"Reifung und Assemblierung der [NiFe]-Hydrogenasen aus
Escherichia coli: Eisen und Regulation "

Dissertation

zur Erlangung des akademischen Grades

doctor rerum naturalium (Dr. rer. nat.)

vorgelegt der

Naturwissenschaftlichen Fakultit I
Biowissenschaften

der Martin-Luther-Universitit Halle-Wittenberg
von

Frau Constanze Pinske

geb. am 24.12.1983 in Berlin

Gutachter /in

1. Prof. Dr. R. Gary Sawers
2. Prof. Dr. Milton T. Stubbs

3. Prof. Dr. Thomas Happe

Halle (Saale), den 27.06.2012


Prof. Dr. R. Gary Sawers

Prof. Dr. Milton T. Stubbs

Prof. Dr. Thomas Happe

                        27.06.2012


“Whatever it is you're seeking won't come in the form you're expecting.”
— Haruki Murakami 'Kafka on the Shore' —



Inhaltsverzeichnis Il

Inhaltsverzeichnis
INhAIESVEIZEICIIILS ..veuereneenierniereeereecrseccseccseccseccsseossesssssssesesssossssssesssesssessssssssssss LL1
ADKUIZUNGSVETrZEICHIIS ..ccceeiercnnnrriccsiissnnrrecissssnsrncccsssnssnncsssssnssssscssssnsssssssssssss ¥

ADbDbildungsverZeiChniS.......cccovvvveeericisiscsnnniccsscssnnnnncsssssnsenncsssssssssencsssssssssnscsss VI

1. EINICItUNG....ccuuuunerririiiiinnnniiecisicsnnnenecssssnssnnecssssnsssnscssssssssnnsssssssssssssssssssssssnscss |

1.1 [FeFe]-Hydrogenase von Chlamydomonas reinhardtii.... . certessnsnssasnesassesestenes 3
1.2 Verschiedene Lebensweisen bedingen verschiedene Reaktionsrichtungen.............cceeceveeueeeuneee. 4
1.3 Wasserstoffoxidation und Reduktion sind in E. coli méglich... . . cerresesresannes 5
1.4 Formiatmetabolismus........ . . . . . cerseressanenees 8
1.5 Reifung und Ni-Fe(CN),CO Insertlon ..... . . . . w11
1.6 Aufnahme von Metallen und Regulation. . . . . . .13
1.7 Fnr Regulator und [FeS]-Cluster Biosynthese... . . . . . .. 15

2. EXGeDMUSSC.uuuueeiiiiiiiinnnriicssissnnnnnicsssssnssnecsssssssssnessssssssssssssssssssssssssssssssssssssssss 1O

2.1 Ubersicht iiber Publikationen und Manuskripte . .. 18

2.2 Die Rolle des Eisen-Aufnahme Regulators Fur und der Elsen-Homoostase bel der Kontrolle

der [NiFe]-Hydrogenase Mengen in Escherichia coli. . . . .20
2.2.1 Zusammenfassung 20
2.2.2 Artikelkopie 21

2.3 Eisen Limitierung induziert die priferentielle Herabregulation der H,-verbrauchenden vor
der H,-produzierenden Reaktion wihrend des fermentativen Wachstums von Escherichia coli.29

2.3.1 Zusammenfassung 29
2.3.2 Artikelkopie 30
2.3.4 Zusitzliche Ergebnisse 42

2.4 Effizienter Elektronentransfer von Wasserstoff zu Benzylviologen durch die [NiFe]-
Hydrogenasen von Escherichia coli ist abhiingig von der Koexpression der Eisen-Schwefel

Cluster enthaltenden kleinen Untereinheit. .. . .- .- .- .- .. 43
2.4.1 Zusammenfassung 43
2.4.2 Artikelkopie 44
2.4.3 Zusitzliche Ergebnisse 56
2.5 Enthiillung von Stoffwechseldefekten des biotechnologisch-bedeutsamen Modelbakteriums
Escherichia coli BL21(DE3).... . . . . . .. 58
2.5.1 Zusammenfassung 58
2.5.2 Artikelkopie 58
2.5.4 Zusitzliche Ergebnisse 72
2.6 Die respiratorischen Molybd:iin-Selenoproteine der Formiatdehydrogenasen von Escherichia
coli besitzen Wasserstoff: Benzylviologen Oxidoreduktase Aktivitiit......... . . .. 74
2.6.1 Zusammenfassung 74

2.6.2 Artikelkopie 75



Inhaltsverzeichnis IV

2.7 Das A-typ Triger-Protein ErpA ist essentiell fiir die Ausbildung aktiver Formiat-Nitrat

Respiration in Escherichia coli K-12. . . . . . .. 86
2.7.1 Zusammenfassung 86
2.7.2 Artikelkopie 86

2.8 Der Transfer von Eisen-Schwefel Clustern zu [NiFe|-Hydrogenasen in Escherichia coli

benotigt die A-typ Triiger-Proteine ErpA und IscA. . . . .. 95
2.8.1 Zusammenfassung 95
2.8.2 Artikelkopie 95

3. DISKUSSION ceuueerennerenecerenceeeeeceeeeeseescereseessssesssssessssssssssssssssssssssssssssssssssasssssasees 113

3.1 Eisenverfiigbarkeit und Fur ........ . . . . 113
3.2 Die kleinen Untereinheiten und [FeS]- Cluster . . . . . .116
3.3 Fnr™ -Stimme haben nicht nur einen Hyd -Phéinotyp ... . . .119
3.4 FHL im Formiatkonzept... . . . . . . 122
3.5 Ausblick zur technischen Verwendbarkeit ........ . . . . .123

4. ZuSammeNTaASSUNG .....coeeeerievnerreccssssnsrrecssssssssrecsssssssssssssssssssssssssssssssssssccse 124

5. LiteraturVerZEeICHIIS c.ceeceeeieenieeecernceseecssesssesssesssescssesssssssesssesssesssesssessssssseses 120

ADNNANG acueeeriiiinnnniiiiiiiinttiiicnssssnntteccssssssssnncsssssssssnsssssssssssssssssssssssssssssssssssscese 140

Anhang 1 zu Artikel 2.3 140
Anhang 2 zu Artikel 2.5 140
Anhang 3 Charakterisierung von fiur-Gendeletionen 142

PubliKationSIISTe c.ccceeuunnerriccssissneneccssssnnrnnccsssssnssnncssssssssnncssssnsssnncsssssssssncssces 143
DanKSAGUNE ..ccuueerriiiiiisnnnriecssissnnnniccssssnssnecsssssssssnessssssssssssssssssssasssssssssssssscccse 144
EXKIATUNG ..ccounennriiiiiiiinnnniiicnsissnnnniccssssnnsnecsssssssssnecssssssssssssssssssssssssssssssssssscese 149

LebDenSIaUL.....ueueereeireeierencreencerenecerencereeecseesesssssssssssssssessssssssssosssssssssssssasessesses 140



Abkiirzungsverzeichnis

Abkiirzungsverzeichnis

ABC
ATC
ATP
BV
Da
DMSO
DNA
o
%
EPR
etal.
FAD

ATP binding cassette

A-typ Tréiger (4-type carrier) Protein
Adenosin-5’-triphosphat

Benzylviologen (1,1'-Dibenzyl-4,4'-bipyridinium dichlorid)
Dalton (Masseneinheit - 1 Da =1 g mol1)
Dimethylsulfoxid

Desoxyribonukleinsaure

Elektron

Redoxpotential unter Standardbedingungen (25 °C, pH 7,0, 1 atm)
Elektronenspinresonanz (electron paramagnetic resonance)

et alii —und andere

Flavin-Adenin-Dinukleotid

Fdh-H/-O/-N Formiatdehydrogenase-H (hydrogen) /-0 (oxygen)/-N (nitrate)
[FeS]-Cluster Eisen-Schwefel-Cluster

FHL
Fnr

Fur
H/MPT
Hyd

Isc

Kwum

MS

Formiat Hydrogenlyase

Transkriptionsregulator fiir Sauerstoff (fumarate nitrate regulator)
Transkriptionsregulator fiir Eisenaufnahme (ferric uptake regulation)
N° N'°- (Methenyl/Methylen)-tetrahydromethanopterin
Hydrogenase

Eisen-Schwefel Cluster Insertion (iron sulfur cluster)
Michaelis-Menten Konstante

Massenspektrometrie

Mo-bis-MGD Molybdopterin-Guanin Dinukleotid Kofaktor
NAD/NADH Nicotinamid-Adenin-Dinucleotide oxidiert/reduziert

Nar
Page
PDB
pKd
pKa
RNA
SDS
Suf
Tat

Nitratreduktase

Polyacrylamid-Gelelektrophorese

Proteindatenbank fiir Kristallstrukturen

negativer dekadischer Logarithmus der Dissoziationskonstante
negativer dekadischer Logarithmus der Sdurekonstante
Ribonukleinsdure (MRNA — messenger; tRNA - transfer)
Natriumdodecylsulfat

Eisen-Schwefel Cluster Insertion (sulfur assimilation)
Proteintransportsystem (Twin arginine translocation)

Unit (Umsatz von 1 pmol Substrat je Minute)



Abbildungsverzeichnis VI

Abbildungsverzeichnis

Abb. 1 Darstellung der aktiven Zentren und prosthetischen Gruppen der [FeFe]-, [Fe]- und

[NIFE]-HYAIrOZENASEN. .....eeeiieeiieiieeie ettt ettt ettt ettt e s e ebeesateenbeessseeseens 2
Abb. 2 Anordnung der E. coli Hydrogenasen in der Cytoplasmamembran nach (Forzi &

SAWETS, 2007). c.neeeeieeeeiiie ettt ee e e e et e e e e st e e e e e sbaeeeeeaaaeeeeaabaeeeeanraeeeeanraaeeeanraaeas 6
Abb. 3 Zyklovoltammetrische Analyse der Hyd-1 (Dunkelgrau) und Hyd-2 (Hellgrau)

Aktivitdten aus E. coli (entnommen und modifiziert nach (Lukey et al., 2010)). ............. 8
Abb. 4 Anordnung der Gene hypF, hycA-I, hypA-E und fhiA auf dem E. coli Genom. .......... 11

Abb. 5 Regulatorisches Netzwerk der strukturellen und akzessorischen Hydrogenasegene. .. 14

Abb. 6 Sekundérstruktur- und Oberflichen-Darstellung einer PHYRE Vorhersage der Fnr

Struktur (Kelley & Sternberg, 2009). .......cccuiiiiiiiiiiieiieeeeeie et 15
Abb. 7 Mechanismus der bakteriellen [FeS]-Biosynthese mittels des Isc und des Suf-Systems

(modifiziert nach Lill, 2009). .....oooiiiiiiiieeeeeeeee et e en 17
Abb. 8 Mogliche durch Fur-vermittelte Regulation der Hydrogenasen.............ccccoccveevuvennenne. 21

Abb. 9 Schema der Eisen-Transportsysteme von E. coli (nach (Andrews et al., 2003)). ....... 30
Abb. 10 Reifung der Hyd-2 groBBen Untereinheit in Abhéngigkeit der Eisenverfiigbarkeit. ... 42

Abb. 11 Reinigung von anaerob angezogenem His-HycE aus PMOS (Apfl4) ohne

FOrmiatZuZabE. ......cc.eiiiiiiiiieiieeie ettt ettt ettt st e e s e e naeenseen 56
Abb. 12 Wachstumskurve, H,-Produktion und Aktivitdt der Hy-oxidierenden Enzyme. ........ 57
Abb. 13 Benzylviologen Formiatdehydrogenase Uberschichtungstest...............ccccceueveveennen. 72

Abb. 14 Abhingigkeit der Hydrogenase Reifung und Hyd-2, PfIB und HycE Enzymmengen
VON PH UNA FNT. 1ottt ettt enee s 73



Einleitung 1

1. Einleitung

Die Zusammensetzung des uns zuginglichen Teils des Weltalls wird auf 63 % Wasserstoff
(H), 36 % Helium und 1 % iibriger Elemente geschétzt und damit kann Wasserstoff als das
héufigste Element des Weltalls bezeichnet werden. Auf der Erde kommt Wasserstoff fast nur
chemisch gebunden vor und macht dabei 88 % der Gesamtmasse der Erdkruste aus (ROmpp et
al., 1992). Freier molekularer Wasserstoff tritt dagegen nur in Spuren auf und hat einen
Volumenanteil von 500 ppm an der Lufthiille der Erde. Dieses Gas wurde 1766 von Henry
Cavendish bei der Auflosung von Metallen in Sduren entdeckt und als leicht entflammbare
Luft, die zu Wasser verbrennt, beschrieben (Gaffney & Marley, 2005; Tomory, 2009).
Physiologisch sind Wasserstoff-Transfer Reaktionen, katalysiert durch Dehydrogenasen,
Hydrogenasen und Oxidoreduktasen oftmals unter Beteiligung von Kofaktoren wie NAD und
FAD, wichtig und liefern durch den Aufbau von Protonengradienten an Membranen weit
mehr Energie als z.B. die Oxidation von Kohlenstoff zu CO,. Eine besondere Rolle spielen
Hydrogenasen (Hyd), welche erstmals von Stephenson und Stickland beschrieben wurden und
welche die reversible Oxidation von molekularem Wasserstoff zu Protonen und Elektronen
katalysieren (Stephenson & Stickland, 1931). Sie werden in der Enzymklasse EC 1.12.1.2 den
Oxidoreduktasen zugeordnet. Der von diesen Enzymen verwendete H; ist aus technologischer
Sicht unentbehrlich, denn es entstehen bei der Verbrennung von H, mit Sauerstoff nur
Verbrennungswirme (120 MJ kg™') und Wasser, weshalb Wasserstoff fiir die sauberste

Alternative zu fossilen Brennstoffen gehalten wird (Thauer ef al., 2010).

Hydrogenasen kommen ubiquitér in den drei Doménen des Lebens vor (Vignais ef al., 2001).
Phylogenetische Analysen basierend auf den Aminosiuresequenzen der katalytischen
Untereinheiten erlauben hierbei eine Klassifizierung in drei distinkte Arten (Wu & Mandrand-
Berthelot, 1993), die evolutiv unabhdngig voneinander entstanden sind (Abb. 1). Man
unterscheidet dabei die bei den Bacteria und Archaea vertretenen Nickel-Eisen Hydrogenasen
[NiFe], die bei den Eukarya und Bacteria vorkommenden Eisen-Eisen-Hydrogenasen [FeFe]
und die bisher nur bei den methanogenen Euryarchaeota identifizierten Eisen-Hydrogenasen
[Fe] (Vignais & Billoud, 2007). Alle drei Arten nutzen verschiedene Kombinationen von
Metallionen und Kofaktoren um Wasserstoff zu aktivieren. So zeigte Thauer 1981 erstmals,
dass die gereinigte Hydrogenase aus einem Methanogenen Archaeon Nickel enthélt (Graf &
Thauer, 1981). Das metallene aktive Zentrum liegt tief in der katalytischen Untereinheit, zu
welchem molekularer Wasserstoff durch Gaskanile diffundiert (Cammack, 1995; Fontecilla-

Camps et al., 2007; Liebgott et al., 2010). Am Metallzentrum erfolgt die heterolytische
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Bindungsspaltung endergon mit 200 kJ mol” (20 °C) in ein Proton und ein Hydridion. Die
Elektronen werden {iber eine Reihe von Elektroneniibertragern auf spezifische
Elektronenakzeptoren iibertragen, wihrend zwei Protonen entlassen werden (Cammack, 1995;
Thauer et al., 2010). Bei den [Fe]-Hydrogenasen dient ein spezieller Eisen-Guanylylpyridinol
Kofaktor (FeGP) als Hydridakzeptor um das Kosubstrat Methenyl-tetrahydromethanopterin
(Methenyl-H4sMPT) zu Methylen-HsMPT zu reduzieren (Thauer et al., 2010). Diese [Fe]-
Hydrogenase der Methanogenen ohne Cytochrome wird als alternative Hydrogenase unter
Nickel Limitierung synthetisiert (Corr & Murphy, 2011). Das Enzym unterlduft mit jedem
Katalysezyklus eine fiir andere Hydrogenasen untypische Konformationsinderung, um
Substrat und Kosubstrat zu entlassen. Untersuchungen zur metabolischen Herkunft der Atome
des Kosubstrates identifizierten Acetat, Methionin, Pyruvat und CO, jedoch konnten deren

weitere Biosynthesewege noch nicht aufgekléart werden (Thauer et al., 2010).

Guanin

Methenyl-H,MPT

A [FeFe]-Hydrogenase B [Fe]-Hydrogenase

[4Fe-4S]
2Fe-28] [4Fe-4S]
6 @ [4Fe-4S]
. Hz
Phosphat
oc * * co Methylen-H,MPT Carboxymethyl-
[4Fe-48] Fe Fe . 4 Pyridinol

H-Cluster H FeGP Kofaktor

Ribofuranose

C [NiFe]-Hydrogenase

[4Fe-4S]

Cys533 Cys530
Cys65

[3Fe-4S]

[4Fe-4S]

Abbildung 1 Darstellung der aktiven Zentren und prosthetischen Gruppen der [FeFe|-, [Fe]- und [NiFe]-
Hydrogenasen. A: Die [FeFe]-Hydrogenase aus Clostridium pasteurianum wurde mit Pymol von PDB-Datei 1FEH
modelliert (Peters et al., 1998). Das H-Cluster mit seinem {iiber einen Cystein-Liganden verbriickten [4Fe-4S]-Cluster sowie
die weiteren [FeS]-Cluster befinden sich in einem Protein. Die diatomaren Liganden an den Fe Atomen wurden nach
(Thauer et al., 2010) modifiziert. B: Fiir die Abbildung des aktiven Zentrums der [Fe]-Hydrogenase wurde die PDB-Datei
3DAG mit der Struktur aus Methanocaldococcus jannaschii genutzt (Shima et al., 2008). C: Als Grundlage fiir die
Abbildung der 16slichen [NiFe]-Hydrogenasen aus Desulfovibrio gigas (Volbeda et al., 1996) wurde PDB-Datei 2FRV
verwendet. Die [FeS]-Cluster befinden sich in der kleinen Untereinheit in einem Winkel von 112° zum aktiven Zentrum der
groBen Untereinheit. Die Farben entsprechen: Gelb-Schwefel, Braun-Eisen; Rot-Sauerstoff; Blau-Stickstoff; Hellgriin-
Kohlenstoff; Dunkelgriin-Nickel.
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Alle Hydrogenasen entsprechen einem gemeinsamen Aufbau und sind essentiell auf Eisen im
katalytischen Zentrum angewiesen. Dieses Eisen ist mit den diatomaren Liganden CO und bei
einigen zusdtzlich mit CN™ komplexiert. Die Anordnung der an der Katalyse beteiligten
Metalle der aktiven Zentren aller drei Arten ist in Abb. 1 gezeigt und wird im Folgenden

anhand von Beispielen erldutert.

1.1 [FeFe]-Hydrogenase von Chlamydomonas reinhardtii

Die Klasse der [FeFe]-Hydrogenasen besitzt ein als H-Cluster bezeichnetes aktives Zentrum
in der katalytischen Untereinheit. Dieses besteht aus einem klassischen [4Fe-4S]-Cluster,
welches iiber ein Cystein mit einem binuklearem Eisen Zentrum verbunden ist (vgl. Abb. 1).
An jedem dieser beiden Eisenatome sind jeweils ein Kohlenstoffmonoxid- (CO) und ein
Cyanid- (CN") Ligand gebunden, zusétzlich sind die Fe-Atome iiber einen CO Liganden
verbriickt (Abb. 1). Diese Hydrogenasen sind vergleichsweise O, sensitiv, katalysieren jedoch
in vivo die biotechnologisch interessante H,-Produktion mit héheren Umsatzraten im
Vergleich zu [NiFe]-Hydrogenasen (Adams, 1990; Frey, 2002; Goldet et al., 2009; Lambertz
et al., 2011; Stripp et al., 2009). So betridgt die spezifische Aktivitit der [FeFe]-Hydrogenase
aus der eukaryotische Griinalge Chlamydomonas reinhardtii 1800 U mg" (Ferredoxin:Hs)
(Roessler & Lien, 1984) im Vergleich zur [NiFe]-Hydrogenase 2 aus E. coli mit 320 U mg
(Hz:Benzylviologen) (Ballantine & Boxer, 1986). Neben Chlamydomonas sind weitere
bekannte Organismen mit gut untersuchten [FeFe]-Hydrogenasen das sulfatreduzierende

Bakterium Desulfovibrio gigas und der anaerobe Stickstofffixierer Clostridium pasteurianum

(Adams et al., 1981).

Die Aufkldrung des Mechanismus der H-Cluster Biosynthese der [FeFe]-Hydrogenasen hat
durch die Arbeiten der Gruppen um Swartz, Peters, Broderick, Roach und Happe in den
letzten Jahren groBe Fortschritte gemacht (Czech et al., 2010; Driesener et al., 2010;
Kuchenreuther et al., 2009; 2011; McGlynn et al., 2007; 2008; Shepard et al., 2010a; 2010b).
Bei der heterologen Produktion in E. coli und anschlieBender kristallographischer
Strukturanalyse von HydAl aus C. reinhardtii konnte das zum H-Cluster gehorende
[4Fe-4S]-Cluster bereits als vom Wirtsorganismus inseriert identifiziert werden, wihrend das
[2Fe-2S]-Cluster nicht nachgewiesen werden konnte (Mulder et al., 2010). Dies wird darauf
zuriickgefiihrt, dass die drei fiir die vollstindige Biosynthese des H-Clusters der [FeFe]-
Hydrogenasen essentiellen Proteine HydE, F und G im Genom von E. coli nicht kodiert

werden (Bock et al., 2006). Die Reifungsproteine HydE und HydG besitzen Radikal-S-
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Adenosylmethionin-Protein Motive und ein [4Fe-4S]-Cluster. In vitro Versuche zur Reifung
von HydAl zeigten, dass separat gereinigte HydE, F und G Proteine in der Lage sind, das
aktive Zentrum von HydAl zu vervollstindigen (McGlynn et al., 2007). HydG katalysiert
dabei iiber einen Radikalmechanismus die Spaltung von Tyrosin fiir die Synthese sowohl der
CO als auch der CN" Liganden (Nicolet et al., 2010; Shepard et al., 2010b), wihrend HydE
die Synthese des unbekannten Dithiolat verbriickenden Liganden ermoglicht (Mulder et al.,
2011). Wird HydF gemeinsam mit HydE und G exprimiert und von diesen anschlieBend
separiert, ist es in Abwesenheit von HydE und HydG in der Lage, das gesamte H-Cluster oder
moglicherweise auch nur das [2Fe-2S]-Cluster von HydA1 zu assemblieren. Es dient somit

als Scaffold Protein mit GTPase Aktivitit (McGlynn ef al., 2008).

1.2 Verschiedene Lebensweisen bedingen verschiedene Reaktionsrichtungen
Anhand ihrer Lebensweise werden Mikroorganismen und deren Einsatz von Hydrogenasen
unterschieden (Vignais & Billoud, 2007). So dient die H»-Produktion bei der Fermentation
der ,,Entsorgung® von Elektronen indem Protonen als finale Elektronenakzeptoren genutzt
werden. Weiterhin wird H, von vielen Mikroorganismen als Energiequelle genutzt indem
durch Elektronen-Transportphosphorylierung ATP konserviert wird, wéahrend Sulfat
(Desulfovibrio gigas), Nitrat (Paracoccus denitrificans), CO, (Methanogene Archaea) oder
Fumarat (Wolinella succinogenes, Clostridium formicaceticum) als FElektronenakzeptor
dienen (Andreesen et al., 1970; Friedrich et al., 1986; Kroger et al., 2002; Niederman &
Wolin, 1972; Thauer et al., 1977, 2010).

Wihrend der Methanogenese, der anaeroben Bildung von Methan durch methanogene
Archaea, stellt Wasserstoff die Haupt-Reduktionskraft zur Konvertierung variabler
Kohlenstoff-Substrate dar. Man kann bei der Verwendung von H, innerhalb der Archaea
zwischen vier verschiedenen Arten der [NiFe]-Hydrogenasen unterscheiden, von denen z.B.
die membrangebundene, Energie-konvertierende [NiFe]-Hydrogenase (Ech) die Energie fiir
die Re-Reduktion eines Ferredoxins mit H, aus einem Protonen- oder Natriumgradienten

konserviert (Kurkin et al., 2002).

Als weitere Quelle fiir Wasserstoff, der als Nebenprodukt in stochiometrischen Mengen
entsteht, ist die Nitrogenase-katalysierte Reduktion von molekularem Stickstoff zu
Ammoniak in Stickstofffixierenden Mikroorganismen. Der erste Teilschritt dabei, die

Reduktion von Protonen, ist ATP abhéngig und findet in Abwesenheit von anderen Substraten
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wie N statt. Dies fithrte zum Riickschluss, dass es sich um eine Aktivierung der Nitrogenase
handelt (Bothe et al., 2010). An der Reaktion ist ein FeMo-Kofaktors in der Alpha
Untereinheit (MoFe Protein oder Dinitrogenase) beteiligt, fiir dessen Assemblierung ein
Minimum von 12 nif Genprodukten identifiziert werden konnten (Einsle et al., 2002;
Jacobson et al., 1989). Dieser FeMo-Kofaktor besteht aus Mo-[7Fe-9S], R-Homocitrat und,
dhnlich den diatomaren Liganden der Hydrogenasen, einem zentralen, die Fe Atome
verbindenden, C-Atom (Ramaswamy, 2011; Spatzal ef al., 2011). Zusétzlich ist ein weiteres
aus [8Fe-7S] bestehendes P-Cluster vorhanden. Die Beta Untereinheit der Nitrogenase (Fe
Protein oder Dinitrogenase Reduktase) transferiert vermutlich die Elektronen von Ferredoxin
zum aktiven Zentrum (Bothe et al., 2010). Analog zu [FeFe]-Hydrogenasen erfolgt die
Assemblierung des FeMo-Kofaktors separat vom Apo-Protein auf NifEN, um dann inseriert
zu werden (Hu & Ribbe, 2011; Rubio & Ludden, 2008; Shepard et al., 2011). Als erster
Schritt erfolgt die P-Cluster Synthese direkt im MoFe Protein durch Schwefel Bereitstellung
der Cystein-Desulfurase NifS und Assemblierung als [FeS]-Cluster auf NifU. In vitro wird
Eisen(Il) direkt eingebaut, es ist jedoch unwahrscheinlich, dass es physiologisch frei vorliegt.
Die Proteine NifSU stellen Homologe der generellen [FeS]-Cluster Assemblierungsproteine

IscS und IscU dar, die in vielen Organismen verbreitet sind (Abb. 7) (Shepard et al., 2011).

