, were observed in alkylben-
zene-utilizing cells (up to a 37.3-fold decrease with 0.74 mM
toluene). The current evidence for coordinated regulation of
antioxidative defense and cellular iron homeostasis in bacteria
(45) suggests that a similar regulatory circuit might be present
in strain EbN1. EbA1861 is related to the small COG 3470
group, which comprises uncharacterized proteins assumed to
function in high-affinity Fe** uptake. EbA4918 is similar to the
multimember COG 1840 group of periplasmic components of
ABC-type iron/thiamine transporters. In P. putida KT2440 the
abundance of a similar protein (HitA; 46% similarity to
EbA4918) decreased upon phenol exposure (38). Down-regu-
lation of EbA1861 and EbA4918 in strain EbN1 might result in
reduced intracellular iron availability, which would agree with
the up-regulation of aconitase A and A2 (5.9- and 4.5-fold,
respectively, during growth with 0.74 mM toluene). AcnA is
known to replace the primary housekeeping aconitase AcnB in
E. coli under oxidative stress or iron starvation conditions,
since it contains a more stable [4Fe-4S] cluster (47).

General stress-related proteins. Proteins generally associ-
ated with various types of stresses (e.g., osmotic or tempera-
ture stress) were identified mainly in succinate-utilizing, sol-
vent-shocked cultures. Only betaine aldehyde dehydrogenase
(BetB), catalyzing the last biosynthetic reaction of osmotically
active betaine, displayed a 3.5-fold increase in abundance dur-
ing growth with 0.74 mM toluene. Osmotically stressed cells of
Oceanomonas baumannii also increased betaine synthesis
when they were treated with phenol (7).

The abundance of WbjB in succinate-utilizing cultures shocked
with 0.5 mM ethylbenzene increased maximally (6.5-fold) 45 min
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after addition of the stressor (see Table S3 in the supplemental
material). WbjB orthologs in Pseudomonas aeruginosa (WbjB)
and Staphylococcus aureus (CapSE) are involved in biosynthesis
of N-acetyl-L-fucosamine (26), which is a constituent of surface
polysaccharide structures (O antigens of lipopolysaccharide [LPS]
and capsules, respectively). Differences in solvent tolerance have
been correlated with LPS structure or composition in Pseudomo-
nas strains; e.g., o-xylene-tolerant P. putida strain Idaho had
rough LPS, while o-xylene-sensitive P. putida strain MW1200 had
smooth LPS (32). This and similar observations with other mi-
croorganisms led to the assumption that outer membrane LPS
might confer a certain degree of solvent tolerance (50). It is
noteworthy, however, that knockout of wbpL, encoding the initial
enzyme in O-antigen biosynthesis in P. putida strain DOT-T1E,
did not alter toluene tolerance (25).

Solvent-induced formation of protein folding catalysts has
been observed in bacteria exposed to, e.g., phenol (38) or
toluene (39). In this study, the abundance of several heat shock
proteins (HtpG, GrpE, EbBS8S8, and EbA2730) and the chap-
erone ClpB was increased in succinate-utilizing cultures upon
shock with all aromatic compounds except p-cresol (Table 1;
see Tables S3 and S4 in the supplemental material). In alkyl-
benzene-utilizing cells (at least) ClpB is constitutively formed,
which was also observed during aerobic and anaerobic growth
of strain EbN1 with other aromatic compounds (54).

The abundance of the outer membrane porin OmpC was
increased 32.4-, 21.9-, and 23.4-fold in succinate-utilizing cells
of strain EbN1 shocked with p-cresol, phenol, and the solvent
mixture, respectively. Similarly, solvent-tolerant P. putida S12
up-regulated the OprH porin (12-fold) upon toluene stress,
probably to stabilize the outer membrane (48). Furthermore,
the occurrence of OmpC as several 2D electrophoresis-sepa-
rated spots with different pl values, as well as molecular
weights (Fig. 2), might indicate that there was proteolysis of
OmpC in the p-cresol-, phenol-, and solvent mixture-shocked
cells of strain EbN1. Notably, misfolded or unfolded outer
membrane porins were reported to trigger the o=-dependent
envelope stress response in E. coli (49). One may speculate
that OmpC or its degradation products might be involved in a
similar mechanism in solvent-stressed cells of strain EbN1. The
solvent shock specificity of increased OmpC abundance is sup-
ported by the unchanged OmpC abundance and 2D electro-
phoresis separation as a single spot in cultures of strain EbN1
adapted to anaerobic growth with noninhibitory concentra-
tions of p-cresol or phenol (54).
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ABSTRACT

The denitrifying " Aromatoleum aromaticum' strain EbN1 was demonstrated to
utilize p-ethylphenol under anoxic conditions and suggested to employ a degradation
pathway which is reminiscent of known anaerobic ethylbenzene degradation: initial
hydroxylation of p-ethylphenol to 1-(4-hydroxyphenyl)-ethanol followed by
dehydrogenation to p-hydroxyacetophenone. Possibly, subsequent carboxylation and
thiolytic cleavage yield p-hydroxybenzoyl-CoA, which is channelled into the central
benzoyl-CoA pathway. Substrate-specific formation of 3 of the 4 proposed intermediates
was confirmed by GC-MS analysis, also applying deuterated p-ethylphenol. Proteins
involved in this degradation pathway are encoded in a single large operon-like structure
(~15 kb). Among them are a p-cresol methylenehydroxylase-like protein (PchCF), two
predicted dehydrogenases (ChnA and EbA309), a biotin-dependent carboxylase
(XccABC) and a thiolase (TioL). Proteomic analysis (2D DIGE) revealed their specific
and coordinated up-regulation in cells adapted to anaerobic growth with p-ethylphenol
and p-hydroxyacetophenone (e.g. PchF up to 29-fold). Co-regulated proteins of to date
unknown function (e.g. EDbA329) are possibly involved in p-ethylphenol and
p-hydroxyacetophenone specific solvent stress response and related to other aromatic

solvent induced proteins of strain EbN1.
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INTRODUCTION

Alkylphenols, such as p-ethylphenol, are present in coal tars and crude oils (2, 41).
Besides accidental release of fuel-derived alkylphenols to the environment, phenolic
compounds are prominent constituents of petrochemical wastewaters arising from spent
caustic and coal gasification. Alkylphenol concentrations in these effluents (mainly phenol,
cresols and ethylphenols) range from 100 to 68 000 mg 1" depending on the source (2).
Moreover, p-ethylphenol can also be plant-derived. E.g., native olive oils contain up to 52 mg
p-ethylphenol per kg oil and the content can reach 470 mg kg oil during storage (5). p-
Ethylphenol can also be formed from p-coumaric acid, a major component of cereal cell
walls, by several yeast and Lactobacillus species (10, 46). Due to their cyto-toxicity and
relatively high water solubility (www.epa.gov/safewater/mcl.html), alkylphenols are of
environmental concern.

Anaerobic degradation of aromatic compounds requires reactions independent of
molecular oxygen. They are fundamentally different from the oxygenase-catalyzed reactions
employed under oxic conditions (for overview see ref. 15). A variety of anaerobic aromatic
compound-degrading bacteria were newly isolated during the last decades (for overview see
refs. 42, 47). Most of them are denitrifiers belonging to the "Aromatoleum"/Azoarcus/Thauera
cluster within Betaproteobacteria (Rabus et al. unpublished). "Aromatoleum aromaticum"
strain EbN1, a metabolically versatile representative of this group, was originally isolated
with ethylbenzene under anoxic conditions and demonstrated to utilize a large variety of
aromatic compounds (35). The complete genome sequence of strain EbN1 (34) and several
proteomic studies (23, 45, 48) revealed a fine-tuned, substrate-specific regulation of its known
catabolic pathways.

Anaerobic ethylbenzene degradation (Fig. 1) in strain EbN1 proceeds via initial
oxidation of ethylbenzene to (S)-1-phenylethanol by ethylbenzene dehydrogenase (EbdABC;
ref. 20). A second oxidation step, catalyzed by (S)-1-phenylethanol dehydrogenase (Ped; refs.
17, 21) then yields acetophenone, which is subsequently converted to benzoyl-CoA via
carboxylation (acetophenone carboxylase, Apcl-5), CoA-activation (benzoylacetate CoA-
ligase, Bal) and thiolytic removal (benzoylacetyl-CoA thiolase) of acetyl-CoA (6). All
proteins involved in anaerobic degradation of ethylbenzene are encoded in a gene cluster at
approx. 1.4 Mb of the chromosome (33, 34). The "upper" (including ebd and ped genes) and
"lower" parts (including apc and bal genes) are sequentially regulated in response to the

presence of their specific substrates, i.e. ethylbenzene and acetophenone (23).
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p-Ethylphenol has not been tested as substrate for anaerobic growth of strain EbN1
before, but was reported to support anaerobic growth of phylogenetically related strain EB1
(3). A pathway for anaerobic degradation of p-ethylphenol is presently unknown. Oxygen
independent hydroxylation of p-ethylphenol occurs during its aerobic degradation in
Pseudomonas putida JD1 (9). However, subsequent reaction steps include monooxygenase
activity (44), necessitating a different pathway under anoxic conditions.

In the present study we investigated anaerobic degradation of p-ethylphenol in strain

EbNI to elucidate the degradation pathway, study substrate-specific regulation and analyze

involved proteins.
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MATERIALS AND METHODS

Media and cultivation. "A. aromaticum" strain EbN1 was cultivated under nitrate-
reducing conditions as previously described (35). The soluble substrates were added from
sterile stock solutions. The poorly water soluble substrates ethylbenzene and p-ethylphenol
were provided as dilutions in 2,2,4,4,6,8,8-heptamethylnonane (HMN) as inert carrier phase.
The used chemicals were of analytical grade.

Cultivation was carried out in 500 ml flat bottles containing 400 ml of medium and
10 ml carrier phase when required. Bottles were anoxically sealed with rubber stoppers under
a N,/CO; (9:1; v/v) atmosphere. Cells were adapted to anaerobic growth with acetophenone
(2 mM), benzoate (4 mM), p-hydroxyacetophenone (2 mM), ethylbenzene (2 % in HMN; v/v)
and p-ethylphenol (0.5 % in HMN; w/v) for at least five passages.

Mass cultivation was performed to supply sufficient cell material for RNA and
proteomic analysis. Cells were harvested at midlinear growth phase as described (6). Cell
pellets were immediately frozen in liquid nitrogen and stored at -80 °C until further analysis.
For each growth condition, a set of twelve parallel cultures generated independent biological

samples.

Analysis of metabolites. Formation of metabolites was studied in substrate-adapted
cultures (see above) with benzoate-adapted cultures serving as reference state. Unambiguous
evidence for identified metabolites to be derived directly from p-ethylphenol was obtained
from experiments using deuterated p-ethylphenol (2,3,5,6-ds-p-ethylphenol; Campro
Scientific, Berlin, Germany) as growth substrate. Metabolites of at least two independent
cultures were extracted and analyzed per adaptation condition.

Respective cultures were incubated until nitrate and nitrite were nearly depleted, as
determined by means of Merckoquant test stripes (Merck, Darmstadt, Germany).
Subsequently, cultures were heat-inactivated, chilled on ice and the carrier phase was
removed via a separatory funnel after heating as described (36). The inactivated cultures were
extracted repeatedly at pH 1.5 with diethyl ether. Extracts were derivatized prior to gas
chromatographic-mass spectrometric (GC-MS) analysis using a solution of diazomethane in
diethyl ether. GC-MS measurements were performed using a Trace GC-MS (Thermoelectron,
Dreieich, Germany). The GC was equipped with a temperature-programmable injection
system and a BPX5 fused silica capillary column (length 50 m, inner diameter 0.22 mm, film

thickness 0.25 um). Helium was used as carrier gas. The GC oven temperature was
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programmed from 50 °C (1 min isothermal) to 310 °C (20 min isothermal) at a rate of 3 °C
min”. The mass spectrometer was operated in electron impact mode at an ion source
temperature of 230 °C. Full scan mass spectra were recorded over the mass range of 50 — 600
Dalton at a rate of 2.5 scans s™'. Identification of metabolites is based on comparison of GC

retention times and mass spectra with those of authentic standards.

Physiological adaptation experiments. Substrate-adaptation experiments were
performed with cells of strain EbN1 adapted to anaerobic growth with ethylbenzene,
acetophenone, p-ethylphenol or p-hydroxyacetophenone shifted to any of these four
substrates. Controls lacked either organic substrate or inoculum. During incubation samples
were withdrawn from the aqueous phase (1 ml) using N,-flushed sterile syringes at intervals
of 2-3 h. Samples were directly used to monitor growth by measuring the optical density at
660 nm (UV-1202, Shimadzu, Duisburg, Germany). The end of incubation was indicated by
the depletion of the electron acceptor nitrate and intermediary formed nitrite as well as lack of
increase in optical density. Nitrate and nitrite concentrations were monitored with
Merckoquant test strips (Merck). For each of the four test conditions, four replicate shift
experiments were conducted (two replicates for each of two independently inoculated

cultures). In all cases, the four replicates yielded highly similar time courses of growth.

2D DIGE. Cell disruption with the PlusOne Sample grinding kit (GE Healthcare,
Munich, Germany) and preparation of protein extracts was performed as previously described
(13). Protein concentration was determined according to the method described by Bradford
(4).

Isoelectric focussing (IEF) was carried out as described (13) using the IPG-phor
system (GE Healthcare) and 24 cm IPG strips with a nonlinear pH-gradient of 3-11 (GE
Healthcare). DeStreak rehydration solution (GE Healthcare) was used to enhance resolution
and reproducibility in the alkaline pH range. The EttanDalt II system (GE Healthcare) was
used to carry out separation according to molecular mass in 12.5 % acrylamide gels as
described recently (48).

2D DIGE was essentially carried out as described by Gade et al. (13). A total of
200 pmol of CyDye Fluors were used to label 50 ug of protein sample. Pre-electrophoretic
labelling with different cyanine dyes allows co-separation of up to three samples in a single
gel. An individual experiment in the present study contained (per gel) equal amounts of

reference state, test state and internal standard.
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To account for biological variation, protein extracts from three independently grown
cultures were prepared for each substrate condition. Three parallel gels for each protein
extract were performed to also consider technical variation. Protein extracts from cells
anaerobically grown with benzoate served as reference state since its activated form, benzoyl-
CoA, is the central intermediate of anaerobic aromatic compound degradation in strain EbN1.
The reference state was labelled with Cy5. Protein extracts from cells anaerobically grown
with ethylbenzene, acetophenone, p-ethylphenol or p-hydroxyacetophenone served as test
states and were each labelled with Cy3. All performed experiments contained the same
internal standard, which was composed of equal amounts of all protein preparations of the
reference and all test states and labelled with Cy?2.

2D DIGE gels were scanned immediately after electrophoresis with a Typhoon 9400
scanner (GE Healthcare). Analysis of cropped images was performed with the DeCyder
software (version 5.0, GE Healthcare). Parameters for co-detection of protein spots were as
described by Wohlbrand et al. (48). Protein spots, that were defined as significantly regulated
fulfilled the following criteria: an average ratio (fold change) of <-2.5 or >2.5, an ANOVA
p value of <0.05, a t-test value of <10, and matched in at least 27 gels. Overall, the DeCyder
analysis included 36 gels (representing 108 gel images), which contained on average 1063
detected protein spots.

In order to identify differentially regulated spots by mass spectrometry (MS), separate
preparative gels (300 pg protein load) were run for all test states. These gels were stained with
colloidal Coomassie Brilliant Blue (¢cCBB) according to the method described by Doherty et
al. (11). The high reproducibility of spot patterns allowed MS-based identification of
differentially regulated proteins as determined by 2D DIGE/DeCyder. Only unambiguously

matching spots were included in this analysis.

Protein identification by mass spectrometry. Tryptic digest of excised proteins was
performed as described before (18). Peptide masses were determined by MALDI-TOF-MS.
Protein identification and genome analysis were based on the published list of annotated
genes from the genome of strain EbN1 (34). Peptide mass fingerprints were mapped to the in

silico digests of the predicted proteins by using the MS-digest program (7).

Preparation of mRNA and real-time RT-PCR. Total RNA was prepared from
substrate-adapted cells as described by Oelmiiller et al. (30). RNA was prepared from two

independent cultures for each growth condition to account for biological variation. Total
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removal of DNA by DNase treatment was confirmed by PCR as described (23). The quality
of RNA preparation was controlled with a RNA 6000 Nano assay using the 2100 Bioanalyzer
(Agilent Technologies, Boblingen, Germany). Antisense primers of gene-specific primer pairs
(Table 1) were used for reverse transcription of 2.5 pg total RNA using H minus M-MLuV
reverse transcriptase (MBI Fermentas, St. Leon-Roth, Germany) according to the
manufacturer’s instructions. Real-time PCR was performed as described (23) using an
1Q5 Real-Time PCR Detection System (Biorad, Munich, Germany) and the qPCR Mastermix
Plus for SYBR Green I (Eurogentec, Cologne, Germany). PCR efficiencies were determined
as described by Ramakers et al. (37) and relative expression levels were calculated as
described by Pfaffl (31). For each individual RNA preparation, at least two independent
reverse transcriptions were performed. For each generated cDNA at least two real-time RT-

PCR experiments with three parallels each were conducted.