Auch einige Cyanobakterien wie Synechocystis, Nostoc punctiforme und Anabena konnen
Stickstoff fixieren und besitzen damit assoziiert und ko-reguliert eine Aufnahme [NiFe]-
Hydrogenase (Hup) (Tamagnini et al., 2002). Dadurch wird die Bildung von H, gering
gehalten, wobei die Oxidation entweder dazu dient den fiir die Nitrogenase schéddlichen O, zu
entfernen, Ansammlung groferer Mengen Nitrogenase hemmenden H, zu verhindern oder
Reduktionsidquivalente der Nitrogenase-Reaktion zurlickzugewinnen (Bothe et al., 2010).
Diese enge Assoziation einer Hydrogenase mit einer anderen Enzymaktivitit zeigt einmal

mehr wie essentiell die Oxidation von H; bzw. die Reduktion von Protonen sind.

1.3 Wasserstoffoxidation und Reduktion sind in E. coli moglich

Das Escherichia coli Genom kodiert fiir 4 distinkte [NiFe]-Hydrogenasen (Hyd), von denen
jedoch nur drei bisher biochemisch charakterisiert werden konnten (Andrews et al., 1997;
Forzi & Sawers, 2007). Diese werden unter fermentativen Bedingungen, das heiflt in
Abwesenheit externer Elektronenakzeptoren wie Nitrat und Sauerstoff, exprimiert (Richard et
al., 1999). Die Hyd-1 und Hyd-2 werden ins Periplasma transloziert und katalysieren dort

bevorzugt die Oxidation von molekularem H, zu Protonen und Elektronen (Abb. 2)
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(Ballantine & Boxer, 1985). Hyd-3 ist Teil des auf der cytoplasmatischen Seite
membranassoziierten Formiat-Hydrogenlyase (FHL)-Enzymkomplexes, der gemeinsam mit
der Formiatdehydrogenase H (Fdh-H) die Spaltung von Formiat zu CO, und H, katalysiert
(Abb. 2) (Bohm et al., 1990; Sauter et al., 1992; Sawers et al., 1985). Generell befinden sich
die H>-Aufnahme Hydrogenasen membranassoziiert im Periplasma, wihrend im Cytoplasma
befindliche Hydrogenasen die H,-Produktion katalysieren (Vignais et al., 2001). Viele der
wasserstoffoxidierenden Hydrogenasen zeichnen sich durch ein charakteristisches N-
terminales Signalpeptid an der kleinen Untereinheit aus, welches aus einem konservierten
RRXFLK Aminosduremotiv besteht und vom Tat (Iwin arginine translocation)-Protein
Transport System erkannt wird (Palmer et al., 2005). Dabei wird das Heterodimer aus grof3er
und kleiner Untereinheit im gefalteten Zustand mit inseriertem Kofaktoren transloziert.
Entdeckt wurde das Tat-System durch Analyse der N-terminalen Proteinsequenzen
periplasmatischer Proteine u.a. der kleinen Untereinheit der [NiFe]-Hydrogenase 2 aus E. coli

(Berks, 1996; Wu & Mandrand, 1993).

Hyd-1 Hyd-2 Hyd-3 (FHL)

Periplasma
> U
>

HycD HycC

Tat-abhangiger

Membrantransport
P co,

Formiat + H*

Abbildung 2 Anordnung der E. coli Hydrogenasen in der Cytoplasmamembran nach (Forzi & Sawers, 2007). Die
beiden Hj-oxidierenden Enzyme sind im Periplasma lokalisiert, widhrend Hyd-3 als Teil des Formiat Hydrogenlyase
Komplexes (FHL) ins Cytoplasma gerichtet ist und die H,-Produktion katalysiert. Die groBlen Untereinheiten besitzen das
katalytische [NiFe]-Zentrum und sind in Lila dargestellt. Die Formiatdehydrogenase H (Fdh-H) besitzt im aktiven Zentrum
ein Selenocystein (Se) und einen Molybdopterin-guanin Dinukleotid (Mo-bis-MGD) Kofaktor. Die kleinen, Elektronen
transferierenden Untereinheiten sind in Griin und die Membranuntereinheiten in Schwarz dargestellt. Fiir Hyd-2 existiert
eine zusitzliche Elektronen transferierende Untereinheit, HybA. [FeS]-Cluster sind unabhéngig von ihrer Beschaffenheit als
[4Fe-4S] oder [3Fe-4S]-Cluster als braune (Fe) und gelbe (S) Kugeln dargestellt.

Hyd-1 wird vom hyaABCDEF-Operon kodiert, bei dem hyaAd fiir die kleine [FeS]-Cluster
enthaltende Untereinheit kodiert, wiahrend AyaB die katalytische Untereinheit mit dem aktiven
[NiFe]-Zentrum kodiert (Menon et al., 1991). In dhnlicher Weise wird Hyd-2 durch das
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Operon hypOABCDEFG-Operon kodiert, in welchem hybO die kleine und hybC die grof3e
Untereinheit kodieren (Menon et al., 1994; Sargent et al., 1998). Beide kleinen
Untereinheiten sind je {iber eine hydrophobe C-terminale o-Helix in der Membran verankert,
transferieren jedoch Elektronen {iber weitere membranintegrale Cytochrom b dhnliche (HyaC)
oder Kofaktorfreie (HybB) Untereinheiten in den Chinonpool (Dubini ef al., 2002; Vignais et
al.,2001).

Die Expression der Gene fiir die abundantere Hyd-1 erfolgt bevorzugt in der stationdren
Phase (Breondsted & Atlung, 1994), wihrend die Gene fiir Hyd-2 schon wihrend der
exponentiellen Phase exprimiert werden und die Expression beider Operons durch die
Anwesenheit von Nitrat oder Sauerstoff gehemmt wird (Abb. 5) (Richard et al., 1999). Durch
die erhohte Proteinmenge von Hyd-2 in Anwesenheit von Fumarat wurde eine Involvierung in
den Elektronentransfer von H, auf Fumarat vorgeschlagen, wihrend fiir Hyd-1 eine
Reoxidation des H, vom FHL Komplex vermutet wurde (Sawers et al., 1985). Jedoch zeigten
Metabolitanalysen von Hyd-1" Mutanten, dass Hyd-1 in E. coli keinen signifikanten Beitrag
zur H,-Oxidation hat, wihrend es bei Salmonella enterica so effizient funktioniert, dass keine
netto H,-Produktion messbar ist (Redwood et al., 2007; Zbell & Maier, 2009). Auch die
physiologische Riickreaktion, Bildung von Hj, kann in vitro durch Hyd-1 aus reduziertem
Methylviologen erfolgen (Sawers & Boxer, 1986), ist jedoch nach der Adsorption auf eine
Graphitelektrode nicht messbar. Diese widerspriichliche Eigenschaft ldsst sich eventuell durch
unterschiedliche Reinigungen erkldren, bei denen es schnell zu proteolytischem Abbau der
kleinen Untereinheit (HyaA) kommt, resultierend in unterschiedliche katalytische

Eigenschaften (Sawers & Boxer, 1986).

Durch Zyklovoltammetrische Analysen (Abb. 3) lassen sich eine Reihe von Unterschieden
zwischen Hyd-1 und Hyd-2 in der Katalyse feststellen (Lukey et al., 2010). Zum einen ist der
Ky unter diesen Bedingungen fiir Hyd-1 mit 9 uM niedriger als fiir Hyd-2 mit 17 uM womit,
vereinfacht gesagt, Hyd-1 eine hohere Affinitdt zum Substrat hat. Zum anderen ist das
Mittelpunkt Potential (Stern/* in Abb. 3) fiir Hyd-1 hoher welches angibt bei welchem
Redoxpotential das Enzym nach Inaktivierung reaktiviert wird und damit ist Hyd-1 noch bei
hoherem Redoxpotential aktiv als Hyd-2. Bei Anwesenheit von 10 % H, wird Oxidation nur
bei Uberpotential katalysiert, was bedeutet, dass fiir den Elektronentransfer mehr Energie
aufgebracht werden muss als das theoretische Redoxpotential des Substrates erfordert (Lukey

et al., 2010). Dieses Uberpotential sinkt mit abnehmender H,-Konzentration, was bedeutet,
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dass die Oxidation bei geringen H,-Konzentrationen thermodynamisch giinstiger ist.
Letztendlich erschliet sich durch ausschlieBlichen Stromfluss im positiven Bereich, dass
Hyd-1 so gut wie nicht reversibel ist, wihrend Hyd-2 die Riickreaktion katalysieren kann.
Zusammenfassend konnte Hyd-1 in vivo dann zur Oxidation von H; dienen, wenn dieses in
geringen Spuren bei hoheren Redoxpotentialen vorhanden ist weil das Enzym nicht sofort
inaktiviert wird, wihrend Hyd-2 durch hohere Umsatzsraten in der Lage ist bei hohen H»-

Konzentrationen dieses effizient zu oxidieren.

+ + + t A
1 a 1
28T 10% H, A ‘
[72]
S 06+ 4
5 ol o4 1 | H: Oxidation
@ L .033V 1
8 o2t 1
g i :
n
5 00 ' X
g 4 ‘ < |
C-02+ + | H, Produktion
Zz L 0,28V )
-04 + + t ; v
06 -04 -02 00 02 04
Potential (V vs SHE)

Abbildung 3 Zyklovoltammetrische Analyse der Hyd-1 (Dunkelgrau) und Hyd-2 (Hellgrau) Aktivititen aus E. coli
(entnommen und modifiziert nach (Lukey et al., 2010)). Die gereinigten Enzyme werden dabei auf einer Graphitelektrode
adsorbiert und die Spannung (Potential) entsprechend der Pfeile (a und b) verdndert. Der bei Substratanwesenheit (10 % Hy)
resultierende Stromfluss wird gegen eine Referenzelektrode (SHE - Standard Wasserstoff Elektrode) gemessen wéhrend die
Enzymelektrode rasch rotiert, um Diffusionskontrolle auszuschlieBen. Der Stern (*) gibt das Mittelpunkt Potential fiir die
Reaktivierung des Enzyms an, welches bei + 0,150 V fiir Hyd-1 und - 0,085 V fiir Hyd-2 liegt. Stromfluss im oberen
Bereich des Diagramms steht fiir die Oxidation von H,, wihrend im unteren Bereich Produktion aus Protonen bestimmt
wird. Die Kurve fiir Hyd-1 kreuzt diese Linie im Gegensatz zur Hyd-2 Kurve nicht. Dieser Punkt in der Hyd-2 Kurve ist bei
-0,33 V mit einem Pfeil gekennzeichnet und entspricht dem unter diesen Bedingungen aus der Nernst-Gleichung
berechnetem Redoxpotential fiir 2 H'/H,. Die Hyd-1 Kurve beginnt erst bei -0,28 V anzusteigen und bendtigt damit ein
Uberpotential um H,-Oxidation unter diesen Bedingungen zu katalysieren. Dieses Uberpotential wird jedoch mit
abnehmender H,-Konzentration geringer.

1.4 Formiatmetabolismus

Wihrend der gemischten Sduregédrung wird ein Drittel der Kohlenstoffatome aus Glukose zu
Formiat umgewandelt (Sawers, 2005a). Diese Reaktion wird anaerob hauptsidchlich nicht-
oxidativ durch die PFL (Pyruvat-Formiat Lyase), ein Glycyl-Radikalenzym, katalysiert (GI.
la), wird unter aeroben Bedingungen jedoch oxidativ vom Pyruvat-Dehydrogenase Komplex
(PDH) durchgefiihrt (Gl. 1b) (Knappe & Sawers, 1990). Unter mikroaeroben Bedingungen
und bei Nitratatmung sind beide Enzyme aktiv und neueste Erkenntnisse zeigten, dass PDH
das anaerobe Wachstum auf Glukose durch CO, Generation ebenfalls deutlich unterstiitzt

(Murarka et al., 2010). Die Regulation des focA-pfIB Operons unterliegt transkriptioneller
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Kontrolle u.a. durch ArcA (anoxic redox control), Fnr (fumarate nitrate regulator), IHF
(integration host factor) und Crp (catabolite repressor protein) sowie weiterer post-
translationeller Kontrolle und reagiert auf den intrazelluliren Redoxstatus (Sawers, 2005b;

2006).

Pyruvat + Coenzym-A — Formiat + Acetyl-CoA Gleichung la
Pyruvat + NAD" + Coenzym-A — Acetyl-CoA + CO, + NADH Gleichung 1b

Da eine Anhdufung von Formiat toxisch fiir die Zelle ist, wird dieses Metabolit entweder
verstoffwechselt oder iiber einen Formiattransporter (FocA) aus der Zelle entfernt (Sawers,
2005a; Sawers & Clark, 2004; Suppmann & Sawers, 1994). Hierfiir sind im E. coli Genom
drei Formiatdehydrogenase (Fdh) Enzyme kodiert, die unter verschiedenen Bedingungen
synthetisiert werden (Sawers, 1994) und die Umwandlung von Formiat in CO,, Protonen und
Elektronen katalysieren (Gl. 2a). Alle drei Enzyme haben ein Selenocystein gemeinsam,
welches in der RNA durch ein amber-Stopp Codon (UGA) kodiert wird, sowie einen
Molybdopterin-Guanin Dinukleotid Kofaktor (Mo-bis-MGD) (Sawers, 1994; Zinoni et al.,
1986). Der Einbau des Selenocysteins erfolgt ko-translationell mit Hilfe der se/-Genprodukte
und einer spezifischen tRNA (selC). Die Synthese des Mo-bis-MGD erfolgt ausgehend von
einem zyklischen Pyranopterin (Bock ef al., 1991; Leimkiihler et al., 2011).

Die fiir Fdh-N und Fdh-O kodierenden Gene werden in Anwesenheit von Nitrat bzw.
Sauerstoff exprimiert. Die korrespondierenden Enzyme iibertragen, nach Tat-Transport auf
die periplasmatische Seite der Cytoplasmamembran, Elektronen von Formiat iiber die
Atmungskette auf einen externen terminalen Elektronenakzeptor (Sawers, 1994; Unden &
Bongaerts, 1997). Beide Enzyme haben eine Membrananordnung in der das Heterotrimer aus
katalytischer, kleiner und membrangebundener Untereinheit nochmals trimerisiert (Jormakka,
2002). Die Fdh-N formt mit der diametral membranassoziierten Nitratreduktase (Nar) eine
Redoxschleife und generiert dabei Protonenmotorische Kraft zur Energiekonservierung
(Richardson & Sawers, 2002; Unden & Bongaerts, 1997). Die formell ablaufenden
Teilreaktionen der Fdh-N (Gl. 2a) und der Nar (Gl. 2b), bei denen zusétzlich durch Chinon
vermittelten Elektronentransfer Protonen iiber die Membran transloziert werden, sind
(Boyington et al., 1997, Unden & Bongaerts, 1997):

HCO, — CO,+H" +2¢ (E -430 mV) Gleichung 2a

NO; +2¢ +2H" = NO; + H,0 (E” +420 mV) Gleichung 2b
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Bei der Nar handelt es sich ebenfalls um ein Molybdoenzym, dessen grofe und kleine
Untereinheiten [FeS]-Cluster zum Elektronentransport beherbergen, deren katalytisches
Zentrum jedoch im Cytoplasma lokalisiert ist (Bertero et al., 2003; Jormakka et al., 2004).
Zellen, denen entweder die Fdh-N oder die Nar Enzymaktivititen fehlen, konnen keine
Nitratatmung durchfiihren (Berg & Stewart, 1990; Enoch & Lester, 1975; Ruiz-Herrera &
DeMoss, 1969; Stewart, 1988).

Die dritte Formiatdehydrogenase (Fdh-H) ist Teil des FHL-Komplexes und mit diesem im
Cytoplasma lokalisiert. Die strukturellen Komponenten werden im /Ayc-Operon von
hycBCDEFG und von fdhF kodiert, wobei HycC und HycD Membranuntereinheiten sind,
HycE und HycG die grof3e und kleine Untereinheit der Hyd-3 bilden und HycB und HycF als
Elektronentransportproteine dienen (Abb. 2 und 4) (Sauter et al., 1992). HycA ist ein
negativer Regulator, Hycl eine flir die Reifung von HycE nétige und HycE-spezifische
Endopeptidase, wihrend die Funktion von HycH ungeklart ist (Rossmann et al., 1995; Sauter
et al., 1992). Die Expression der Komponenten des FHL Komplexes ist abhéngig von der
Sigma-54 RNA Polymerase Untereinheit, einem niedrigen pH, von ModE sensiertem
Molybdat und von FhlA sensiertem Formiat (Abb. 5) (Birkmann & Bock, 1989; Hasona et
al., 1998; Rossmann et al., 1991). Der Aufbau des FHL-Komplexes hat groBe Ahnlichkeit mit
dem Komplex I der Atmungskette (NADH:Ubichinon Oxidoreduktase) und auferdem
Ahnlichkeit zu vom kryptischen Ayf-Operon kodierten putativen Genprodukten der vierten
Hydrogenase sowie zur Ech Hydrogenase, jedoch konnte im Gegensatz zur Ech Hydrogenase
fiir den FHL Komplex keine Energiekonservierung nachgewiesen werden (Andrews et al.,
1997; Bohm et al., 1990; Hedderich & Forzi, 2005). Dennoch wurde in Salmonella
typhimurium ATPase Mutanten ein Fehlen der H,-Produktion beobachtet (Sasahara et al.,
1997) oder in E. coli eine Inhibition des FHL Komplexes durch den ATPase Inhibitor N,N'-
dicyclohexylcarbodiimide (Bagramyan & Martirosov, 1989; Bagramyan et al., 2002), aber
pleiotrope Effekte auf alle Enzymsysteme unter diesen Bedingungen konnen nicht
ausgeschlossen werden. Weiterhin konnte fiir das Archaeon Thermococcus onnurineus
nachgewiesen werden, dass es durch die Disproportionierung von Formiat im FHL Komplex
einen Protonengradienten aufbauen kann, um dadurch Energie zu konservieren (Kim et al.,
2010). Tatsdchlich erhdlt man bei bioinformatischen Strukturvorhersagen fiir HycE eine
Faltungsvorhersage basierend auf der NADH:Ubichinon Oxidoreduktase Untereinheit 4

(Efremov et al., 2010) und nicht einer der zahlreichen 16slichen [NiFe]-Hydrogenasen der
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PDB-Datenbank (Kelley & Sternberg, 2009; Maeda et al., 2008; Volbeda et al., 1995), was

ausreichend Potential fiir zukiinftige Untersuchungen birgt.

1.5 Reifung und Ni-Fe(CN),CO Insertion

Die Eigenschaft der groen Hyd-3 Untereinheit HycE sich 16slich in Abwesenheit weiterer
FHL Komponenten reinigen zu lassen, erleichtere die Erstellung eines Reifungsmodells der
[NiFe]-Hydrogenasen durch die Gruppe von August Bock (Bock et al., 2006; Forzi & Sawers,
2007). Als Reifung wird hierbei die Assemblierung und Insertion des [NiFe]-Zentrums
bezeichnet, fiir die spezielle Reifungsproteine (Hyp) bendtigt werden (Bock et al., 2006; Forzi
& Sawers, 2007). Ein Teil, der fiir die Hyp Proteine kodierenden Gene, die hypA-E-Gene
(hydrogen pleiotropic), wird divergent vom hyc-Operon transkribiert und die Expression
erfolgt unter Anaerobiose und ist Fnr abhéngig (Abb. 4 und 5) (Lutz et al., 1991; Messenger
& Green, 2003). Wihrend sich Mutationen in den Genen hypB, hypD, hypE und hypF auf alle
Hyd auswirken, sind Effekte von Mutationen in den Genen hypC und hypA hauptséchlich auf
die Aktivitidt der Hyd-3 begrenzt, weil homologe Proteine fiir die Reifung von Hyd-1 und
Hyd-2 von den Genen AybF und hybG kodiert werden (Hube et al., 2002; Jacobi et al., 1992).

t

Carbamoyl- Protease
Transferase

T
Membran-

untereinheiten Transkriptioneller

Regulator

Chaperon jeine/ groRe Transkriptioneller

Untereinheit Regulator CN--Transfer

Elektronen-Transfer [FeS]—Proteln?
Untereinheiten CO Synthese:

1 kbp [NiFe]-Transfer
— fur Hyd-3 (HybG)

Abbildung 4 Anordnung der Gene hypF, hycA-I, hypA-E und fhiA auf dem E. coli Genom. Die Gene des hyc-Operons
(Blau) kodieren fiir die strukturellen und akzessorischen Komponenten des FHL Komplexes, mit Ausnahme des Gens fdhF,
welches fiir die Fdh-H kodiert und in einem anderen Teil des Genoms kodiert ist (Sauter ef al., 1992). Das fhl4 Gen (Rot)
kodiert fiir den transkriptionellen Regulator FhlA (Formiat-Hydrogenlyase Aktivator), der die Expression der iyp Gene, hyc
Gene, des fdhF Gens sowie des fhl4 Gens in Anwesenheit von Formiat aktiviert (Rossmann et al., 1991). Dieser positiven
Autoregulation wird durch die Expression von hycA entgegengewirkt (Sauter et al., 1992). Die hyp-Gene (Griin), mit
Ausnahme der Hyd-3 spezifischen Genprodukte von 4ypA4 und hypC, kodieren fiir universelle Reifungsproteine der [NiFe]-
Hydrogenasen. Die Genprodukte von hypF, hypE, hypD und hypC bzw. hybG formen dabei einen Komplex der den
Fe(CN),CO Teil des aktiven Zentrums auf die groBen Untereinheiten iibertrdgt wahrend die hypB und hypA bzw. hybF
Genprodukte die anschlieBende Nickelinsertion katalysieren (Blokesch et al., 2004a; Bock et al., 2006; Forzi & Sawers,
2007).
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Fiir die Insertion des Eisens mit den diatomaren CN™ und CO Liganden assemblieren die
Reifungsproteine HypC, D, E und F zu einem Komplex (Blokesch et al., 2004a), in welchem
HypF Carbamoylphosphat durch Transfer auf ATP aktiviert und unter ATP Verbrauch als
Carbamoyl-Gruppe auf das C-terminale Cystein (Cys322) von HypE iibertrigt (Blokesch et
al., 2004b; Paschos et al., 2002; Reissmann et al., 2003). Mit Hilfe der Kristallstruktur
konnten die an der ATP Bindung und Transcarbamoylierung beteiligten Aminosdurereste
identifiziert und ein Ubergangszustand bestitigt werden (Petkun et al., 2011). Unter weiterer
ATP Spaltung wird die Carboxamidgruppe an HypE zu einem Thiocyanat umgewandelt und
kann damit auf Eisen iibertragen werden (Blokesch et al., 2004b; Paschos et al., 2002;
Reissmann et al., 2003). Die Herkunft des Eisens flir das aktive Zentrum ist noch unbekannt,
durch die Kristallstruktur von HypD kann dessen [4Fe-4S]-Cluster als Donor jedoch
ausgeschlossen werden (Blokesch & Bock, 2006; Watanabe et al., 2007). Somit wird Eisen
entweder direkt in der grolen Untereinheit gebunden und mit seinen Liganden assembliert
oder durch Interaktion verschiedener Reifungsproteine miteinander, z.B. HypC mit HypD
oder HypE mit HypD, vorgefertigt. HypE tritt in vitro als Homodimer auf wiahrend HypD nur
als Monomer gefunden wurde (Blokesch et al., 2004a; 2004b), was moglicherweise eine
Erklirung fiir die Anzahl der Liganden am Eisenatom liefert. Durch *C-Markierung von
Citrullin, aus welchem intrazelluldr Carbamoylphosphat entsteht, konnte bewiesen werden,
dass dieses alleiniger Donor fiir die Cyanidliganden ist, jedoch nicht als CO Ligand eingebaut
werden kann (Forzi et al., 2007; Lenz et al., 2007). Externes CO-Gas kann bei der Reifung
zwar als CO-Ligand verwendet werden, ist jedoch in dieser Form physiologisch nicht in
geniigend hohen Konzentrationen vorhanden (Biirstel et al., 2011; Forzi et al., 2007; Lenz et
al., 2007). Deshalb muss die Quelle des CO Liganden metabolischen Ursprungs sein, wobei
fir heterotroph wachsende R. eutropha die Abhingigkeit von 1,3-">Cy-Glycerol gezeigt
werden konnte, welches jedoch in einer Vielzahl von Reaktionen metabolisiert wird und

damit das unmittelbare CO-Substrat unbekannt bleibt (Biirstel ez al., 2011).

Eindeutig konnte gezeigt werden, dass der Einbau des Fe(CN),CO dem Einbau des
Nickelions in der groen Untereinheit vorausgeht (Maier & Bock, 1996; Menon & Robson,
1994; Rossmann et al., 1994). Fiir die Ni-Insertion in Hyd-3 interagieren HypA, HypB und
SlyD miteinander, wobei HypB eine GTPase Aktivitit besitzt, GTP abhéngig dimerisieren
kann und das Nickel Ion tlibertragt, wiahrend HypA als Geriistprotein fungiert (Chan Chung &
Zamble, 2011a; Gasper et al., 2006; Leach et al., 2005). SlyD, eine Peptidyl-Prolyl cis/trans

Isomerase, ist nicht essentiell fiir Hydrogenase Aktivitét, erleichtert jedoch die Freigabe des
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Ions und vermittelt die Interaktion von HypB mit HycE (Chan Chung & Zamble, 2011b;
Zhang et al., 2005). Eine hypB Mutante kann phénotypisch durch die Zugabe hoher
Nickelmengen im Medium komplementiert werden (Lutz ef al., 1991). Neben dem Einbau
des Nickels ins aktive Zentrum der Hydrogenasen, konnte ebenfalls gezeigt werden, dass
HypA und HypB das Nickel-Zentrum der Urease aus Helicobacter pylori bereitstellen und die
hypAB Deletion in diesem Organismus in verminderte Pathogenitit resultiert (Kaluarachchi et

al., 2010; Sydor et al., 2011).

Die abschliefende C-terminale proteolytische Prozessierung der grofen Untereinheit durch
Hycl fiihrt wahrscheinlich zu einer Konformationsianderung, durch welche das von HypC
gelieferte aktive Zentrum im Protein eingeschlossen wird (Drapal & Bock, 1998). Da die
Sequenz des C-terminalen Peptides nicht hoch-konserviert ist, dessen Anwesenheit jedoch fiir
die Insertion des aktiven Zentrums bendtigt wird und Proteolyse ohne Nickel nicht stattfindet,
kann von einer spezifischen das Nickel in den Mechanismus einbeziehenden Proteolyse von
Hycl ausgegangen werden (Kumarevel et al., 2009; Rossmann et al., 1995; Theodoratou et
al., 2000; 2005). Fiir Hyd-1 und Hyd-2 existieren die ebenfalls spezifischen Endopeptidasen
HyaD und HybD (Fritsche et al., 1999). Uber die Assemblierung der weiteren Komponenten
des FHL Komplexes sowie deren Stochiometrie ist nicht viel bekannt, jedoch besitzt keine
Untereinheit eine fiir den Membrantransport wichtige Signalsequenz. Fiir Hyd-1 und Hyd-2
muss die Interaktion der grofen mit der kleinen Untereinheit erfolgen, um mit Hilfe deren

N-terminalen Tat-Signals {iber die Membran transloziert zu werden (Dubini & Sargent, 2003).

1.6 Aufnahme von Metallen und Regulation

In Mikroorganismen erfolgt die Aufnahme von Metallen aus dem Medium hochspezifisch
und unabhéngig von der Konzentration anderer Metalle im Medium (Cvetkovic et al., 2010).
Die hidufigsten Metalle der 343 cytoplasmatischen Metalloproteine in z.B. Pyrococcus
furiosus sind Eisen und Zink (97 %), gefolgt von Wolfram und Nickel (< 2,5 %) mit einem
Anteil der restlichen Metalle von weniger als 0,5 % (Cvetkovic et al., 2010). Der Transport
und Einbau des Nickel-Ions ins aktive Zentrum von Hydrogenasen ist bereits gut untersucht.
Durch Mutagenese konnte ein spezifischer Nickel ABC (4ATP-binding cassette)-Transporter
entdeckt werden, dessen Deletion die Ausbildung aktiver [NiFe]-Hydrogenasen verhindert
und sich phénotypisch nur durch Zugabe hoher Nickelmengen im Medium supprimieren lésst
(Wu & Mandrand-Berthelot, 1986; Wu et al., 1989; 1991). Die Bindung von Nickel an NikA,

dem periplasmatischen Bindeprotein, erfolgt mit einem K4 von < 0,1 uM (De Pina et al.,
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1995; Mulrooney &  Hausinger, 2003). Der Transport erfolgt durch die
Membrankomponenten NikB und NikC, wobei die Energie von den ATP-bindenden
Komponenten NikD und NikE bereitgestellt wird (Navarro ef al., 1993). Die Expression der
Gene fiir den Nickel-ABC Transporter ist abhéngig von Fnr und wird in Anwesenheit hoher
Nickelkonzentrationen durch NikR reprimiert (Abb. 5) (Rowe et al., 2005; Wu et al., 1989;
1991).
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Abbildung 5 Regulatorisches Netzwerk der strukturellen und akzessorischen Hydrogenasegene. Die transkriptionellen
Regulatorproteine und die SRNA RyhB und ihre aktivierende (=) oder hemmende ( —) Wirkung auf die Expression der
Hydrogenase-spezifischen Gene sowie die Regulation der Transkriptionsfaktoren untereinander. Die Effektormolekiile fiir
die Aktivierung sind in Griin gezeigt und binden entweder direkt oder 16sen eine Phosphorylierung des Regulators z.B.
NarX fiir NarL aus.

Die Aufnahme von Nickel in E. coli erfolgt ausschlieBlich iiber den NikABC-Transporter,
wihrend in H. pylori ein weiteres homologes Nickel-Aufnahme System existiert (Mulrooney
& Hausinger, 2003). Im Gegensatz dazu ist die Eisen-Aufnahme in E. coli weit
differenzierter. Es existieren hoch-affine Aufnahmesysteme (FeoABC) sowie diverse
Siderophor-vermittelte Aufnahmesysteme (FecA-E, FepA-G, FhuA-D) und weitere
Transporter, welche unspezifisch Eisen translozieren konnen (vgl. Abb. 9) (Andrews et al.,
2003; Cartron et al., 2006; Hantke, 2003). Die Kontrolle der Expression der Gene fiir die
Eisenhomdostase erfolgt durch den Fur Regulator (ferric uptake regulation) (Hantke, 1981).
Dieser bindet Eisen und ist damit in der Lage an eine Konsensussequenz der DNA im
Promotorbereich des zu regulierenden Genes zu binden und die Transkription zu verhindern
(Hantke, 2002). Genau wie die Nickel- und Eisenaufnahme wird auch die Transkription der
Gene fiir Molybdataufnahme durch den Regulator ModE kontrolliert, wobei dieser ebenfalls



Einleitung 15

die Expression der Gene, deren Produkte Molybdat verwenden, reguliert (Abb. 5) (Anderson
et al., 2000; Hasona et al., 1998; Self et al., 1999).

1.7 Fnr Regulator und [FeS]-Cluster Biosynthese

Als anorganische Verbindung von Eisen mit Schwefel ist Pyrit, ein als Katzengold
bezeichnetes Erz der Formel FeS,, bekannt. Einer Theorie zufolge konnten Reaktionen an der
Oberfliche solcher Ubergangsmetall-Schwefel Verbindungen zur Entstehung des Lebens
beigetragen haben, indem durch die Reduktionskraft vulkanischer Ausstromungen wie
Ammoniak, Kohlenstoffmonoxid und Schwefelwasserstoff Pyruvat, Aminosduren und
Peptide entstanden sind (Cody et al., 2000; Huber & Wichtershiauser, 1998; Wéchtershiuser,
2000; 2007). Auf diese Weise basiert die Entstehung von organischen Molekiilen auf initialer
CO,-Fixierung (Martin & Russell, 2007). Dank der Vielfalt moglicher Reaktionen an [FeS]-

Verbindungen erfiillen diese ein breites Funktionsspektrum in biologischen Systemen.

DNA-Bindedoméne

Sensordomane

Abbildung 6 Sekundirstruktur- und Oberflichen-Darstellung einer PHYRE Vorhersage der Fnr Struktur (Kelley &
Sternberg, 2009). Basierend auf der von der Aminosduresequenz abgeleiteten Sekunddrstrukturelemente wird vom
Algorithmus mit Hilfe bekannter Strukturen homologer Proteine die Tertidrstruktur modelliert. Dieses Modell basiert u.a.
auf der Struktur des Transkriptionsregulators CRP (catabolite repressor protein) PDB-Datei 2GAU und 2FMY. In der
DNA-Bindedoméne des C-Terminus sind die Aminoséuren Glu209 und Ser212, die fiir die DNA Bindung essentiell sind,
hervorgehoben. In der N-terminalen Sensordoméne sind die ersten 24 Aminoséuren, die zwei Cysteine die das fiir die O,
Sensierung wichtige [FeS]-Cluster binden, nicht modelliert worden. Die weitern zwei Cysteine sind gekennzeichnet (Yan &
Kiley, 2008).

Der globale Regulator Fnr sensiert die Anwesenheit von O, und aktiviert neben den oben

genannten Genen hauptsidchlich Gene des anaeroben Stoffwechsels wie fiir die Nitratatmung
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oder die Pyruvat-Formiat-Lyase (Spiro & Guest, 1990; 1991). Das Fnr Bindemotiv in den
regulierten Promotorregionen hat die Konsensussequenz TTGAT-Ns;-ATCAA wobei das
Regulon bis zu 115 Operons umfasst (Constantinidou et al., 2006; Spiro & Guest, 1991). Fnr
wird konstitutiv exprimiert, jedoch sind die Expressionslevel verschiedener E. coli Stimme
von einem stromaufwérts gelegenen Transposon abhingig (Ferenci ef al., 2009; Sawers,
2005¢c). In seiner aktiven Form dimerisiert Fnr mit jeweils einem [4Fe-4S]-Cluster pro
Monomer, welches bei Anwesenheit von 1 uM O, oxidiert und das Protein zum Monomer
zerfallen ldsst (Crack et al., 2008; Kiley & Beinert, 1998). Dieses [FeS]-Cluster wird in der
N-terminalen Doméne iiber 4 Cysteine gebunden, eine Region die im strukturell verwandten
CRP nicht konserviert ist (Abb. 6) (Green et al., 1993; Yan & Kiley, 2008). Die Aktivierung
und Rekonstitution des [4Fe-4S]-Clusters erfolgt bei Abwesenheit von O, durch die
allgemeine [FeS]-Biosynthese Maschinerie (Mettert ef al., 2008).

Neben dieser regulatorischen Funktion haben [FeS]-Cluster auch strukturelle und Elektronen-
transferierende Funktionen. So besitzen die modular aufgebauten Oxidoreduktasen eine
Aneinanderreihung von [FeS]-Clustern im Abstand von =~14 A in ihren kleinen
Untereinheiten und gelegentlich, um Elektronentransfer zu gewihrleisten, auch in den grofen
Untereinheiten (Page et al., 2003). Die Assemblierung der Elektronen-transferierenden [FeS]-
Cluster erfolgt nicht spontan und es gibt nicht fiir jedes [FeS]-Cluster spezifische Proteine.
Stattdessen haben Mikroorganismen drei allgemeine und unabhingige Systeme fiir die
Biosynthese von [FeS]-Clustern evolviert (Py & Barras, 2010; Takahashi & Tokumoto,
2002). Fiir die Nitrogenase wurden zunidchst die Proteine NifU und NifS entdeckt, welche
nicht nur die Biosynthese des FeMo-Kofaktors katalysieren (Hu & Ribbe, 2011). Orthologe
Proteine des sogenannten Isc (iron sulfur cluster) und des Suf (sulfur assimilation) Systems
konnten in E. coli identifiziert werden (Abb. 7). Das Suf System setzt sich mindestens aus den
6 Genprodukten des Operons sufABCDSE zusammen, dass hauptsidchlich unter oxidativem
Stress exprimiert wird (Fontecave et al., 2005). Das isc Operon wird dagegen durch IscR
negativ reguliert und umfasst die Genprodukte iscRSUA-hscBA-fdx (Schwartz et al., 2001;
Tokumoto & Takahashi, 2001). Beide Systeme haben homologe Komponenten. Der Schwefel
wird von einer Desulfurase, IscS oder SufS, aus Cystein rekrutiert und in einem instabilen
[2Fe-2S]-Cluster auf IscU bzw. SufBCD assembliert (Py & Barras, 2010; Shepard et al.,
2011). Die physiologische Eisenquelle ist unbekannt, in vitro kann jedoch Fe** oder CyaY als
Donor dienen, in vivo ist bisher lediglich eine Interaktion von CyaY mit IscS und eine

regulatorische Funktion nachgewiesen worden (Adinolfi et al., 2009; Ding et al., 2007; Layer
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et al., 2006). Der Transfer des [FeS]-Clusters auf das Apo-Protein erfolgt wahrscheinlich
mittels A-type carrier (ATC)-Proteinen wie IscA, SufA und ErpA, deren Transportwege
durch Kombination von Mutagenese, Interaktions- und in vitro [FeS]-Transfer Studien
untersucht wurden (Vinella et al., 2009). Allerdings ist iiber die Spezifitit des Einbaus von

[FeS]-Clustern in die modularen Oxidoreduktasen nicht viel bekannt.

Isc Maschinerie

1

H®S - SOH

"3 HOS SOH
/\

Ala Cys

Bacterial

Fe-S proteins

Abbildung 7 Mechanismus der bakteriellen [FeS]-Biosynthese mittels des Isc und des Suf-Systems (modifiziert nach
Lill, 2009). Das Suf System liefert unter oxidativem Stress [FeS]-Cluster, wihrend das Isc System unter normalen
Wachstumsbedingungen aktiv ist. Es stellen dabei SufA und IscS Cystein Desulfurasen dar, SufU und IscU Geriistproteine,
SufA, IscA und ErpA Transportproteine. Das Apoprotein ist ein Protein, welchem durch eines der beiden Systeme [FeS]-
Cluster geliefert bekommt, um zum Holoprotein zu werden. Die Schritte sind 1: Cystein Bereitstellung, 2: Eisen
Bereitstellung, 3: Elektronentransfer, 4: Geriistproteine, 5: Cluster Transfer und die Pfeile geben mogliche [FeS]-Transfer
Wege an.

1.9 Ziel der vorliegenden Arbeit war es, durch gezielte Gendeletionen Einfliisse der
Eisenhomdostase und Metabolitreduktion auf die Expression und Aktivitit der anaeroben
Atmungsenzyme in E. coli wie Fdh-N und Nar im Allgemeinen sowie der Enzyme der
gemischten Sduregdrung wie [NiFe]-Hydrogenasen im Speziellen, aufzudecken. Dabei sollte
insbesondere auf den Aspekt der unterschiedlichen Anteile der einzelnen Hydrogenasen an
der Gesamtaktivitdt unter verschiedenen Bedingungen eingegangen werden und die Rolle der

kleinen Untereinheiten und die Spezifitit der [FeS]-Maschinerie auf diese untersucht werden.
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2.2 Die Rolle des Eisen-Aufnahme Regulators Fur und der Eisen-Homoostase bei

der Kontrolle der [NiFe]-Hydrogenase Mengen in Escherichia coli.

2.2.1 Zusammenfassung

Das Fur Protein (ferric uptake regulation — Eisenaufnahmeregulation) ist ein negativer
Regulator z.B. der Gene des Enterobactin und des Feo-Operons sowie weiterer Siderophor
vermittelter Eisenaufnahmesysteme, um die Eisenhomdostase innerhalb der Zelle zu
gewihrleisten (Bagg & Neilands, 1987; Hantke, 2002). Es sensiert dabei die Konzentration
intrazelluliren Eisens und kann in dessen Anwesenheit an die -35 Box in der

Promotorregionen des zu regulierenden Gens binden und die Transkription reprimieren.

Um Indizien zu gewinnen wie [NiFe]-Hydrogenasen auf veridnderte Eisenkonzentrationen
reagieren, wurde das fiir Fur kodierende Gen deletiert und die Mengen und Aktivititen aller
drei unter fermentativen Bedingungen aktiven Hydrogenasen untersucht. Dabei wurde ein
Verlust der Gesamtaktivitit um 80-90 % festgestellt. Unter den gewihlten Bedingungen
wurden die bei der Messung der Gesamthydrogenaseaktivitdt bestimmte Aktivitdt des
Wildtyps bis zu 90 % vom FHL Komplex beigesteuert. Die Aktivitdt der darin befindlichen
Hyd-3 kann unabhéngig von Hyd-1 und Hyd-2 als H,-Produktion gemessen werden und diese
zeigte sich in einem Fur Deletionsstamm um 82 % reduziert. Als Grund fiir diese Reduktion
konnte durch lacZ Genfusionen verringerte Transkription der fdhF und hyc Gene, die fiir
strukturelle Komponenten des FHL Komplexes kodieren, festgestellt und auf

Translationsebene durch verringerte Mengen des HycE Proteins bestétigt werden.

Gleichzeitig sind die Proteinmengen und Aktivititen der Wasserstoffoxidierenden Hyd-1 und
Hyd-2 deutlich reduziert obwohl die Transkription der Gene von Hyd-2 unverdndert und von
Hyd-1 nur um 30 % verringert ist. Dies lédsst auf post-transkriptionelle Regulation der beiden
Enzyme schliefen. Ein Unterschied in der Regulation zu den FHL Komponenten besteht in
deren Abhidngigkeit von Formiat und Molybdat. Nichtsdestotrotz konnte Zugabe von Formiat
zum Medium die Transkription von fdhF nur von 10 % auf 26 % des Wildtypniveaus unter
den jeweils gleichen Bedingungen anheben, was auf einen nicht durch Formiatmangel
hervorgerufenen Effekt deutet. Ein Vergleich der Hyd Proteinmengen mit einer multiplen
Eisentransportmutante (AfecA-E zupT mntH feoB entC) zeigte jedoch, dass in dieser alle
Hydrogenasen groflen Untereinheiten gleichartig reduziert waren, was im Umbkehrschluss

bedeutet, dass durch Fur Deletion kein durch Eisenmangel hervorgerufener Phéanotyp sichtbar
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wurde. Intrazelluldrer Eisenmangel kann zudem durch das bereits bekannte
Regulationsmuster des Fur Proteins ausgeschlossen werden (Hantke, 1981). Weiterhin konnte
ausgeschlossen werden, dass die Reifung der grolen Hydrogenase Untereinheiten durch die
fur Deletion beeinflusst wurde, da die Transkription der fiir die benétigten Reifungsproteine
kodierenden Gene unbeeinflusst blieb. Die gesammelten Ergebnisse deuten auf eine indirekte
Fur abhéngige Regulation des FHL Komplexes hin. Als sich aus den Daten ableitendes
Modell bietet sich die durch RhyB vermittelte Repression des iscSUA Operons an. In
Abwesenheit von Fur wird die regulatorische RNA RyhB dereprimiert, die normalerweise die
Funktion von Fur unterstiitzt und Translation von mRNAs verhindert. Gleichzeitig wird IscR
stabilisiert und die Expression der hya- (Abb. 8) und hyb-Operons (Giel et al., 2006)
gehemmt. Allgemein konnte mit diesen Experimenten erstmals ein Zusammenhang zwischen

der Eisen-Homdostase und dem H,-Stoffwechsel gezeigt werden.

Fur

IscR ‘lE)ryhB —
letl

iscS -iscU -iscA —
IscR
;EhyaA: B i C ) D JEJF —
Fur
?
[
hycA B C D E F G JH) Il —

Abbildung 8 Mogliche durch Fur-vermittelte Regulation der Hydrogenasen. Die Gene ryhB, iscRSUA, hyaA-F und
hycA-I und deren Hemmung (rote Balken) oder Aktivierung (griine Pfeile) durch Fur und IscR sowie der regulatorischen
RNA RyhB sind dargestellt. Die Gene sind nicht mafistabsgetreu und die Art der Fur vermittelten Regulation des hyc-
Operons ist unbekannt, da im Promotorbereich keine Fur Bindestelle identifiziert wurde.

2.2.2 Artikelkopie



Ergebnisse 1

The Role of the Ferric-Uptake Regulator Fur and Iron Homeostasis in
Controlling Levels of the [NiFe]-Hydrogenases in Escherichia coli

. *
Constanze Pinske and R. Gary Sawers
Institute for Biology/ Microbiology, Martin-Luther University Halle-Wittenberg, Kurt-Mothes-Str. 3, 06120
Halle (Saale), Germany

" For correspondence: R.G. Sawers, Institute for Biology/ Microbiology, Martin-Luther University Halle-
Wittenberg, Kurt-Mothes-Str. 3, 06120 Halle (Saale) Germany
Tel., +49 345 5526350, Fax., +49 345 5527010; Email, gary.sawers@mikrobiologie.uni-halle.de

Abstract

Escherichia coli when growing anaerobically synthesizes three [NiFe]-hydrogenases. We
investigated the consequences on hydrogenase levels, enzyme activity and gene expression of
deleting the ferric iron-uptake regulator Fur, which is required to coordinate intracellular iron
levels. Total hydrogenase activity was reduced between 80-90% in the fur mutant. Hydrogen
production by the formate hydrogenlyase pathway was strongly reduced. Analysis of lacZ
fusions to the various hydrogenase structural operons demonstrated that regulation of 4ya and
hyb was not transcriptional, while the effect of the fur mutation on Ayc was partly due to
reduced intracellular formate. Immunological analysis of the hydrogenase large subunits
revealed that the absolute levels of the enzymes were reduced suggesting that either post-
transcriptional or post-translational control, possibly through enhanced enzyme turnover, was
a major cause of reduced activity. A mutant defective in multiple iron transport systems also
essentially lacked hydrogenase activity highlighting the importance of intracellular iron
availability in regulating hydrogenase synthesis.

Keywords: Fe*'-uptake regulator, Fur; iron transport; dihydrogen evolution; dihydrogen oxidation; [NiFe]-

hydrogenase

1. Introduction

The study of biohydrogen production through the
action of microbial hydrogenases is a rapidly
expanding area of scientific research [1, 2]. In
order to make significant headway in improving
microbial systems for biohydrogen production we
must first attempt to understand hydrogen
metabolism completely and this can be achieved
most usefully using well-characterized model
systems such as Escherichia coli. Although E. coli
has the coding capacity to synthesize four [NiFe]-
hydrogenases, so far only three hydrogenases have
been identified and characterized [3]. All three
[NiFe]-hydrogenases are synthesized anaerobically
and a complex machinery of enzymes for the
biosynthesis of their active sites and insertion of
the fully formed enzymes into the cytoplasmic
membrane is required [4, 5]. Hydrogenases 1
(Hyd-1) and Hyd-2 are membrane-associated and
have their active sites located on the periplasmic
side of the cytoplasmic membrane. Hyd-1 and
Hyd-2 oxidize dihydrogen and are encoded by the
hya and hyb operons, respectively. Hyd-3, on the

other hand, forms part of the dihydrogen-evolving
formate hydrogenlyase (FHL) complex, which is
also a membrane-bound protein complex but has
its active centres oriented toward the cytoplasm
[3]. The FHL complex comprises 6 Hyc proteins,
encoded by the hyc operon, along with a formate
dehydrogenase H component encoded by the fdhF
gene. Synthesis of the FHL complex is absolutely
dependent upon formate [6]. These large enzyme
complexes have a significant demand for iron not
only from the perspective of their complex active
sites but also through numerous iron-sulphur
clusters in their electron-transferring subunits.

While we understand a considerable amount, but
by no means all, concerning the biosynthesis of the
active site of [NiFe]-hydrogenases [5], as well as
much of the detail of nickel uptake and delivery to
the active site machinery [5], next to nothing is
known regarding the uptake and delivery of iron
for active site biosynthesis. Iron is also required for
the iron-sulfur (Fe-S) clusters in the small subunits
and electron-transfer components of the
hydrogenases; however, the route of iron delivery
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and which of the Fe-S cluster biosynthetic
machineries [7,8,9] are involved in Fe-S synthesis
is unresolved.

A key regulator of intracellular iron homeostasis is
the ferric uptake regulator Fur [10]. Fur was
originally identified as a negative regulator of
many iron transport systems [10], but more
recently it has been shown to regulate expression
of some genes positively [11,12]. Fur achieves this
on the one hand by controlling cellular iron-protein
levels in response to iron availability, particularly
large enzyme complexes with a high demand for
iron [12] and on the other it represses transcription
of a small 90 base regulatory RNA RyhB that
binds to several mRNAs encoding gene products
involved in iron metabolism. RyhB functions by
enhancing degradation of particular mRNAs [11].
In this study we examined the impact of deleting
the gene encoding Fur on hydrogenase biosynthesis
and discovered that the levels and activities of all
three [NiFe]-hydrogenases in E. coli were
compromised.

2. Materials and methods

1.1 Strains and growth conditions

The bacterial strains used in this study are listed in Table 1.
Introduction of the fur::Cm® mutation from GG190 into
MC4100 by Plkc phage transduction to create CP500 was
performed according to Miller [20].

E. coli strains were grown routinely at 37 °C on LB-agar
plates [20] and those with either a fur::Cm® mutation or
carrying a single copy lacZ fusion included 12.5 pug per ml of
chloramphenicol or 50 ug per ml of kanamycin, respectively,
in the plates. Anaerobic growths were performed at 37 °C in
sealed bottles filled with anaerobic media and under a
nitrogen gas atmosphere. Cultures for determination of
hydrogenase enzyme activity and processing of the respective
hydrogenase large subunits were grown in TYEP media pH
6,5 [21] supplemented with 0.8% (w/v) of glucose (TGYEP),
7.5 uM FeCl; and 0.1 uM NiCl,. Where indicated formate
was added to a final concentration of 15 mM.

When required kanamycin (50 pg ml™"), ampicillin (100 pg
ml") or chloramphenicol (12.5 ug ml™') were added to the
growth media.

2.2. Construction of single copy lacZ fusions

Recombinant DNA work was carried out according to
published methods [22]. To construct the hypA::lacZ fusion a
541 bp (IR1) DNA fragment including the hyp promoter and
regulatory region was amplified from the chromosome of
MC4100 by PCR wusing Phusion DNA polymerase
(Finnzymes, Germany) and the oligonucleotides IR1 (5°-
CTCGGATCC TGTCACCATGACACTGTGGA-3’ and 5’-
CTCGGATCC GCGATGTAATCGGCTTTCTC-3)
(Metabion, Germany). The DNA fragment was ligated into
pRS551 [23], which had been digested with BamHI and
dephosphorylated with shrimp alkaline phosphatase (Roche,
Germany). This procedure delivered pRS-IR1. The complete

DNA sequence of the fragment was verified by sequencing
(Seqlab, Germany) and the insert was transferred to ARS45
[23]. The resulting MA(hypA::lacZ) operon fusion was
introduced in single copy into the A attachment site of wild-
type strain MC4100, delivering strain CP543. Construction of
the M17s (single copy hycB::lacZ) [18] MdhF::lacZ fusion
[17] and strains DJR10 A(hyaA—lacZ) and DJR100 A(hybO-
lacZ) [19] has been described. Similarly, the fur derivatives
CP744  (hyaA::lacZ), CP746 (hybO::lacZ), CP763
(hycB::lacZ), CP747 (hypA::lacZ) and CP749 (fdhF::lacZ)
were constructed using CP500 (MC4100 fur::Cm®) as a host.
2.3. Preparation of cell extracts and determination of
hydrogenase-dependent enzyme activities

Anaerobic cultures were harvested at an ODygy,, of
approximately 0.8. Cells from cultures were harvested by
centrifugation at 4000 x g for 10 min at 4°C, resuspended in
1% (v/v) of the culture volume of 50 mM MOPS buffer pH
7.0 and lysed on ice by sonification (30 W power for 5
minutes with 0.5 sec pulses). Unbroken cells and cell debris
were removed by centrifugation for 15 min at 10, 000 x g and
4°C and the supernatant was used as the crude cell extract.
Total hydrogenase enzyme activity was measured according
to [24] except that the buffer used was 50 mM MOPS buffer,
pH 7.0. The detection wavelength used was 578 nm and an
Ey value of 8,600 M"' cm™ was assumed for reduced benzyl
viologen. One unit of activity was defined as the oxidation of
1 uwmol of hydrogen per min.