TABLE 1. Primer sequences of genes involved in anaerobic

ethylbenzene and p-ethylphenol degradation of "A. aromaticum"

strain EbN1.
Target Product
Primer® Sequence (5" — 37) 9 length
gene
(bp)
bcrC 108F CAAGTGGTGGCAACGATGTGT berC 191
bcrC 299R GAAGGTCTGGCGATACTGGATGC
hcrB 405F GCCATCGTCAACATAGAATT herB 202
hcrB 607R TGCCAGTACTTCAACCAGAGC
ebdA 300F CTCCGCGGCGTCCTTGCT ebdA 186
ebdA 486R CGCGCCGTGCCCAGTTCTACC
ebdA2 2666F GGCGGAGCTCGGTATCAA ebdA2 190
ebdA2 2856R  GGGCTTCCATTCAGGTAGTA
apc1 1441F AGCGGCGCCATCTCACTG
apc1 153
apc1 1594R ACCGCCGTCGACATTCTCT
pchF 1099F CCATCCGGGAGCACCACT pchF 237
pchF 1336R GGCCGGCAACGTCATCATC
xccA 1215F GAATTCCGGGTGCTGGCTCTC
XccA 198

xccA 1413R GCGCGACGGGGCTCAATA

* Antisense primers (R) were used for reverse transcription.
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Expression of the catalytic subunits of the initial enzymes of both pathways, i.e. ebdA4
(encoding the a-subunit of ethylbenzene dehydrogenase) and pchF (encoding the a-subunit of
the p-cresol methylenehydroxylase-like protein) as well as subunits of the enzymes involved
in carboxylation of acetophenone (apcl, encoding the B-subunit of acetophenone carboxylase)
and p-hydroxyacetophenone (xccA, encoding the carboxyltransferase subunit of the biotin
carboxylase), were studied. Also transcription of hcrB (encoding the [-subunit of the
predicted p-hydroxybenzoyl-CoA reductase) was analyzed, since reductive dehydroxylation
of p-hydroxybenzoyl-CoA is assumed to feed into the central benzoyl-CoA pathway during
p-ethylphenol degradation (Fig. 1). Benzoate-adapted cells served as reference state and bcrC
(encoding the y-subunit of benzoyl-CoA reductase) was selected as reference gene, since
benzoyl-CoA reductase represents the first common enzyme of the ethylbenzene and

p-ethylphenol degradation pathways.
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RESULTS AND DISCUSSION

p-Ethylphenol and p-hydroxyacetophenone represent only recently discovered
substrates for anaerobic growth of "A. aromatoleum" strain EbN1. Their anaerobic
degradation pathways have been unknown to date. Based on structural considerations, a
reaction sequence similar to that of anaerobic ethylbenzene degradation could be envisioned
(Fig. 1). Thus, p-ethylphenol may be converted to benzoyl-CoA via 1-(4-hydroxyphenyl)-
ethanol, p-hydroxyacetophenone and p-hydroxybenzoyl-CoA (Fig. 1). To test this hypothesis,
substrate-specific metabolites were analyzed (Fig.2). Moreover, cultures of strain EbNI
adapted to anaerobic growth with p-ethylphenol, p-hydroxyacetophenone, ethylbenzene and
acetophenone provided the basis for (i) determining adaptation times to growth with either of
these substrates (Fig. 3), (ii) investigating substrate dependent regulation of the p-ethylphenol
pathway on the molecular level (Table 2 and Figs.4 to 6) and (iii) elucidating possible

functions of the specifically regulated proteins.

Metabolite formation during anaerobic p-ethylphenol degradation. Formation of
p-hydroxy-acetophenone, p-hydroxybenzoate and benzoate in p-ethylphenol-utilizing cultures
could be demonstrated by GC-MS analysis. This finding was further corroborated by
identification of corresponding 2,3,5,6-ds-isotopomers upon incubation with 2,3,5,6-ds-
p-ethylphenol (Fig. 2). Accordingly, p-hydroxybenzoate and benzoate were identified when
cells were grown with p-hydroxyacetophenone. Overall, the observed metabolites are in

agreement with the proposed pathway (Fig. 1).

Adaptation to aromatic growth substrates. Under all four substrate-shift conditions,
the primary adaptation substrate (see above) was readily utilized, while anaerobic growth with
the three other aromatic substrates occurred in most cases only after prolonged incubation
(Fig. 3), indicating that the respective degradation capacities had to be induced. Ethylbenzene-
as well as acetophenone-adapted cells required pronounced adaptation times (~50 h) to start
utilizing p-ethylphenol and p-hydroxyacetophenone for growth (Fig. 3 A and C). Conversely,
p-ethylphenol-adapted cells displayed distinct adaptation times for the utilization of
ethylbenzene and acetophenone, respectively (Fig. 3B). p-Hydroxyacetophenone-adapted
cells required even an adaptation time of >160 h to start growing with acetophenone (Fig.
3D). Thus, these adaptation experiments already indicate that the two degradation pathways

are operative only in the presence of their respective substrates. The only exception to these
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FIG. 2. Mass spectra of identified metabolites of anaerobic p-ethylphenol degradation and their 2,3,5,6-dy-

isotopomers derived from 2,3,5,6-d,-p-ethylphenol utilization: (A) benzoic acid methyl ester, (B) 2,3,5,6-dy-

benzoic acid methyl ester (please note that the mass spectrometric evidence demonstrates 4 d-atoms on the

aromatic ring, but does not necessarily prove the depicted labelling pattern), (C) p-hydroxyacetophenone,

(D) 2,3,5,6-d4-p-hydroxyacetophenone, (E) p-hydroxybenzoic acid methyl ester and (F) 2,3,5,6,-ds-p-

hydroxybenzoic acid methyl ester.

congruent adaptation patterns was the simultaneous adaptation of p-hydroxyacetophenone-

adapted cells to the utilization of ethylbenzene (Fig. 3D), which contrasts the absence of

expression of ethylbenzene-related genes under this adaptation condition (Table 2 and Fig. 5).

Regulation of the degradation pathways. The soluble proteomes of substrate-

adapted cells of strain EbN1 were analyzed by two-dimensional difference gel electrophoresis

(2D DIGE). In total, 87 protein spots were differentially regulated (fold change >|2.5|

compared to benzoate-adapted cells) of which 71 were identified by mapping of peptide

masses. The identified proteins represented 51 different protein species, 25 of which could be
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FIG 3. Anaerobic growth of "A4. aromaticum" strain EbN1 with aromatic substrates under nitrate-reducing
conditons. Cultures were inoculated with cells adapted to anaerobic growth with ethylbenzene (A), p-
ethylphenol (B), acetophenone (C) or p-hydroxyacetophenone (D). Inoculated fresh anoxic media contained as
single aromatic substrate ethylbenzene ([J), acetophenone (O), p-ethylphenol (<) or p-hydroxyacetophenone

(A). Filled symbols represent the adaptation-substrate of the respective inoculum culture.

assigned to the two studied degradation pathways (Table 2 and Fig. 4). In addition to the
proteomic analysis, gene expression of the catalytic subunits of the initial enzymes of both
pathways as well as the respective carboxylating enzymes was investigated on the RNA-level
(Fig. 5).

(i) Substrate specific regulation of the ethylbenzene degradation pathway.
Subunits of both enzymes of the "upper" part of the ethylbenzene degradation pathway
(EbdBCD, ethylbenzene dehydrogenase; Ped, (S)-1-phenylethanol dehydrogenase) were
specifically increased in abundance (17- to 154-fold) during anaerobic growth with
ethylbenzene, but not with p-ethylphenol (Table 2). Accordingly, the relative expression of
ebdA was strongly increased in cells grown with ethylbenzene (>460-fold) and to lower
extent with acetophenone (17-fold), agreeing well with previously reported ethylbenzene
specific expression of ebdA and formation of EbdC and EbdD in strain EbN1 (23). In

p-ethylphenol- and p-hydroxyacetophenone-adapted cells, however, only a low level
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induction of ebdA transcription was observed (30- and 9-fold, respectively), agreeing with the

concurrent lack of significant EbdBCD and Ped formation. Notably, the abundance of
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FIG 4. Differential protein profiles (2D DIGE) of substrate-adapted cells of "A. aromaticum" strain EbN1.
Adaptation substrates for anaerobic growth were p-ethylphenol (A; pEp) and p-hydroxyacetophenone (B;
pAc). Cultures adapted to anaerobic growth with benzoate (Bz) served as reference state. Protein abbreviations

are as described in legend to Fig. 1. Fold changes in protein abundance of annotated proteins are indicated in
Table 2.
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TABLE 2. Fold changes in abundance of proteins involved in
anaerobic ethylbenzene and p-ethylphenol degradation in
substrate-adapted cells of "A. aromaticum" strain EbN1 as

determined by 2D DIGE.

Adaptation substrate®

Identified proteins®

Etb Acp pEp pAc
Ethylbenzene degradation
EbdB (c1A63) 60.3 1.3 24 1.6
EbdC (c1A62)° 154.0 1.3 1.7 1.4
EbdD (c1A60) 17.8 1.4 1.4 1.4
Ped (c1A58) 17.5 1.7 1.5 1.8
Orf68 (c1A68)° 311.2 3.0 21.0 39.1
Acetophenone degradation
Apc1 (c1A105)° 32.2 21.6 1.3 -1.4
Apc2 (c1A200)° 73.4 29.9 -1.0 1.1
Apc3 (c1A102)° 35.8 33.9 -2.4 -2.6
Apc4 (c1A100)° 95.9 45.7 1.4 -1.4
Orf84 (c1A84) 53.8 1.3 2.1 1.4
Orf87 (c1A87) 101.3 1.7 -1.1 1.2
p-Ethylphenol degradation
PchF (EbA300) 1.9 14 18.9 23.1
ChnA (EbA307) 1.1 -1.0 7.2 6.9
EbA309 1.5 1.6 12.4 13.4
EbA310 -1.5 -1.4 9.1 8.7
EbA312
p-Hydroxyacetophenone degradation
XccA (EbA314) 1.6 1.9 35.5 35.6
XccB (EbB9) 1.7 1.6 88.3 85.3
TioL (EbA306) 1.3 1.2 28.4 32.5
EbA318 1.7 1.6 41.6 40.7
pEp and pAc related proteins
EbA329 2.7 2.6 15.7 32.3
EbA332 4.2 2.1 102.1 259.7
EbA335 6.7 1.3 4.9 9.4
Paralogous ethylbenzene gene cluster
EbdC2 (EbA5793) 2.0 1.4 3.5 34
Ped2 (EbA5789) 29 1.6 20.6 -1.0

* Proteins are listed according to the reaction sequence. Protein
names and ORF numbers (e.g. EbA309) are as described
earlier (34).

® Cells were adapted to anaerobic growth with the selected
substrates for at least 5 passages. Substrate abbreviations:
Acp, acetophenone; Etb, ethylbenzene; pAc,
p-hydroxyacetophenone; pEp, p-ethylphenol. Fold changes
marked in bold are above the set threshold of significance
>|25]).

¢ For protein species separated as two spots with different pl, the
fold change of the most abundant spot is indicated. Not shown
data revealed a similar ratio of fold changes.
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hypothetical protein Orf68 was not only strongly increased (>300-fold) in ethylbenzene
grown cells as reported previously (23), but also markedly in p-ethylphenol and
p-hydroxyacetophenone grown cells (21- and 39-fold, respectively), suggesting a pathway
independent function (for further details see supplementary material).

Significantly elevated abundances (up to 95-fold; Table 2) of identified subunits of
acetophenone carboxylase (Apc1234) as well as an increased apcl expression level (up to
66-fold; Fig.5) were only observed in cells grown with ethylbenzene and acetophenone,
agreeing with previous observations (23). The lack of significant formation of the Apc-
proteins during anaerobic growth with p-ethylphenol and p-hydroxyacetophenone (-2.6 and
1.4-fold, respectively) and the marginally increased expression of apcl (7- and 6-fold,
respectively) points to a narrow effector spectrum of the predicted sensor/regulator system
Tcsl/Terl for acetophenone. Interestingly, the hypothetical proteins Orf84 and Orf87,
encoded downstream of the apc genes, were only increased in abundance in ethylbenzene-,
but not in acetophenone-adapted cells. This regulatory pattern indicates that both genes (orf84
and orf87) may not represent an assumed extension of the apc-operon (23), but rather serve an
ethylbenzene-related, thus far unclear function.

(ii) Paralogous ethylbenzene dehydrogenase (EbdABC2) not involved in
anaerobic p-ethylphenol degradation. The chromosome of strain EbN1 contains a second
gene cluster for the "upper" part of the ethylbenzene degradation pathway encoded at approx.
3.4 Mb of the chromosome (Fig. 1; ref. 34). The physiological functions of the encoded
paralogs (EbdABCD2, Ped2 and EbAS5797) are currently unknown. The induction of
paralogous (S)-1-phenylethanol dehydrogenase (Ped2) during anaerobic growth with p-cresol,
in analogy to induction of ebd-genes by toluene, lead to the assumption, that the paralogous
ethylbenzene dehydrogenase (EbdABCD?2) could be involved in p-ethylphenol degradation
(48). Agreeing with such an assumption, p-ethylphenol was oxidized hat high rates by
ethylbenzene dehydrogenase, even though with significantly higher K;, than ethylbenzene
(40.5 uM versus 0.45 uM; ref. 43). However, the abundance of identified EbdC2 and Ped2
was only slightly increased during anaerobic growth with p-ethylphenol and
p-hydroxyacetophenone (up to 3.5-fold for EbdC2 and 20.6-fold for Ped2, respectively;
Table 2). Accordingly, expression of ebdA2 (encoding the o-subunit of paralogous
ethylbenzene dehydrogenase) was only marginally increased during growth with
ethylbenzene (7.0-fold), but not with any other substrate (Fig.5). Considering the strong
increase in EbdC abundance (154.0-fold) and the high expression level of ebdA (>450-fold) in
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ethylbenzene grown cells, a metabolic function of the paralogous enzyme in anaerobic
p-ethylphenol degradation seems to be unlikely.

(iii) Coordinated and substrate specific regulation of the p-ethylphenol and
p-hydroxyacetophenone degradation pathway. Twelve proteins could, for the first time, be
related to anaerobic p-ethylphenol degradation, due to their specific up-regulation (up to
259-fold) in p-ethylphenol- and p-hydroxyacetophenone-adapted cells (Table 2 and Fig. 4).
The predicted functions of these proteins are: subunit of a p-cresol methylenehydroxylase-like
protein (PchF), thiolase (TioL), cyclohexanol dehydrogenase (ChnA), putative dehydrogenase
(EbA309), FAD linked oxidase (EbA310), sugar phosphatase (EbA312), biotin-dependent
carboxylase (XccAB) and four hypothetical proteins (EbA318, EbA329, EbA332 and
EbA335). Analogously, expression analysis of pchF and xccA revealed a specific up-
regulation as well as a highly similar relative expression level during anaerobic growth with
p-ethylphenol (140- and >140-fold, respectively) and p-hydroxyacetophenone (107- and 97-

fold, respectively; Fig.5). In contrast, their expression was only slightly increased in
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FIG 5. Relative expression levels of ebdAd, apcl, pchF and xccA in substrate-adapted cells of
"A. aromaticum" strain EbN1. The selected genes encode catalytic subunits ethylbenzene dehydrogenase
(ebdA), acetophenone carboxylase (apcl), predicted p-ethylphenol methylenchydroxylase (pchF) and
predicted p-hydroxyacetophenone carboxylase (xccA). Benzoate-adapted cells were used as reference state
and bcrC (encoding y-subunit of benzoyl-CoA reductase) served as reference gene. Relative expression

levels were determined by real-time RT-PCR.
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ethylbenzene- and acetophenone-adapted cells (<16-fold; Fig.5), agreeing well with the
proteomic data.

All of these proteins are encoded in a large operon-like structure (~15kb) on the
chromosome of strain EbN1 (34). The only exception are the hypothetical proteins EbA329,
EbA332 and EbA335, which are encoded in a second operon-like structure, in a distance of
only 2.5 kb downstream of the first one (Fig. 1). Interestingly, this interspace harbours the
ebA324 gene, encoding a putative sigmaS54-dependent transcriptional regulator in trans,
possibly involved in gene regulation of the p-ethylphenol pathway.

The organisation of all genes of the p-ethylphenol degradation pathway in a single
operon-like structure is indicative of a coordinated regulation, which contrasts the described
sequential regulation of the two catabolic operons of the ethylbenzene degradation pathway
(23). This assumption is supported by the highly similar pchF and xccA expression levels as
well as the conspicuously similar increased abundances of all identified proteins encoded in
the gene cluster (Table 2 and Fig.5) during anaerobic growth with p-ethylphenol and
p-hydroxyacetophenone. Moreover, reverse transcription applying only the pchF antisense
primer enables PCR amplification of both pchF and xccA, pointing to expression of the whole
operon as a polycistronic transcript (Fig. S1). Overall, the differential proteomic and gene
expression data demonstrate a clear difference between the ethylbenzene and p-ethylphenol
degradation pathways from a regulatory point of view.

(iv) SigmaS4-dependent regulation of the anaerobic p-ethylphenol degradation
pathway. Regulation of aromatic compound degradation pathways is known to occur on the
transcriptional level, mediated by a variety of transcriptional regulators sensing the aromatic
stimulus (14, 23). The two gene clusters, induced by p-ethylphenol and
p-hydroxyacetophenone, are separated by ebA324, encoding a putative sigmaS54-dependent
transcriptional regulator in trans (Fig. 1; ref. 34). Interestingly, both gene clusters harbour the
-12/-24 consensus sequence of sigma54-dependent promotors (5'-TGGC-N7-TTGCA-3"; ref.
16) approximately 100 bp up-stream of the translational start of acs4 and ebA335, suggesting
involvement of EbA324 in initiation of their transcription. Sequence analysis of EbA324
classified it as NtrC-type transcriptional regulator, comprising a C-terminal helix-turn-helix, a
sigma54 interaction and an N-terminal receptor domain (27). NtrC-type regulators are known
to be involved in transcription of genes with diverse physiological functions (24). The
sigma54-dependent XylR regulator of aerobic toluene and xylene degradation in
Pseudomonas putida is activated upon recognition of toluene and xylenes as well as their

benzyl alcohol and benzaldehyde derivatives (1). Interestingly, the amino acid sequence of
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EbA324 shares 40 % sequence identity with XyIR, supporting its predicted function. Since
p-ethylphenol and p-hydroxyacetophenone induce expression of the p-ethylphenol related
gene cluster to the same extent, one may speculate that both molecules are recognized by
EbA324, agreeing with the known broad effector spectrum of related XylR (1). However,
chemically related ethylbenzene and acetophenone do apparently not belong to the effector
spectrum of EbA324.

While the "upper" ethylbenzene pathway is gratuitously induced by toluene (23),
previous comprehensive proteomic studies did not indicate induction of the p-ethylphenol
pathway under anoxic conditions by other aromatic substrates than p-ethylphenol and
p-hydroxyacetophenone (48). This regulatory difference may be due to two reasons: (i)
Neither promoter regions nor the assigned regulators provided any evidence for a sigma54-
dependent transcription of the genes of the ethylbenzene pathway. (ii) The involved
transcriptional regulators differ fundamentally. The one-component sigmaS4-dependent
EbA324 regulator combines effector sensing directly with initiation of transcription. In
contrast, Tcs2/Tcr2 of the ethylbenzene pathway represents a two component sensor-regulator
system. Apparently, the "single molecule system" of EbA324 does not allow cross induction
of the regulator by another sensor, as speculated for Tcr2 being erroneously activated by

toluene sensing TdiS (23).