Dihydrogen production by the FHL pathway was determined
by gas chromatography. Cultures were grown anaerobically
in TGYEP pH 6.5 with 15 mM formate and cells from a 100
ml culture were harvested and resuspended to an ODg,, = 1.0
per ml in 40 mM MOPS buffer pH 7.0, including 20 % (v/v)
glycerol. Small anaerobic reaction tubes (mini-Hungate tubes
5 ml, Ochs Boveden-Lenglern) were filled in an anaerobic
chamber (Coy, Michigan, USA) with 0.73 ml MOPS/
glycerol buffer and the residual hydrogen gas was removed
under vacuum and replaced with nitrogen gas. A 100 ul
aliquot of the cell suspension was added to the Hungate tubes
and the mixture was reduced with sodium dithionite and
equilibrated at 37 °C for 5 min. The reaction was started by
the addition of 20 ul of 3 M sodium formate and 200 p1 of the
gas phase were analysed at 6 time points between 3 and 18
minutes by gas chromatography (GC4000 Fisosna
Instruments, Mainz-Kastel Germany) with a molecular sieve
column 5A, 80/ 100 mesh. Pure nitrogen was used as the
carrier gas. The amount of dihydrogen gas produced per unit
time was calculated based on a standard curve using defined
concentrations of dihydrogen gas. From the initial velocities
the specific activities were calculated and are given either in
mU per mg protein or U per ml of equivalent cell number.
Each experiment was repeated minimally three times and the
standard deviation is shown.

Protein concentration of crude extracts was determined [25]
with bovine serum albumin as standard.

2 4. Polyacrylamide gel electrophoresis and immunoblotting
For Western blot analysis, aliquots of 25 ug of protein from
crude extracts were separated in 10% (w/v) SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) [26] and
transferred to nitrocellulose membranes as described [27].
Antibodies raised against Hyd-1 (1: 10,000; [24]), Hyc-3
(1:3,000; [25]), Hyd-2 (1:20,000; a kind gift from F. Sargent)
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and AdhE (1:20,000) were used. Secondary antibody
conjugated to horseradish peroxidase was obtained from Bio-
Rad. Visualisation was done by the enhanced
chemiluminescent reaction (Stratagene).

Non-denaturing PAGE was performed using 7.5% (w/v)
polyacrylamide gels pH 8.5 and included 0.1% (w/v) Triton-
X100 in the gels exactly as described [20]. Samples of crude
extract (15 — 20 ug of protein) were incubated with 5% (w/v)
Triton X-100 prior to application to the gels. Gels were
stained with either Coomassie Brilliant Blue or by in-gel
staining for hydrogenase activity as described [24] except
that the buffer used was 50 mM MOPS pH 7.0.
B-Galactosidase enzyme activity was determined as described
by Miller [20] and performed at room temperature. All assays
were performed in triplicate and repeated at least three times
with results varying by no more than 15%.

3. Results and discussion

3.1. Fur is required for hydrogenase activity

Total hydrogenase activity was determined in cell
extracts of E. coli wild type MC4100, its isogenic
fur mutant CP500 and, as a control, a 4ypF mutant,
which is unable to synthesize active [NiFe]-
hydrogenases [14]. The results in Table 2 show
that, as expected, the AhypF mutant lacks
hydrogenase activity, while the activity in a fur
mutant was reduced approximately 80% compared
with activity levels in the wild type. This result was
surprising because mutants unable to synthesize the
Fur repressor generally exhibit enhanced iron
uptake [10]. This finding indicates that Fur is
important for maximal hydrogenase activity in
anaerobically growing E. coli.

To demonstrate that this effect was not strain-
specific, the total hydrogenase activity of a
different E. coli wild type strain W3110 [15] and
its isogenic fur mutant were determined (Table 2).
Extracts of W3110 had an activity similar to that of
MC4100 and introduction of the fur deletion
resulted in a corresponding 80% reduction in
activity. As a control we analyzed hydrogenase
activity in mutant ECA458, which lacks five iron
transport systems (deletions in entC, fecA-E,
feoAB, mntH and zupT). Extracts derived from
anaerobically grown ECA458 were almost
completely devoid of hydrogenase activity, which
indicates the importance of both Fe*" and Fe’*
acquisition systems for the synthesis of all three
[NiFe]-hydrogenases in E. coli. It should be noted
that none of the characterized mutants was
significantly impaired in anaerobic growth in the
rich medium used and growth media were
supplmented with 7.5 uM iron and 0.1 uM nickel.

3.2. Lower levels of hydrogenases 1 and 2 are
present in fur mutants

In order to examine the effect of the fur mutation
on the levels of the individual hydrogenase
enzymes more specifically we analyzed first of all
the activities of Hyd-1 and Hyd-2 by staining for
activity  after native  polyacrylamide  gel
electrophoresis (PAGE) [24]; due to its extreme
lability under these conditions the Hyd-3
component of the FHL complex cannot be
analyzed by this method [24]. It is clear from the
data presented in Fig. 1A that particularly Hyd-1
levels are significantly lower in extracts of the fur
mutant compared with the corresponding wild type
strain MC4100. It is important to note that Hyd-1
contributes approximately only 1-2% of the total
hydrogenase activity under the growth conditions
used [28]. Hyd-2 also shows an approximate 2-fold
lower activity. As a loading control a gel with the
same samples was stained with Coomassie Brilliant
Blue (right panel in Fig. 1A). The activity-stained
Hyd-2 complexes were signficantly larger than the
Hyd-1 active complex (Fig. 1A, compare left and
right panels). In the W3110 background the fur
mutation had a less pronounced effect on Hyd-1
and Hyd-2 (Fig. 1B).

In accord with the lack of hydrogenase activity (see
3.1.) no activity bands corresponding to Hyd-1 or
Hyd-2 could been seen in extracts of DHP-F2
(AhypF) (Fig. 1A) and only extremely low levels
of activity were observed in extracts from ECA458
(the iron transport-defective mutant) (Fig. 1B).
Active hydrogenases have a faster migrating form
of their large subunit due to processing of the C-
terminus subsequent to insertion of the NiFe-center
into the active site [5]. The unprocessed, more
slowly migrating species of the subunit is inactive
and is frequently observed in extracts of the wild
type, which provides a ,snap-shot” of both
processed and newly synthesized, unprocessed
enzyme species [5].  These species can be
distinguished using denaturing SDS-PAGE and
hydrogenase-specific antiserum. The Western blots
in Fig. 1C demonstrate that antibodies raised
against Hyd-1, Hyd-2 and Hyd-3 identify
uprocessed and processed enzyme species that
migrate with molecular masses varying between
60-65 kDa. The antibodies raised against Hyd-2
and Hyd-3 also show signals with some
unidentified cross-reacting polypeptides. Focussing
on the region of the gels migrating between 50 and
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70 kDa it can be seen in Fig. 1D that the amounts
of both unprocessed and processed forms of the
large subunits of Hyd-1 and Hyd-2 were lower in
the fur mutant. The most profound effect, however,
was observed for the Hyd-3 large subunit where
only barely detectable amounts of the processed
species were observed (Fig. 1D). This finding
indicates that active Fur is required for synthesis or
stabililty and processing of Hyd-3. None of the
processed species of the large subunits could be
detected in extracts of ECA458 (the iron transport-
defective mutant) indicating that without the key
iron transport systems no processing of the
hydrogenase large subunits occurs.

To demonstrate the specificity of the Fur protein
for [NiFe]-hydrogenases, we could demonstrate
that the level of iron-dependent alcohol
dehydrogense, AdhE [29], which has a subunit
molecular mass of 110 kDa was unaffected in the
fur mutant (see lower panel in Fig. 1D). This panel
also served as an internal loading control for the
experiment. Moreover, the amount of AdhE was
only marginally decreased in ECA458, indicating
that not all iron-dependent enzymes were affected
to the same extent by the mutations in iron
transport systems.

3.3. Dihydrogen production is reduced 80% in a fur
mutant

Hyd-3 is the active component of the FHL pathway
and is required for dihydrogen evolution by
fermenting E. coli cultures [3]. Dihydrogen
production by cells of the fur mutant CP500 was
only 20% of that observed for the wild type
MC4100 (Fig. 2), which is in good agreement with
the reduced levels of Hyd-3 polypeptides present in
the mutant (see Fig. 1D in 3.2.). Under the
fermenting growth conditions used for these
studies Hyd-3 comprises 70-95% of the total
hydrogenase enzyme activity (compare with Table
2, section 3.1.) [30,31]. The findings presented
here suggest, therefore, that the Fur protein is
important for optimal synthesis and activity of the
FHL complex.

3.4. The absence of Fur does not negatively affect
transcriptional regulation of the operons encoding
the Hyd-1 or Hyd-2 structural components

The expression of the operons encoding Hyd-1
(hya) and Hyd-2, (hyb) was determined after
anaerobic growth of the wild type, MC4100, and
its isogenic fur deletion mutant CP500 using
transcriptional lacZ fusions (Fig. 3). The results

show that the fur mutation had no effect on the
expression of either the hybO::lacZ gene fusion,
while the expression of the hyad::lacZ fusion was
decreased by approximately 30% relative to the
level in the wild type. These results indicate that
the regulation imposed by Fur is not directly at the
transcriptional level of these two operons. Rather
regulation occurs at the post-transcriptional or
post-translational level, possibly through increased
turnover of the unprocessed large subunits of the
enzymes because of the reduced levels of the the
[NiFe]-cofactor in the active site [5] or through
decreased mRNA stablility or translation [11].
Moreover, the small subunits of these enzymes are
electron-transferring, iron-sulfur proteins and iron
limitation will also result in production of apo-
proteins  lacking a complete  FeS-cluster
complement [3,5].

The hyp operon encodes components required for
maturation of all three hydrogenases in E. coli [5].
Analysis of a hyp::lacZ transcriptional fusion
revealed that the fur mutation had no effect on the
expression of the operon encoding the hydrogenase
maturation machinery (Fig. 3).

3.5. A fur mutant has reduced fdhF and hyc operon

expression
In contrast to the lack of regulation of the
hydrogenase  structural  operons, however,

expression of the fdhF gene and hyc operon, both
encoding structural components of the FHL
complex was reduced 10-fold in the fur mutant
(Fig. 3). Addition of formate to the culture medium
elevated expression levels of the fdhF::lacZ fusion
to 820 = 100 in the fur mutant and to 3150 £ 490 in
the wild type, indicating that formate restored
expression to 25% of the levels observed for the
wild type. These findings are in accord with the
observed reduction in dihydrogen production via
the FHL complex observed in Fig. 2 (see section
3.3.). Moreover, the results also suggest that part of
the reason for the reduced fdhF and hyc expression
is a lower intracellular formate concentration [6]. A
recent survey of RyhB-regulated genes identified
the pflA gene as a target [11]. PflA is a radical-
SAM enzyme possessing a [4Fe-4S]-cluster and it
is also the post-translational activator of pyruvate
formate-lyase, which generates formate
intracellularly from pyruvate [32]. Reduced levels
of PflA result in a reduced intracellular formate
pool. Clearly, however, reduced formate levels are
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not the sole reason for reduced FHL activity in the
fur mutant.

3.6. Iron homeostasis and hydrogenase activity - a
physiological rationale for the role of Fur in
hydrogen metabolism

RyhB controls the degradation of a number of
mRNAs including the iscSUA portion of the
iscRSUA operon [33], which encodes the
machinery for biosynthesis of Fe-S clusters in
anaerobically growing E. coli. Under iron-limiting
conditions, or in mutants devoid of Fur, RyhB
synthesis is increased and it binds to the iscS
portion of the iscRSUA transcript promoting
degradation of the iscSUA but concomitantly
stabilizing the iscR portion of the transcript; IscR is
a negative regulator of hya and hyb operon
expression  during  aerobiosis  [34]. The
consequence is that Fe-S-cluster biogenesis is
compromised and Fe-S cluster-containing proteins
such as hydrogenases are no longer synthesized in
an active form. Indeed, the total hydrogenase
activity in an isc4A mutant was approximately 5%
(0.13 units mg protein') that of the wild type,
which would be consistent with a reduction in the
levels of Fe-S cluster-containing enzymes. This
mechanism could at least partially explain the
negative effect of a fur mutation on hydrogenase
enzyme  activity, thus circumventing the
requirement for direct transcriptional regulation
and provides an elegant means of controlling
hydrogenase biosynthesis in response to iron
homeostasis. Moreover, the fact that the hyb
operon was recently identified as a RyhB target
[11] suggests that the steady-state levels of Ayb
operon mRNA should be reduced in a fur mutant
and this could also contribute to the reduced levels
of Hyd-2 in the fur mutant. Future studies will aim
to determine the role of the Fe-S cluster biogenesis
systems in hydrogenase biosynthesis.

4. Conclusions

The Fe*'-responsive regulator Fur plays a central
role in iron homeostasis. The initially surprising
finding that a fur deletion mutant has an
approximate 80-90% reduction in hydrogenase
activity is possibly a direct consequence of a
reduction in the levels of the Fe-S cluster
biosynthetic machineries. Notably the hydrogenase
3 component of the dihydrogen-evolving FHL
complex is strongly reduced in both amount and, as
a consequence, activity in a fur mutant. The two
hydrogen-oxidizing [NiFe]-hydrogenases

synthesized under anaerobic conditions, Hyd-1 and
Hyd-2, also exhibit somewhat reduced levels and
activity in a mutant devoid of Fur. Not only is iron
supply crucial for the optimal synthesis of [NiFe]-
hydrogenases as evidenced by the absence of active
hydrogenases in a mutant devoid of multiple
transport systems but also the coordination of
hydrogenase enzyme synthesis with intracellular
iron metabolism is important for hydrogen
metabolism in general. The key coordinator is Fur.

Abbreviations
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hydrogenlyase (FHL); Hydrogenase (Hyd); iron-
sulfur (Fe-S); pyruvate formate-lyase-activating
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Figure 1. The [NiFe]-hydrogenases show reduced enzyme activity and protein levels in a fur mutant.
Polypeptides in crude extracts (25 ug of protein) derived from (A) MC4100 (Wt), DHP-F2 (AhypF)
and CP500 (Afur) and (B) W3100 (Wt), ECA458 (transport’) and GG209 (Afur) were separated by
non-denaturing PAGE and subsequently stained for either hydrogenase enzyme activity as described
in 2.4 or protein (right panel in part A). The locations of Hyd-1 and Hyd-2 are shown. The asterisk
respresents a weak, hydrogenase-independent activity. Molecular mass markers (lane M) shown in the
Coomassie-Blue-stained native PAGE were thyroglobulin (639 kDa), ferritin (440 kDa), catalase (272
kDa), lactate dehydrogenase (140 kDa) and BSA (67 kDa). C. Polypeptides in crude extracts (50 ug of
protein) derived from MC4100 were separated under denaturing conditions by SDS-PAGE and after
transfer to nitrocellulose membranes the samples were treated with antiserum raised against Hyd-1,
Hyd-2 or Hyd-3. The locations of the unprocessed and processed forms of the respective hydrogenase
large subunits are shown. The location of molecular mass size markers (Fermentas, Germany) is
shown on the right of the panel. D. Polypeptides in crude extracts (50 ug of protein) derived from
W3110 (Wt), ECA458 (transport ') and GG209 (Afur) were separated under denaturing conditions by
SDS-PAGE and hydrogenase and AdhE antigens were detected using specific antiserum raised against
Hyd-1, Hyd-2, Hyd-3 and AdhE. In the interest of clarity only the portion of the gel between 50 and
70 kDa is shown. The bands labelled unprocessed and processed represent precursor and mature forms
of the respective hydrogenase large subunits [5]. The asterisk next to the Western blot of Hyd-2 in
panels C and D signifies an unidentified polypeptide that cross-reacts with the antiserum.
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Figure 2. Activity of the dihydrogen-producing FHL complex is reduced in a fur mutant. Dihydrogen
gas-producing activity from a representative series of measurements is shown. The experiment was
performed several times always with a similar result. Samples were withdrawn at the indicated time
points and the amount of hydrogen gas determined. Shown are the wild type MC4100 (filled squares),
the negative control DHP-F2 (open squares) and CP500 (Afur) (filled circles). The specific hydrogen
production activity for each strain was calculated to be 17.8 mU mg protein™ for MC4100, 0 mU mg
protein™ for DHP-F2 and 3.2 mU mg protein™ for CP500.
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Figure 3. Expression of the fdhF gene and hyc operon, but not the Hyd-1 and Hyd-2 structural genes,
is reduced in a fur mutant. f—Galactosidase activities in Miller units from cells grown in TGYEP, pH
6.5. Black bars represent /lacZ fusions in MC4100 and white bars in CP500 (Afur).

Table 1. Strains used in this study.

Strains Genotype Reference or source
MC4100 F araD139 A(argF-lac)U169 ptsF25 deoCl relAl flbB5301 [13]
rspL150°
DHP-F2 Like MC4100 but AhypF [14]
W3110 Wild type K12 derivative [15]
GG209 W3110 Afur::FRT G. Grass
GG190 BW25113 Afir:Cm"® G. Grass
ECA373 Like W3110 but Afur [16]
ECA458 Like W3110 but AfecA-E, AzupT, AmntH, AfeoB, AentC N. Taudte
CP266 Like MC4100 but AfdhF::lacZ [17]
M17s Like MC4100 but hyd-17::MudlI (Ap" lac) [18]
CP500 Like MC4100 but Afizr:: Cm® introduced from GG190 This work
CP543 Like MC4100 but AMycA::lacZ This work
DJR10 Like MC4100 but A(hyaA-lacZ) [19]
DJR100 Like MC4100 but MhybO—-lacZ) [19]
CP744 Like CP500 but MyaA::lacZ This work
CP746 Like CP500 but AMybO::lacZ This work
CP747 Like CP500 but AMycA::lacZ This work
CP749 Like CP500 but AfdhF::lacZ This work
CP763 Like CP500 but hyd-17::MudlI (Ap" lac) This work

Table 2. Total hydrogenase enzyme activity in fur mutants.

Strain® Hydrogenase Sp. Activity
(umol H, oxidized min"' mg protein™)
MC4100 (wild type) 2.70 £ 0.8
DHP-F2 (AhypF) 0.02 +0.001
CP500 (Afur) 0.25+0.13
W3110 (wild type) 2.34+0.7
ECAA458 (AfecA-E, AzupT, AmntH, AfeoB, AentC) 0.05 £ 0.01
ECA373 (Afur) 0.64 = 0.35

* Strains were grown anaerobically in TGYEP with 15 mM formate and total hydrogenase activity was
determined in crude extracts.
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2.3 Eisen Limitierung induziert die priiferentielle Herabregulation der H,-
verbrauchenden vor der H,-produzierenden Reaktion wihrend des

fermentativen Wachstums von Escherichia coli.

2.3.1 Zusammenfassung

Bereits historisch ist die Generierung von Mutanten fiir die Identifikation der Proteine,
Aufklarung der Reifung und metabolische Einfliisse auf die Aktivitdt der [NiFe]-
Hydrogenasen genutzt worden (Chippaux et al., 1972; Graham et al., 1980; Krasna, 1984;
Lee et al., 1985; Pascal et al., 1975). In dieser Arbeit wurde durch ungerichtete
Transposoninsertion und anschlieBendem Aktivititsscreen feoB als Gen identifiziert, bei
dessen Deletion die Gesamthydrogenaseaktivitit um bis zu 76 % reduziert war, wenn kein
externes Eisen zugegeben wurde. Das feo-Operon kodiert fiir ein Eisen(Il)-Aufnahmesystem,
welches unter den gewihlten anaeroben Anzuchtbedingungen die vorherrschende Redoxstufe
ist und dessen Loslichkeit hoher als fiir Eisen(IIl)-Verbindungen ist (Abb. 9). Dass dieser
Effekt nicht auf externen Eisenmangel zurlickzufiihren ist, beweist die im Vollmedium um
54 % reduzierte Gesamthydrogenaseaktivitdt einer feoB Mutante. Unter diesen Bedingungen
ist die Aktivitdit des Wasserstoff produzierenden FHL Komplexes ebenfalls um 50 %
reduziert. Auffallend ist auBerdem die dramatische Abnahme der Proteinmenge der groBen
Hyd-1 (um 90 %) und Hyd-2 (nicht nachweisbar) Untereinheiten in einer feoB Mutante, bei
gleichzeitig nur um 50 % verringerter Hyd-3 Proteinmenge. Diese Werte korrelieren mit den
gemessenen Gesamt-Aktivititen. Zusitzliche Kombination der feoB Mutation mit Deletionen
in weiteren wichtigen Eisenaufnahmesystemen, wie der Enterochelin-Biosynthese entC
und/oder dem Eisencitrat-Transporter fecA-E (Abb. 9), zeigten vollstindigen Verlust der
Hyd-1 und Hyd-2 Aktivititen in der Aktivitatsfarbung, der sich durch die Abwesenheit beider
groBBer Untereinheiten begriindet. Erst die Kombination der drei Mutationen fiihrte

letztendlich zur Reduktion der FHL Aktivitit auf 30 % und der Gesamt-Aktivitit auf 7 %.

Um die Ebene der Regulation zu bestimmen, wurde die Transkription der fiir Hyd 1, 2 und 3
kodierenden Operons gemessen. Dabei zeigte sich, dass trotz der Deletionen von feoB, entC,
fecA-E oder Kombinationen dieser Mutationen Transkription nur zu maximal 50 % reduziert
war. Durch Deletion der Gene von Eisenaufnahmesystemen verursachter Eisenmangel
bedingt also bei relativ konstanter Transkription verringerte Hydrogenase Proteinmengen und

lasst auf post-transkriptionelle Effekte schlieen.
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Zur Kontrolle erfolgte die Komplementation der Hydrogenaseaktivitit einer feoB Mutante
durch Zugabe des kompletten feoABC Operons oder durch feoB allein auf Plasmid. Da
letzteres nicht erfolgreich war kann bei der isolierten feoB Mutante von polaren

transkriptionellen Effekten auf das stromabwirts befindliche feoC Gen ausgegangen werden.

Offensichtlich ist die Verfiigbarkeit von Eisen essentiell fiir die Funktion und die Stabilitét
sowohl der groflen als auch der kleinen Hydrogenase Untereinheiten. Dennoch muss es
innerhalb der Zelle ein System geben, welches fiir den Eisen-Einbau zwischen verschiedenen

Apoproteinen diskriminieren kann.
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+ °

oM

Periplasma

Cytoplasma

Abbildung 9 Schema der Eisen-Transportsysteme von E. coli (nach (Andrews et al., 2003)). Die Rezeptorproteine der
dufleren Membran (OM) koénnen spezifisch Siderophore vom Hydroxamat-Typ (FhuA PDB:1QJQ, FhuE), vom Catechol-Typ
(Enterobactin bei FepA PDB:1FEP) und Eisen-Citrat (FecA PDB:1KMO) aufnehmen und ins Periplasma transportieren. Die
Energie fiir diesen Vorgang wird iiber den TonB-ExbB-ExbD Komplex vermittelt. Der Transport durch die
Cytoplasmamembran (CM) erfolgt unter ATP Hydrolyse durch spezifische ABC-Transporter (ATP binding cassette).
Eisen(II)-Aufnahme erfolgt durch das GTP abhéngige FeoABC System in der Cytoplasmamembran.

2.3.2 Artikelkopie

(Zusatzliche Online Ergebnisse befinden sich im Anhang 1)
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regulation of H,-consuming over H,-evolving
reactions during fermentative growth of
Escherichia coli

Constanze Pinske and Gary Sawers’

Abstract

Background: Escherichia coli synthesizes three anaerobically inducible [NiFe]-hydrogenases (Hyd). All three enzymes
have a [NiFe]-cofactor in the large subunit and each enzyme also has an iron-sulfur-containing small subunit that is
required for electron transfer. In order to synthesize functionally active Hyd enzymes iron must be supplied to the
maturation pathways for both the large and small subunits. The focus of this study was the analysis of the iron
uptake systems required for synthesis of active Hyd-1, Hyd-2 and Hyd-3 during fermentative growth.

Results: A transposon-insertion mutant impaired in hydrogenase enzyme activity was isolated. The mutation was
in the feoB gene encoding the ferrous iron transport system. The levels of both hydrogen-oxidizing enzymes Hyd-1
and Hyd-2 as determined by specific in-gel activity staining were reduced at least 10-fold in the mutant after
anaerobic fermentative growth in minimal medium, while the hydrogen-evolving Hyd-3 activity was less severely
affected. Supplementation of the growth medium with ferric iron, which is taken up by e.g. the siderophore
enterobactin, resulted in phenotypic complementation of the feoB mutant. Growth in rich medium demonstrated
that a mutant lacking both the ferrous iron transport system and enterobactin biosynthesis (entC) was devoid of
Hyd-1 and Hyd-2 activity but retained some hydrogen-evolving Hyd-3 activity. Analysis of crude extracts derived
from the feoB entC double null mutant revealed that the large subunits of the hydrogen-oxidizing enzymes Hyd-1
and Hyd-2 were absent. Analysis of lacZ fusions demonstrated, however, that expression of the hya, hyb and hyc
operons was reduced only by maximally 50% in the mutants compared with the wild type.

Conclusions: Our findings demonstrate that the ferrous iron transport system is the principal route of iron uptake
for anaerobic hydrogenase biosynthesis, with a contribution from the ferric-enterobactin system. Hydrogen-
oxidizing enzyme function was abolished in a feoB entC double mutant and this appears to be due to post-
translational effects. The retention of residual hydrogen-evolving activity, even in the feoB entC double null mutant
suggests that sufficient iron can be scavenged to synthesize this key fermentative enzyme complex in preference
to the hydrogen-uptake enzymes.

Background

[NiFe]-hydrogenases catalyze the reversible activation of
molecular hydrogen [1]. The genome of Escherichia coli
encodes four membrane-associated [NiFe]-hydrogenases,
only three of which are synthesized under standard
anaerobic growth conditions. Two of these enzymes,

* Correspondence: gary.sawers@mikrobiologie.uni-halle.de
Institute for Microbiology, Martin-Luther University Halle-Wittenberg, Kurt-
Mothes-Str. 3, 06120 Halle (Saale), Germany

( ) BioMed Central

hydrogenase 1 (Hyd-1) and Hyd-2, oxidize hydrogen
while the third, Hyd-3, is part of the hydrogen-evolving
formate hydrogenlyase (FHL) complex [2], which dispro-
portionates formic acid into CO, and H, and is an
important means of preventing acidification of the cyto-
plasm during mixed-acid fermentation. While all three
Hyd enzymes are synthesized during fermentation Hyd-
3 appears to contribute the bulk (80-90%) of the mea-
sureable hydrogenase activity (measured as H,: benzyl
viologen oxidoreductase activity) under these conditions,

© 2011 Pinske and Sawers; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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with Hyd-2 and Hyd-1 contributing the remainder [3].
Moreover, it has been recently demonstrated that Hyd-2
is functional in hydrogen oxidation at more reducing
redox potentials while Hyd-1 is optimally active at more
oxidizing potentials and is less oxygen-sensitive than
Hyd-2 [4]. This presumably provides the bacterium with
the capability of oxidizing hydrogen over a broad range
of redox potentials.