Enzyme candidates of anaerobic p-ethylphenol and p-hydroxyacetophenone
degradation. Based on their predicted functions, most of the specifically up-regulated
proteins can be correlated to individual reactions within the proposed p-ethylphenol
degradation pathway (Fig. 1).

(i) p-Ethylphenol methylenehydroxylase. The initial dehydrogenation of
p-ethylphenol, forming 1-(4-hydroxyphenyl)-ethanol, could be catalyzed by the p-cresol
methylenehydroxylase-like protein (PchCF). Dioxygen independent dehydrogenation of
p-ethylphenol by an ethylphenol methylenehydroxylase (EPMH) has been reported for
Pseudomonas putida JD1 (39) and Aspergillus fumigatus (19). Interestingly, P. putida JD1
possesses two different, but highly similar, hydroxylases for p-cresol and p-ethylphenol
degradation (39), for which gene sequences are presently not available. Indeed, PchF of strain
EbNI1 shares 31 % sequence identity with the p-cresol methylhydroxylase (PchF; PCMH)
from P. putida NCIMB 9866, which is also active on p-ethylphenol (26). Due to the hydroxyl
group in para position, enabling intermediary formation of a quinone methide, the redox

potential of the EPMH flavin cofactor (+280 mV) is sufficient for initial dehydrogenation of
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p-ethylphenol (39). In contrast, dehydrogenation of ethylbenzene necessitates the
molybdenum cofactor and an electron acceptor with a higher redox potential (+380 mV) to
achieve reasonable oxidation rates of the chemically stable substrate (20). Thus, oxidation of
p-ethylphenol by the PCMH-like protein (PchCF) in strain EbN1 seems reasonable.

(ii)  1-(4-Hydroxyphenyl)-ethanol =~ dehydrogenase. @~ The  oxidation  of
1-(4-hydroxyphenyl)-ethanol to p-hydroxyacetophenone might also be performed by PchCF,
since purified EPMH from P. putida JD1 forms p-hydroxyacetophenone as major oxidation
product from p-ethylphenol (39). However, in the initial reaction EPMH stereospecifically
forms the R(+)-1-(4-hydroxyphenyl)-ethanol enantiomer in high excess (>90 %), which is
only slowly oxidized by EPMH (40). Rapid oxidation of the R(+)-enantiomer in crude
extracts of P. putida JD1 was suggested to result from the involvement of a second, so far
unknown enzyme (40). In strain EbN1, the two predicted dehydrogenases (ChnA and
EbA309) may catalyze this oxidation, since both display high sequence similarity to
(8)-1-phenylethanol dehydrogenase of strain EbN1 (Ped; 33 % and 36 % identity,
respectively), catalyzing the analogous reaction in the pathway for anaerobic ethylbenzene
degradation (21).

(iii) Carboxylase. Carboxylation of p-hydroxyacetophenone is most probably
catalyzed by the biotin-dependent carboxylase XccABC. This enzyme does not share any
homology with acetophenone carboxylase (Apcl-5), acetone carboxylase (AcxABC) or
biotin-independent, phenylphosphate carboxylase (PpcABCD) of strain EbN1 (34). Thus, it
represents the fourth type of carboxylase in strain EbN1 and can be expected to employ a
distinct catalytic mechanism. Biotin dependent carboxylases are a diverse group of enzymes
found in various biosynthetic pathways in pro- and eukaryotes (8). The two-step catalysis
involves (i) carboxylation of biotin and (ii) transcarboxylation from biotin to the respective
acceptor molecules. Carboxylation of acetyl-CoA requires abstraction of a proton from the
methyl group to form an enolate intermediate (8).

(iv) Further enzymes. Thiolytic cleavage of the so far unknown carboxylation
product, yielding p-hydroxybenzoyl-CoA, might be performed by the predicted thiolase
(TioL) encoded in the same gene cluster. Interestingly, TioL is apparently not homologous to
the respective enzyme of the ethylbenzene pathway (benzoylacetate-CoA ligase, Bal). The
final reductive dehydroxylation, yielding benzoyl-CoA is supposed to be catalyzed by the
predicted hydroxybenzoyl-CoA reductase (HcrABC) as suggested for the phenol and p-cresol
degradation pathways (34, 48). However, subunits of the enzyme could not be detected on

2DE gels until now and a transcript of AcrB could not be detected in significant amounts in
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p-hydroxybenzoate grown cells (data not shown; also see supplementary material). Thus, the
last step in the transformation of p-ethylphenol (also phenol and p-cresol) to benzoyl-CoA is
presently not well understood.

It should be noted, however, that aerobic utilization of m-hydroxybenzoate also
induced formation of the proteins of the p-ethylphenol pathway (PchF, TioL, ChnA, EbA310,
XccAB, EbA318 and EbA332; ref. 48), though to markedly lower extent (maximum 30-fold).

The physiological meaning of this regulatory pattern remains elusive at present.

Possible involvement of a specific solvent stress system in p-ethylphenol and
p-hydroxyacetophenone metabolism. Besides the genes predicted to be involved in the
anaerobic degradation of p-ethylphenol and p-hydroxyacetophenone, three further gene
products, EbA329, EbA332 and EbA335, displayed strongly increased abundances during
anaerobic growth of strain EbN1 with both aromatic substrates (Table 2 and Fig. 4). All of
them represent proteins of unknown function, encoded together with another hypothetical
protein (EbA326) and a putative transport protein (EbA327) in an operon-like structure
shortly upstream of the p-ethylphenol gene cluster (Fig. 1; ref. 34).

Further analysis of EbA326 revealed domains related to a cytoplasmic universal stress
protein (UpsA) from E. coli (27), the expression of which is enhanced during prolonged
exposure to stress agents (29). Furthermore, analysis of EbA327 revealed two transmembrane
and a sensory domain related to an RND-type efflux pump (AcrB) from E. coli (27). ActB is
assumed to capture its substrate either from within the inner membrane or from the cytoplasm
(49), followed by excretion through an outer membrane channel (TolC). The AcrB-TolC
interaction is mediated by a periplasmic accessory protein (AcrA) and the transport process is
driven by proton motive force (32). Energy dependent efflux-pumps of the RND family are
known to be involved in solvent tolerance (e.g. n-hexane or toluene) in several Gram-negative
bacteria, in particular E. coli and Pseudomonas sp. (38).

Interestingly, the hypothetical proteins EbA332 and EbA335 possess signal sequences
for periplasmic localisation (12). Though sequence analysis of EbA332 and EbA335 revealed
no significant similarity to AcrA and TolC, respectively, the proteins are relatively similar in
size (400 and 500 amino acids for AcrA and TolC, respectively, and 450 and 550 aa for
EbA332 and EbA335, respectively). In addition, prediction of EbA335 secondary structure
elements indicated formation of numerous beta-sheets and turn regions, possibly forming a
beta barrel as known for outer membrane porins (49). Considering the specific formation of

these proteins in the presence of aromatic solvents, one may speculate that ebA4327, ebA332
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FIG 6. Gene products possibly involved in solvent stress tolerance of "A. aromaticum" strain EbN1. (A)

Chromosomal gene location is indicated by their nucleotide positions. Genes encoding stress related proteins

are highlighted in blue, yellow and red, respectively: hypothetical proteins (filled), predicted efflux pump

(hatched) and predicted universal stress protein (dotted). Amino acid sequence identities of gene products

(referring to EbA326-335) are indicated below the paralogous genes (n.s., no significant similarity). Genes

encoding proteins of aromatic compound catabolism are highlighted in grey (filled) and respective regulatory

proteins are checkered. (B) Fold changes in abundance of identified hypothetical proteins (EbA329-335,

EbA1932-1936 and EbA5764-5768) during anaerobic growth with different aromatic substrates, as determined

by 2D DIGE.

* Anaerobic growth with benzoate represents the reference state. No up-regulation during anaerobic growth
with phenylalanine, phenylacetate, benzyl alcohol, benzaldehyde, p-hydroxybenzoate, m-hydroxybenzoate
and o-aminobenzoate (48).

® Anaerobic growth with succinate represents the reference state (45).

¢ Anaerobic growth with benzoate represents the reference state. No induction during anaerobic growth with

ethylbenzene (23).
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and ebA335 encode a so far uncharacterized solvent specific efflux system, analogous to the
AcrAB-TolC system of E. coli and Pseudomonas sp. (Fig. S2).

Remarkably, the chromosome of strain EbN1 harbours two additional gene clusters,
which display high sequence similarity (76-97% aa sequence identities; Fig. 6A) to ebA4326-
335 and exhibit the same gene order (Fig. 6; ref. 34). The first cluster (ebA1926-1936) is
located adjacent to the catabolic genes of anaerobic toluene degradation and the second
(ebA5762-5768) near ppsB (encoding a subunit of predicted phenylphosphate synthetase)
(Fig. 6; ref. 48). In addition, the three paralogous gene clusters are specifically expressed in
the presence of different aromatic compounds which correlate well with the genomic context
in each case (Fig. 6B). The products of ebA326-335, ebA1926-1936 and ebA5762-5768 were
specifically formed during anaerobic growth with e.g. p-ethylphenol, toluene (23) and
phenol/p-cresol (48), respectively. Formation of EbA5762-5768 was recently also observed in
succinate-utilizing cells of strain EbN1, suddenly stressed with phenolic compounds (45).
These analogous regulatory patterns support the predicted solvent related function of the
encoded proteins and point to a fine-tuned system of solvent stress tolerance in strain EbNI.

Notably, highly similar gene clusters (42-88 % aa sequence identity; Fig. S3) were
detected in the genomes of plant associated Azoarcus sp. BH72 (42-80 % aa identity; ref. 22),
anaerobic aromatic compound degrading Thauera aromatica K172 (80-88 % aa identity; ref.
25) and aerobic aromatic compound degrading and solvent tolerant P. putida KT2440 (28). In
case of Azoarcus sp. BH72 and T. aromatica K172, these genes are also located adjacent to
genes of aerobic phenol and anaerobic toluene degradation, respectively (Fig. S3), further

supporting a general solvent stress related function of these gene clusters.
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SUPPLEMENTARY MATERIAL
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FIG. S1: Reverse transcription PCR targeting genes of the p-ethylphenol gene cluster.
Location of applied primers are indicated in the scale model of the p-ethylphenol genecluster
(A). The dotted grey arrow indicates direction of cDNA synthesis. Targeted genes are
highlighted in black. Total RNA prepared from cells anaerobically grown with p-ethylphenol
(PEp) and p-hydroxyacetophenone (pAc) and reverse transcribed using the pchF antisense
primer pchF 1336R. Generated cDNA was used in PCR experiments using xccA and pchF
specific primer pairs (B). DNA and no template controls were applied. Expected product sizes

for xccA and pchF amplification are 200 bp and 240 bp, respectively.
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Fig. S2: Model of RND-efflux pump involved in multidrug resistance of E.coli (respective
Proteins are indicated in black). A similar mechanism may be employed by an efflux-
system of strain EbN1 for solvent stress resistance (proposed proteins are indicated in
grey). It is assumed, that the transport protein (AcrB/EbA327) captures ist substrate (here
exemplified for p-ethylphenol) either from within the phospholipid bilayer of the
cytoplasmic membrane or from the cytoplasm. Subsequent transport to the extracellular
medium proceeds through TolC (EbA335), which forms a channel in the outer membrane.
The cooperation between the AcrB (EbA327) and TolC (EbA335) is mediated by the
periplasmic accessory protein AcrA (EbA332; modified from Yu et al. 2003, Piddock
2006).
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Abstract

Members of the betaproteobacterial "Aromatoleum"/Azoarcus/Thauera cluster
contribute to the biodegradation of aromatic and other recalcitrant compounds in
anoxic soils and sediments. The metabolically versatile "Aromatoleum aromaticum"
strain EbN1 represents a model organism for this cluster, having already been
studied on the physiological, genomic, proteomic and biochemical level. Here we
report the development of a genetic system for "A. aromaticum" strain EbN1 enabling
unmarked deletion mutagenesis by heterologous recombination and subsequent
complementation. The antibiotic sensitivity of strain EbN1 was characterized and
optimal conditions for highly efficient cultivation on solid medium were established. A
procedure for introducing foreign DNA into strain EbN1 by conjugation was
developed. The effectiveness of the genetic system was demonstrated by unmarked
in frame deletion of ebdC2, encoding the y-subunit of the paralogous ethylbenzene

dehydrogenase.
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Introduction

Aromatic compounds are ubiquitous and abundant compounds in nature and some of
them are of environmental concern due to their toxicity and large scale industrial use. Since
aromatic compounds often accumulate in anoxic zones of soils and sediments, their anaerobic
biodegradation is of ecophysiological and applied interest. In the absence of molecular
oxygen, biochemically intriguing reaction mechanisms are employed, which are
fundamentally different from their aerobic counterparts [Heider, 2007; Widdel and Rabus,
2001]. Within the last two decades, a variety of anaerobic aromatic compound degrading
bacteria were isolated, mainly denitrifiers affiliating with the Azoarcus/Thauera cluster of the
Betaproteobacteria [Widdel and Rabus, 2001]. Indeed, these anaerobic degraders form a
distinct cluster, which will be described as new genus "Aromatoleum" [Rabus et al.,
unpublished data].

"Aromatoleum aromaticum" strain EbN1 is a metabolically versatile representative of
this new group of degraders with the unique ability to degrade toluene and ethylbenzene
under anoxic conditions [Rabus and Widdel, 1995]. Besides these alkylbenzenes, strain EbN1
degrades a wide variety of polar aromatic (including phenol, p-cresol and p-ethylphenol) and
aliphatic compounds (including acetone) under anoxic and some also under oxic conditions
[Rabus and Widdel, 1995; Waéhlbrand et al., 2007].

The complete genome sequence of strain EbN1 is the first to be determined for an
anaerobic hydrocarbon degrader and for a member of the "Aromatoleum"/Azoarcus/Thauera
cluster [Rabus et al., 2005]. Genes encoding the first enzyme of anaerobic ethylbenzene
degradation, ethylbenzene dehydrogenase (ebdABCD), are encoded in an operon-like
structure at approx. 1.4 Mb on the chromosome of strain EbN1 [Rabus et al., 2005].
Interestingly, the chromosome harbours a paralogous ebdABCD?2 gene set at approx. 3.4 Mb
[Rabus et al., 2005]. The EbdABCD proteins are specifically formed during anaerobic growth
with ethylbenzene, which has not been observed for their paralogs [Kiihner et al., 2005].
Biochemical studies [Kniemeyer and Heider, 2001; Szaleniec et al., 2007] and the crystal
structure [Kloer et al., 2006] of ethylbenzene dehydrogenase revealed that two electrons are
abstracted from ethylbenzene to reduce the molybdenum cofactor of the a-subunit. The latter
is reoxidized by transferreing the electrons to the heme b of the y-subunit which finally
donates them to a so far unknown carrier, most likely cytochrome c.

The genetic accessibility of the anaerobic degraders Azoarcus evansii [Gescher et al.,

2002; Rost et al., 2002] and Azoarcus sp. strain T [Achong et al., 2001] as well as Thauera
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aromatica strain T1 [Coschigano, 2002] has already been demonstrated. Manipulative
genetics with "A. aromaticum" strain EbN1 has not been possible until now due to (i) its
inefficient and non-robust growth on standard solid medium, (ii) unidentified antibiotic
resistance markers and (iii) the lack of protocols for DNA transfer into strain EbN1. In this
study we describe the development of a genetic system for strain EbN1 exemplified by
unmarked deletion of ebdC2. Its product, EbdC2, encodes the y-subunit of a paralogous

ethylbenzene dehydrogenase, the physiological function of which is presently unknown.
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Results and Discussion

Growth on Solid Medium and Characterization of Antibiotic Resistance

A prerequisite for genetic experiments is the isolation of genetically modified single
colonies on solid growth medium. So far, no or only poor growth of strain EbN1 on solid
medium was observed (Fig. 1A) [Rabus and Widdel, 1995].

Initial experiments revealed the inability of strain EbN1 to grow on "standard" solid
media like LB- or BHI-agar and on solid medium described for the phylogenetically related
Azoarcus sp. BH72 [Reinhold-Hurek et al., 1993], necessitating the development of a solid
medium meeting the specific growth requirements of strain EbN1.

Optimal growth of strain EbN1 was obtained, when the defined mineral medium
(solidified with 1.5 % [w/v] agar) was phosphate (20 mM) buffered and contained acetate,
pyruvate (5 mM each) and benzoate (4 mM) as a mixture of organic carbon sources. This
solid medium also contained 4- to 5-fold increased concentrations of ammonia and nitrate
(from 5 mM NH;" and 7 mM NO; to 30 mM each; as compared to the original liquid mineral
medium) to avoid limitation of the reduced nitrogen and electron acceptor (in case of
anaerobic cultivation). Applying this newly developed medium, visible (1-2 mm in diameter),
light brown colonies were obtained after 5-7 days under anoxic conditions (9-10 days under

oxic conditions) or 7-9 days, when antibiotics were added (Fig. 1B). A high plating efficiency

Fig. 1. Anaerobic growth of "A4. aromaticum" strain EbN1 on solid medium. Incubation of strain EbN1

on the solidified, originally described mineral medium [Rabus and Widdel, 1995] yielded only a few
small colonies after 14 days of incubation and only within the first dilution-streak (A). The newly
developed solid mineral medium allowed good growth of light brown colonies up to the last dilution-

streak after 5-7 days of incubation (B).
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was evident from 1.5 (+0.2) x 10 CFU/ml obtained on agar plates upon inoculation with
liquid cultures of strain EbN1 harboring 1.1 x 10° cells/ml.

While lower concentrations of ammonia and nitrate (<30 mM both) in the solid
medium lead to smaller colonies even after a prolonged incubation, a further increase beyond
30 mM did not enhance growth any further. Also, increased concentrations of vitamins, trace
elements or selenium and tungsten (2-fold each) did not improve growth on solid medium.
Yeast extract, tryptone or peptone did neither support growth of strain EbN1 on solid medium
nor impair growth when a utilizable organic substrate was provided.

Growth of strain EbN1 (wild type) in liquid and solid mineral medium was completely
inhibited by ampicillin (50 pg/ml), chloramphenicol (20 pg/ml), gentamycin (50 ug/ml),
kanamycin (50 pg/ml), puromycin (20 pg/ml), rifampicin (400 pg/ml), streptomycin
(50 pg/ml) and tetracycline (20 pg/ml), enabling application of a broad range of antibiotic

resistance markers to select for genetic variants.