The active site of the [NiFe]-hydrogenases comprises a
Ni atom and a Fe atom to which the diatomic ligands
CO and CN are attached [5]. The Hyp proteins synthe-
size this hetero-bimetallic centre and mutations in the
genes encoding these Hyp maturases result in a hydro-
genase-negative phenotype [2,5]. Iron is also required as
a key component of the [Fe-S] clusters in the respective
electron-transferring small subunits of the hydrogenases
[5,6]. In addition, iron is required for the function of at
least one of the Hyp maturases, HypD [7,8].

While the route of nickel transport for hydrogenase
biosynthesis in E. coli has been well characterized [5,9],
it has not been determined which of the characterized
iron uptake systems is important for delivering iron to
the hydrogenase maturation pathway. E. coli has a num-
ber of iron transport systems for the uptake of both fer-
ric and ferrous iron [10]. Under anaerobic, reducing
conditions Fe?* is the predominant form of iron and it
is transported by the specific ferrous-iron FeoABC
transport system [11,12]. Under oxidizing conditions,
where the highly insoluble Fe** is the form that is avail-
able, E. coli synthesizes Fe**-specific siderophores to
facilitate iron acquisition [13]. These Fe**-siderophore
complexes are transported into the cell by specific trans-
port systems, e.g. Fe**-citrate is transported by the Fec
system, Fe**-hydroxamate by the Fhu system and Fe®
"-enterobactin by the Fep system. In this study we
examined the biosynthesis and activities of the [NiFe]-
hydrogenases during fermentative growth in null
mutants lacking defined iron transport systems.

Results

A feoB mutant has reduced hydrogenase activity in both
minimal and rich medium

All three [NiFe]-hydrogenases in E. coli catalyze the
hydrogen-dependent reduction of the artificial redox dye
benzyl viologen (BV) [3,14]. This activity can be visua-
lized in colonies on agar plates after anaerobic fermenta-
tive growth. The colonies of wild type cells develop a
dark violet colour in the presence of hydrogen and BV,
while mutants unable to synthesize hydrogenase remain
colourless [15]. Approximately 4000 kanamycin-resistant
TnS-insertion mutants were screened for an impaired
ability to catalyze the hydrogen-dependent reduction of
BV after anaerobic fermentative growth on M9 minimal
medium plates with glucose as carbon source (see
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Methods for details). One of eight putative mutants iso-
lated had a pale violet colony colour after BV-overlay in
the presence of hydrogen; the characterization of the
remaining seven putative mutants will be described else-
where. Transduction of the mutation in the pale-violet
mutant into a ‘clean” MC4100 genetic background
resulted in the mutant PM06, which retained the pheno-
type of the originally isolated mutant. Sequence analysis
of the site of Tn5 insertion in the mutant revealed that
it had inserted in the feoB gene, which encodes the
GTPase component of the ferrous iron transporter [12].

The hydrogen-dependent reduction of BV was deter-
mined in extracts derived from MC4100 (wild type) and
PMO6 (feoB::Tn5) grown anaerobically in M9 minimal
medium with glucose as carbon source and with differ-
ent iron sources (Table 1). The wild type MC4100
grown without addition of iron compounds had a total
hydrogenase activity of 2.0 U mg of protein™ (Table 1).
Growth of MC4100 in the presence of iron citrate and
potassium ferricyanide had essentially no effect on
enzyme activity, while ferric chloride resulted in an 80%
increase and ferric ammonium sulfate a 1.6-fold increase
in total hydrogenase activity (Table 1). Growth of
MC4100 in the presence of potassium ferrocyanide (Fe?
") resulted in extracts with a reduced but still significant
hydrogen-oxidizing activity of 66% compared to the wild
type grown without addition. It was noted that due to
the poor growth of the strains in minimal medium in
the presence of ferricyanide and ferrocyanide the hydro-
genase enzyme activity was highly variable with high SD
values. This phenomenon was reproducibly observed,
despite attempts to harvest cells under strictly compar-
able conditions of growth and presumably reflects varia-
bility in the labile Hyd-3 activity (see below). Therefore,
it must be stressed that only general trends in enzyme
activity changes caused by these iron sources can be
considered.

Extracts of a hypF mutant, which cannot synthesize
active hydrogenases [16], had essentially no hydrogenase
enzyme activity and served as a negative control.
Extracts of the feoB::Tn5 mutant PM06 grown in M9
medium in the absence of iron had a total hydrogenase
activity that was 24% that of the wild type without addi-
tion of iron compounds (Table 1). Growth of PMO06 in
the presence of iron chloride or ferric ammonium sul-
fate restored hydrogenase activity to levels similar to
wild type. The exception was potassium ferricyanide,
which failed to restore hydrogenase enzyme activity to
wild type levels; instead activity was approximately 50%
of that measured in MC4100 grown without iron sup-
plementation and only 50% of that measured after
growth of the wild type with potassium ferricyanide
(Table 1). In contrast, growth of PMO06 in the presence
of ferrocyanide did not restore hydrogenase activity.
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Table 1 Hydrogen-oxidizing enzyme activity of the feoB::Tn5 mutant PM06 grown in minimal medium with different

iron sources

Strain and iron supplement®

Hydrogenase specific activity®
(umol H, oxidized min™ mg protein™)

MC4100 PMO06 (feoB::Tn5)

no iron addition 202 £ 064 049 + 0.19
7.5 uM iron chloride (FeCls) 363 +0.73 249 + 0.64
15.3 uM hemin 172 + 092 025 +0.18
10 uM potassium ferrocyanide (K4[Fe(CN)gl) (Fe?™) 134 +1.30 0.38 +0.33
10 uM potassium ferricyanide (Ks[Fe(CN)gl) (Fe*) 1.80 + 2.82 0.93 + 0.85
10 uM ferric ammonium sulfate (Fe(NH,)(SO4),) 333 + 253 202 + 211
50 uM iron citrate (CgHsFeO5) 220 + 0.70 347 £1.17
300 uM 2,2-dipyridyl < 001 < 001

300 pM 2,2-dipyridyl and 200 UM FeCls 004 + 0.07 <001

300 puM 2,2"-dipyridyl and 200 uM iron citrate 159 + 1.16 0.04 + 0.06

2 Cells were cultivated in M9 minimal medium including 0.8% (w/v) glucose. Iron sources were added at the given final concentrations.

b The activities were determined for triplicate experiments.

Addition of hemin as a source of oxidized iron also failed
to restore hydrogenase activity to PM06, presumably
because hemin cannot be taken up by E. coli and the oxi-
dized iron is also tightly bound to the porphyrin. Taken
together, these results are consistent with the ferrous
iron transport system being an important route of iron
uptake for hydrogenase biosynthesis in the wild type.

Addition of 2, 2’-dipyridyl to the growth medium
resulted in total loss of hydrogenase activity of the wild
type MC4100 and PMO06 (Table 1). Supplementation of
200 uM iron chloride or iron citrate together with 300
uM dipyridyl showed that iron citrate restored 66% of
the wild type activity while iron chloride failed to restore
activity. None of these additions restored hydrogenase
activity to PMO06.

The activities of Hyd-1 and Hyd-2 can be visualized
after non-denaturing PAGE followed by specific activity
staining [14]; Hyd-3 is labile and cannot be visualized
under these conditions. This method allows a specific
analysis of the effect of mutations or medium supple-
ments on Hyd-1 and Hyd-2 activity and it should be
noted that this method is only semi-quantitative. Analy-
sis of the extracts of MC4100 grown in minimal med-
ium under all of the conditions tested identified both
Hyd-1 and Hyd-2 as characteristic hydrogen-oxidizing
activity-staining bands (Figure 1A). The relative intensity
of the activity-staining bands was quantified by densito-
metric analysis (Figure 1B) as described in the Methods
section. The intensity of the Hyd-1 and Hyd-2 activity-
staining bands was similar when cells were grown fer-
mentatively in the presence of iron citrate, ferric ammo-
nium sulfate, ferricyanide or ferrocyanide. In cell-free
extracts derived from PMO06 grown with the three Fe**
sources ferricyanide, ferric ammonium sulfate and ferric
citrate the Hyd-1 activity-staining profile was similar to
that of the wild type, however, the intensity was reduced

by approximately 50% (Figure 1). On the other hand,
Hyd-2 attained a level that was only between 10 and
20% the intensity of the wild type grown with iron
citrate, suggesting that the activity of this enzyme is less
readily complemented by addition of oxidized iron.
Somewhat surprising, however, was the observation that
although some activity of Hyd-2 could be observed after
growth of the mutant in the presence of FeCl;, Hyd-1
activity was strongly reduced (Figure 1). Total hydroge-
nase enzyme activity measured in these extracts of
PMO6 was nevertheless near wild type (Table 1). It must
be noted, however, that under these growth conditions
the contributions of Hyd-1 and Hyd-2 to the total activ-
ity are low (around 1% for Hyd-1 and 5-10% for Hyd-2),
as can be deduced from a strain lacking Hyd-3 (CP971)
that retained 4% of the wild type activity with iron
chloride [3,17]. This means that although Hyd-1 or
Hyd-2 activities could barely be observed by in-gel stain-
ing, the increase in total hydrogenase activity by addi-
tion of FeCl; was due to Hyd-3 activity.

An extract derived from PMO06 grown in the presence
of ferrocyanide showed essentially no detectable activity
due to either Hyd-1 or Hyd-2 (Figure 1), indicating that
probably the level of iron in the mutant was insufficient
to allow synthesis of wild type levels of these enzymes.
This correlated with the low total hydrogenase activity
measured in extracts of PMO06 after fermentative growth
with ferrocyanide, and indicates that the residual activity
was due to Hyd-3 (Table 1). After growth of PMO06 in
the presence of hemin no Hyd-1 activity was detected in
the gel (Figure 1), and only a very low Hyd-2 activity
was detected. Total hydrogenase activity was only 10%
of the total compared to wild type without addition of
iron compounds, indicating that Hyd-3 activity was not
recovered in PMO06 by addition of hemin to the growth
medium.
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Figure 1 Effect of different iron supplements on Hyd-1 and Hyd-2 activities in PM06 (feoB::Tn5) after growth in M9 minimal medium.
(A) Aliquots of crude extracts (25 pg) derived from DHP-F2 (negative control) the wild type (MC4100) and PM06 grown anaerobically in M9
minimal medium with glucose and the iron sources indicated were separated by non-denaturing PAGE (7.5% w/v polyacrylamide) and
subsequently stained for hydrogenase enzyme activity (see Methods). The iron sources were the following: 7.5 uM FeCls; 15.3 uM hemin; 50 uM
iron citrate (CgHsFeO5) (Fe*"): 10 UM potassium ferrocyanide (K4[Fe(CN)gl) (Fe?™); 10 UM potassium ferricyanide (Ks[Fe(CN)gl) (Fe*"): 10 UM Fe(NH,)
(SO,), (Fe**). (B) Densitometric quantification of the activity bands corresponding to Hyd-1 (black bars) and Hyd-2 (white bars) from the activity
gel. Values were calculated as relative values compared to the intensity of the activity bands in the wild type (MC4100) grown with iron-citrate.

The effect of the feoB mutation on hydrogenase
enzyme activity could also be observed after growth in
rich medium, whereby the hydrogenase enzyme activity
of the feoB mutant PM06 was reduced by a little over
50% compared with the activity of MC4100 (Table 2).

In an attempt to complement the feoB mutation, initi-
ally the feoB gene was re-introduced into PMO06 by
transformation of plasmid pECD1079 (feoB"). The plas-
mid failed to restore hydrogenase enzyme activity to the
levels determined for the wild type; surprisingly, the pre-
sence of the plasmid reduced overall hydrogenase activ-
ity to only about 15% that of the wild type (Table 2).
Western blot analysis of the Strep-tagged FeoB deriva-
tive encoded on pECD1079 confirmed that the protein
was synthesized but that the level of synthesis was
higher in aerobically grown cells compared with anaero-
bically grown cells (Additional file 1). The reason for
the reduction in hydrogenase activity caused by over-
produced Strep-tagged FeoB is unclear.

Table 2 Hydrogen-oxidizing enzyme activity of the
complemented PM06 (feoB::Tn5) mutant

Strain® and genotype

Hydrogenase specific activityb
(umol H, oxidized min™" mg protein™)

MC4100 296 (+ 0.31)
DHP-F2 (hypF) < 001
PMO6 (feoB:Tn5) 1.28 (+ 0.50)
PMO06 pECD1079 (feoB*) 044 (£ 0.13)
PMO6 pFEO (feoABCY) 34 (£ 1.30)

Introduction of the complete feoABC operon on the
plasmid restored hydrogenase activity in PMO06 to wild
type levels (Table 2). This latter result suggests that the
transposon insertion in the feoB gene caused a polar
effect on the downstream feoC gene and only the pre-
sence of the complete operon on a plasmid could com-
plement the mutation.

Combined knock-out of ferrous and ferric iron transport
systems abolishes hydrogen-oxidizing activities

Single null mutations that prevented biosynthesis of fer-
ric-enterobactin (strain CP416 AentC) or the uptake sys-
tem for ferric-citrate (strain CP422, AfecA-E) essentially
had little to no effect on total hydrogenase activity
(Table 3). Introducing a mutation in the fhuA or fhuE
genes also had no effect on total hydrogenase activity

Table 3 Hydrogen-oxidizing enzyme activity in various
transport mutants

Hydrogenase Specific ac:tivityb
(umol H, oxidized min™" mg protein™)

Strain® and genotype

MC4100 270 £ 08
DHP-F2 (hypF) 0.02 + 0.01
PMO06 (feoB) 124 +10
CP422 (fecA-F) 254 £ 16
CP416 (entC) 205+ 05
CP411 (entC feoB) 058 + 04
CP415 (fecA-E entC) 111 + 04
CP413 (entC feoB fecA-E) 019 + 0.16

? Cell extracts were prepared from cells grown anaerobically in TGYEP plus
formate.

® The mean and standard deviation of at least three independent experiments
are shown.

2 Cell extracts were prepared from cells grown anaerobically in TGYEP plus 15
mM formate.

® The mean and standard deviation of at least three independent experiments
are shown.
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(data not shown). Combining the entC and fecA-E muta-
tions (strain CP415) reduced hydrogenase activity by
approximately 60% compared to the wild type. Introdu-
cing the feoB::'Tn5 mutation into this strain to deliver
CP413 (entC fecA-E feoB::Tn5) reduced total hydroge-
nase activity even further such that only approximately
7% of the wild type level could be detected.

Analysis of cell-free extracts derived from these strains
grown fermentatively in rich medium by non-denaturing
PAGE, with subsequent staining for activity of Hyd-1
and Hyd-2, revealed that, as anticipated, the extracts of
CP416 (entC) and CP422 (fecA-E) showed essentially
wild-type Hyd-1 and Hyd-2 activity profiles (Figure 2).
However, an extract from PMO06 (feoB::TnS5) showed
clearly reduced intensity bands for both enzymes, which
is in accord with the results after growth in minimal
medium (see Figure 1). Extracts from CP411 (entC
feoB::TnS5) or CP413 (entC fecA-E feoB:Tn5) grown fer-
mentatively in rich medium had neither Hyd-1 nor
Hyd-2 enzyme activities. This result indicates that the
residual hydrogenase enzyme activity in CP413 must
result from Hyd-3 (compare Table 3). To test this, we
determined the FHL enzyme activity present in whole
cells of the various mutants (Table 4) and could demon-
strate that while cells of CP411 (entC feoB::Tn5) had an
FHL activity of approximately 50% of the wild-type,
strain CP413 (entC fecA-E feoB:Tn5) still retained 30%
of the wild-type FHL activity, confirming that the resi-
dual hydrogenase activity in extracts of CP413 was
indeed due to Hyd-3.

Hyd-1 and Hyd-2 large subunits are absent in CP413
(entC feoB:: Tn5)

In order to determine whether the lack of Hyd-1 and
Hyd-2 activity in the mutants devoid of ferrous and fer-
ric uptake was due to lack of processing of the large
subunits because of iron-limitation, the precursor and
processed forms of the large subunits of Hyd-1, Hyd-2
and Hyd-3 in cell-free extracts derived from the iron
transport mutants after growth in rich medium were
analysed by Western blotting with enzyme-specific anti-
sera. Extracts derived from MC4100 (wild type) revealed
mainly the processed form of the catalytic subunit of all
three enzymes (Figure 3A), which is indicative of suc-
cessful insertion of the [NiFe]-cofactor [5]. In contrast, a
mutant unable to synthesize the HypF protein (DHP-F2)
is unable to generate the diatomic CN" ligands and con-
sequently fails to insert the cofactor. Extracts from a
hypF mutant therefore only showed the unprocessed
form of each catalytic subunit (Figure 3A), which indi-
cates that the large subunit lacks a cofactor [5]. Extracts
derived from CP416 (entC) and CP422 (fecA-E) both
showed levels of processed large subunits for Hyd-1,
Hyd-2 and Hyd-3 similar to those seen for the wild-type
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v S - Hyd-1

Figure 2 Hyd-1 and Hyd-2 activities in iron transport mutants
after growth in rich medium. Aliquots of crude extracts (25 ug of
protein) derived from each of the mutants grown by fermentation
in TGYEP medium, pH 6.5, were separated by non-denaturing PAGE
(7.5% w/v polyacrylamide) and stained for hydrogenase activity as
described in the Methods section. The stained bands corresponding
to active Hyd-1 and Hyd-2 are indicated. The name of the mutants
and the corresponding mutated genes are indicated above each
lane.

MC4100 (Figure 3A). Densitometric analysis of the
levels of these processed polypeptides in the autoradio-
gram shown in Figure 3A, however, revealed that in
extracts of CP416 and CP422 Hyd-1 large subunit levels
were only 20% and 50%, respectively, of that observed in
the wild type, while in extracts of CP416 the level of
Hyd-3 large subunit HycE was almost 3-fold increased
compared with the level in the wild type (Figure 3B).
Extracts derived from the fecA-E entC double null
mutant CP415 showed the similar increased level of
Hyd-3 large subunit and decreased level of Hyd-1 large
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Table 4 Formate hydrogenlyase activity of the transport
mutants

Strain® Specific hydrogen evolvin
activity (mU mg protein™)

MC4100 30+7

DHP-F2 (hypF) <

CP416 (ent() 20+ 5

PMOG6 (feoB) 15+3

CP411 (entC feoB) 15+6

CP413 (entC feoB fecA-E) 9+ 1

? Cells were grown anaerobically in TGYEP.

® The mean and standard deviation of at least three independent experiments
are shown.

subunit as was observed with CP416; however, the dif-
ference was that Hyd-2 levels were decreased by
approximately 40% compared with the wild type. These
results suggest that under mild iron-limiting conditions,
intracellular iron is preferentially used for hydrogen-
evolving function. The feoB mutant PM06 showed
strongly reduced levels of processed Hyd-1 large subunit
and barely detectable levels of Hyd-2 processed large
subunit; the amount of processed Hyd-3 large subunit
was approximately 50% that of the wild-type. Cell-free
extracts of CP411 (entC feoB:: TnS5) and CP413 (entC
fecA-E feoB:'TnS), on the other hand, essentially comple-
tely lacked either the unprocessed or processed forms of
the large subunits of Hyd-1 or Hyd-2, which correlates
with the lack of Hyd-1 and Hyd-2 enzyme activity
observed in Figure 2. Both the processed and unpro-
cessed forms of the Hyd-3 large subunit HycE were
observed in extracts from both strains but at signifi-
cantly reduced levels, which is in accord with the
observed FHL activity measured in the strains (see
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Table 4). Although the level of processed HycE in both
strains was significantly reduced compared with the
wild-type, the amounts of full-length, unprocessed poly-
peptide were similar to those seen in the wild-type (Fig-
ure 3A), suggesting that there was a limitation in
processing capacity in the mutants.

Expression of the hya, hyb and hyc operons is only
marginally reduced in the iron-transport mutants
The hya, hyb and hyc operons encode Hyd-1, Hyd-2 and
Hyd-3, respectively [2,18,19]. To determine whether
expression of these operons was affected in the different
iron-transport-defective mutants, we constructed lacZ
translational fusions to the first gene of each operon,
which encode the respective small subunits of the
enzymes Hyd-1 and Hyd-2, while the /ycA gene encodes
a transcriptional regulator (see Methods). After transfer
to the lambda phage ARS45 [20], the hyaA’-’lacZ, hybO’-
lacZ and hycA’-’lacZ fusions were introduced in single
copy onto the chromosome of the respective mutants.
To demonstrate that the fusions were functional we
analyzed expression levels after growth under both aero-
bic and anaerobic conditions. Expression of hyaA’-’lacZ
was strongly reduced when wild type cells were grown
aerobically, while expression was up-regulated approxi-
mately 70-80 fold during fermentative growth (Table 5).
The hybO’-’lacZ expression was shown to be approxi-
mately 5 fold higher in anaerobically grown compared
with aerobically grown cells. Expression of hycA’-’lacZ
was up-regulated 3 fold in the presence of formate. All
fusions showed near background -galactosidase enzyme
activity when cells were grown aerobically [21,22].

The results in Table 5 show that in entC or feoB
mutants, expression of hyaA was reduced by
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western blot. Values were calculated as relative intensities compared to the intensity of the wild type MC4100.
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Table 5 Influence of iron transport mutations on expression of hyaA, hybO and hycA lacZ fusions

B-Galactosidase specific activity in Miller Units (+ standard deviation)

Strain/genotype® ®(hyaA'-'lacZ)

®(hybO'-'lacZ) ®(hycA’-'lacZ)

MC4100 (wild type) 818 + 232
MC4100 aerobically 12+3

MC4100 + 15 mM formate 770 + 535
DHP-F2 (AhypF) 620 % 221
AfecA-E 633 + 252
AfeoB 355 + 96
AentC 410+ 110
AfecA-E feoB 491 + 139
AentC fecA-E feoB 371 + 94
AentC feoB 574 + 155
AentC fecA-E 340 + 211

52 + 46 44 £ 9
12+3 13+2
87 = 30 126 + 57
60 + 27 53+ 22
5217 41+ 11
36+7 65 + 40
40 £ 15 33+20
43 + 11 28 £ 13
45 + 11 35+£24
45 = 21 49 + 32
47 £12 57 £19

@ In the interest of clarity only the genotype of the strains is given. The strains used can be found in Table 6. Growth was performed under fermentative

conditions in TGYEP, unless indicated otherwise.
n. d.-not determined

approximately 50% compared with the wild type
MC4100. Expression of hybO attained levels that were
only approximately 10% those of #yaA (Table 5), consis-
tent with transcriptional regulation data for these oper-
ons reported earlier [21]. The expression of the hybO’-
‘lacZ fusion was reduced by approximately 40% in a
feoB mutant background and by 35% in an entC mutant
compared with the level of expression measured in the
wild type (Table 5). Expression of the /hyc operon
remained comparatively constant among the strains, but
was reduced by maximally 40% in a fecA-E feoB double
mutant. A slight increase in syc expression in the feoB
single mutant was observed; however, it should be noted
that expression levels were variable in the mutant back-
grounds. Addition of dipyridyl to the growth medium
had no effect on hyc expression (data not shown).

Discussion

In a previous study [23] it was shown that hydrogen
metabolism of E. coli was significantly affected by intro-
duction of a fur mutation. Fur is a global regulator con-
trolling iron homeostasis [24,25]. Differential effects on
hydrogen-oxidizing hydrogenase activity compared with
hydrogen-evolving enzyme function were observed pre-
viously in the fur mutant [23]. The fur mutation, which
has both negative and positive effects on gene expres-
sion of iron metabolism including depression of iron
uptake systems, caused a strong reduction in FHL activ-
ity, suggesting Fur is required for FHL synthesis. In the
current study we could show in an otherwise Fur® back-
ground that causing iron limitation by removing key
iron uptake systems also resulted in differential effects
on hydrogen uptake and hydrogen evolution: hydrogen-
oxidizing hydrogenase function was compromised first
while hydrogen-evolving hydrogenase activity was par-
tially retained. During a search for genes affecting

hydrogenase biosynthesis or activity, a mutant with a
transposon insertion in feoB encoding the GTPase com-
ponent of the postulated ferrous iron transport system
[12] was isolated. The alteration in hydrogen metabo-
lism caused by the mutation could not be phenotypically
complemented by ferrous iron but could be complemen-
ted by supplementing the growth medium with oxidized
iron. This result supports the important role of the Feo
system in transport of iron under reducing conditions.
Although this finding was perhaps not surprising con-
sidering that the hydrogenases are synthesized under
anaerobic fermentative conditions when Fe®* ions are
available and the Feo transport system is active [10-12],
it was nevertheless important to demonstrate the invol-
vement and importance of this route of iron acquisition
for enzymes that have a high demand for iron atoms.
Combining the feoB mutation with a mutation in
entC, which impairs biosynthesis of the siderophore
enterobactin, abrogated Hyd-1 and Hyd-2 activities.
Notably, however, significant Hyd-3, and consequently
FHL, activity was retained in the double null mutant,
suggesting that when iron is limited during fermentative
growth the synthesis of the hydrogen-evolving Hyd-3
takes precedence over the two hydrogen-oxidizing
enzymes Hyd-1 and Hyd-2. The fact that Hyd-2 is maxi-
mally active under more reducing conditions, while
Hyd-1 is an oxygen-tolerant enzyme and is active at
more positive redox potentials [4], did not influence this
preference. Even when a further mutation preventing
synthesis of the iron-citrate transport system was intro-
duced, residual Hyd-3 and FHL activities were retained.
Indeed, previous studies demonstrated that only when
zupT and mntH mutations were also introduced into
this background was FHL activity abolished [23]. This
suggests that the FHL system can scavenge residual iron
entering the cell through unspecific transport systems,
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but that these levels of iron either are insufficient for
synthesis of Hyd-1 and Hyd-2 or that the iron is direc-
ted preferentially to Hyd-3 biosynthesis. Further studies
will be required to elucidate which of these possibilities
is correct.

A somewhat unexpected result of this study was the
finding that under iron limitation no unprocessed spe-
cies of the Hyd-1 or Hyd-2 large subunits were present
and only very low amounts of the processed proteins
were observed. This was unexpected because in hyp
mutants, where active site biosynthesis cannot be com-
pleted [5], significant levels of the unprocessed form of
the large subunit are always detected (for example see
extracts of DHP-F2 in Figure 3). The fact that expres-
sion of translational lacZ fusions of the hya and hyb
structural gene operons was largely unaffected by the
deficiency in iron transport suggests that a different
level of regulation in response to iron availability exists.
This regulation might possibly be post-translational, for
example through altered protein turnover due to insuffi-
cient iron.

Conclusions

Mutants unable to acquire iron through the ferrous iron
transport and siderophore-based uptake systems lacked
the hydrogen-oxidizing enzymes Hyd-1 and Hyd-2
under anaerobic fermentative conditions. Iron limitation
did not affect transcription of the hya, hyb or hyc oper-
ons. The Hyd-3 component of the FHL complex was
less severely affected by defects in these iron uptake sys-
tems, indicating that a greater degree of redundancy in
iron acquisition for this enzyme exists. Thus, when iron
becomes limiting during fermentative growth synthesis
of active Hyd-3 has priority over that of the hydrogen-
oxidizing enzymes Hyd-1 and Hyd-2. This probably
reflects a physiological requirement to maintain an
active FHL complex to offset acidification of the cyto-
plasm caused by formate accumulation via disproportio-
nation of the metabolite into the freely diffusible
gaseous products CO, and Ho.

Methods

Strains, plasmids and growth conditions

All bacterial strains, plasmids and phages used in this
study are listed in Table 6.

For the purposes of chromosomal and plasmid DNA
isolation, E. coli was grown aerobically in Erlenmeyer
flasks filled to maximally 10% of their volume with LB
medium on a rotary shaker (250 rpm) and incubated at
37°C. Anaerobic growths were performed at 37°C in
sealed bottles filled with anaerobic medium and under a
nitrogen gas atmosphere. Cultures for determination of
hydrogenase processing or for enzyme activity measure-
ments were grown either in buffered TGYEP medium
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(1% w/v tryptone, 0.8% w/v glucose, 0.5% w/v yeast
extract, 0.1 M potassium phosphate buffer) pH 6,5 [15]
supplemented with 15 mM formate or in M9 minimal
medium [26] containing 0.8% (w/v) glucose as carbon
source, all standard amino acids at a final concentration
of 0,04 mg/ml and 0.3 pM thiamine. When used for
growth and screening for hydrogen metabolism mutants
M9-glucose was supplemented with 0.29 mM citrulline,
0.89 mM uracil and was solidified with 1.5% (w/v) agar.
All media were supplemented with 0.1% (v/v) SLA trace
element solution [27] except when different iron sources
were tested in which case FeCl; was omitted from SLA
and was replaced by the appropriate iron source at the
concentration indicated. Dipyridyl was added at a final
concentration of 300 uM. All growth media included 0.1
uM NiCl,. The antibiotics kanamycin, ampicillin, and
chloramphenicol, when required, were added to the
medium at the final concentrations of 50, 100, and 12.5
pg per ml, respectively. When indicated anhydrotetracy-
cline (AHT) was added at the final concentration of 0.2

pg per ml.

Construction of hyaA™-'lacZ, hybO’-'lacZ and hycA’-'lacZ
translational fusions

The translational fusions to hyaA and hybO were con-
structed by amplifying the respective promotor regions
and the nucleotides coding for the first 14 or 13 amino
acids, respectively, by PCR using Phusion DNA poly-
merase (Finnzymes, Germany) and the oligonucleotides
hya_regulat_up 5-GCG GGA TCC GCG CAG AGA
TTC GAA CTC TG-3, hya_regulat_down 5-GCG GGA
TCC TGA CGC CGC ATG GCC TGG TA-3’, hybO_-
217 5’-CTC GGA TCC TAT GGC CGG TTA TCG
CCT C-3’ and hybO_+38 5-CTC GGA TCC ATG CCG
TGA GAA TGG ATG A-3’. The resulting respective
565 bp and 274 bp fragments were digested with BamHI
and ligated into pRS552 [20], which had been digested
with BamHI and dephosphorylated with shrimp alkaline
phosphatase (Roche, Germany). This procedure deliv-
ered plasmids phyaA552 and phybO552, respectively.
The DNA sequence was verified by sequencing (Seqlab,
Germany) and the insert transferred to ARS45 [20]. In a
similar manner the hycA’-’lacZ fusion was constructed
using plasmid pTL101 [28]. The resulting ®(hyaA’-
‘lacZ), ®(hybO’-’lacZ) and ®(hycA’-’lacZ) protein fusions
were introduced in single copy into the lambda attach-
ment site of the respective mutants as indicated in
Table 6.

Isolation of mutants and identification of the transposon
insertion site

XL1-Blue (Stratagene) was mutagenized using the <
R6Kyori/KAN-2 > transposome (Epicentre Biotechnolo-
gies; [29]) according to the manufacturer’s instructions.
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Table 6 Strains and plasmids used in this study

Strains/plasmids Genotype Reference
MC4100 FaraD139 NargF-lac)U169 ptsF25 deoCl relAl fIbB5301 rspl150 [37]
DHP-F2 MC4100 AhypF 59-629AA [16]
XL1-Blue recA1 endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F' proAB laclgZAM15 Tn10 (Tet™)] Stratagene
PMO6 Like MC4100 but feoB:Tn5 This study
PX06 Like XL1-Blue but feoB:Tn5 This study
CP411 Like MC4100 but AentC:cat feoB:Tn5 This study
CP413 Like MC4100 but AfecA-E AentC:cat feoB:Tn5 This study
CP415 Like MC4100 but AfecA-E AentC:cat This study
CP416" Like MC4100 but AentC:cat This study
CP422 Like MC4100 but AfecA-E introduced from GG7 This study
GG7 W3110 AfecA-Ezkan G. Grass
CP971 MC4100 AhycAl:kan [38]
CP612 Like MC4100 but @ (hyaA™-'lac?) This study
CP775 Like MC4100 but @(hybO-'lacz) This study
CP951 Like MC4100 but ®(hycA™-'lac?) This study
CP1069 Like MC4100 but AhypF ®(hyaA-'lacZ) This study
CP1084 Like MC4100 but AhypF ©(hybO-'lac2) This study
CP1149 Like MC4100 but AhypF ®(hycA-'lacZ) This study
CP1073 Like MC4100 but AfecA-E ®(hyaA-'lacZ) This study
CP1088 Like MC4100 but AfecA-E ®(hybO-'lac2) This study
CP1150 Like MC4100 but AfecA-E ®(hycA-'lacZ) This study
CP1075 Like MC4100 but AfeoB® O(hyaA™-'lac2) This study
CP1090 Like MC4100 but AfeoB® O(hybO-'lac2) This study
CP1151 Like MC4100 but AfeoB” @ (hycA-'lac2) This study
CP1071 Like MC4100 but AentC ®(hyaA-'lacZ) This study
CP1086 Like MC4100 but AentC ®(hybO'-'lac2) This study
CP1152 Like MC4100 but AentC D (hycA-'lacZ) This study
CP1079 Like MC4100 but AfecA-F feoB® O (hyaA-'lacz) This study
CP109%4 Like MC4100 but AfecA-E feoB® @ (hybO-'lac2) This study
CP1153 Like MC4100 but AfecA-E feoB d(hycA™-lacZ) This study
CP1081 Like MC4100 but AentC feoB® ®(hyaA™-lacZ) This study
CP1096 Like MC4100 but AentC feoB® O (hybO-'lac2) This study
CP1154 Like MC4100 but AentC feoB® D (hycA™-'lac2) This study
CP1077 Like MC4100 but AentC fecA-E ®(hyaA-'lacZ) This study
CP1092 Like MC4100 but AentC fecA-E ®(hybO-'lacZ) This study
CP1155 Like MC4100 but AentC fecA-E ®(hycA-'lacZ) This study
CP1083 Like MC4100 but AentC fecA-E feoB® D (hyaA™-'lac2) This study
CP1098 Like MC4100 but AentC fecA-F feoB® D (hybO-'lacz) This study
CP1163 Like MC4100 but AentC fecA-F feoB® D (hycA™-'lac?) This study
Plasmids

pFEO feoABC* from E. coli in pASK-IBA7 [39]

pECD 1079 feoB* from E. coli in pASK-IBA7 N. Taudte and G. Grass
pRS552 Km® Ap® lacZ* lacy™ lacA* [20]
phyaA552 like pRS552 but containing ®(hyaA™-'lac?) This study
phybO552 like pRS552 but containing @ (hybO-'lacz) This study
pTL101 like pRS552 but containing @ (hycA-'lacZ), cloned from Pstl within hycA to Avall within hycA [28]

? P1 lysate from AentC:cat was obtained from G. Grass and N. Taudte
P Similar to PM06, these strains were constructed using P1kc lysate grown on the AfeoB:kan knockout mutant JW3372 from the Keio collection [40] with
subsequent elimination of the kanamycin resistance cassette [41].
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Subsequent to mutagenesis, cells were plated on M9-
glucose minimal medium including the supplements
described above and mutants containing transposon-
insertions in the chromosome were resistant to kanamy-
cin. Plates were incubated for 2 days at 37°C under a
H,/CO, (90%/10%) atmosphere (gas-generating kit,
Oxoid) and kanamycin-resistant colonies were analysed
via a soft-agar overlay technique with benzyl viologen
(BV) at a final concentration of 0.5 mM and in a hydro-
gen atmosphere as described [15]. Colonies with a wild
type hydrogenase phenotype developed a dark violet col-
our while hydrogenase-negative mutants remained
creamy white. After purification of putative hydroge-
nase-negative colonies on LB agar the mutation was
transduced into MC4100 using P1lkc according to Miller
[30] and the phenotype verified.

In order to determine the transposon insertion site,
chromosomal DNA was isolated from the mutants [26],
digested with Kpnl, EcoRI or BamHI and religated. The
ligation mixture was PCR amplified using primers KAN-
2 FP-1 5-ACC TAC AAC AAA GCT CTC ATC AAC
C-3” and R6Kan-2 RP-1 5-CTA CCC TGT GGA ACA
CCT ACA-3 and the PCR product sequenced to deter-
mine the precise site of insertion.

Preparation of cell extracts and determination of enzyme
activity
Anaerobic cultures were harvested at an ODggg nm Of
approximately 0.8. Cells from cultures were harvested by
centrifugation at 4,000 x g for 10 min at 4°C, resuspended
in 2-3 ml of 50 mM MOPS pH 7.0 buffer and lysed on ice
by sonication (30 W power for 5 minutes with 0.5 sec
pulses). Unbroken cells and cell debris were removed by
centrifugation for 15 min at 10, 000 x g at 4°C and the
supernatant was used as the crude cell extract. Protein
concentration of crude extracts was determined [31] with
bovine serum albumin as standard. Hydrogenase activity
was measured according to [14] except that the buffer
used was 50 mM MOPS, pH 7.0. The wavelength used
was 578 nm and an E,; value of 8,600 M! cm™ was
assumed for reduced benzyl viologen. One unit of activity
corresponded to the reduction of 1 umol of hydrogen per
min. Formate hydrogenlyase (FHL) activity was measured
according to [23] using gas chromatography.
Beta-galactosidase assay was performed in microtiter
plates according to [32] using a BioRad microplate
reader Model 3550 (BioRad, Munich).

Polyacrylamide gel electrophoresis and immunoblotting

Aliquots of 50 pg of protein from crude cell extracts
were separated on 10% (w/v) SDS-polyacrylamide gel
electrophoresis (PAGE) [33] and transferred to
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nitrocellulose membranes as described [34]. Membrane
samples were treated with 2x SDS sample buffer [35]
containing 10 mM DTT and incubated at room tem-
perature for 60 min prior to loading onto the gel. Anti-
bodies raised against Hyd-1 (1:10000), HycE (1:3000),
Hyd-2 (1:20000; a kind gift from F. Sargent) or Strep-
Tactin conjugated to horseradish peroxidase (IBA, Ger-
many) were used. Secondary antibody conjugated to
horseradish peroxidase was obtained from Bio-Rad.
Visualisation was done by the enhanced chemilumines-
cent reaction (Stratagene).

Non-denaturating PAGE was performed using 7.5%
(w/v) polyacrylamide gels pH 8.5 and included 0.1% (w/
v) Triton-X100 in the gels [14]. Samples (25 pg of pro-
tein) were incubated with 5% (v/v) Triton X-100 prior
to application to the gels.

Where indicated, the relative intensity of hydrogenase
staining and protein amount from immunoblots was
quantified using Image] from the National Institutes of
Health [36].

Hydrogenase activity-staining was done as described in
[14] except that the buffer used was 50 mM MOPS pH
7.0.

Additional material

Additional file 1: Plasmid-encoded FeoB synthesis in MC4100 and
PMO06 (feoB::Tn5). Extracts (25 ug protein in membrane sample buffer)
from MC4100 and PMO06, transformed with pECD1079 bearing feoB and
pFEO bearing the whole feo operon, both cloned behind a tetracycline
promotor and encoding an N-terminal Streplltag on FeoB encoded on
pECD1079 were separated by SDS-PAGE (10% w/v polyacrylamide) and
after transfer to nitrocellulose detected by incubation with Strep-tactin
conjugated to horseradish peroxidase. Strains were grown either with or
without aeration in TGYEP, pH 6.5 and gene expression was induced
with 0.2 ug mI™" AHT (anhydrotetracycline) as indicated. Biotin carboxyl
carrier protein (BCCP) served as a loading control. The sizes of the
protein standards are shown on the right side of the gel. The angled
arrow indicates the position of the Strep-FeoB polypeptide. Extracts
derived from MC4100 and PMO06 transformed with pFEO did not
synthesize Strep-tagged FeoB and therefore acted as a negative control.
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2.3.4 Zusitzliche Ergebnisse

Weiterhin war die Frage nach der Quelle des Eisen fiir das aktive Zentrum der grofden
Untereinheit von Interesse. Deshalb wurden Eisentransportmutanten und eine Fur-
Mutante in M9-Minimalmedium ohne Eisenzugabe angezogen. Aufierdem wurde
verbliebenes Eisen durch den Chelator 2,2’-Dipyridyl entfernt und anschlief3end durch
eine Eisen(II)- oder Eisen(Ill)-Quelle ersetzt. In allen diesen Proben wurde die Reifung
der grofden Hyd-2 Untereinheit untersucht, welche als Indikator fiir den Einbau des
aktiven Zentrums diente (Abb. 10). Es konnte festgestellt werden, dass bei Eisen(II)-
Zugabe bevorzugt gegentiber der Zugabe von Eisen(Ill) die Prozessierung der grofien
Untereinheit stattfindet (Abb. 10, Spuren 4). Es sind dabei Restmengen von Eisen im
Medium bereits ausreichend um ins aktive Zentrum integriert zu werden, lediglich bei
der Einfiihrung der entC Deletion ist die Zelle auf Zugabe externen Eisens(II) fiir die
Prozessierung angewiesen. Die Entfernung verbliebenen Eisens bewirkt, dass kein
Polypeptid fiir die grof3e Untereinheit detektierbar ist (Abb. 10, Spuren 2). Es zeigte sich
erneut deutlich, dass feoB und fur Mutanten einen dhnlichen Phinotyp mit verringerter
Polypeptidmenge der grofden Untereinheit aufweisen, aber die Prozessierung im
gleichen Mafie wie bei MC4100 stattfindet (Abb. 10). Dabei ist der Effekt einer fur
Deletion jedoch starker ausgepragt. Der Chelator 2,2’-Dipyridyl komplexiert
hauptsachlich zweiwertige Ionen, weshalb eine Deletion in feoB gut durch vorhandene
Eisen(II)-Aufnahmesysteme komplementiert werden konnte, diese jedoch keinen
Einfluss auf die Prozessierung zeigten. Bei Deletion von entC konkurriert die Eisen(II)-
Aufnahme entsprechend mit dem Chelator. Dennoch ist bei gleicher Menge Eisen(II)

oder (III) die Aufnahme des zweiwertigen lons bevorzugt und die Hyd Reifung findet

statt.
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Abbildung 10 Reifung der Hyd-2 grofien Untereinheit in Abhéngigkeit der Eisenverfiigbarkeit. Proben mit 25 ng
Gesamtprotein von Kulturen der Stimme CP416 (AentC), PM06 (feoB::Tn5), CP500 (Afur), MC4100 und DHP-F2 (AhypF)
nach Wachstum in M9-Minimalmedium ohne Eisen (Spur 1), nach Zugabe von 100 uM 2,2’-Dipyridyl (Spur 2), nach
Zugabe von 100 pM 2,2’-Dipyridyl und 100 uM FeCly/Fe*" (Spur 3) oder nach Zugabe von 100 pM 2,2’-Dipyridyl und 100
uM FeSO,/Fe** (Spur 4) wurden auf einem 10 % (w/v) SDS-Page aufgetrennt, auf eine Nitrocellulose Membran transferiert
und mit einem Antikorper gegen Hydrogenase 2 detektiert. Die unprozessierte Form der grolen Untereinheit ist als Hyd-2
und die prozessierte Form als Hyd-2’ gekennzeichnet.
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2.4 Effizienter Elektronentransfer von Wasserstoff zu Benzylviologen durch die
[NiFe]-Hydrogenasen von Escherichia coli ist abhingig von der Koexpression der

Eisen-Schwefel Cluster enthaltenden kleinen Untereinheit.

2.4.1 Zusammenfassung
Im Unterschied zu den [FeFe]-Hydrogenasen besitzen die [NiFe]-Hydrogenasen kein [FeS]-
Cluster in der groBen Untereinheit (Silakov et al., 2009). Das aktive Zentrum ist fiir den
physiologischen Elektronentransfer auf das proximale [FeS]-Cluster im Abstand von weniger
als 13 A in der kleinen Untereinheit angewiesen (Volbeda et al., 1995). Es war lange
umstritten, ob in vitro Elektronentransfer direkt vom aktiven Zentrum auf Redoxfarbstoffe
wie Benzylviologen geschieht oder die kleine Untereinheit assoziiert sein muss. In dieser
Arbeit konnte durch molekularbiologische und proteinbiochemische Methoden bewiesen
werden, dass die kleinen Untereinheiten unabdingbar sind. Um die Effekte einzelner
Hydrogenasen zu untersuchen, mussten jeweils die grofen Untereinheiten der anderen
deletiert werden. Dabei konnte der Anteil der einzelnen Hydrogenasen an der
Gesamthydrogenaseaktivitdt unter den verwendeten Standardbedingungen bestimmt werden:

- Anzucht: TGYEP Medium, pH 6,5; 37 °C fiir 5-6 h,

- Messung: 4 mM BV, in MOPS-Puffer pH 7,0, 100 % H,.

Dabei entfallen 93-94 % der Gesamthydrogenaseaktivitdt auf Hyd-3 und 6 % auf Hyd-2,
wihrend Hyd-1 Aktivitit nur wenig tiber dem Hintergrund liegt. Die Komplementation der
Deletion einer groen Untereinheit mit ihrem jeweiligen Strep-Tag Fusionstranskript zeigte,
dass N-terminale Fusionsproteine nur marginal mit der Aktivitdt interferieren. Die Aktivitdt
mit HycE, der grolen Untereinheit von Hyd-3, konnte zu 43 % und mit HybC, der grof3en
Untereinheit von Hyd-2, zu 38 % wieder hergestellt werden. Diese unvollstindige
Komplementation liegt vermutlich in der nicht mit den restlichen Komponenten des

jeweiligen Operons koordinierten Expression begriindet.

Fiir die Reinigung Strep-Tag fusionierter grofer Hyd-1 und Hyd-2 Untereinheiten konnte
gezeigt werden, dass die jeweiligen kleinen Untereinheiten stets ko-gereinigt werden. Fiir
Hyd-1 konnten gemeinsam mit aktivem Strep-HyaB zwei distinkte Laufformen (29 und 36
kDa) fiir HyaA identifiziert werden, die vermutlich proteolytischem Abbau, nicht jedoch den
fiir den Tat-Membrantransport typischen GroB3en entsprechen (41 kDa fiir Apo-Protein und 36
kDa fiir Tat-prozessierte Form). Bei der Reinigung von aktivem Strep-HybC wurden beide
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kleinen Untereinheiten HybO und HybA ko-gereinigt. Eine Reinigung von Strep-HybC in
einem Stamm ohne HybO zeigte keine Assoziation mit der zweiten Untereinheit HybA. Es
fehlen beiden Komplexen die Membranuntereinheiten HyaC bzw. HybB, dennoch konnten im
Nativen Gel Laufverhalten und bei der Quantifizierung Aktivititen in der Groenordnung der

Wildtypenzyme gemessen werden.

Weiterhin konnten in Extrakten von Mutanten, in denen die gro3en Untereinheiten vorhanden
und die kleinen Untereinheiten deletiert waren, keine Aktivitdten nachgewiesen werden. Eine
Komplementation dieser Stimme mit ihren kleinen Untereinheiten gelang und bewies, dass in
vivo und in vitro die Messung der H,:BV Aktivitit die Anwesenheit der kleinen
Untereinheiten bendtigte. Zusétzlich konnte in diesen Stimmen die Prozessierung der groflen
Untereinheit mittels Western Blot nachgewiesen werden, was einen Einbau des aktiven

Zentrums voraussetzt, offenbar jedoch nicht die Assoziation mit der kleinen Untereinheit.
Nichtsdestotrotz konnte die hier verwendete Art der Reinigung aktiven Hyd-2 Enzyms nicht

auf Hyd-3 tibertragen werden. Dies ist wahrscheinlich durch Verlust einzelner Untereinheiten

erkldrbar, was auch die Labilitdt der FHL Aktivitit im Nativen Gel begriinden wiirde.

2.4.2 Artikelkopie
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Abstract

Escherichia coli can both oxidize hydrogen and reduce protons. These activities involve three
distinct [NiFe]-hydrogenases, termed Hyd-1, -2 and -3, each minimally comprising
heterodimers of a large subunit, containing the [NiFe] active site, and a small subunit, bearing
iron-sulphur clusters. Dihydrogen-oxidizing activity can be determined using redox dyes like
benzyl viologen (BV); however, it is unclear whether electron transfer to BV occurs directly
at the active site, or via an iron-sulphur center in the small subunit. Plasmids encoding Strep-
tagged derivatives of the large subunits of the three E. coli [NiFe]-hydrogenases restored
activity of the respective hydrogenase to strain FTD147, which carries in-frame deletions in
the hyaB, hybC and hycE genes encoding the large subunits of Hyd-1, Hyd-2 and Hyd-3,
respectively. Purified Strep-HyaB was associated with the Hyd-1 small subunit (HyaA) and
purified Strep-HybC was associated with the Hyd-2 small subunit (HybO) and a second iron-
sulphur protein, HybA. However, Strep-HybC isolated from a 4ybO mutant had no other
associated subunits and lacked BV-dependent hydrogenase activity. Mutants deleted
separately for hyaA, hybO or hycG (Hyd-3 small subunit) lacked BV-linked hydrogenase
activity, despite the Hyd-1 and Hyd-2 large subunits being processed. These findings
demonstrate that hydrogenase-dependent reduction of BV requires the small subunit.

Introduction

[NiFe]-hydrogenases are evolutionary ancient [Fe-
S] (iron-sulphur) cluster-containing proteins that
catalyze the reduction of protons to molecular
hydrogen or the oxidation of hydrogen to protons
and electrons (Vignais and Billoud 2007). The
genome of E. coli encodes four membrane-
associated [NiFe]-hydrogenases (Hyd-1, Hyd-2,
Hyd-3 and Hyd-4), only three of which, Hyd-1,
Hyd-2 and Hyd-3, are synthesized under standard
anaerobic growth conditions (Forzi and Sawers
2007). Two of these enzymes, Hyd-1 (Menon et al.

1991) and Hyd-2 (Menon et al. 1994), oxidize
molecular hydrogen in vivo on the periplasmic side
of the cytoplasmic membrane and transfer the
electrons to the quinone pool (Forzi and Sawers
2007; Sawers 1994). In contrast, Hyd-3 is part of
the hydrogen-evolving formate hydrogenlyase
(FHL) complex, which disproportionates formic
acid into CO; and H..

[NiFe]-hydrogenases generally comprise a large
subunit and a small subunit and often there is a
further membrane-anchoring subunit associated
with the complex. An exception is Hyd-2 of E.
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coli, which has two electron-transferring subunits
HybO and HybA (Sargent et al. 1998; Dubini et al.
2002). While HybO interacts directly with the large
subunit HybC and therefore is regarded as the
small subunit, HybA associates with the complex
but does not accept electrons directly from the
active site in HybC (Dubini et al. 2002). The
crystal structure of soluble [NiFe]-hydrogenase
(Volbeda et al. 1995) has shown that the large
subunit contains the hetero-bimetallic [NiFe¢] active
site that usually has one CO and 2 CN' ligands to
the iron atom. The large subunit of the active
enzyme does not have an associated [Fe-S] cluster.
On the other hand, the electron-transferring small
subunit typically has one [3Fe-4S] and two [4Fe-
4S] clusters and these form an electron-transfer
chain coupling the active site with the quinone pool
via a cytochrome b moiety located in the
membrane-anchoring subunit (Forzi and Sawers
2007; Vignais and Billoud 2007). Again, Hyd-3
presents an exception because the HycG small
subunit is predicted to have a single [Fe-S] cluster
and furthermore it couples electron transfer
between the HycE large subunit and the other
components of the FHL complex, which receive
electrons from the oxidation of formate catalyzed
by formate dehydrogenase H (FDH-H) (Bohm et
al. 1990; Sauter et al. 1992).

As all Hyd enzymes catalyse the reversible
activation of hydrogen in vitro their catalytic
activity can be readily monitored by following the
oxidation or reduction of viologen dyes, such as
benzyl or methyl viologen (BV, 1,1'-dibenzyl-4,4'-
bipyridylium dichloride; MV, 1,1'-dimethyl-4,4'-
bipyridinium dichloride) (Akagi and Campbell,
1961; Gitlitz and Krasna, 1975). BV undergoes a
colour-dependent oxidation-reduction reaction with
an E° of -350 mV (Jones and Garland 1977), which
makes it suitable for accepting the electrons
generated by the oxidation of H,. It has remained
unclear whether the electrons generated during the
oxidation of H; can be transferred from the [NiFe]
active site directly to BV or whether they must first
reach the [Fe-S] clusters in the small subunits prior
to transfer to the redox dye. However, evidence
based on site-directed mutagenesis of cysteinyl
residues ligating [Fe-S] clusters in the small
subunit has suggested that electron transfer to
redox dyes proceeds via the small subunit
(Sayavedra-Soto and Arp 1993; DeLacy et al.
2000).