Physiological Characteristics of the Streptomycin Resistant Mutant Strain EbNI-SR7.

To enable counter selection of genetically modified strain EbN1 from donor strains
(e.g. E. coli) a streptomycin resistant mutant was generated, which is designated strain EbN1-
SR7. Physiological characterization revealed its ability to grow with all known substrates
under oxic and anoxic conditions (Table 1) without significantly prolonged incubation times.
Comparison of anaerobic growth with benzoate revealed a slightly lower maximum optical
density of strain EbN1-SR7 (in the presence of streptomycin) as compared to the wild type
(Fig. 2). Moreover, the doubling time of strain EbN1-SR7 during linear growth was slightly
lower than that of the wild type (3.3 h and 3.0 h, respectively), though this is an approximate
value due to the short exponential growth phase as seen in a semi-logarithmic plot of the OD
vs. time (not shown). The lower growth yields and doubling times are most probably due to
the presence of the antibiotic. In addition to the physiological experiments, the soluble
proteomes of wild type strain EbN1 and mutant strain EbN1-SR7 during anaerobic growth
with benzoate was analyzed by means of silver-stained 2DE gels (isoelectric focusing
pH 3-10). Comparison of the respective protein patterns revealed only minor differences: less
than 10 protein spots (out of > 1000) differed between the two strains, most likely related to
the streptomycin resistance (data not shown). Overall, strain EbN1-SR7 apparently does not
differ from the wild type with respect to the main physiological properties, allowing its use

for genetic studies.
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Fig. 2. Time course of anaerobic growth of "A. aromatoleum" strains EbN1 wild type (filled diamonds)

and the streptomycin-resistent strain EbN1-SR7 (open squares) with benzoate (sterile control, asterisk).

To determine stability of the mutation conferring streptomycin resistance, strain
EbNI1-SR7 was subcultured in streptomycin-free liquid medium over 5 passages and
subsequently plated on streptomycin-containing as well as streptomycin-free solid medium.
Determination of CFU revealed, that >75 % of the bacteria retained the resistance in the

absence of the antibiotic, demonstrating a high stability of this attribute.

Conjugational Transfer of Plasmid DNA to Strain EbNI-SR7.

Construction of plasmid vectors in an E. coli background necessitates protocols to
transfer the vector-construct into strain EbN1-SR7. The broad-host-range vector pBBRI1-
MCS4, carrying an ampicillin resistance [Kovach et al., 1995], was used to establish
conjugational plasmid transfer from E. coli S17-1 to strain EbN1-SR7. The plasmid is not self
transmissible, but can be transferred utilizing the #ra functions of RP4 that are integrated in
the chromosome of E. coli S17-1 [Simon et al., 1983]. The conjugation conditions were
optimized applying different donor-recipient ratios and varying mating times. Ampicilin-
resistant colonies of strain EbN1-SR7 occurred after 7-9 days, when mating was performed
over night. Shorter mating times (<6 h) yielded only few ampicillin resistant colonies of strain

EbN1-SR7 (<10 CFU/ml), if any. A transformation frequency of 1.3 x 10 was obtained
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applying a 1:3 donor-recipient ratio, which was significantly lower applying a 1:1 ratio
(0.9 x 10°). Transformation frequencies within the same range were reported for the
proteobacteria Allochromatium vinosum (3.6 x 10™*) and Bartonella henselae (2 x 10™) using
E. coli S17-1 as donor during IncP plasmid transfer [Dehio and Meyer, 1997; Pattaragulwanit
and Dahl, 1995].

The presence of pPBBR1-MCS4 in transconjugants was verified by PCR and isolation
of the plasmid DNA. The isolated plasmid revealed restriction patterns identical to those
isolated from E. coli (data not shown) and could be efficiently transferred back to E. coli via
transformation, indicating the absence of deletions or rearrangements of the plasmid in strain

EbN1-SR7.

Plasmid Stability in Strain EBNI-SR7

The stability of plasmid pPBBR-MCS4 in strain EbN1-SR7 was analyzed by anaerobic
growth of transconjugants with a mixture of acetate, benzoate and pyruvate in liquid cultures
without selection pressure (i.e. in the absence of ampicillin). The respective cultures were
transferred over 10 passages (approx. 40 generations). Comparison of CFU/ml on selective
and non-selective media revealed, that >80 % of the population retained the transferred

plasmid (data not shown), demonstrating a high stability of the plasmid in strain EbN1-SR7.

Generation of an in Frame Deletion Mutant: Strain EbNI-SR7 AebdC2

Deletion mutagenesis by homologous recombination was based on the suicide vector
pK19mobsacB, carrying a kanamycin resistance and the sacB gene. The latter confers sucrose
sensitivity, which should facilitate fast detection of double crossover events [Schifer et al.,
1994]. The host range of the plasmid is restricted to E. coli and closely related species of the
genera Salmonella and Serratia. In accordance, conjugational transfer of the plasmid
pK19mobsacB from E. coli S17-1 to strain EbN1-SR7 did not yield kanamycin resistant
clones, while transfer of the plasmid pBBR-MCS4 in a control experiment yielded ampicillin
resistant clones.

To generate an unmarked AebdC2 deletion mutant, the adjacent genes ebdB2 and
ebdD?2 were amplified by PCR and cloned into the pK19mobsacB vector in an E. coli S17-1
host background. Instead of a complete ebdC2 gene, the construct contained only its start and
stop codon, separated by an Xbal restriction site (Fig. 3A and B). To avoid polar effects in the
deletion mutant, the intergenic regions to ebdC2 were maintained (for details see experimental

procedures). The resulting deletion - construct (plasmid pK19ebdB2D2) was transferred to
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Fig. 3. Schematic depiction of the chromosomal organisation of genes encoding the paralogous ethylbenzene
dehydrogenase (ebdABCD?2) in "A. aromatoleum" strains EbN1, EbN1-SR7 (both A) and EbN1-SR7 AebdC2
(B). Arrows indicate the position of the applied primer pairs. Corresponding nucleotide sequences and
amplicon sizes are provided in Table 2. Primers for the construction of the deletion-vector are indicated in
grey. The remnants of ebdC2 in the deletion mutant, i.e. its start and stop codons separated by an Xbal
restriction site, are indicated by the insert. (C) The amplicon sizes of primer pairs used for characterization of
the mutant are indicated at the respective positions below the gene chart. Comprehensive information on
nucleotide sequences and amplicon sizes is given in Table 2. (D) Electropherogram of PCR products obtained
from "A. aromaticum" strains EbN1-SR7 (abbreviated as SR7), EbN1-SR7 AebdC2 (abbreviated as AC2) and
EbN1-SR7 AebdC2comp (abbreviated as AC2comp). The ebdC?2 specific primers ebdC2F and ebdC2R were
applied to confirm ebdC2 deletion in the genome. The deletion was confirmed by application of primers
located in the adjacent genes, ebdB2 1060F and ebdD2 86R, the product of which includes ebdC2.
Transcription was analyzed using cDNA generated from total RNA prepared from cells anaerobically grown
with p-cresol to demonstrate expression of ebdB2 and ebdD2. Therefore, the primers ebdB2 400F and
ebdB2_ 656R as well as ebdD2 307F and ebdD2_S00R were applied. Respective antisense primers were used
for cDNA synthesis. In a control experiment, the same RNA-preparation was used as template, without reverse

transcription, yielding no PCR-product (not shown).
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strain EbN1-SR7 by conjugation and kanamycin-resistant clones were obtained. PCR based
analysis of respective clones demonstrated the integration of the plasmid pK19ebdB2D2 into
the chromosome of strain EbN1-SR7 (single cross-over), yielding two distinct products when
applying ebdC2 spanning primers (ebdB2 1060F and ebdD2 86R; Table 2 and Fig. 3A).
Subsequent cultivation of clones harboring the single cross-over in kanamycin-free liquid
medium allowed recombination without selection pressure. Subsequently, plating on solid
sucrose-containing medium was performed to select for double cross-over events; cells
containing the sacB genes are not viable under these conditions.

PCR analysis, using primers spanning ebdC2, located in ebdB2 and ebdD?2
(ebdB2 1060F and ebdD2 86R, respectively), was applied to identify AebdC2 mutants.
Colony screening revealed the rare occurrence of a double cross-over (only <4 % of screened
clones). Sequence analysis of the PCR products confirmed the deletion of ebdC2 (Fig. 3D),
with the start and stop codons being its only remnants. Accordingly, it was impossible to
obtain a PCR product applying ebdC2 specific primers or a combination of an ebdC2 primer
with an appropriate primer located in ebdB2 or ebdD?2 (Fig. 3 and Table 2).

Development of a Complementation System to Allow in trans Expression of ebdC2

To demonstrate that a mutant phenotype is due to gene deletion or disruption, rather
than to secondary gene mutation, the respective gene has to be expressed in trans. The broad-
host-range plasmid pBBR-MCS4 [Kovach et al., 1995] was used to construct an expression
vector containing ebdC2 (MCS4-ebd(C?2), since it is relatively small (5656 bp) and is stably
maintained in strain EbN1-SR7 (see above). Conjugational transfer of the plasmid MCS4-
ebdC2 into strain EbN1-SR7 AebdC2 lead to a large number of ampicillin-resistant
transconjugants. Nearly all screened clones harbored the expression vector, which was
confirmed by (i) PCR analysis using M13 primers, (i1) sequence analysis of the obtained PCR

product and (iii) restriction pattern analysis of the recovered plasmid (data not shown).

Characterization of the AebdC2 Mutant

To analyze possible polar effects of the ebdC2 deletion, transcriptional analysis of the
flanking genes ebdB2 (upstream) and ebdD2 (downstream) was performed. Expression of
both genes was detected during anaerobic growth of mutant strain EbN1-SR7 AebdC2 with
p-cresol (Fig. 3D), but not with benzoate (Fig. 4), as previously indicated by proteomic
studies [Wohlbrand et al., 2007]. The same expression pattern was observed in strain EbN1-

SR7, suggesting no impairment of gene expression (Figs. 3D and 4). In accordance with
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ebdB2 and ebdD2 expression, transcription of ebd(C2 in strain EbN1-SR7 was only detected

during anaerobic growth with p-cresol, but not with benzoate (Figs. 3D and 4). The AebdC2

mutant did not express ebdC2 under either of the two growth conditions, but the

complemented mutant expressed ebdC2 during anaerobic growth with p-cresol and benzoate,

demonstrating its constitutive expression (Figs. 3D and 4).

Optical density (660 nm)
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Fig. 4. Transcription of ebdB2 (B2), ebdC2 (C2) and ebdD2 (D2) in "A. aromaticum" strains
EbN1-SR7 and EbN1-SR7 AebdC2comp. Total RNA of cells grown anaerobically with
benzoate was used for cDNA synthesis. In a control experiment, the same RNA-preparation

was used as template, without reverse transcription, yielding no PCR-product (not shown).

Respective primers are listed in Table 2. M, 100 bp size-marker.
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Time (h) Time (h)
Fig. 5. Time courses of anaerobic growth of "A. aromaticum" strains EbN1-SR7 (filled squares), EbN1-
SR7 AebdC2 (open triangles) and EbN1-SR7 AebdC2comp (open circles) with ethylbenzene (A) and
p-cresol (B).
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Physiological Characterization of Strain EbNI-SR7 AebdC2

Interestingly, the deletion of the y-subunit of the paralogous ethylbenzene
dehydrogenase (ebdC2) did not give rise to a distinct phenotype. The generated AebdC2
mutant was able to grow with all known substrates of wild type strain EbN1 under oxic and
anoxic conditions (Table 1) [Rabus and Widdel, 1995; Wohlbrand et al., 2007]. Furthermore,
growth with all substrates was not significantly impaired as exemplified for anaerobic growth
with ethylbenzene and p-cresol (Fig. 5). The doubling times of mutant strains EbN1-SR7 and
EbN1-SR7 AebdC2 were almost identical (e.g 5.18 h and 5.10 h in case of ethylbenzene).
Accordingly, the complemented mutant did not reveal a distinct phenotype, although the
growth rate was reduced (Fig. 5). This impairment is most likely due to the presence of the
additional antibiotic (ampicillin), as observed for strain EbN1-SR7 exposed to streptomycin
(see above). It should be noted, that growth of the complemented mutant was more impaired
with ethylbenzene than with p-cresol. This physiological effect may be due to the higher
solvent stress exerted by ethylbenzene (Trautwein et al. 2008).

Previous studies revealed specifically increased abundances of proteins encoded in the
paralogous ethylbenzene dehydrogenase gene cluster during anaerobic growth with p-cresol
and phenol [Wo6hlbrand et al., 2007], but not with ethylbenezene [Kiihner et al., 2005]. The
high degree of sequence identity of ethylbenzene dehydrogenase and its paralog (52 to 83 %)
[Rabus, 2005] suggest that a potential substrate of EbdABC2 should be chemically similar to
ethylbenzene. Indeed, p-ethylphenol was recently discovered as new substrate for anaerobic
growth of strain EbNI. However, a very recent study suggested a p-cresol
methylenehydroxylase-like protein rather than paralogous EbdABC2 to catalyze the initial
dehydrogenation of p-ethylphenol [Wohlbrand et al. unpublished]. Agreeing with this
observation, anaerobic growth of strain EbNI1-SR7 AebdC2 with p-ethylphenol was not
impaired (Table 1). To discover the true substrate of the paralogous enzyme, comprehensive
substrate tests were conducted. However, strain EbN1 did not grow with any of the tested
diverse aromatic compounds (Table 1) that were selected due to their different degrees of
structural similarity to ethylbenzene: ethyltoluenes, ethylanilines, styrene, heterocyclic
ethylpyridine, the heterocyclic cyclopentadienes ethylfuran and ethylthiophene, xylenes,
fluor-toluenes and also propylphenols.

Overall, the absent effect of the ebdC2 deletion on the physiology of strain EbN1-
SR7 AebdC2 under any tested growth condition disagrees with an involvement of paralogous
ethylbenzene dehydrogenase in the known catabolic pathways of strain EbN1. Even though

proteins encoded in the same gene cluster were abundantly formed [Wohlbrand et al., 2007],
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Table 1. Growth substrates of "A4. aromaticum" strains EbN1 (wild type), EbN1-SR7, EbN1-SR7
AebdC2 and complemented EbN1-SR7 AebdC2comp under oxic and anoxic (i.e. nitrate-reducing)
conditions. Concentrations of the tested compounds are given in parenthesis. Concentrations of soluble
compounds are given in mM. Concentrations in % (v/v) refer to dilutions of poorly water soluble
compounds in heptamethylnonane as inert carrier phase. + O, oxic conditions; — O, anoxic conditions; +
growth; — no growth; n.d. not determined.

"Aromatoleum aromaticum" strain

EbN1 EbN1-SR7 EbN1-SR7
Tested compounds (wild type) EbN1-SR7 AebdC2 AebdC2comp
-0,/+0, -0,/+0, —-0,/+0, —-0,/+0,
Alkylbenzenes
Toluene (1 %) +/=0 +/- +/- +/-
Ethylbenzene (2 %) +/-° +/- +/- +/-
Styrene (>0.1 %)* —/n.d. n.d. n.d. n.d.
o0-, m-, p-Fluortoluene (>0.1 %)* —/n.d. n.d. n.d. n.d.
o0-, m-, p-Xylene (>0.1 %)* —/n.d. n.d. n.d. n.d.
o-, m-, p-Ethyltoluene (>0.1 %)* —/n.d. n.d. n.d. n.d.
Heterocyclic ethylbenzene derivatives
o0-, m-, p-Ethylaniline (>0.1 %)* —/n.d. n.d. n.d. n.d.
o0-, m-, p-Ethylpyridine (>0.1 %)* —/n.d. n.d. n.d. n.d.
2-Ethylfuran (>0.1 %)* —/n.d. n.d. n.d. n.d.
2-Ethylthiophene (>0.1 %)* —/n.d. n.d. n.d. n.d.
Phenolic compounds
Phenol (0.5) +/-° +/— +/- +/-
p-Chlorphenol (>0.1 %)* —/n.d. n.d. n.d. n.d.
p-Cresol (2) +/=° +/— +/- +/-
p-Ethylphenol (0.5 %) +/-9 +/- +/- +/-
o-, m-Ethylphenol (>0.1 %)” —/n.d. n.d. n.d. n.d.
o0-, m-, p-Propylphenol (>0.1 %)* —/n.d. n.d. n.d. n.d.
Alcohols, aldehydes and ketones
Benzyl alcohol (2) +/-° +/— +/- +/-
Ethanol (2) +/+° +/+ +/+ +/+
2-Butanol (5) +/n.d® +/n.d. +/n.d. +/n.d.
2-Propanol (5) +/n.d® +/n.d. +/n.d. +/n.d.
Benzaldehyde (2) +/-° +/- +/- +/-
Acetophenone (2) +/4° +/+ +/+ +/+
p-Hydroxyacetophenone (2) +/nd! +/n.d. +/n.d. +/n.d.
Acetone (2) +/n.d’ +/n.d. +/n.d. +/n.d.
2-Butanone (2) +/n.db +/n.d. +/n.d. +/n.d.
Carboxylic acids
o-Aminobenzoate (2) +/-° +/— +/— +/—
Benzoate (4) +/+° +/+ +/+ +/+
p-Hydroxybenzoate (4) +/-° +/— +/- +/-
m-Hydroxybenzoate (4) +/+° +/+ +/+ +/+
Phenylacetate (4) +/4° +/+ +/+ +/+
Gentisate (2) —/+¢ —/+ —/+ —/+
Acetate (5) +/+° +/+ +/+ +/+
Propionate (5) +/+° +/+ +/+ +/+
Pyruvate (5) +/+° +/+ +/+ +/+

 Growth was tested with concentrations of 0.1 %, 0.5 % and 1 % (v/v) in HMN.
® Taken from Rabus and Widdel 1995.

¢ Taken from Rabus et al. unpublished.

¢ Taken from Wahlbrand et al. unpublished.

¢ Taken from Wohlbrand et al. 2007.
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and ebdB2, ebdC2 and ebdD? transcribed during anaerobic growth with p-cresol (Fig 3D), the
deletion of ebdC2 did not have an effect on anaerobic growth with p-cresol. Therefore the
catabolic function of the paralogous ethylbenzene dehydrogenase, if any, remains unclear at

present.
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Concluding remarks

The present study demonstrated the genetic accessibility of "A. aromaticum" strain
EbNI1. The established protocols enable introduction of foreign DNA into strain EbNI1 via
conjugation, generation of unmarked deletion mutants, and expression of proteins from
extrachromosomal elements. These genetic tools together with the availability of the complete
genome sequence of strain EbN1 [Rabus et al., 2005] open new avenues for molecular studies
of the physiology of this bacterium. Indeed, previous proteomic studies with strain EbN1
[Kiihner et al., 2005; Wohlbrand et al., 2007] revealed the specific and abundant formation of
proteins with to date unknown functions under various defined growth conditions. A genetic
approach promises to verify the actual involvement of these proteins in the respective
metabolic pathways and to provide clues about their functions. In addition, the relatively high
solvent tolerance of strain EbN1 [Trautwein et al., 2008] and the ability to express proteins
from extrachromosomal elements provides a solid basis for conducting biochemical studies of
enzymes involved in anaerobic aromatic compound degradation also originating from other,
related organisms (e.g. Thauera spp.), which may be difficult to perform in an E. coli

background.
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Experimental procedures

Bacterial Strains and Plasmids

Plasmids, "4. aromaticum" strain EbN1 (wild type and mutants) and E. coli strains
used in this study are described in Table 3. Preparation of chemically competent E. coli S17-1
cells was performed according to the method described by Inoue et al. [1990]. Chemicals used

were of analytical grade.

Culturing Conditions and Growth Media

E. coli strains were cultivated as described [Sambrook and Russell, 2001]. Liquid
cultures of "A. aromaticum" strain EbN1 were performed in mineral medium as reported
previously [Rabus and Widdel, 1995] applying a mixture of acetate (5 mM), benzoate (4 mM)
and pyruvate (5 mM) as carbon source, unless stated otherwise.

Solid growth medium for strain EbN1 contained per liter: 0.23 g NaSQy, 1.0 g NaCl,
2.54 ¢ NaNO;, 1.6 g NH4Cl, 15.0 g agar. After autoclaving KH,PO4 (4 mM), K,HPO4
(16 mM), CaCl, (0.2 mM), MgCl, (1.6 mM), vitamins, EDTA-chelated mixture of trace
elements, and selenate and tungsten solution [Widdel and Bak, 1992] were added from sterile
stock solutions. The pH was adjusted to 7.2 and acetate (5 mM), benzoate (4 mM) and
pyruvate (5 mM) were added as carbon sources. Incubation was carried out at 28 °C in
anaerobic jars (Ochs, Bovenden-Lenglern, Germany) under an N>-atmosphere.

Antibiotics were used in agar plates or liquid cultures at the following concentrations
(unless indicated otherwise): ampicillin, 100 pg/ml; kanamycin, 50 pg/ml; streptomycin,
50 pg/ml.

Substrate test experiments were performed as previously described [Rabus and
Widdel, 1995]. Anaerobic growth experiments with ethylbenzene and p-cresol were
performed in 500 ml flat-bottles containing 400 ml anoxic medium as described [Rabus and
Widdel, 1995]. Essentially, substrate-adapted cultures were used as inoculum and sampling
(1 ml) was carried out under strictly anoxic conditions [Widdel and Bak, 1992]. Optical
density was monitored at 660 nm (UV-1202, Shimadzu, Duisburg, Germany). The end of
incubation was indicated by depletion of nitrate and nitrite as determined with Merckoquant

test stripes (Merck, Darmstadt, Germany).
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Table 2: Sequences of oligonucleotide primers derived from the genome sequence of
"A. aromaticum" strain EbN1 used in this study. Integrated restriction sites are underlined.

Primer Target gene Sequence (5"— 3") Product length
(bp)
ebdC2 Deletion construct (pK19mobsacB)
ebdB2_EcoRI F AAGAATTCACTGTCACTGGAGGTAAACAT
ebdB?2 1096
ebdB2 Xbal R AATCTAGACATTTGCGTCTCCGATGTCAT
ebdD2_Xbal F AATCTAGATGAGGATGACAGATGAACAGC
ebdD?2 688
ebdD2_Xbal R AATCTAGAGACCGGGTACCGCCCCGCCTA
Control of ebdC2 deletion
ebdC2F AAGATCATGGGGCCAACAAAAGTC
ebdC2 357
ebdC2R CCAGGGAGCGGCGGAAAATGA
ebdB2 1060 _F TTGCATGCGGAGCGGGAGAAGTCG
ebB2C2D2 270/ 915
ebdD2 86 R CGTCGCTGGCGGGATAGGCAAACA
ebdC2 Complementation construct (pBBR1-MCS4)
ebdC2_Apal F AGGGCCCGCGGGTTCACCAACGATCCCG
ebdC2 706
ebdC2_Spel R AACTAGTCTGTCATCCTCACTTTTGAAT
Control of ebdB2 and ebdD?2 transcription
ebdB2_400F CAGGGCGGCGGGCAATGG
ebdB?2 257
ebdB2_656R TCGAGGCGCGGAAAACACA
ebdD2 307 F TCGGCCGTTGATCAAAAGAAAT
ebD?2 194
ebdD2 500 R CCCTCGGCTGCCACATAGTC

* Referring to mutant strain ELN1-SR7 AebdC2.
® Referring to strain EbN1 wild type.

Table 3. Strains and plasmids used in this study

Strains or plasmids Genotype, markers and further characteristics Source or reference
Strains
E. coli S17-1 thi, pro, hsdR, recA with RP4-2[Tc::Mu-Km::Tn7] [Simon et al., 1983]

"A. aromaticum" strain EbN1

EbN1 Wild type
EbN1-SR7 Str'
EbN1-SR7-AebdC2 Str', AebdC2
EbN1-SR7-AebdC2comp Str", AebdC2, pBBR1-MCS4 ebdC2
Plasmids
pK19mobsacB Km', sacB modified from B. subtilis, lacZo.
pK19ebdB2 Km', sacB modified from B. subtilis, lacZo. ebdB2
pK19e¢bdB2D2 Km', sacB modified from B. subtilis, lacZo. ebdB2, ebdD2
pBBR1-MCS4 Ap', mob, lacZa
pBBR1-MCS4 ebdC2 Ap', mob, lacZa, ebdC2

[Rabus and Widdel, 1995]
This study
This study
This study

[Schifer et al., 1994]
This work
This work
[Kovach et al., 1995]

This study
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Determination of Antibiotic Sensitivity of Strain EDN1

To determine endogenous antibiotic resistances, strain EbN1 was grown in liquid and
on solid medium containing ampicillin (50 pg/ml), chloramphenicol (20 pg/ml), gentamycin
(50 pg/ml), kanamycin (50 pg/ml), puromycin (20 pg/ml), rifampicin (400 pg/ml),
streptomycin (50 pg/ml) or tetracycline (20 pg/ml), respectively. Stock solutions of
antibiotics were prepared according to standard protocols [Sambrook and Russell, 2001] and

stored at -20 °C.

Determination of Plating Efficiency

The cell numbers of fully grown liquid cultures of strain EbN1 were determined by
means of the MPN method. Full growth in liquid media was correlated to complete depletion
of nitrate and nitrite. Two independent cultures were used to inoculate MPN-series of a 10-
fold serial dilution (up to 10™") with four replicates performed per dilution step.

Plating efficiency was determined by plating 10-fold serial dilutions of the same
cultures used for the MPN series in quadruple and subsequent determination of colony

forming units (CFU).

Isolation of Streptomycin Resistant "A. aromaticum” Strain EbNI-SR7

Spontaneous streptomycin resistant mutants were obtained by growing strain EbN1 in
liquid media containing 10 to 100 pg/ml streptomycin and subsequently isolating single
colonies from solid medium. Selected mutants were physiologically characterized by growth
experiments with all known organic substrates under oxic and nitrate-reducing conditions
using 22 ml hungate tubes (Table 1) [Rabus and Widdel, 1995]. Time courses of anaerobic
growth with benzoate (4 mM) were determined using 400 ml cultures inoculated with 20 ml
of fully grown, benzoate-adapted pre-cultures. Wild type strain EbN1 was used as reference.
Finally, dilution PCR of whole cells was used for sequencing the 16S rDNA [Kiihner et al.,
2005].

DNA techniques

Genomic DNA of strain EbN1 was isolated with phenol:chloroform:isoamylalcohol
(PCI) according to standard methods [Sambrook and Russell, 2001]. Plasmid DNA was
isolated from E. coli and strain EbN1 applying alkalic lysis as described [Sambrook and
Russell, 2001].
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Primers for amplification of genomic DNA from strain EbNI1 were manually
designed from the whole genome sequence (Accession No. CR555306) and are listed in
Table 2. PCR amplification was performed using 7Taqg polymerase (Eppendorf, Hamburg,
Germany) under standard conditions. Restriction enzymes, T4-DNA-ligase and DNA-size
marker (100 bp Plus) were obtained from Fermentas GmbH (St. Leon-Rot, Germany) and
used according to manufacturers instructions.

Preparation of total RNA from substrate-adapted cells and RT-PCR were carried out
as previously described [Kiihner et al., 2005].

Ligation and Transformation of Plasmid Constructs

PCR products containing restriction sites for cloning were purified with PCI and
subsequent ethanol precipitation [Sambrook and Russell, 2001]. Both, purified PCR-product
and plasmid were digested with appropriate restriction enzymes according to manufacturer’s
instructions and purified again. For ligation, digested PCR-product and plasmid were mixed
in a 3:1 molecular ratio and PCR-H,O added to a final volume of 8 pl. This mixture was
denatured for 10 min at 70 °C and chilled on ice. Subsequently, T4-ligase buffer (1x), ATP
(25 uM) and T4-ligase (2.5 u) were added, mixed carefully and incubated at 12 °C for at least
5h (or over night). Prior to transformation, the ligation mixture was denatured at 65 °C
(10 min) and chilled on ice.

Transfomation of 2.5 or 5 ul of the ligation reaction into chemical competent E. coli
S17-1 was performed as described [Inoue et al., 1990]. Single colonies grown on selective
solid medium were picked and screened by PCR for correct insert size, applying M13
primers. Plasmids from positive clones were purified and used as template for sequencing of

the insert to verify its identity.

Conjugational Plasmid Transfer

Strains of E. coli S17-1 containing the appropriate plasmid served as donors in agar-
plate matings. Overnight cultures of the E. coli donor and the EbN1-SR7 recipient strain (24 h
incubation) were mixed in a 1:1 or 1:3 ratio (total volume 1 ml), respectively, and harvested
by centrifugation using a table top centrifuge (10 min, 13000 rpm). The pellet was washed
with 1 ml liquid mineral medium (containing 5 mM pyruvate) and resuspended in 20 pl of
liquid mineral medium. The bacterial suspension was spread as single drop on solid mineral
medium (containing 10 g/l tryptone) and incubated at 28 °C over night under oxic conditions.

Subsequently, bacteria were resuspended in 1 ml liquid mineral medium (containing 5 mM
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pyruvate), transferred to a sterile 2 ml reaction tube and incubated at 28 °C for 3 h. Finally,
10-times serial dilutions with liquid mineral medium were plated on solid mineral medium

containing the appropriate antibiotics and incubated as described above.

Identification of Positive Clones of Strain EDN1

Colonies obtained on selective solid medium were picked and transferred to 22 ml
hungate tubes containing 2.5 ml liquid mineral medium (5 mM acetate, 5 mM pyruvate and
4 mM benzoate) supplemented with the appropriate antibiotics. The headspace was flushed
with N,:CO; (90:10; v/v), sealed with a butylene stopper and incubated at 28 °C. For PCR
based genotypic verification, 1 ml of grown culture was withdrawn, transferred to a 1.5 ml
reaction tube and harvested. The cell pellet was resuspended in 20 ul PCR-H,O and 2 pl
thereof used as template for PCR analysis (e.g. using ebdB2 1060 F and ebdD2 86 R
primers, Table 2).

Construction of an in Frame ebdC2 Deletion Mutant

To avoid impairment of gene transcription downstream of ebdC2, a modified copy of
the chromosomal ebd2-operon was constructed in the suicide vector pK19mobsacB. The
construct contained ebdB2, ebdD?2 and only the start and stop codon of ebdC2 separated by an
Xbal restriction site (Fig. 6).

In a first step, ebdB2 was amplified from genomic DNA of strain EbN1with primers
containing an EcoRI (ebdB2 EcoRI F) and a Xbal (ebdB2 Xbal R) restriction site
(Table 2). Directly upstream of the Xbal site, the reverse primer contained the start codon of
ebd(C2 and the upstream intergenic region to the stop codon of ebdB2. The obtained 1096 bp
PCR-product was purified using PCI and ethanol precipitation. The latter and the plasmid
pK19mobsacB were digested with EcoRI and Xbal, purified and ligated (see above). The
ligation mix was transformed into E. coli S 17-1 and kanamycin resistant colonies were
screened for correct inserts using ebdB2 and M13 primers. The created plasmid containing
ebdB2 was designated as plasmid pK19ebdB2.

In a second step, ebdD2 was amplified from genomic DNA of strain EbN1 with a
primerpair containing the Xbal restriction sites (ebdD2 Xbal F and ebdD2 Xbal R;
Table 2). The forward primer (ebdD2 Xbal F) contained directly downstream of the
restriction site the stop codon of ebd(C2 and the intergenic region connecting to ebdD?2. The
resulting 688 bp PCR product was digested with Xbal, purified and ligated into the Xbal
digested plasmid pK19ebdB2 and transformed into E. coli S 17-1. Resulting kanamycin-
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resistant colonies were screened for the correct insert using M13 primers. The correct
orientation of the ebdD2 insert was verified with primers spanning the ligation site
(ebdB2 1060 F and ebdD2 86 R; Fig.3A). The obtained plasmid pK19ebdB2D2 (Fig. 6)
was sequenced to ensure correct sequence of the structural genes ebdB2 and ebdD?2 as well as

the remainder of ebdC?2 (i.e. the start and stop codon).

Xbal

EcoRI ___

pK19ebdB2D2

7.02 kb

Fig. 6. Schematic depiction of the constructed ebdC2 deletion-vector pK19ebdB2D2. The
plasmid derived genes encoding the kanamycin resistance (Km") and the sacB genes are
indicated in black. Genes encoding subunits of the paralogous ethylbenzene dehydrogenase
(ebdB2 and ebdD?2) are marked in grey. Restriction sites used for cloning are indicated

[adapted from Schifer et al. 1994].

After conjugational transfer of the plasmid pK19ebdB2D2 from E. coli S17-1 to strain
EbN1-SR7 (see above), aliquots of the cell suspension were plated on solid mineral medium
containing kanamycin and streptomycin to select for mutants of strain EbN1-SR7, which
integrated the plasmid into the chromosome (single cross over). Obtained clones were
screened for the single cross over by PCR, using ebdB2 1060 F and ebdD2 86 R primers,
spanning the ebdC2 gene (Fig. 3A). Positive transconjugants revealing a large (915 bp, "wild
type") and a small (270 bp, construct) amplicon were transferred to liquid medium containing
only streptomycin to allow a second cross over event. Since cells with the plasmid
pK19ebdB2D2 integrated into the chromosome are unable to grow in the presence of sucrose
(due to the sacB gene), fully grown cultures were plated on solid medium containing
streptomycin and 7.5 % (w/v) sucrose to select for clones, which have lost the integrated
plasmid. Clones growing on sucrose plates were screened for the AebdC2 genotype using

ebdB2 1060 F and ebdD2 86 R primers as well as ebdC2 specific primers (Table 2). The
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correct deletion of ebdC2 was confirmed by sequencing the amplicon of the ebdC2-spanning

primers (see also Fig. 3).

Construction of Complementation Plasmid

A complementation plasmid was derived from the broad-host-range vector pBBR-
MCS4 [Kovach et al., 1995]. The ebdC2 gene was amplified from genomic DNA using
primers containing an Apal (ebdC2 Apal F) and a Spel (ebdC2 Spel R) restriction site,
respectively (Table 2). Besides the coding sequence, the amplicon included 50 bp upstream of
the start-codon, to include the ribosomal-binding-site of ebdC2. Ligation, transformation and
identification of positive clones was performed as described above. The construct was
confirmed by PCR and sequencing using M13 primers and subsequently transferred to EbN1-
SR7 AebdC2 via conjugation (see above). Transcription of the plasmid derived ebdC2 was
confirmed by RT-PCR (Fig. 3D and 4).
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ABSTRACT

Comparative 16S rRNA gene sequence analysis indicates that two distinct sublineages exist
within the genus Azoarcus: the Azoarcus evansii lineage, which comprises Azoarcus evansii
(type strain KB740" = DSM 6898"), 4. buckelii (type strain U120" = DSM 14744"), 4.
anaerobius (type strain LuFRes1" = DSM 12081"), 4. tolulyticus (type strain Tol-4" = ATCC
51758"), A. toluvorans (type strain Td21" = ATCC 700604" = DSM 15124") and A.
toluclasticus (type strain MF63" = ATCC 700605"), and the Azoarcus indigens lineage, which
comprises A. indigens (type strain VB32" = ATCC 51398" = LMG 9092"), 4. communis (type
strain SWub3" = ATCC 51397" = LMG 9095") and Azoarcus sp. strain BH72. This
phylogenetic discrimination is supported by physiological differences. Members of the A.
evansii lineage have remarkable anaerobic degradation capacities encompassing a large
variety of alkylbenzenes, polar aromatic compounds and monoterpenes, and involving novel
biochemical reactions in many cases. In contrast, members of the A. indigens lineage are plant
associated and lack these anaerobic degradation capacities. It is proposed that species of the
A. evansii lineage should be classified in a novel genus, Aromatoleum gen. nov. Finally, based
on the literature and new growth, DNA-DNA hybridization and proteomic data, the following
six new species are proposed: A. aromaticum sp. nov. (type strain EbN1" = DSM 19018" and
strain pCyN1 = DSM 19016), A. petroleum sp. nov. (type strain ToN1" = DSM 19019"),
A.bremensis sp. nov. (type strain PoN1' = DSM 19017"), A. toluolicum sp. nov. (type strain
T" =DSM 19020") and 4. diolicum sp. nov. (type strain 22Lin" = DSM 15408").
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INTRODUCTION

A key role of bacteria in terrestrial and aquatic environments is the remineralization of natural
and anthropogenic organic compounds to CO,. Correspondingly, bacteria harbour a broad
spectrum of degradation reactions. The exceptional chemical stability of alkylbenzenes and
polar aromatic compounds represents a special challenge for their biodegradation. Under oxic
conditions, oxygenases are used, which employ highly reactive oxygen species derived from
molecular oxygen (Harayama et al., 1992). However, in many habitats, such as aquatic
sediments, deeper soil layers and groundwater aquifers, anoxic conditions prevail, demanding

oxygen-independent degradation pathways.