Construction of a series of in-frame Ayc operon
deletion mutants (Sauter et al. 1992) indicated that
the small subunit of E. coli Hyd-3 is required for
hydrogen-dependent BV reduction; however, as
already mentioned, the HycG protein is unusual
because it is predicted to have only one [Fe-S]
center (Bohm et al. 1990). Moreover, these studies
were performed in a genetic background in which
the Hyd-1 and Hyd-2 enzymes were also
synthesized, thus making it difficult to determine
whether some BV-reducing activity was retained
by the enzyme. Studies performed on the
hydrogen-sensing hydrogenase from Ralstonia
eutropha also indicated that the purified large
subunit HoxC, in the absence of the small subunit,
had lost the ability to activate H, (Winter et al.
2005).

In an earlier study on Hyd-2 of E. coli Dubini et al.
(2002) showed that while a deletion of the hybA
gene abolished hydrogen-dependent electron
transfer to fumarate reductase the enzyme retained
the ability to reduce BV, thus indicating that HybA
is not the small subunit. Here we have analysed the
activity of each individual hydrogenase of E. coli
exclusively and by using a combination of deletion
and complementation studies demonstrate that
hydrogen-dependent reduction of BV in all three
hydrogenases is dependent on the [Fe-S]-cluster-
containing small subunit. Moreover, we show that
in the absence of HybO, Hyd-2 cannot reduce BV,
which suggests that electron transfer from the large
subunit to the HybA small subunit is mediated via
HybO.

Materials and Methods

Strains, plasmids and growth conditions

All E. coli strains and plasmids used in this study are listed in
Table 1.

Strains were grown anaerobically in sealed bottles filled
under a nitrogen gas atmosphere in TGYEP medium (Begg et
al. 1977) and incubated at 37 'C. Where indicated cultures
were supplemented with 15 mM sodium formate. When
required, the growth medium was solidified with 1.5 % (w/v)
agar. The growth medium was supplemented with 0.1% (v/v)
SLA trace element solution (Hormann et al. 1994). The
antibiotics chloramphenicol, kanamycin and ampicillin, when
required, were added to the medium at the final
concentrations of 12.5 pg, 50 pg and 100 pg per ml,
respectively. To induce expression of recombinant genes
cloned in the pASK-IBA vector, anhydrotetracycline (AHT)
was typically added to the cultures at a final concentration of
0.2 ug ml™, or as indicated in the legends to the figures.
Large-scale growths for protein purification were performed
anaerobically in 10 1 of TGYEP medium. Gene expression
was induced by the addition of 0.2 ug ml" AHT followed by
incubation at 30 °C for 3 to 5 h. The cultures were harvested
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after reaching an optical density at 600 nm of 0.9 and cell
pellets were either used immediately or stored at -20 °C until
use.

Strain construction

Strains were generally constructed by introduction of
mutations from E. coli donor strains into recipient stains of
MC4100 by Plkc phage transduction according to (Miller
1972) (see Table 1).

Plasmid construction

Recombinant DNA work was carried out according to
published methods (Sambrook et al. 1989). The hyaB, hybC
and hycE genes, encoding the large subunits of Hyd-1, -2 and
-3, respectively, were amplified by PCR using genomic DNA
isolated from MC4100 as template and the primers hyaB-
IBAS Bsal FW (5’-ATGGTAGGTCTCAGCGCCATGAG
CACTCAGTACGAAACTCAG-3"), hyaB-IBA5 Bsal RW,
(5’-ATGGTAGGTCTCATATCAACGCACCTGCACGGAG
ATCAG-3"), hycE-IBA5 Bsal FW, (5’-ATGGTAGG
TCTCAGCGCCATGTCTGAAGAAAAATTAGGTCAACA
-3’) and hycE-IBA5 Bsal RW  (5’-ATGGTAGGTCTCA
TATCATTTCAGCGGCGAGTTTTTACGCT-3), as well as
those published in (Soboh et al. 2010) for AybC (hybC-
IBAS Bsal FW and hybC-IBA5 Bsal RW). The resulting
DNA fragments of 1794 bp (hyaB), 1704 bp (hybC) and 1710
bp (hycE) were digested with restriction endonuclease Bsal
and ligated into pASK-IBAS" (IBA Technology, Géttingen,
Germany), which had previously been digested with the same
restriction endonuclease. The DNA sequence of the complete
inserts in the resulting plasmids pASK-hyaB, pASK-hybC
and pASK-hycE were verified. Each plasmid encoded a
fusion protein with an N-terminal Strep-tag I1.

Preparation of anaerobic cell extracts

All steps were carried out at 4 °C under anaerobic conditions
in a Coy™ anaerobic chamber unless specifically stated
otherwise. Anaerobically grown cultures were harvested at an
ODgoonm of approximately 0.8. Harvested cells were washed
in anaerobic MOPS-buffer (50 mM MOPS pH 7.5) and after
centrifugation the cell pellet was resuspended typically in 3
volumes of 50 mM MOPS pH 7.5 buffer including 5 pg
DNase/ml and 0.2 mM phenylmethylsulfonyl fluoride for
determination of enzyme activity or in buffer A (see below)
for purification of Strep-tagged proteins. Typically 15-30 g
wet weight of cells were disrupted by sonication (30W power
for 5 min with 0.5 sec pulses). Unbroken cells and cell debris
were removed by centrifugation for 30 min at 50 000 xg and
at 4 °C and the supernatant (crude extract) was either used
immediately or stored anaerobically at -80 °C until used.
Protein concentration of crude extracts was determined
(Lowry et al. 1951) with bovine serum albumin as standard.
Purification of Strep-tagged Hyd-1 and Hyd-2

Strep-HyaB and Strep-HybC protein complexes were purified
anaerobically from anaerobically prepared crude cell extracts
by affinity chromatography using StrepTactin sepharose (10
ml column volume) as indicated by the manufacturer. The
matrix was equilibrated with 100 mM Tris-HCI, pH 8.0
containing 150 mM NacCl (buffer A). The crude extracts were
incubated with avidin (80 ug ml™" of crude extract) for 45 min
at 4 °C and then membrane fractions were prepared by
anaerobic ultracentrifugation at 120,000 x g for 2 h as
previously described (Soboh et al. 2010). The soluble
fractions were decanted and stored for later use and the
membranes were resuspended in buffer A and Triton X-100
was added to a final concentration of 5 % (w/v) and the

solution was gently stirred overnight at 4 °C. After a further
centrifugation step to remove insoluble membrane material
the supernatant was applied to column at a flow-rate of
approximately 1 ml min”'. Unbound proteins were removed
by washing with three column volumes of buffer A. Bound
Strep-tap 11 fusion proteins were eluted by applying 3 column
volumes of buffer A supplemented with 2.5 mM
desthiobiotin and fractions of 1 ml were collected.
Purification of Strep-HyaB or Strep-HybC from the soluble
fraction was performed in the same manner but with omission
of the membrane solublization step. Fractions containing
Strep-HyaB, -HybC or —HycE were combined and when
necessary concentrated using Vivaspin 20 concentrators
(Sartorius, Gottingen).

Polyacrylamide gel electrophoresis

Aliquots of 50 pg of protein from crude extracts were
separated by SDS-polyacrylamide gel electrophoresis
(PAGE) using 10% (w/v) polyacrylamide (Laemmli 1977).
Transfer to nitrocellulose membranes and Western blot
analysis using anti-E coli Hyd-1 and Hyd-2 antibodies was
performed as described (Towbin et al. 1979).
Non-denaturating PAGE was performed using 5% (w/v)
polyacrylamide gels, pH 8.5 and included 0.1% (w/v) Triton
X-100 in the gels (1). Samples (14 ug of protein) were
incubated with 5% (w/v) Triton X-100 prior to application to
the gels. Hydrogenase activity-staining was done as described
in (Ballantine and Boxer 1985) except that the buffer used
was 50 mM MOPS pH 7.0.

Determination of total hydrogenase enzyme activity
Hydrogenase enzyme activity (H,-dependent reduction of
benzyl viologen) determines the sum of the activites of Hyd-
I, Hyd.2 and Hyd-3 and was measured according to
(Ballantine and Boxer 1985) except that the buffer used was
50 mM MOPS, pH 7.0. No detergent was added to extracts
measured by this method. The wavelength used was 578 nm
and an Ey value of 8,600 M em™ was assumed for reduced
benzyl viologen (BV). One unit of activity corresponded to
the reduction of 1 wmol of hydrogen per min.

Experiments were performed minimally three times and each
time in triplicate. Data are presented as standard deviation of
the mean.

Mass spectrometric analysis

Proteins were in-gel digested following standard protocols
(Shevchenko et al. 2006). Briefly, protein disulfides were
reduced with dithiothreitol (DTT) and cysteines were
alkylated with iodoacetamide. The peptide extracts were
analyzed by LC/MS on an UltiMate Nano-HPLC system (LC
Packings) coupled to an LTQ-Orbitrap XL mass spectrometer
(ThermoFisher Scientific) equipped with a nanoelectrospray
ionization source (Proxeon). The samples were loaded onto a
trapping column (Acclaim PepMap C18, 300 pm x 5 mm, 5
um, 100A, LC Packings, Amsterdam, NL) and washed for 15
min with 0.1 % TFA at a flow rate of 30 pl/min. Trapped
peptides were eluted onto the separation column (Acclaim
PepMap C18, 75 um x 150 mm, 3 um, 100A, LC Packings),
which had been equilibrated with 100 % A (5 % acetonitrile,
0.1 % formic acid). Peptides were separated with a linear
gradient: 0-50 % B (80 % acetonitrile, 0.1 % formic acid) in
30 min, 50-100 % B in 2 min, 100 % B for 10 min. The
column was kept at 30°C and the flow rate was 300 nl/min.
During gradient elution, MS data were acquired in data-
dependent MS/MS mode: Each high-resolution full scan (m/z
300 to 2000, resolution 60,000) in the orbitrap analyzer was
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followed by five collision-induced dissociation (CID) product
ion scans in the linear ion trap (LTQ) for the five most
intense signals in the full-scan mass spectrum (isolation
window 2.3 Th). Dynamic exclusion (repeat count was 3,
exclusion duration 180 s) was enabled to allow detection of
less abundant ions. Data analysis was performed using the
Proteome Discoverer 1.0 (ThermoFisher Scientific). MS/MS
data of precursor ions in the m/z range 600-6000 were
searched against the SwissProt database (version 07/03/07,
tax. E.coli) using Mascot (version 2.2). Mass accuracy was
set to 3 ppm and 0.8 Da for precursor and fragment ions,
respectively, carbamidomethylation of cysteines was set as
fixed modification and oxidation of methionine as variable
modification, two missed cleavages of trypsin were allowed.
Proteins identified by at least two peptides with an ion score
significance threshold of 0.01 were considered to be
unambiguously identified.

Results and Discussion

In trans complementation
hydrogenase-negative mutant
In the absence of the purified physiological
electron acceptors for the respective [NiFe]-
hydrogenases of E. coli the activities of Hyd-1,
Hyd-2 and Hyd-3 can be facilely determined as a
single activity in crude cell extracts by measuring
H,: BV oxidoreductase activity (Ballantine and
Boxer 1985; Sawers et al. 1985). The activities of
Hyd-1 and Hyd-2 can also be visualized after
detergent solubilization and separation of the
polypeptides in native PAGE, while that of Hyd-3
cannot due to apparent instabillity of the enzyme
during electrophoresis (Ballantine and Boxer 1985;
Sawers et al. 1985). While detergent solubilization
of Hyd-1 and Hyd-2 has no deleterious effect on
H,: BV oxidoreductase activity, Hyd-3 activity is
compromised by this procedure (Sawers et al.
1985).

Extracts derived from strain MC4100 (wild type
positive control) were separated by non-denaturing
PAGE and revealed activity bands characteristic
for Hyd-1 and Hyd-2 (Fig. 1). To identify which of
the activity bands was specific for Hyd-1 and
which for Hyd-2, we analysed extracts derived
from a mutant (HDK100) unable to synthesise
Hyd-1 but retaining the genetic capacity to make
Hyd-2, Hyd-3 and Hyd-4 and from a mutant
(HDK200) lacking only Hyd-2 but retaining the
other enzymes. Clearly, the faster-migrating,
stained, active band corresponded to Hyd-1, while
the two more slowly migrating activity bands
resulted from the activity of Hyd-2 (Fig. 1A and
B).

Strain FTD147 has in-frame deletions in the genes
encoding the large subunits of Hyd-1 (AhyaB),

of an E. coli

Hyd-2 (AhybC) and Hyd-3 (AhycE) and
consequently lacks the activities of all three
enzymes (Redwood et al. 2008). An extract derived
from FTDI147 showed no activity bands
corresponding to either Hyd-1 or Hyd-2 (Fig. 1)
and thus acted as a negative control. The weakly
staining band occasionally observed near the top of
the gel, which was clearly observed in the FTD147
extract (marked with an asterisk Fig. 1B) is not
hydrogenase-specific and is also observed in an
extract from strain DHP-F2 (AhypF). A mutant
lacking HypF is unable to mature any of the
hydrogenase large subunits and has an activity
pattern indistinguishable from that of FTD147
(Paschos et al. 2002; and data not shown).

In order to examine whether the activities of Hyd-1
and Hyd-2 could be restored by supplying the
respective large-subunit gene on a plasmid and at
the same time to determine whether a N-terminally
fused Strep-tag Il affected enzyme activity, we
introduced the plasmids pASK-hyaB and pASK-
hybC (see Table 2) individually into FTD147 by
transformation. Introduction of a plasmid encoding
a N-terminally Strep-tagged derivative of HyaB
into FTD147 restored the fast-migrating activity
band corresponding to Hyd-1. Notably, even
without addition of exogenous AHT, which
induces hyaB expression in plasmid pASK-hyaB, a
Hyd-1-specific activity band could be observed,
indicating that low-level expression of the hyaB
gene occurred from the plasmid without induction
of gene expression (Fig. 1A). Increasing
concentrations of AHT resulted in a moderate
increase in intensity of the Hyd-1 activity band.
Notably, the introduction of the Strep-tag onto
HyaB caused the activity band corresponding to
Hyd-1 to migrate marginally more slowly in the gel
(Fig. 1A).

A similar experiment performed with a plasmid
encoding Strep-tagged HybC resulted in restoration
of the activity bands corresponding to Hyd-2 (Fig.
1B). Addition of AHT concentrations up to 0.2 pg
ml”' caused a corresponding increase in the
intensity of the Hyd-2 activity bands while AHT
concentrations above this level, e.g. 0.4 pug ml™,
resulted in marginally weaker activity bands (Fig.
1B).

Hydrogen-dependent reduction of the artificial
electron acceptor BV provides a direct means of
quantifying  hydrogenase = enzyme  activity
(Ballantine and Boxer 1985). In order to determine
the contribution made by each enzyme under the
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growth conditions tested, we first analyzed
hydrogenase activity in double-deletion mutants in
which different combinations of two hydrogenases
were missing (Table 1). The results reveal that
Hyd-3 (strain CP734 AhyaB Ahyb(C) contributes
more than 93-94% to the total hydrogenase
activity, while Hyd-2 in extracts of strain HDK 103
(Ahya AhycA-H) has a specific activity of 0.21 U
mg protein”, contributing 6% of the activity under
these conditions. Hyd-1 has a very low specific
hydrogenase activity close to background of 0.01 U
mg protein” in the crude extract of HDK203 (Ahyb
AhycA-H), despite being the most abundant
hydrogenase based on the level of protein (Jacobi
et al. 1992; Sawers and Boxer 1986). It is
important to consider that although all three
enzymes reduce BV, the efficiency with which
they do so may differ from enzyme to enzyme
(Ballantine and Boxer 1986; Sawers and Boxer
1986, Laurinavichene et al. 2002). Thus, the
contributions of each enzyme given in percentages
is with respect to BV oxidoreductase activity only;
the activity of each enzyme with its natural
electron acceptor might be different. Furthermore,
the hydrogenase activity observed after native
PAGE is based on a cumulative assay and therefore
is qualitative.

Introduction of plasmid pASK-hyaB encoding
Strep-tagged HyaB into FTD147 resulted in a
specific hydrogenase activity in the range of 0.01
U mg protein™ (Table 2), which is in the range of
that observed for the Hyd-2° Hyd-3" mutant
HDK203. Note that no AHT was added to these
cultures. Similarly, introduction of pASK-hybC
encoding the Strep-tagged variant of the Hyd-2
large subunit HybC restored Hyd-2 hydrogenase
activity to approximately 40% the level of that
observed in extracts of strain HDK103. Finally, the
modified hycE gene encoding Strep-tagged HycE
was introduced into FTD147 (AhyaB AhybC
AhycE) on plasmid pASK-hycE and yielded a
specific activity of 1.42 U mg protein”', which
corresponds to approximately 43% of the activity
detected in the Hyd-1" Hyd-2" mutant CP734.
Notably, introduction of pASK-hycE into FTD147
restored hydrogen gas production (data not shown).
Taken together, the results of these experiments
reveal that plasmid-encoded  Strep-tagged
derivatives of the large subunits of Hyd-1, Hyd-2
and Hyd-3 restored activity of the respective
hydrogenase; however, activity was not restored to
wild type levels, possibly reflecting that the genes

were introduced in trans and consequently not in
the correct chromosomal context.

Strep-HyaB and Strep-HybC from FTDI47
associate ~ with  their  respective  electron-
transferring small subunits

Isolation of cytoplasmic and membrane fractions
from FTD147/ pASK-hyaB revealed that Strep-
HyaB had an activity distribution of 38:62 in
favour of the membrane fraction. Strep-HyaB
could be purified reproducibly in a single step from
both the cytoplasmic fraction and from solubilized
membranes as described in the Materials and
Methods.  Strep-HyaB  purified from the
cytoplasmic fraction had a specific activity of 13 U
mg protein”, while Strep-HyaB purified from the
solubilized membranes had a specific activity of 21
U mg protein”'. These activities are in the range
observed for the native enzyme purified from
solubilized membranes (Sawers and Boxer 1986),
which had a specific activity of 10.6 U mg protein
'. The purified enzyme migrated as a double band
in activity-stained gels (Fig. 2A), which has been
previously noted for purified Hyd-1 (Sawers and
Boxer 1986). Analysis of the preparations by SDS-
PAGE resolved three polypeptides with molecular
masses ~65 kDa, ~36 kDa and ~29 kDa for the
enzyme purified from membranes (Fig. 2B) and
~65 kDa and ~36 kDa for the enzyme prepared
from the soluble fraction (data not shown). Mass
spectrometric analysis of these polypeptides
identified the ~65 kDa polypeptide as Strep-HyaB,
while the smaller polypeptides both corresponded
to the small subunit HyaA. No evidence for the
existence of the membrane-intergral, cytochrome
b-containing HyaC polypeptide could be found in
any of our preparations. The truncated HyaA
polypeptide possibly provides an explanation for
the faster migrating active species of the enzyme
seen in Fig. 2B. It was noted in a previous report
that the small subunit of Hyd-1 was susceptible to
proteolytic cleavage during purification (Sawers
and Boxer 1986). The results of this analysis reveal
that the Strep-HyaB polypeptide can associate with
the small subunit to deliver an active enzyme.
Strep-HybC was found essentially exclusively
associated with the cytoplasmic membrane.
Solubilization of the membrane fraction and
affinity purification on StrepTactin sepharose
yielded active enzyme that migrated in a similar
manner to the native enzyme in native PAGE (Fig.
2C). The specific activity of Hyd-2 ranged from
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250-290 U mg protein’ depending on the
preparation, which is in good agreement with the
activity of native Hyd-2 enzyme of 320 U mg
protein” (Ballantine and Boxer 1986). The specific
activities of both Hyd-1 and Hyd-2 are roughly 10-
fold higher than reported recently for His-tagged
derivatives of the proteins (Lukey et al. 2010). The
difference in activity might result from the tag
used.

Purified Strep-HycE could be isolated by
Streptactin  affinity chromatography (data not
shown); however, the enzyme could not be isolated
in an active form even when the enzyme was
isolated anaerobically. Early attempts to isolate
enzymatically active Hyd-3 encountered similar
problems (Sawers et al 1985) and at that time this
was attributed to instability of the enzyme
complex.

The iron-sulphur cluster-containing small subunits
are essential for BV-reducing activity

A question that has long remained unanswered is
whether BV can accept electrons directly from the
active site in the large subunit of E. coli [NiFe]-
hydrogenases. The isolation of active forms of
Strep-HyaB and Strep-HybC in association with
their respective iron-sulphur cluster-containing,
electron-transferring small subunits suggested that
the presence of the small subunit(s) might be
necessary to obtain effective electron transfer to
oxidized BV. In order to test this, we constructed
by Pl-transduction a set of strains that are
derivatives of FTD147 in which the gene encoding
the small subunit of the respective hydrogenases
was deleted (see Table 1). The construction of each
strain was designed such that upon deletion of the
small subunit gene, the gene encoding the
respective large subunit was re-introduced into the
strain. Thus, for example, strain CP792 is deleted
for the hybC, hycE and hyaA genes but has the
originally deleted AyaB gene, encoding the large
subunit of Hyd-1, restored.

Extracts derived from strains lacking either hyaA4,
encoding the small subunit of Hyd-1, or AybO,
encoding the small subunit of Hyd-2, were
separated on native-PAGE and analysed for
hydrogenase activity (Fig. 3). An extract from
MC4100 yielded the typical pattern of bands
characterisitic for Hyd-1 and Hyd-2, while an
extract derived from FTDI147 (AhyaB, AhybC,
AhycE) showed no hydrogenase-specific activity
bands (Fig. 3). An extract from strain CP792

deleted for hyad but restored for hyaB did not
show an activity band corresponding to Hyd-1 and
an extract derived from strain CP793 lacking hybO
but restored for AybC also lacked activity bands
characteristic of Hyd-2.

To rule out possible polarity effects caused by
introduction of the kanamycin-resistance cassette
in the respective mutants, the cassette was deleted
from CP792 and CP793 using the flip-recombinase
procedure (Datsenko and Wanner 2000) and
resulted in strains CP796 and CP795, respectively.
Also, in extracts derived from these strains no
hydrogenase-specific activity bands were observed
(Fig. 3).

Finally, transformation of CP792 or CP796 with
plasmid pASK-hyaB and of CP793 or CP795 with
pASK-hybC also failed to restore Hyd-1 or Hyd-2
activity, respectively, in the mutants unable to
synthesize the small subunits, while transformation
of the same plasmids into FTD147 did restore Hyd-
1 and Hyd-2 activity (Fig. 3). Attempts made to
measure the hydrogenase enzyme activity in
extracts of the complemented strains confirmed the
lack of hydrogen-dependent BV reductase activity.

Restoration of hydrogenase enzyme activities by
supplying in trans the genes encoding the small
subunits

To demonstrate that the strains deleted for the
genes encoding the hydrogenase small subunits
could be complemented for hydrogenase activity
by supplying the corresponding genes in trans, we
introduced the missing genes encoding the small
subunits on a plasmid. Analysis of an extract of
strain ~ CP796  (Ahyad, AhybC,  AhycE)
complemented with pCAN-hyaA (encoding a His-
tagged version of HyaA) revealed that Hyd-1
activity could be restored in native-PAGE (Fig.
4A). Interestingly, a slow-migrating active Hyd-1
species was also observed. This might result from
interference in membrane-targetting due to the N-
terminal hexa-histidine tag on the small subunit.
Analysis of extracts derived from CP795 (AhyaB,
AhybO, AhycE) transformed with pCAN-hybO
(encoding a His-tagged version of HybO) revealed
that introduction of the plasmid restored Hyd
activity in native-PAGE (Fig. 4B). The Hyd-2
specific enzyme activity in extracts of CP795/
pCAN-hybO was shown to be 0.09 U mg protein™',
which is a value similar to the activity observed in
extracts of FTD147/ pASK-hybC (Table 2). The
Hyd-1 specific enzyme activity was close to
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background activity and therefore could not be
determined with accuracy in crude extracts (Table
2).

Re-introduction of the AhycE gene into the
chromosome of FTD147 with concomitant deletion
of hycG, encoding the small subunit of Hyd-3,
resulted in a strain lacking any measureable
hydrogenase activity (Table 2). Transformation of
the mutant with pCAN-hycG restored a
hydrogenase enzyme activity of 0.5 U mg protein™
in crude extract of the strain (Table 2).

The large subunits of Hyd-1 and Hyd-2 are
processed in the absence of the small subunits

The data presented above clearly indicate that for
Hyd-1, Hyd-2 and Hyd-3 hydrogen-dependent BV
reduction is only possible when the small subunit is
present. To determine whether the reason that no
enzyme activity was observed is due to lack of
processing of the respective large subunits, we
analysed extracts of the small subunit mutant
CP792, CP793 and CP796 by Western blotting
using anti-Hyd-1 and anti-Hyd-2 antiserum (Fig.
5A). The results show that in the hya4 mutant the
chromosomally encoded HyaB large subunit is
processed (upper panel in Fig. 5A, lanes 5 and 6) in
a similar manner to that observed in the wild type
MC4100 (upper panel in Fig. 5A, lane 2).
Similarly, the large subunit of Hyd-2 is clearly
processed in an extract derived from CP793
lacking the HybO small subunit (lower panel in
Fig. 5A, final lane). This pattern is again similar to
that observed in the wild type MC4100 (lower
panel in Fig. 5A, lane 2). An extract derived from
anaerobically grown strain DHP-F2 (Lane 1 in Fig.
5A) showed only the unprocessed form of both
large subunits, which is characteristic of inactive
hydrogenase enzymes lacking the [NiFe] active site
(Paschos et al. 2002).

Finally, we affinity purified the Strep-HybC
protein from a strain lacking the gene encoding the
hybO gene encoding the Hyd-2 small subunit (Fig.
5B). Two polypeptides were visualized by SDS-
PAGE with molecular masses characteristic of the
unprocessed and C-terminally processed Strep-
HybC polypeptides. Mass spectrometric analyses
confirmed that both polypeptides were indeed
HybC. No polypeptides that migrated in the region
of HybO or HybA were observed.