Isolation of pure cultures with respective anaerobic degradation capacities was instrumental
for elucidation of novel pathways (Heider & Fuchs, 1997; Harwood et al., 1999; Widdel &
Rabus, 2001). Denitrifying isolates were preferentially used for biochemical studies, since
they grow relatively fast and yield considerable cell mass. The majority of these denitrifying
strains can be grouped into two phylogenetic clusters within the Betaproteobacteria. One
cluster corresponds to the genus Thauera (Macy et al., 1993) and includes besides the well
studied Thauera aromatica K172" (Anders et al., 1995) other aromatic compound degraders,
namely 7. aminoaromatica S2" (Mechichi et al., 2002), T. chlorobenzoica 3CB-1" (Song et
al., 2001), T. mechernichensis TL1" (Scholten et al., 1999) and T. phenylacetica B4P"
(Mechichi et al., 2002), and the monoterpene degraders T. linaloolentis 47Lol" and T.
terpenica 58Eu’ (Foss & Harder, 1998). The other cluster consists of the Azoarcus genus,
which was originally described to contain mainly N,-fixing endophytes or root surface
colonizers of Kallar grass, such as A4. indigens VB32" and 4. communis SWub3" (Reinhold-
Hurek et al., 1993). The first taxonomically described anaerobic degrader of aromatic
compounds from this second cluster is A. evansii KB740" (Anders et al., 1995) and the
biochemical differences to A. indigens VB32' and A. communis SWub3" were already
obvious. In subsequent studies, the anaerobic aromatic compound degraders A. buckelii
U120" (Mechichi et al., 2002), A. anaerobius LuFRes1" (Springer et al., 1998), A. tolulyticus
Tol-4" (Zhou et al., 1995), A. toluvorans Td-21" and A. toluclasticus MF63" (Song et al.,
1999) were described and taxonomically allocated into the genus Azoarcus. This group of
“degraders” is equally close related to the plant-associated Azoarcus spp. and the Thauera

spp., and it has been noted before that the broad metabolic versatility of this group requires
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the description of a new genus (Reinhold-Hurek & Hurek, 2000). Phenotypic separation of the
cluster of degraders from the plant-associated Azoarcus spp. was further corroborated in the
present study by the absence of nitrogenase activity and nifH genes in most of the degraders
and the inability of 4. indigens VB32", 4. communis SWub3" and Azoarcus sp. BH72 to

degrade aromatic compounds under anoxic conditions.

Therefore, we propose to consolidate these findings by allocating this cluster of denitrifying
degraders to a novel genus, Aromatoleum gen. nov. In addition to the six already described
species of this new genus, we propose here five new species from various aquatic and
terrestrial habitats (Table 1). Most of the Aromatoleum spp. can be metabolically
differentiated by the anaerobic utilization of specific substrates (Table 2) that include
alkylbenzenes (e.g. toluene), monoterpenes (e.g. limonene) and polar aromatic compounds
(e.g. 2-aminobenzoate). In summary, the genus Aromatoleum displays a thus far unknown
degradative versatility. Biochemical investigations of the individual pathways lead to the
discovery of a broad spectrum of novel reactions from anaerobic as well as aerobic pathways
(Table 3; for overview see Boll et al., 2002; Heider & Fuchs, 1997; Heider et al., 1999;
Hylemon & Harder, 1999; Spormann et al., 1999; Widdel & Rabus, 2002; Rabus, 2005).
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Table 1. Habitats and geographical distribution of isolates from the new genus Aromatoleum

Species Strain Substrate used for Habitat Geographical location Reference
isolation

A. aromaticum EbN1" Ethylbenzene Ditches, River Weser Bremen (Germany) Rabus & Widdel, 1995

A. aromaticum pCyN1 p-Cymene Ditches, River Weser Bremen (Germany) Harms et al., 1999

A. bremensis PbN1" Propylbenzene Ditches, River Weser Bremen (Germany) Rabus & Widdel, 1995

A. petroleum ToN1" Toluene Ditches, River Weser Bremen (Germany) Rabus & Widdel, 1995

Aromatoleum sp. EBI1 Ethylbenzene Refinery treatment pond San Francisco Bay (USA) Ball et al., 1996

A. toluolicum T' Toluene Petroleum contaminated Switzerland Kuhn et al., 1988; Dolfing

aquifer etal., 1990

A. diolicum 22Lin" Cyclohexane-1,2-diol  Activated sludge Lintel (Germany) Harder, 1997

A. evansii KB740" 2-Aminobenzoate Creek sediment USA Braun & Gibson, 1984;
Anders et al., 1995

A. buckelii Ul120" 0-Cresol Oxic soil Ulm (Germany) Tschech & Fuchs, 1987,
Mechichi et al., 2002

A. anaerobius LuFResl”  Resorcinol Activated sludge Tiibingen (Germany) Gorny et al., 1992; Springer
etal., 1998

A. tolulyticus Tol-4" Toluene Petroleum contaminated Northern Michigan Zhou et al., 1995

aquifer sediment (USA)
A. toluvorans Td21" Toluene Soil Clinton County, Zhou et al., 1995
Michigan (USA)
A. toluclasticus MF63" Toluene Shallow aquifer Moffett Field, California  Song et al., 1999

sediment

(USA)
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METHODS

Bacterial strains. Bacterial strains from the proposed Aromatoleum genus used in this
study are listed in Table 1. The denitrifying strains EbN1", ToN1", PbN1", mXyN1" and
pCyN1 have been subcultured in our laboratory since their isolation (Rabus & Widdel, 1995;
Harms et al., 1999). The strains T' (= DSM 9506"), 22Lin" (= DSM 15408"), KB740" (=
DSM 6898"), U120" (= DSM 14744"), LuFResl" (= DSM 12081") and Td21" (= DSM
15124") were obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSMZ; Braunschweig, Germany). The strains Tol-4" (= ATCC 51758) and MF63" (= ATCC
700605) were obtained from the American Type Culture Collection (= ATCC; Manassas, VA,
USA). Azoarcus indigens VB32" (= ATCC 51398"), 4. communis SWub3" (= ATCC 51397")
and Azoarcus sp. BH72 were provided by the laboratory of B. Reinhold-Hurek.

Cultivation conditions and substrate utilization tests. Growth under denitrifying
conditions was tested in defined, ascorbate-reduced (4 mM) medium with nitrate (7 mM) as
electron acceptor (Rabus & Widdel, 1995). Nitrate-free medium (containing 5-6 mM NH4CI)
was used when growth was tested under oxic conditions (Rabus & Widdel, 1995). Anaerobic
cultivation was carried out at 28 °C in anoxically sealed glass tubes, and hydrocarbons and
other poorly water soluble organic compounds were added as dilute solutions in inert
2,2,4,4,6,8,8-heptamethylnonane as previously described (Rabus et al., 1993; Rabus &
Widdel, 1995). Soluble organic substrates were added from sterile stock solutions (Widdel &
Bak, 1992). Three parallel cultures were used for each individual substrate test. All growth
tests for an individual strain were inoculated from the same culture grown with benzoate
(4 mM) under nitrate-reducing conditions, except for A. indigens VB32', A. communis
SWub3" and Azoarcus sp. BH72 (5 mM malate under oxic conditions). Growth was
monitored by measuring the optical density at 660 nm over a period of at least 4 weeks. Some
tests for carbon sources used for aerobic growth were carried out using Biotype 100 strips
(API Biomerieux) as described previously (Reinhold-Hurek & Hurek, 2000) with readings
after 7 days. Mass cultivation (400 ml or 2 1 volume) for FAME-analyses, DNA/DNA
hybridization or mass spectrometric protein profiling was carried out with benzoate (4 mM) as
substrate, except for T. phenylacetica BAP', T. chlorobenzoica 3CB-1", T. linaloolentis
47Lol", T. terpenica 58Eu’ (each 10 mM acetate), T. pivalivorans Pivl" (4 mM pivalate) and

strain pCyN2 (5 % [v/v] p-cymene in carrier phase). Cells were harvested by centrifugation
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(10000 g, 30 min, 4 °C), washed with Tris/HCI buffer (100 mM, pH7-5, containing 5 mM
MgCl,.6H,0), frozen in liquid nitrogen and stored at -80 °C until further analysis.

Test for active nitrogenase. The presence of active nitrogenase was tested by the
acetylene reduction assay essentially as described before (Reinhold-Hurek et al., 1987).
Inoculum cultures were grown in nitrogen-limited medium (2 mM NH4Cl and 3 mM NaNOs)
with acetate (10 mM) to an optical density of 0-2 at 660 nm. Two different cultivation
approaches were used to determine the capacity of nitrogen fixation: (i) Cultures were grown
in nitrogen-free semi-solid medium (standard mineral medium with 0-2 % [w/v] agar, 20 mM
K-phosphate buffer, pH 7-0, and 10 mM NaHCO3) with acetate (10 mM) as organic substrate
and oxygen as electron acceptor (Fig. 1B). Tests were carried out in 15 ml tubes sealed with
rubber stoppers. Each tube contained 5 ml semi-solid medium to establish microaerophilic
growth conditions. Cultures were incubated for 5 days at 28 °C prior to replacing 10 % (v/v)
of the gaseous phase by acetylene. (ii) Alternatively, cultures were grown in nitrogen-free
medium (pH 7-2), containing (I deionized water) 1-12 g KH,PO4, 56 g K,HPO,, 0-8 g
NH4Cl, 0-23 g Na,SO4, 0-324 g MgCl,.6H,0, 0-0294 ¢ CaCl,.2H,0, 0-7 % (w/v) agar,
vitamins, EDTA-chelated mixture of trace elements, and selenite and tungstate solution
(Widdel & Bak, 1992). As carbon sources a mixture of the following compounds was applied:
acetate, succinate (each 3 mM), benzoate, p-hydroxybenzoate and phenylacetate (4 mM).
Tests were carried out in 22 ml tubes, containing 7 ml of medium. These cultures were
incubated for 3 months at 28 °C prior to replacing 10 % (v/v) of the gaseous phase with
acetylene (Fig. 1C). In both cases, cultures were inoculated with 1 % (v/v) of the respective
preculture, controls contained no inoculum and formed ethylene was determined about 30 h

after addition of acetylene.

The formation of ethylene from acetylene reduction was measured using a gas chromatograph
(GC-14A; Shimadzu, Duisburg, Germany) equipped with a HP-PLOT/U column (30 m
length, 0-533 mm diameter; Agilent-Technologies, Palo Alto, CA, USA) at a temperature of
55 °C. H, was used as carrier gas at a flow rate of 0-05 ml s”'. The injector temperature was
130 °C and the flame ionization detector (run at 150 °C) was provided with H, and synthetic
air at flow rates of 0-05 ml s™' and 2:6 ml s™', respectively. Samples (0-1 ml) were applied with

a gas tight syringe.
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Test for nifH genes. To screen for the presence of the nifH gene coding for the Fe-
containing subunit of nitrogenases, degenerated nifH primers were used (nifHl: ADN GCC
ATC ATY TCN CC and nifH2: TGY GAY CCN AAR GCN GA; Zehr & McReynolds,
1989). PCR was carried out at a 50 ul scale using Taqg Polymerase (Sigma, Taufkirchen,
Germany). Whole cells (2 pl cell suspension) were directly used as template. Thermocycling
was performed under standard conditions and PCR-products were analyzed by agarose gel
electrophoresis. To verify the amplification of nifH genes, obtained PCR-products were

sequenced (Table 5).

FAME analysis. Fatty acids were analysed according to the procedures described by
Kémpfer & Kroppenstedt (1996).

DNA base ratio and DNA/DNA-hybridization. For determination of G+C content DNA
was isolated by chromatography on hydroxyapatite as described by others (Cashion et al.,
1977). The G+C content of the DNA was determined by HPLC according to Mesbah et al.
(1989). DNA-DNA hybridization experiments were performed with the strains shown in
Table 1 using the method described by Ziemke et al. (1998), except that for nick translation, 2
ug of DNA was labeled during a 3 h incubation at 15 °C.

Construction of phylogenetic tree. The 16S rRNA genes were analyzed as described by
Kéampfer et al. (2003). Phylogenetic analysis was performed using the ARB software package
(Ludwig et al., 2004) and also the software package Mega (Molecular Evolutionary Genetics
Analysis) version 2.1 (distance options according to the Kimura-2 model) and clustering with
the neighbor-joining method and maximum parsimony was performed by using Bootstrap

values based on 1000 replications.

MALDI-MS-based strain-specific proteomic fingerprints. To limit cultivation
dependent differences, all four analyzed strains (ToN1", KB740", EbN1" and pCyN1) were
grown in the same medium with benzoate as organic substrate and harvested during mid-
linear growth. Bacterial cells (10 mg) were suspended in 300 pl of Milli-Q water and then
quickly mixed with 900 pl of ethanol (70 % final conc.). After centrifugation (12000 g, 5 min,
4 °C) and removal of the supernatant, cells were extracted with 50 pl formic acid, mixed with
50 pl acetonitrile and then centrifuged again. From the supernatant 8 technical replicates (1 pl
each) were spotted onto stainless steel targets (MTP 384 format, Bruker Daltonics, Bremen,

Germany). After drying, 1-5 pl of matrix solution (saturated a-cyano-4-hydroxy-cinnamic
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acid, HCCA in 50 % acetonitrile, 2-5 % TFA) were overlaid and dried. Spectra were
generated with an autoflex III MALDI-TOF system (Bruker Daltonics) using the following
settings: linear mode with a laser repetition of 200 Hz, the pulsed ion extraction was set to
210 ns, the digitizer was operated with 0-5 GHz sampling rate. The spectra from 25 different
positions (40 laser shots each) were averaged to a sum spectrum (1000 laser shots in total) for

each technical replicate.

Calculation of score values and Principal Component Analysis for proteomic
fingerprints. Analyses were based on two consecutive experiments. Firstly, the BioTyper
1.0 software (Bruker Daltonics) was used to generate library spectra for each bacterial strain
consisting of 16 technical replicates in each case. Secondly, three independent cultures
(biological replicates) for each analyzed strain were processed as described above (8 technical

replicates for each culture) to generate the sample spectra.

For score calculation the software compares peak lists (max. 100 peaks) of unknown sample
spectra with known library spectra lists. Each peak in the library spectrum with a frequency of
100 % is assigned the maximal score value 100, whereas peaks with lower frequency yield a
score value of 100 multiplied by their frequency (e.g. 20 % frequency = 100 x 0-2 = 20). The
sum of all score values for a library spectrum results in a maximum score for this entry (not
>10000). Each sample spectrum gets a relative score (actual score/maximum score) which
reflects how many percent of peaks of the library spectrum match with peaks of the sample

spectrum.

For determining the number of sample peaks (relative peak number) matching to those of the
library spectra, the mass accuracy is taken into account. When matching peaks fit into an
inner mass window (200 ppm mass tolerance), they are directly summed up. However, when
they only fit in an outer mass window (500 ppm mass tolerance) their summed number is
halfed. Based on the matches of peaks to the inner and outer mass window a relative peak
number is calculated according to the following formula:

rel. peak number = [peak numberiner mass window + (0-5 X peak numbergyter mass window)] /

total peak number,nknown spectrum
The final score of each unknown spectrum is then calculated as follows:

final score (max. 1000) = rel. score x rel. peak number x I-corr. x 1000

I-corr. = applied to weight the intensity-symmetry distribution of matching peaks
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The Principal Component Analysis was used as an unsupervised tool for discrimination of
spectra (Jolliffe, 2002). This method reduces the high number of dependent variables to a few
main dependencies. The Principal Components (PCs) are orthogonal, have no opposite
correlation and represent the eigenvectors of the correlation matrix of the spectra. Subsequent
cluster analysis allows differentiating individual species as distinct clusters. Here we used
hierarchical clustering with an Euclidian distance measurement, the linkage algorithm was

based on average.

Visualization of spectra and expression differences was done by ClinProTools 2.1 software

(Bruker Daltonics)
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RESULTS AND DISCUSSION

Members of Aromatoleum gen. nov. and their habitats

The new genus Aromatoleum proposed in this study encompasses a betaproteobacterial cluster
of thirteen described isolates (Table 1). Seven of them (strains EbN1', ToN1', PbN1",
pCyN1, EBI, T' and 22Lin") have not been taxonomically described to date, while the other
six have been related to the genus Azoarcus: Azoarcus evansii KB740" (here circumscribed as
Aromatoleum evansii), Azoarcus buckelii U120" (here circumscribed as Aromatoleum
buckelii), Azoarcus anaerobius LuFRes1" (here circumscribed as Aromatoleum anaerobius),
Azoarcus tolulyticus Tol-4" (here circumscribed as Aromatoleum tolulyticus), Azoarcus
toluvorans Td21" (here circumscribed as Aromatoleum toluvorans) and Azoarcus

toluclasticus MF63" (here circumscribed as Aromatoleum toluclasticus).

Most of the Aromatoleum species have been isolated under nitrate-reducing conditions with
alkylbenzenes or polar aromatic compounds from aquatic habitats such as river or aquifer
sediments (Table 1). Some species, e.g. A. tolulyticus Tol-4", were obtained from petroleum
contaminated sites pointing to their potential role in bioremediation. Song et al. (1999)
isolated 21 strains with toluene or phenol as organic substrate and nitrate as electron acceptor
from various locations in the USA and Brazil. All of these strains affiliate with the

Aromatoleum lineage, corroborating its geographic extension.

Physiological properties of Aromatoleum spp.

The most intriguing property of Aromatoleum spp. is the wide range of recalcitrant organic
compounds, which they are capable of degrading anaerobically (Table 2). The newly
described Aromatoleum spp. strains EbN1", pCyN1, ToN1", PbN1', 22Lin" and T" can be
nutritionally distinguished by their specificities towards individual alkylbenzene substrates
used for anaerobic growth. Strains EbN1", ToN1", pCyN1 and T all share the capacity to
grow anaerobically with toluene, but differ with respect to additional alkylbenzene substrates
(Table 2). E.g., strain EbN1" also utilizes ethylbenzene and strain pCyN1 p-ethyltoluene,
p-cymene and several monoterpenes. Interestingly, none of these strains is capable of
degrading alkylbenzenes under oxic conditions, which is to date only described for toluene-

degrading Thauera sp. stain DNT-1 (Shinoda ef al., 2004). Strain 22Lin" is the only one
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Table 2. General and catabolic properties of isolates from the new genus Aromatoleum

Aromatoleum Azoarcus
—
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General properties
Temperature optimum [°C] 31 32 ND ND 30 30 30 37 28 30 ND ND ND 40 37 40
G+C content (mol%) 650 610 668 660 660 66:1° 667 675 66:0 665 669 686 668 66:6 624 676
Aerobic growth + + + + + + + + + - + + + + + +
Denitrification - - - - - - - - - - - - - - - S
Fermentative' - S 3 & N &2 o5 8 35543 S ND ND
N,-fixation* S8 3 85 N S S 88 48 48 ND + o+ 4+
Motility - - + + ND + +  +- o+ o+ + + ND + + +
Aromatic compounds (anaerobic)
Toluene (2 %) + + T - - 2+ o+ 4 S8 8
Ethylbenzene (2 %) + - + - + 3 3 3 - 3 - S ND S S S
m-Xylene (2 %) - - - - - +§ -§ -§ -§ S - S ND S S S
p-Ethyltoluene (2 %) - + S S5 N S 5 5555 3 ND S8 8
Propylbenzene (2 %) - - + - ND S - S5 &5 5§ 5 ND S
Benzyl alcohol (0-5, 2) + + + + ND - S+ - S 3  48 ND S8 S
Benzaldehyde (0-5, 2) + + o+ o+ o+ o+ o+ 5 48 ND S8 3




1-Phenylethanol (0-5, 2)
Acetophenone (1 %)
p-Hydroxyacetophenone (2)
(R)-1-Phenylpropanol (0-5, 2)
(8)-1-Phenylpropanol (0-5, 2)
Propiophenone (1 %)
Phenylacetate (1, 4)
Benzoate (1,4)
2-Aminobenzoate (1, 4)
3-Hydroxybenzoate (2)
4-Hydroxybenzoate (1, 4)
Cinnamate (2)
Hydrocinnamate (2)
p-Cumarate (2)
3-(4-Hydroxyphenyl)propionate (2)
Phenol (0-5, 2)
0-Cresol (0-5,2)
m-Cresol (0-5, 2)
p-Cresol (05, 2)
p-Ethylphenol (0-5 %)
Resorcinol (1)
Tyrosine (0-5, 2)
Phenylalanine (0-5, 2)
Aromatic compounds (aerobic)
Toluene (2 %)
Benzoate (1, 4)
Phenylacetate (1)
3-Hydroxybenzoate (2)

Gentisate (2)
Phenylalanine (2)

Alcenoic compounds (anaerobic)

ND
ND
ND

ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND

+ _l_ + Iao: Im I'—O'> IC<7> Iao: Im

ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND

ND
ND
ND
ND




p-Cymene (2,5 %)
a-Phellandrene (1, 2 %)
o-Terpinene (1,2 %)

Limonene (1, 2 %)
Cyclohexane carboxylate (0-5, 2)
Cyclohexanol (1,2 %)
Cyclohexane-1,2-diol (1, 5)

Other substrates (anaerobic)

Glucose (1, 5)
Fructose (1, 5)
Adipate (1, 5)
Malate (1, 5)
Succinate (1, 5)
Lactate (5, 10)
Pyruvate (1,5)
Acetate (1,5)
Acetone (0-5, 2)
Ethanol (1, 5)

+ o+ + + +
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ND
ND
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ND
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ND
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+
ND
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_l_
ND
ND

* Data was taken from: Aromatoleum aromaticum EbN1", Aromatoleum bremensis PoN1" and Aromatoleum petroleum ToN1" (Rabus et al.,
1995); Aromatoleum aromaticum pCyN1 (Harms et al., 1999); Aromatoleum toluolicum T" (Dolfing et al., 1990); Aromatoleum diolicum
22Lin" (Harder, 1997); Aromatoleum evansii KB74OT(Anders et al., 1995); Aromatoleum buckelii U120" (Mechichi et al., 2002); Aromatoleum
anaerobius LuFRes1" (Gorny et al., 1992; Springer et al., 1998); Aromatoleum tolulyticus Tol-4" (Fries et al., 1994; Zhou et al., 1995);
Aromatoleum toluvorans Td21" (Fries et al., 1994; Song et al., 1999); Aromatoleum toluclasticus MF63" (Song et al., 1999); Azoarcus indigens
VB32", Azoarcus communis SWub3", Azoarcus sp. BH72 (Reinhold-Hurek et al., 1993; Reinhold-Hurek & Hurek, 2000). Concentrations are

given in [% (v/v)] or in [mM].

Fermentative growth was tested in with lactate (5 mM) as sole source of organic carbon and ammonium (6 mM) as nitrogen source.

i‘ See also Fig. 1.
¥ Determined in this study.
ND, no data available
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Among these strains growing anaerobically with cyclohexane-1,2-diol. Anaerobic
2-aminobenzoate and phenol degradation are well studied in 4. evansii KB740" and
A. buckelii U120T, but are also known from A. aromaticum EbNI1'. However, most
Aromatoleum spp. have some — albeit limited — capacities to utilize carbohydrates under oxic

conditions, in contrast to members of Azoarcus spp.

Many of the degradative capacities are performed in the absence of molecular oxygen and
involve novel biochemical reactions (Table 3). The most widespread initial reaction in the
anaerobic degradation of alkylbenzenes (e.g. toluene, xylenes) known to date is their radical
driven addition to fumarate yielding the corresponding arylsuccinates. Ethylbenzene on the
other hand is anaerobically hydroxylated to (S)-1-phenylethanol by denitrifiers. Benzoate is
activated to benzoyl-CoA (the central intermediate of anaerobic aromatic compound
degradation), followed by reductive dearomatization and hydrolytic ring cleavage. New
reaction principles have also been recognized for anaerobic degradation of phenylacetate and
resorcinol. Many novel enzymes have been purified and characterized from these pathways,
e.g. phenylglyoxylate:NAD" oxidoreductase from A. evansii KB740" (Hirsch et al., 1998),
ethylbenzene dehydrogenase from 4. aromaticum EbN1" (Kniemeyer & Heider, 2001), or
benzylsuccinate synthase from 4. foluolicum T' (Beller & Spormann, 1997). In addition,
coding genes were discovered, e.g. ebd genes for ethylbenzene dehydrogenase of
Aromatoleum sp. strain EB1 (Johnson et al., 2001). Applying whole genome shotgun
sequencing in conjunction with proteomics the complete gene set for anaerobic ethylbenzene
and toluene degradation were recently determined in 4. aromaticum EbN1" (Rabus et al.,

2002; Kube et al., 2004; Kiihner et al., 2005).

Some members of the Aromatoleum group have previously been shown to grow anaerobically
with crude oil as the only source of organic substrates. A. aromaticum EbN1" utilizes toluene
and ethylbenzene also directly from crude oil (Rabus & Widdel, 1996). Furthermore,
enrichments with crude oil as the only source of organic carbon and nitrate as electron
acceptor were dominated by bacteria affiliating with the Aromatoleum/Azoarcus/Thauera
group of Betaproteobacteria (Rabus et al., 1999). The ability to utilize hydrocarbons during
anaerobic growth with crude oil has implications for both, bioremediation efforts at
contaminated sites (Pelz et al., 2001; Reusser et al., 2002) and the biogeochemistry of oil
fields and reservoirs (Head et al., 2003).
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Table 3. Novel biochemical reactions discovered among members of the new genus Aromatoleum

Reaction

Organism

Reference

Anaerobic

Toluene > (R)-Benzylsuccinate

0-Xylene > o-Methylbenzylsuccinate
m-Xylene = m-Methylbenzylsuccinate
Ethylbenzene - (S)-1-Phenylethanol

Propylbenzene - 1-Phenylpropanol

Resorcinol = Hydroxyhydroquinone - 2-Hydroxy-1,4-benzoquinone
2-Aminobenzoate = 2-Aminobenzoyl-CoA

Phenylglyoxylate = Benzoyl-CoA + CO,

Benzoate = Benzoyl-CoA

Benzoyl-CoA -> Cyclohexa-1,5-diene-1-carbonyl-CoA
Aerobic

Phenylacetate > Phenylacetyl-CoA

Phenylacetate > Homogentisate

2-Aminobenzoyl-CoA > 5-Oxo-2-aminocyclohexadienyl-CoA
Benzoate - Benzoyl-CoA > B-Keto-adipyl-CoA

A. toluolicum T"
A. aromaticum EbN1"
A. tolulyticus Tol-4"

A. toluolicum T'
A. toluolicum T"

A. aromaticum EbN1"
Aromatoleum sp. EB1

A. aromaticum EbN1"
A. anaerobius LuFRes1”
A. evansii KB740"

. evansii KB740"

. evansii KB740"

. evansii KB740"

N N

. evansii KB740"
. evansii KB740"
. evansii KB740"
. evansii KB740"

- SO NG O N

Beller et al., 1997
Rabus & Heider, 1998
Migaud et al., 1996

Beller et al., 1997
Krieger et al., 1999

Rabus & Heider, 1998
Ball et al., 1996

Kniemeyer & Heider, 2001
Phillip & Schink, 1998
Altenschmidt et al., 1991
Hirsch et al., 1998
Altenschmidt et al., 1991
Ebenau-Jehle et al., 2003

Mohamed et al., 2002
Mohamed et al., 2002
Hartmann et al., 1999

Zaar et al., 2001, 2004;
Gescher et al., 2005
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Most members of the Aromatoleum lineage are apparently incapable of N,-fixation, as evident

from the frequent absence a nifH gene (Fig. 1A) and lack of ethylene formation in soft agar

cultures (Fig. 1B and C). However, it should be noted that VFe and FeFe nitrogenases display

10- to 100-fold lower activities for acetylene formation than MoFe nitrogenases (Eady et al.,

1996). Thus, it cannot be excluded that some of the investigated strains may actually possess

one of these two alternative nitrogenases. However, the respective genes should be amplified

by the primer set used here (Tan et al, 2003). Nevertheless, anaerobic degradation of

aromatic compounds/hydrocarbons, aerobic utilization of carbohydrates and plant-associated

life style, respectively, are suitable phenotypic characteristics that could be applied to

differentiate the genera Aromatoleum and Azoarcus (Table 6).

A
visible band formation
B
- - - - - +) - - - + + + -
ethylene formed [pmol]
<0.01/<0.01|<0.01{<0.01(<0.01( 0.04 |<0.01 <0.01{<0.01{ 0.39 | 0.32 | 2.70 (<0.01
visible band formation
C
- - - - - (+) + - - + + + -
ethylene formed [nmol]
<0.3]|<0.3[<0.3|<0.3| 05|15 | 3.0 0.8 [ <0.3| 5.2 |33.2( 4.0|0.3

Fig. 1. Distribution of the capacity to fix N, among members of the Aromatoleum genus. (a)

Amplification of nifH genes. Formation of bands and reduction of acetylene to ethylene during

microaerophilic growth in semi-solid medium with (b) 0-2 % (w/v) agar, acetate as growth

substrate and short-term incubation (5 days), or (c) 0-7 % (w/v) agar, a mixture of growth

substrates and long-term incubation (3 months).
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The complete genome sequence of Aromatoleum aromaticum EbN1'

The complete genome sequence of A. aromaticum EbN1" was only recently determined
(Rabus et al., 2005). It consists of a circular chromosome (4:-3 Mb) and two plasmids (207 and
224 kb), which contain a total of 4603 predicted coding regions (4133 on the chromosome).
Gene clusters for 10 anaerobic and 4 aerobic pathways of aromatic compound degradation
encode more than 150 proteins, emphazising the importance of these degradation capacities
for the metabolism of A. aromaticum EbN1". The unusually high frequency of mobile genetic
elements (e.g. more than 200 transposases) indicate a high plasticity of the genome, which
could be advantageous for lateral transfer of catabolic capacities. The latter process may have
contributed to shaping the overall metabolic diversity within the Aromatoleum lineage. In
addition, the presence of a complete denitrification system and several terminal oxidases for
high and low oxygen concentrations point to a pronounced respiratory flexibility. The
multitude of predicted regulatory proteins probably could enable A. aromaticum EbN1" to
finely tune its metabolic equipment in response to fluctuating availability of nutrients.
Agreeing with this assumption, recent proteomic investigations revealed a high degree of
substrate-specific regulation of degradation pathways in A. aromaticum EbN1" (Kiihner et al.,

2005; Wohlbrand et al., 2007).

Genome comparison of Aromatoleum aromaticum EbN1" and Azoarcus sp.
strain BH72

Recently, also the complete genome of Azoarcus sp. strain BH72 was determined (Krause et
al., 2006) and comparison with 4. aromaticum EbN1" corroborated the ecophysiological
difference between the N,-fixing grass endophytes of the Azoarcus lineage and the soil
inhabiting degradation specialists of the Aromatoleum lineage. (i) Despite their phylogenetic
relatedness, both genomes display a surprisingly low degree of synteny. (ii) The genome of
strain BH72 contains several gene clusters for putative surface components possibly involved
in the endophytic lifestyle. These genes are either completely missing in strain EbN1" or more
highly related to genes of plant-associated or pathogenic bateria. (iii) In contrast to strain
EbN1", a complete denitrification system is absent in strain BH72. (iv) The genome of strain

BH72 contains only very few phage or transposon related genes, which could reflect the
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relatively stable, low-stress microenvironment in the plant, not requiring the endophyte to

exhibit a high degree of genetic adaptability.

The Azoarcus and Thauera groups

Azoarcus spp. were originally isolated from Kallar grass collected in Pakistan (Reinhold et
al., 1986; Reinhold-Hurek et al., 1993). Species of Azoarcus sensu stricto sp. strain BH72 and
A. indigens were recognized as endophytes of roots of Kallar grass and rice species
(Reinhold-Hurek et al., 1993; Engelhard et al., 2000). Strain BH72 even provides reduced
nitrogen from N,-fixation to its host plant, thriving in return on simple plant metabolites such
as malate (Hurek et al., 2002). A. communis, however, harbours a root surface-associated
strain SWub3" as well as strains from oil-contaminated sludge such as strain S2 (Reinhold-
Hurek et al., 1993). The type species is Azoarcus indigens VB32". Thus far, N,-fixing, plant-
associated Azoarcus spp. have not been associated with the degradation of recalcitrant
compounds. Key properties are rather colonization of plant tissue and mechanisms of plant-
microbe interactions. Here, growth studies demonstrated that the plant-associated Azoarcus
spp. in fact lack the capacity for anaerobic utilization of aromatic or terpenoic compounds

(Table 2).

The type strain of the Thauera genus, T. selenatis AX', was the first organism demonstrated
to use selenate as electron acceptor for anaerobic respiration (Macy et al., 1993). In addition,
the Thauera genus contains several denitrifying bacteria that display remarkable degradative
capacities as observed with the Aromatoleum spp.. T. aromatica K172" (Anders et al., 1995)
is well studied with respect to anaerobic degradation of various aromatic compounds such as
toluene, phenol, phenylalanine, 2-aminobenzoate and benzoate; except for toluene, these
compounds are also utilized under oxic conditions (e.g. Heider et al., 1998). T. phenylacetica
B4P', T. aminoaromatica S2" (Mechichi et al., 2002), T. mechernichensis TL1" (Scholten et
al., 1999) and T. chlorobenzoica 3CB-1" (Song et al., 2001) grow anaerobically and
aerobically with a wvariety of substituted benzoates. The characteristic property of
T. linaloolentis 47Lol" and T. terpenica 58Eu' is the anaerobic utilization of oxygen-
containing monoterpenes, such as menthol (Foss & Harder, 1998). Strain mXyN1' can grow
anaerobically with m-xylene in addition to toluene (Rabus & Widdel, 1995) and utilizes both
alkylbenzenes also from crude oil (Rabus & Widdel, 1996). Strain pCyN2' grows

anaerobically with p-cymene and several monoterpenes, but not with toluene (Harms et al.,
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1999). Phylogenetic analyses suggest that strains mXyN1' and pCyN2' represent new

Thauera species, with their closest relatives being 7. terpenica 58Eu’ and T. aromatica

K172", respectively (Fig. 2).

56

Aromatoleum petroleum ToN1" (X83534)

Aromatoleum evansii KB740" (X77679)

Aromatoleum toluvorans Td-21" (L33692)

Aromatoleum toluolicum T" (AF129465)

52 I:Aromatoleum tolulyticus Tol-4T (L33694)
Aromatoleum toluclasticus MF63" (AF123077)

o0 | = Aromatoleum diolicum 22Lin" (Y 13222)

92

Aromatoleum bremensis PbN1" (X83532)

100

Aromatoleum anaerobius LuFRes1" (Y14701)
— 55 Aromatoleum buckelii U120" (AJ315676)
52 Aromatoleum aromaticum pCyN1 (Y17284)
' Yromatoleum aromaticum EbN1" (X83531)
Azoarcus indigens VB32" (L15531)
57 Azoarcus sp. BH72 (AF011344)
% Azoarcus communis SWub3" (AF011343)
100 I‘strain pCyN2 (Y 17285)
Thauera terpenica 58Eu’ (AJ005817)
% Thauera linaloolentis 47Lol" (AJ005816)
68 —— Thauera chlorobenzoica 3CB-1" (AF123264)
> % L Thauera mechernichensis TL1" (Y17590)
Thauera selenatis (X68491)
strain mXyN1 (X83533)
Thauera aromatica K172" (X77118)
Thauera aminoaromatica S2" (AJ315677)
Thauera phenylacetica BAPT (AJ315678)
Zoogloea ramigera (D14254)
Rhodocyclus purpureus (M34132)
10 I— Rhodocyclus tenuis (D16209)

Rubrivivax gelatinosus (D16214)

99

90

36

0.01

Fig. 2. Phylogenetic tree (neighbor-joining) revealing the clustering of the genera

Aromatoleum, Azoarcus and Thauera within the Rhodocyclus group of Betaproteobacteria.
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DNA base ratios and DNA/DNA-hybridization groups

The rather narrow range of the G+C-content (61-0 to 68-6 mol%; Table 2) among the
Aromatoleum spp. is indicative of a close genetic relationship. DNA/DNA-hybridization
experiments demonstrate that strains EbN1" and pCyN1 represent the same species (DNA-
DNA-similarity 78-7 %, reciprocal 103-5 %), agreeing with their close branching in the
phylogenetic tree (Fig. 2). Notably, they have markedly different substrate ranges, with only
strain pCyN1 anaerobically degrading monoterpenes. In contrast, strains ToN1" and KB740"

represent different species, despite their close branching in the phylogenetic tree (Fig. 2).

Phylogenetic relationship

The phylogenetic tree (Fig. 2) reveals that the genera Aromatoleum, Azoarcus and Thauera
form three distinct clusters within the Rhodocyclus group of Betaproteobacteria. Close
genetic relationship between the two ethylbenzene-degrading strains EbN1' and EBI is
indicated by the high degree of sequence similarity of the respective ethylbenzene
dehydrogenase subunits (Johnson et al., 2001; Rabus ef al., 2002). FAME analysis revealed
overall very similar fatty acid compositions among the various tested species from the
Aromatoleum, Azoarcus and Thauera genera, with 16:1w7c and 16:0 representing generally
the most abundant fatty acids (Table 4), agreeing with previous studies (Song et al., 1999,
2001). Thus, phylogenetic clustering among the studied bacteria may reflect to a large extent

their metabolic specificities.

The 16S-rRNA gene based phylogenetic tree (Fig. 2) revealed very close relationships within
two strain pairs (ToN1" and KB740', EbN1' and pCyN1), even though these strains differ
markedly with respect to their degradative capacities (Table 2). Comparative peptide profiling
by mass spectrometry was performed to further differentiate these two incidents of closely
related strains. The concept of identifying microorganisms by MALDI-MS relies on the
reproducible measurement of stably formed proteins (Lay, 2001), which are mostly ribosomal
(Arnold & Reilly, 1999; Fenselau & Dimerev, 2001). In the present study, each analyzed
culture was correctly identified as first hit when matching the respective sample spectra with
the library spectra. In general, a minimum score value of 100 reflects a very close relationship
or identity of the tested (unknown) organisms to the library entry. The score values for each of

the four analyzed strains matched against its correct library entry (self-matching) and
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Table 4. Relative amounts of cellular fatty acids (FAME) of members of the genera Aromatoleum, Azoarcus and Thauera

Aromatoleum Azoarcus Thauera
FAME * EbN1 pCyN1 PbN1 ToN1 T 22Lin KB740 U120 LuFRes1 Tol-4 Td21 VB32 K172 TL1 S2 B4P 3CP-1 47Lol 58Eu Pivl pCyN2 mXyN1
8:0 30H 0-0 0-02
10:0 05 0-6 0-6 0-4 0-8 0-8 0-4 1-0 05 0-4 0-4 03 0-5 0-3 0-3 0-5 0-4 0-3 0-4 0-6 0-4
10:0 30H 5-8 5:0 60 5-4 57 42 55 82 52 59 4-8 45 52 33 31 2-8 5-4 55 42 47 2-1 6-0
unknown 11-799 02
12:0 57 6-0 5-8 56 57 46 5-8 60 52 62 44 57 54 49 5:0 36 52 55 43 49 61 59
12:0 30H 1-8 1-9 1-5 0-4 0-5
14:0 0-6 0-4 0-4 0-3 0-7 0-6 0-4 1-9 0-4 0-6 0-4 12 1-4 0-4 03 0-4 0-4
Mixture” 52:0 533 48-0 472 529 572 49-4 535 472 534 54-4 41-6 41-6 44-0 407 562 437 457 556 48-8 547 41-5
16:1 w5¢ 0-6 0-7 0-8 1-0 1-9 12 0-5 1-9 0-8 0-8 0-7 0-8 0-8 1-0 12 0-7 0-8 1-0 1-5 0-7 0-7
16:0 25-8 22:6 264 311 217 225 322 145 329 252 283 359 30-0 231 39:6 20-6 292 253 24-0 21-6 233 313
17:0 cyclo 10 03
18:1 ®7c 92 11-8 12-0 87 11-3 65 58 145 24 77 62 10-3 15-8 219 76 9-8 144 162 10-1 17-1 12-2 136
18:1 ®5¢ 0-3
18:0 0-6 03 03 0-4
Mixture* 2:4 4-0 2:5
18:0 02
Total 97-0 100-0 99-5 99-9 93-4 100-0 98-3 99-5 982 100-0 98-4 96-3 984 99-4 994 99-0 99-6 99-3 99-3 99-7 100-0 99-5

" Relative amounts of FAME are given in [%].
16:1 ®7c and 15 iso 20H could not be separated under the applied analytic conditions. However, in analogy to previous studies (Song et al.,

1999, 2001) it is most likely 16:1 w7c.
* The unknown 18846, 19:1 w6c and 19:0 cyclo ®10c could not be separated under the applied analytic conditions.




Aromatoleum gen. nov., a novel genus accomodating...

ranged from 150 to >300. The second hit in the result list always represented the most closely
related strain (based on 16S rRNA gene). The differences in score values between first and
second hit were ~50 for strains EbN1" and pCyN1, and ~130 for strains ToN1" and KB740".
Unsupervised multivariate analysis (Principal Component Analysis) of mass spectra clearly
allowed discriminating the two strain pairs (Fig. 3A): the variation within three independent
cultivations and 8 technical replicates is much smaller than the variation between the strains.
The reproducibility of biological and technical replicates is shown in Fig. 3 B and C. The high
resolution of MALDI-MS-based protein profiling of whole cells allows differentiation on the
strain level. In case of strains EbN1" and pCyN1 the resolved differences in protein profiles

were obviously too sensitive for the current species definition.

Table 5. Sequence similarities of amplification products from tested strains to known nifH genes

Strain Similarity Homolog Organism
[%o]
A. diolicum 22 Lin" 91" nifH Sinorhizobium sp. CFNEI 54
83! nifH Aromatoleum tolulyticus Tol-4"
A. tolulyticus Tol-4" 89" nifH Methylocystis echinoides
92' nifH Aromatoleum tolulyticus Tol-4"
80" Ideonella sp. Long 7
80' nifH Aromatoleum tolulyticus Tol-4T
A. toluvorans Td21" 8895 nifH Methylocystis sp. LWS
94" nifH Derxia gummosa
A. indigens VB32" 95° “Mo-Nitrogenase” Azoarcus sp. BH72
95' nifH Azoarcus indigens vB32T
82" nifH Azoarcus indigens vB32!
81t “Mo-Nitrogenase” Azoarcus sp. BH72

" Sequencing with forward-primer

Sequencing with reverse-primer

Table 6. Phenotypic properties that are suitable for differentiation of the genera Aromatoleum und

Azoarcus.

Property Aromatoleum Azoarcus
Anaerobic degradation of aromatic compounds and N i
hydrocarbons

Endophytic life style - +
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Fig. 3. MALDI-MS-based differentiation of closely related Aromatoleum strains. (a)
Princi;r)al Component_Analysis of MALDI-MS spectra from the Aromatoleum strains
EbN1’, pCyN1, ToN1" and KB740". For each organism 24 spectra were analyzed, which
were obtained from 3 independent cultures and 8 technical replicates. T(b) Averaged
MALDI-MS spectra based on 24 single measurements from strains EbN1" (green) and
pCyN1 (red). Two remarkable m/z ion differences (7725 and 9924), which are only
present in strain EbN1', are marked by arrows. (c) Gel view representation of MALDI-MS
spectra, reflecting the intensity of m/z ions with a gray scale.
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Description of Aromatoleum gen. nov.

Ar.o.ma'to.le.um L. n., Aromatoleum, indicating that the members of this genus grow with a
multitude of aromatic compounds and crude oil components. Cells are rod-shaped and often
motile. They are facultative aerobes that use nitrate as alternative electron acceptor under
anoxic conditions. During denitrification nitrite may be accumulated intermediately. They
oxidize organic carbon substrates completely to CO,. Their outstanding physiological
property is the anaerobic degradation of alkylbenzenes or monoterpenes. Various polar
aromatic compounds may be utilized under anoxic and oxic conditions. Low molecular
weight acids (e.g. lactate or malate) and alcohols (e.g. ethanol) also serve as growth substrate.
Their G+C-content ranges from 61-0 to 68-:6 mol%. Aromatoleum belongs to the Rhodocyclus

group of Betaproteobacteria, with Azoarcus and Thauera as the most closely related genera.

Description of Aromatoleum aromaticum sp. nov.

ar.o.ma'ti.cum. M. L. adj. aromaticum, indicating that the organism can grow with multiple
aromatic compounds.

A. aromaticum has rod-shaped cells (0-6-1-0 x 1:2-2:5 pm) and is non-motile. The
temperature range for growth is from 5 to 40 °C, with an optimum at 31 to 32 °C. The pH
range for growth is between 6-1 and 9-0, with an optimum around 7-4. The type strain EbN1"
was isolated with ethylbenzene under nitrate-reducing conditions; shortest doubling times
with ethylbenzene are 11 h. A. aromaticum EbN1" is the only known denitrifier that degrades
toluene in addition to ethylbenzene. Both alkylbenzenes can also be utilized from crude oil
under nitrate-reducing conditions. They cannot be degraded aerobically. During
denitrification nitrite is intermediately accumulated. Anaerobic growth of strain EbN1" also
occurs with benzyl alcohol, (R)- and (S)-1-phenylethanol, 2-phenylethanol, benzaldehyde,
acetophenone, 4-hydroxyacetophenone, benzoate, 3-hydroxybenzoate, 4-hydroxybenzoate,
2-aminobenzoate, phenylacetate, cinnamate, hydrocinnamate, p-cumarate, 3-(4-
hydroxyphenyl)propionate, phenol, p-cresol, p-ethylphenol, phenylalanine, acetone,
2-butanone, succinate, malate, ropionate, butyrate, valerate, caproate, lactate, pyruvate,
acetate, ethanol, propanol, isopropanol, 1-butanol and 2-butanol. Compounds that are not
utilized by strain EbN1": n-alkanes, alicyclic compounds, monoterpenes, higher fatty acids
and carbohydrates. Complete substrate oxidation to CO, proceeds via the TCA-cycle. A

second strain of this species, strain pCyNl1, was isolated with p-cymene under nitrate-
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reducing conditions; shortest doubling times are around 12 h. p-Cymene can also be utilized
under aerobic conditions. Moreover, the alkylbenzenes toluene and p-ethyltoluene, and the
monoterpenes o-phellandrene, o-terpinene, y-terpinene, limonene, isolimonene, sabinene,
a-pinene and p-menth-1-ene support anaerobic growth of strain pCyN1. Further anaerobic
growth substrates of strain pCyNl are: p-cresol, benzyl alcohol, 3-phenyl-1-propanol,
p-isopropylbenzyl alcohol, benzaldehyde, p-ethylbenzaldehyde, p-isopropylbenzaldehyde,
benzoate,  phenylacetate,  3-phenylpropionate,  p-ethylbenzoate,  p-propylbenzoate,
p-isopropylbenzoate, 3-hydroxybenzoate, 4-hydroxybenzoate, 2-aminobenzoate, cinnamate,
hydrocinnamate, p-cumarate, 3-(4-hydroxyphenyl)propionate, mandelate, phenylalanine,
tyrosine, tryptophane and several low molecular weight alcohols and acids. Habitat: A.
aromaticum strains EbN1" and pCyN1 were isolated from ditches and Weser sediment
(Bremen). The G+C contents are 65-0 and 61-0 mol%, respectively. The closest relative is A.
buckelii strain U120". A. aromatoleum contains the type strain EbN1" (= DSM 19018") and
the strain pCyN1 (= DSM 19016).

Description of Aromatoleum petroleum sp. nov.

pe'tro.le.um M. L. adj. petroleum, indicating that the organism can grow with crude oil.

Cells are rod-shaped (0-6-0-8 x 1-2 pm) and motile. 4. petroleum was isolated with toluene
under nitrate-reducing conditions. Toluene can also be utilized from crude oil under
denitrifying conditions, but not aerobically. Anaerobic growth also occurs with phenol,
p-cresol, benzyl alcohol, benzaldehyde, 3-hydroxybenzoate, 4-hydroxybenzoate,
2-aminobenzoate, cinnamate, hydrocinnamate, p-cumarate, 3-(4-hydroxyphenyl)propionate,
acetone, 2-butanone, benzoate, phenylacetate, phenylalanine, pyruvate and acetate. Habitat: A.
petroleum was isolated from ditches and Weser sediment (Bremen). The G+C content is 66-0

mol%. The closest relative is A. evansii KB740". The type strain is ToN1" (= DSM 19019").
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Description of Aromatoleum bremensis sp. nov.

bre.men'sis N. L. m bremensis, indicating that samples for initial enrichments originated from
Bremen.

Cells are rod-shaped (1 x 1-5-2:5 pum) and motile. A. bremensis was isolated with
propylbenzene under nitrate-reducing conditions. Further substrates for anaerobic growth are:
ethylbenzene, phenol, benzyl alcohol, 1-phenylethanol, 1-phenyl-1-propanol, benzaldehyde,
acetophenone, propiophenone, phenylacetate, benzoate, 3-hydroxybenzoate,
4-hydroxybenzoate, 2-aminobenzoate, cinnamate, hydrocinnamate, p-cumarate, 3-(4-
hydroxyphenyl)propionate, acetone, 2-butanone, acetate and pyruvate. Habitat: 4. bremensis
was isolated from ditches and Weser sediment (Bremen). The G+C content is 66:8 mol%. The

closest relative is A. anaerobius LuFRes'. The type strain is PbN1" (= DSM 19017").

Description of Aromatoleum toluolicum sp. nov.

tol.u.o'li.cum M. L. adj. toluolicum, indicating that the organism can grow with toluene.

Cells are rod-shaped (0-5-0-7 x 1-5-3-5 um) and motile. A. foluolicum was isolated with
toluene under nitrate-reducing conditions. Further anaerobic growth substrates are: m-xylene,
benzaldehyde, phenylacetate, benzoate, 2-aminobenzoate, 3-hydroxybenzoate,
4-hydroxybenzoate, p-cumarate, 3-(4-hydroxyphenyl)propionate, phenol, m-cresol, p-cresol,
tyrosine, phenylalanine and cyclohexane carboxylate. Habitat: A. toluolicum was isolated
from a toluene-degrading laboratory aquifer column. The G+C content is 66:1 mol%. The

closest relative is A. evansii KB740". The type strain is T' (= DSM 19020").

Description of Aromatoleum diolicum sp. nov.

di.o'li.cum M. L. adj. diolicum, indicating that the organism can grow with alicyclic diols, e.g.
cyclohexane-1,2-diol.

Cells are oval to rod-shaped (1-:3-2-2 x 0-7-1 um) and motile. The temperature range for
growth is between 16 and 38 °C, with an optimum around 30 °C. A. diolicum was isolated
with cyclohexane-1,2-diol under nitrate-reducing conditions. Shortest doubling times during
anaerobic growth with cyclohexane-1,2-diol were 5 h. Further anaerobic growth substrates
are: 2-hydroxycyclohexanone, cyclohexane-1,2-dione, cyclohexanecarboxylate, benzoate,

3-hydroxybenzoate, 4-hydroxybenzoate, p-cumarate, 3-(4-hydroxyphenyl)propionate,
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phenylacetate, glucose, adipate, lactate and acetate. Habitat: A. diolicum was isolated from
activated sludge from a waste-water plant. The G+C content is 66-7 mol%. The closest
relatives are A. toluolicum T and A. tolulyticus Tol-4". The type strain is 22Lin" (= DSM
15408").

Transfer of aromatic compound-degrading Azoarcus spp. to Aromatoleum gen.

nov.

The aromatic compound-degrading denitrifiers Azoarcus evansii KB740", A. buckelii U120",
A. anaerobius LuFResl®, A. tolulyticus Tol-4", A. toluvorans Td21" and A. toluclasticus
MF63" are all members of the same phylogenetic clusters as the above described
Aromatoleum spp. Moreover, they share the capacity to degrade aromatic compounds under
nitrate-reducing conditions. Transfer from the Azoarcus genus to the Aromatoleum genus
should reflect this prominent metabolic difference to the plant-associated species of Azoarcus

sensu stricto.

Circumscription of Azoarcus evansii as Aromatoleum evansii comb. nov.

Aromatoleum evansii was isolated with 2-aminobenzoate under nitrate-reducing conditions
(Braun & Gibson, 1984) and formerly described as Azoarcus evansii (Anders et al., 1995).
Details on its physiological characteristics were previously reported (Anders et al., 1995). The

type strain is KB740" (= DSM 6898").

Circumscription of Azoarcus buckelii as Aromatoleum buckelii comb. nov.

Aromatoleum buckelii was isolated with phenol under nitrate-reducing conditions (Tschech &
Fuchs, 1984) and formerly described as Azoarcus buckelii (Mechichi et al., 2002). Details on
its physiological characteristics and original description were previously reported (Mechichi

et al., 2002). The type strain is U120" (= DSM 14744").
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Circumscription of Azoarcus anaerobius as Aromatoleum anaerobius comb.

nov.

Aromatoleum anaerobius was isolated with phenol under nitrate-reducing conditions (Gorny
et al., 1992) and formerly described as Azoarcus anaerobius (Springer et al., 1998). Details
on its physiological characteristics and original description were previously reported

(Springer et al., 1998). The type strain is LuFRes1" (= DSM 12081").

Circumscription of Azoarcus tolulyticus as Aromatoleum tolulyticus comb.

nov.

Aromatoleum tolulyticus was isolated from toluene-degrading, nitrate-reducing enrichment
cultures (Fries et al., 1994) and formerly described as Azoarcus tolulyticus (Zhou et al.,
1995). Details on its physiological characteristics and original description were previously

reported (Zhou et al., 1995). The type strain is Tol-4" (= ATCC 51758").

Circumscription of Azoarcus toluvorans as Aromatoleum toluvorans comb.

nov.

Aromatoleum toluvorans was isolated from toluene-degrading, nitrate-reducing enrichment
cultures (Fries et al., 1994) and formerly described as Azoarcus toluvorans (Song et al.,
1999). Details on its physiological characteristics and original description were previously

reported (Song et al., 1999). The type strain is Td21" (= ATCC 700604" = DSM 15124").

Circumscription of Azoarcus toluclasticus as Aromatoleum toluclasticus comb.

nov.

Aromatoleum toluclasticus was isolated from toluene-degrading nitrate-reducing enrichment
cultures (Fries ef al., 1994) and formerly described as Azoarcus toluclasticus (Song et al.,
1999). Details on its physiological characteristics and original description were previously

reported (Song et al., 1999). The type strain is MF63" (= ATCC 700605").
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