The hydrogenase specific activity of purified Strep-
HybC was 0.2 U mg protein”, which was more
than three orders of magnitude lower than that

observed for the Strep-HybC purified with the
small subunits associated.

Taken together, these findings strongly suggest that
electron transfer to BV requires the small subunits
and this occurs presumably via the [Fe-S] clusters.
While it could be argued that if the small subunit is
absent a conformational change in the large subunit
could, in principle, affect electron transfer to BV,
mutagenesis studies in which only the ligation of
specific [Fe-S]-clusters in the hydrogenase small
subunit was altered (Sayavedra-Soto and Arp
1993) delivered similar results to those observed
here. The caveat remains, however, regarding the
extent to which the lack of an [Fe-S] cluster affects
electron transfer or even stability of the small
subunit.

Conclusions

The key findings of this study are the following:

1. In the absence of the respective electron-
transferring small subunit, essentially no hydrogen-
dependent reduction of the electron acceptor BV
by the catalytic subunit of any of the three [NiFe]-
hydrogenases of E. coli occurs.

2. Hyd-1 (HyaB) and Hyd-2 (HybC) large subunits
showed a processing pattern indistinguishable from
the large subunit in the wild type, which strongly
indicates that active site insertion and large
subunit-processing are completed in the absence of
the small subunit and membrane-association.

3. In the absence of the small subunit HybO, HybA
cannot be isolated in association with HybC. This
is consistent with previous suggestions (Dubini et
al. 2002) and with the isolation of only the HybCO
complex lacking HybA from trypyin-treated
membranes (Ballantine and Boxer 1986; Sargent et
al. 1998).

4. While the small subunit of Hyd-1 and Hyd-2
remains stably associated with its respective large
subunit and each enzyme retains activity after
detergent solubilisation of the membrane and
electrophoresis, the  HycE-HycG  complex
apparently does not tolerate these conditions and
this probably explains why Hyd-3 activity cannot
be visualised after native-PAGE.
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Table 1. Strains and plasmids used in this study

Strains/ plasmids  Genotype Reference

MC4100 F araD139 D(argF-lac)U169 ptsF25 deoCl relAl (Casadaban and Cohen
fIbB5301 rspL150° 1979)

DHP-F2 MC4100 AhypF 59-629AA (Paschos et al. 2002)

FTD147 AhyaB, AhybC, AhycE (Redwood et al. 2008)

HDK 100 MC4100 Ahya (Kan®) M. Sauter (unpublished)

HDK200 MC4100 Ahyb (Kan®) (Blokesch et al. 2001)

HDK203 MC4100 Ahyb (KanR) AhycA-H (Jacobi et al. 1992)

HDK103 MC4100 Ahya (KanR) AhycA-H (Jacobi et al. 1992)

CP734 MC4100 AhyaB, AhybC This study

CP792 MC4100 AhybC, AhycE, AhyaA::Kan® This study

CP796 CP792 AhyaA This study

CP793 MC4100 AhyaB, AhycE, AhybO::Kan® This study

CP795 CP793 AhybO This study

CP1007 MC4100 AhyaB, AhybC, AhycG::Kan® This study

CP1005 MC4100 AhyaB, AhybC, AhycE::Kan® This study

Plasmids

pASK-hyaB hyaB cloned in Bsal site of pASK-IBAS+ This study

pASK-hybC hybC cloned in Bsal site of pASK-IBAS+ This study

pASK-hycE hycE cloned in Bsal site of pASK-IBAS5+ This study

pCAN-hyaA hyaA in pCA24N Keio®

pCAN-hybO hybO in pCA24N Keio

pCAN-hycG hycG in pCA24N Keio

* Keio, see Kitagawa et al, 2005.

Table 2. Hydrogen-dependent benzyl viologen oxidoreductase enzyme activity of the
complemented mutants.

Strain * and genotype

Specific activity °

(umol H, oxidized min' mg protein™)

MC4100 (wild type)
DHP-F2 (AhypF)
FTD147 (AhyaB AhybC AhycE)
CP734 (AhyaB AhybC)

HDK203 (Ahyb AhycA-H)

HDK103 (Ahya AhycA-H)
FTD147 + pASK-hyaB
FTD147 + pASK-hybC
FTD147 + pASK-hycE

CP796 (AhyaA AhybC AhycE)
CP796 + pCAN-hyaA
CP795 (AhyaB AhybO AhycE)
CP795 + pCAN-hybO
CP1007 (AhyaB AhybC AhycG::Kan®)
CP1007 + pCAN-hycG

3.38 (= 0.49)
<0.01
<0.01

3.61 (+0.18)

0.21 (= 0.02)

0.011 (x<0.001)

0.01 (& <0.001)

0.08 (= 0.02)
1.42 (£0.6)
<0.01
<0.01
<0.01

0.09 (= 0.02)

<0.01
0.52 (£0.1)

* Cell extracts were prepared from cells grown anaerobically in TGYEP.
® The mean and standard error of at least three independent experiments are shown.
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Figure legends:
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Figure 1. Strain FTD147 (AhyaB AhybC AhycE) can be complemented in trans by plasmid pASK-hyaB
encoding Strep-tagged HyaB (A) and pASK-hybC encoding Strep-tagged HybC (B). Samples of crude extract
(14 g of protein) derived from each of the strains indicated were separated by native PAGE (7.5% (w/v) gel)
under non-denaturing conditions and stained for hydrogenase activity as described in the Materials and Methods
section. The stained bands corresponding to active Hyd-1 and Hyd-2 are indicated. The amount of
anhydrotetracycline (AHT) used for induction of gene expression is indicated.
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Figure 2. Strep-HyaB and Strep-HybC are isolated in complex with their respective small subunits and are
enzymically active. Strep-tagged HyaB was purified from the detergent-solubilized membrane fraction of strain
FTD147/ pASK-hyaB as described in the Materials and Methods and was analysed by native-PAGE (A.) and
SDS-PAGE (B.). A. An aliquot (5 ug) of purified Strep-HyaB (lane labelled Hyd-1) was separated in native
PAGE as described in the legend to Fig. 1 and stained for hydrogenase enzyme activity. For comparison an
aliquot (15 ug of total protein) of a crude extract derived from HDK200 was applied to the gel and labelled Wt.
B. Purified Strep-HyaB (10 ug protein; lane labelled Hyd-1) was separated by 10% SDS-PAGE and stained for
protein with Coomassie Brilliant Blue. The locations of Strep-HyaB and HyaA polypeptides are indicated on the
right side of the figure. The polypeptide labelled HyaA’ is a proteolytic degradation product identified as HyaA
by mass spectrometry. Molecular mass markers (M) are indicated in kDa. C. Native-PAGE analysis of purified
Strep-HybC (5 wug protein) is shown. Aliquots of crude extracts (15 ug protein) preparations derived from



Ergebnisse

HDK100 (Ahya) (lane 1) and FTD147 (AhyaB AhybC AhycE) (lane 2) were run in parallel as controls. D
Analysis of purified Strep-HybC (10 ug protein) by 10% SDS-PAGE identified Strep-HybC and the subunits
HybO and HybA, the identities of which were confirmed by mass spectrometry. Molecular mass markers (M)
are indicated in kDa. The asterisk represents a weak hydrogen-dependent BV reductase activity unrelated to the
[NiFe]-hydrogenases.
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Figure 3. The small subunits of Hyd-1 and Hyd-2 are required for hydrogen-dependent BV reduction. A native
PAGE analysis of crude extracts (15 ug protein) stained to reveal hydrogenase enzyme activity is shown. Lanes:
MC4100 is wild type; FTD147 (AhyaB AhybC AhycE) is a negative control; HDK100 lacks Hyd-1 but retains
Hyd-2 and Hyd-3; HDK200 lacks Hyd-2 but retains Hyd-1 and Hyd-3 activity; FTD147 + pASK-hyaB; FTD147
+ pASK-hybC; CP792 (AhybCAhycE Ahyad::Kan®) carries a kanamycin-resistance cassette in the hyad gene; in
CP796 the kanamycin-resistance cassette was removed; CP793 (AhyaB AhycE AhybO::Kan®) carries a
kanamycin-resistance cassette in the 4ybO gene; CP795 has the same genotype as CP793 but the kanamycin-
resistance cassette has been removed from AhybO; CP792 containing pASK-hyaB CP796 containing pASK-
hyaB; CP793 containing pASK-hybC CP795 containing pASK-hybC. The migration locations of Hyd-1, Hyd-2
and the Strep-HyaB-containing Hyd-1 (Hyd-1lsu.,) are indicated. The asterisk represents a weak hydrogen-
dependent BV reductase activity unrelated to the [NiFe]-hydrogenases.

Figure 4. Restoration of hydrogenase activity by transformation of the small subunit genes. Crude extracts (15
ug protein) of the strains shown were separated by native PAGE on 7.5% (w/v) polyacrylamide gels and
subsequently stained for hydogenase enzyme activity. The gel in panel A shows extracts derived from MC4100
(wild type), CP734 (AhyaB AhybC), CP796 (AhyaA AhybC AhycE), CP796 transformed with pCAN-hyaA,
encoding a His-tagged derivative of HyaA. The location of Hyd-1 in the gel is shown. The arrow in the top half
of the gel signifies an active intermediate form of Hyd-1, designated Hyd-1’, that is only observed when the
small subunit HyaA carries an N-terminal His-tag. In panel B. a similar experiment was carried out for Hyd-2.
The lanes include: CP795 (AhyaB AhybO AhycE); CP795 transformed with pCAN-hybO; CP734 (AhyaB
AhybC) transformed with pASK-hybC; and CP795 transformed with pASK-hybC. The location of the Hyd-2
activity bands is defined by the bar and the asterisk indicates the location of the hydrogenase-independent,
hydrogen-dependent BV reductase activity.
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Figure 5. The large subunits of both Hyd-1 (HyaB) and Hyd-2 (HybC) are processed in the absence of the small
subunits. A. Western blots in which the large subunits of Hyd-1 and Hyd-2 in crude extracts (50 ug of protein)
of different strains are shown. The positions of the unprocessed and processed forms of the polypeptides,
indicating incorporation of the [NiFe] cofactor, are indicated on the left of the figure. Polypeptides were
separated in 10% (w/v) SDS-PAGE and incubated with antibodies specific for the respective enzymes. The
asterisks signify uncharacterised cross-reacting polypeptides. B. Strep-HybC (5 ug) purified from strain CP734
(AhyaB AhybO) as described in the Materials and Methods section was separated on 10% (w/v) SDS-PAGE and
stained with Coomassie Brilliant Blue. Molecular mass markers (M) are indicated in kDa.
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2.4.3 Zusitzliche Ergebnisse

Die Reinigung des aktiven FHL Komplexes ist eine Herausforderung fiir die Entwicklung
enzymgestiitzter =~ Wasserstoffbrennstoffzellen. Die  Reinigungsstrategie ~ von  H»-
produzierenden Zellen mit einem N-terminalen Fusionstranskript an der groen Untereinheit
HycE lieferte groftenteils nur inaktives Enzym (vgl. Abb. 11), welches nach dem géngigen
Reifungsmodell nicht mit den {iibrigen FHL Komponenten assoziiert ist. Es konnte
immunologisch eine Assoziation des Pri-Proteins mit den Hyp-Reifungsproteinen HypF,
HypD und HypE nachgewiesen werden (nicht gezeigt), die Analyse ko-gereinigter Proteine
mittels Massenspektrometrie ergab jedoch hauptsdchlich eine Assoziation mit Chaperonen

und Enzymen des anaeroben Stoffwechsels (Tabelle zu Abb. 11).

A B C
kDa
180
1 130
P2 100
3 Abbildung 11: Reinigung von anaerob angezogenem His-HycE aus PMO08
4 iE ‘45 70 (Apfi4) ohne .Form.iatzugabe. Der Stamm PMO08 mit Plasrpid—kodiertem HycE
- “1 -7 (ASKA Plasmid (Kitagawa et al., 2005)) wurde anaerob in TGYEP, pH 6,5
6 /M 55 angezogen und nach Erreichen der ODggg pyy von 0,8 mit 250 uM IPTG induziert
und anaerob bei 30 °C fiir weitere 3 h inkubiert. Die Reinigung erfolgte iiber eine
1 ml Nickel-NTA Séule und die Elution erfolgte mit 30 mM (Spur A) und 300 mM
45 (Spur B) Imidazol im Puffer und Analyse im 10 % (w/v) SDS-Page. Spur C enthilt
3 den Marker PageRuler Prestained von Fermentas. Die markic?rten Banden Wur.den
Cg aus dem Gel ausgeschnitten und mittels Massenspektrometrie von der AG Sinz/
T 35 Christian Thling analysiert. Korrgspondierend(? Proteine mit ihrer. jeweiligen
1 prozentualen Abdeckung der Peptide durch die Massenspektrometrie und ihre
berechneten molekularen Massen (kDa) sind unten angegeben. Die hier gewihlten
D Anzuchtbedingungen  liefern  hauptsdchlich  unprozessiertes  Polypeptid,
.25 Reinigungen aus MC4100 oder mit Zugabe von Formiat ergeben jedoch das gleiche
13 Elutionsmuster.
——e
Abdeckung
der Peptide kDa
Bande 1 39% 96  AdhE - Alkoholdehydrogenase
20 % 102 SecA - Protein Translokase
13 % 112 FdoG - Fdh-O groB3e Untereinheit (keine Tat-Signalpeptide)
7% 113 FdnG - Fdh-N grofle Untereinheit (keine Tat-Signalpeptide)
Bande 2 36 % 85  PfIB - Pyruvat Formiat Lyase
Bande 3 51% 67 GImS- L-Glutamin:D-Fruktose-6-phosphat Aminotransferase
Bande 4 54 % 65  HycE - Peptid des unprozessierten C-Terminus identifiziert
Bande 5 46 % 65 HycE
Bande 6 69 % 57 GroL - Chaperon
Bande 7 50 % 57 GroL - Chaperon
Bande 8 42 % 40 OmpC - Porin C der duleren Membran (keine Signalpeptide)
Bande 9 33% 40  OmpC - Porin C der dulleren Membran (keine Signalpeptide)
24 % 33 Rob - transkriptioneller Regulator
Bande 10 45 % 37 OmpA - Porin A der duBeren Membran
Bande 11 54 % 30  50S ribosomales Protein L2
Bande 12 61% 27  30S ribosomales Protein S2
17 % 21 SlyD — Peptidyl-Prolyl cis/trans Isomerase
Bande 13 68 % 24 cAMP-Rezeptorprotein - transkriptioneller Regulator

12 % 21 SlyD — Peptidyl-Prolyl cis/trans Isomerase
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Die im Artikel bestimmten Hydrogenaseaktivitdten wurden als H, abhingige BV Reduktion
bestimmt. Der eigentliche Anteil der H,-Oxidation wéihrend des Wachstums geht daraus nicht
hervor. Deshalb wurde weiterfilhrend wiahrend des Wachstums die Wasserstoffmenge in der
Gasphase einer anaeroben Kultur bestimmt und mit einer Mutante verglichen (CP734 —
MC4100 AhyaB hyb(C), die genetisch nicht befdhigt ist H, zu oxidieren (Abb. 12). Es zeigte
sich, dass es keinen Wachstumsunterschied zwischen den beiden Stimmen gibt und die H»-
Produktion genau wie die Aktivitit der Hyd-1 und Hyd-2 im Nativen Gel bereits nach 3 h
einsetzt, also nicht auf den Eintritt in die stationdre Phase angewiesen war. Des Weiteren wird
jedoch aus der Differenz der Mengen des gebildeten H, zwischen den zwei Stimmen deutlich,
dass etwa die Hélfte des vom FHL Komplex gebildeten H, wieder aufgenommen wurde und
die resultierenden Elektronen vermutlich auf intern gebildetes Fumarat {ibertragen wurden.
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Abbildung 12: Wachstumskurve, H,-Produktion und Aktivitit der H,-oxidierenden Enzyme. Die Stimme MC4100
(gefiillte Symbole) und CP743 (AhyaB hybC) (offene Symbole) wurden als 10 ml Kulturen in 15 ml mit N, begasten
Hungate Rohrchen angezogen. A: Zu den angegebenen Zeitintervallen wurde die ODggg py, bestimmt (Kurve und linke Achse)
und der H, in der Gasphase mittels Gaschromatographie gemessen und auf das Kulturvolumen berechnet (Balken und rechte
Achse). B: Aus den gleichen Kulturen wurden zu den angegebenen Zeitintervallen Proben entnommen und 25 pg Protein auf
ein 7,5 % (w/v) Natives-Page aufgetragen und die Aktivitdten von Hyd-1 und Hyd-2 angeférbt.
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2.5 Enthiillung von Stoffwechseldefekten des biotechnologisch-bedeutsamen
Modelbakteriums Escherichia coli BL21(DE3).

2.5.1 Zusammenfassung

Zur heterologen Uberproduktion von Proteinen werden wegen der Deletion der lon und ompT
Proteasen oftmals BL21(DE3) und dessen Derivate verwendet (Terpe, 2006). Dennoch sind
diese Stimme keine gut charakterisierten K-12 Derivate, sondern B-Stimme, die durch ihre
unterschiedliche Physiologie Komplikationen verursachen koénnen. So war bisher zwar
bekannt, dass BL21(DE3) keine Wasserstoffproduktion aufweist, jedoch der Grund war
unbekannt. Durch die Genomsequenzierung 2009 wurde die Moglichkeit geschaffen den
Stamm mit einer Kombination von bioinformatischen mit physiologischen Ansdtzen zu
untersuchen (Jeong et al., 2009). Es wurden 78 Gensequenzen ausgewdhlt, deren
Genprodukte direkt oder indirekt in die Reifung und Aktivitdt der [NiFe]-Hydrogenasen
involviert sind. Von diesen wiesen 39 der abgeleiteten Proteinsequenzen insgesamt 74
Aminosdureaustausche im Vergleich zu MG1655, einem K-12 Stamm mit intakter
Hydrogenase, auf. Weitere 6 Proteine konnten nicht funktionell exprimiert werden. Unter
diesen stellte sich heraus, dass das fiir Fnr kodierende Gen ein internes Stopp-Codon an
Codon-Position 141 enthélt und damit der durch Fnr regulierte Nickel-Transporter nicht
exprimiert wird. Durch Zugabe hoher Nickelmengen zum Medium konnte dieser Phéanotyp
supprimiert und die Aktivitit der Hydrogenasen 1 und 2 wiederhergestellt werden. Durch
Komplementation mit Plasmid-kodiertem Fnr konnte der gleiche Phédnotyp hervorgerufen
werden. Fiir die Expression des FHL Systems war jedoch zusétzlich zur Zugabe von Fnr noch
die Supplementation mit Molybdationen (MoO4>) erforderlich. Das mod-Operon mit den
benachbarten Genen ist durch die Transduktion des DE3 Prophagen und angrenzender
Bereiche aus einem Stamm, der als Gal™ selektiert wurde, deletiert worden (Daegelen et al.,
2009). Es konnte gezeigt werden, dass fiir Restoration von 29 % FHL Aktivitit in
Anwesenheit von Fnr nicht der Regulator ModE, sondern hauptsichlich MoO,> benétigt
wurden und weitere Aktivititssteigerung nur durch Zugabe von Formiat zum Medium erreicht
werden konnte. Ebenso konnte die Abhdngigkeit der Aktivitdt der Nitratreduktase von Fnr
und MoO,> belegt werden. Die Aktivititen der Fdh-N und Fdh-H waren unter allen getesteten
Bedingungen nicht zum Wildtypniveau wiederherstellbar, wobei jedoch ein Mangel dieser
Aktivitditen durch Funktionsverlust der se/-Genprodukte nicht bestitigt werden konnte.
Wahrscheinlich ist die Fdh-H Aktivitdt der limitierende Faktor fiir die Wiederherstellung
voller FHL Aktivitit.

2.5.2 Artikelkopie (weiterfiihrende Online-Ergebnisse im Anhang 2)
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Abstract

The Escherichia coli B strain BL21(DE3) has had a profound impact on biotechnology through its use in the production of
recombinant proteins. Little is understood, however, regarding the physiology of this important E. coli strain. We show here
that BL21(DE3) totally lacks activity of the four [NiFe]-hydrogenases, the three molybdenum- and selenium-containing
formate dehydrogenases and molybdenum-dependent nitrate reductase. Nevertheless, all of the structural genes necessary
for the synthesis of the respective anaerobic metalloenzymes are present in the genome. However, the genes encoding the
high-affinity molybdate transport system and the molybdenum-responsive transcriptional regulator ModE are absent from
the genome. Moreover, BL21(DE3) has a nonsense mutation in the gene encoding the global oxygen-responsive
transcriptional regulator FNR. The activities of the two hydrogen-oxidizing hydrogenases, therefore, could be restored to
BL21(DE3) by supplementing the growth medium with high concentrations of Ni** (Ni**-transport is FNR-dependent) or by
introducing a wild-type copy of the fnr gene. Only combined addition of plasmid-encoded fnr and high concentrations of
MoO,4>~ ions could restore hydrogen production to BL21(DE3); however, to only 25-30% of a K-12 wildtype. We could show
that limited hydrogen production from the enzyme complex responsible for formate-dependent hydrogen evolution was
due solely to reduced activity of the formate dehydrogenase (FDH-H), not the hydrogenase component. The activity of the
FNR-dependent formate dehydrogenase, FDH-N, could not be restored, even when the far gene and MoO,>~ were
supplied; however, nitrate reductase activity could be recovered by combined addition of MoO4*~ and the fnr gene. This
suggested that a further component specific for biosynthesis or activity of formate dehydrogenases H and N was missing.
Re-introduction of the gene encoding ModE could only partially restore the activities of both enzymes. Taken together
these results demonstrate that BL21(DE3) has major defects in anaerobic metabolism, metal ion transport and
metalloprotein biosynthesis.
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Introduction

Escherichia coli is a facultative anaerobic enterobacterium that
can grow both in the presence and in the absence of oxygen.
When oxygen becomes limiting, E. coli can use nitrate or several
alternative electron acceptors but if no exogenous electron
acceptors are present it can resort to fermentation [1]. One of
the key players in activating anaerobic gene expression is the
global transcriptional regulator FNR (fumarate-nitrate regulator).
FNR regulates, directly or indirectly, the expression of a very large
number of genes and operons [2] whose products ensure that the
optimal electron acceptor is utilized to allow maximum energy
conservation. Many of the genes whose expression is induced by
FNR encode complex metalloproteins, which have different metal
cofactors in their active sites. Biosynthesis of these metal cofactors
often requires the concerted action of a large number of accessory
proteins. During nitrate respiration, for example, the FNR- and
nitrate-dependent formate dehydrogenase (FDH) N and nitrate
reductase (NAR) respiratory pathway is induced. Both enzymes
have an array of iron-sulfur cluster, as well as the bis-
molybdopterin guanidine dinucleotide (bis-MGD) cofactor [3].

@ PLoS ONE | www.plosone.org

Additionally, FDH-N requires co-translational insertion of seleno-
cysteine in the polypeptide chain [4]. On the other hand, during
fermentative growth E. coli has an active hydrogen metabolism and
each of the three hydrogenases synthesized under these conditions
has a [NiFe] cofactor. This cofactor must also be carefully
assembled and inserted into the apo-enzyme [5]. Metals such as
molybdenum and nickel must also be transported into the cell to
allow synthesis of the appropriate metalloenzymes to occur. FNR
exerts global control over many aspects of metalloprotein
biosynthesis in . coli and this is summarized in Fig. 1.
Hydrogenases catalyze the reversible oxidation of hydrogen and
E. coli encodes four [NiFe]-hydrogenases (Hyd) in its genome, only
three of which have been characterized [5]. All three enzymes are
membrane-associated. Hyd-1 and Hyd-2 have their active site
oriented toward the periplasm. Both enzymes contribute to
generation of a proton gradient by oxidizing hydrogen on the
periplasmic side of the cytoplasmic membrane and delivering the
electrons from hydrogen oxidation directly into the respiratory
chain. Hyd-3, together with the second molybdoselenoenzyme
FDH-H, forms the hydrogen-evolving formate hydrogenlyase
(FHL) complex, which has its active site localized towards the

August 2011 | Volume 6 | Issue 8 | e22830
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Figure 1. An overview of anaerobic hydrogen metabolism and nitrate respiration metabolism in E. coli. The metabolism of pyruvate
under anaerobic conditions is shown in the upper portion of the Figure. The cellular locations of the three main [NiFe]-hydrogenases, the three
molybdoselenium formate dehydrogenases and the principle nitrate reductase are shown, as are the transport systems for nickel and molybdate. The
metal ion requirement and regulation with respect to the global regulator FNR are also indicated by arrows.

doi:10.1371/journal.pone.0022830.g001

cytoplasm [6]. The substrate of the FHL complex is formate,
which is generated during fermentation of sugar substrates such as
glucose by the anaerobically inducible pyruvate formate-lyase
(PAIB) [1]. Formate is disproportionated into carbon dioxide and
hydrogen by the FHL complex, thus off-setting acidification of the
cytoplasm during fermentation.

The [NiFe]-cofactor in K-12 strains of E. coli such as MC4100
or MG1655 is common to all three hydrogenase enzymes. Thus,
the majority of the accessory enzymes, referred to as Hyp proteins,
required to synthesize this cofactor govern the biosynthesis of each
hydrogenase [5,7]. The Hyp proteins are involved in the synthesis
of the non-proteinogenic ligands cyanide (CN7) and carbon
monoxide (CO), which are coordinated to the iron atom in the
[NiFe]-cofactor (for a review see [7]). The two CN™ ligands are
derived from carbamoylphosphate (CP) [8,9] while the source of
the CO ligand is unclear. After synthesis and insertion of the
modified iron atom into the large subunit precursor, nickel is then
inserted through the action of HypA, HypB and SlyD [10]. The
nickel required for biosynthesis of the active site is delivered by a
specific ATP-binding cassette (ABC) transporter encoded by the
FNR-regulated nik operon [11]. Lesions in the genes encoding the

@ PLoS ONE | www.plosone.org 5

HypA and HypB enzymes, the nickel transporter, or indeed the
global oxygen-responsive transcriptional regulator FNR can be
phenotypically complemented by the addition of excess nickel ions
to the medium [12].

Together with FDH-H, which is encoded by the fdhF gene [13],
and FDH-N there is a third molybdenum- and selenium-
containing formate dehydrogenase in E. coli, which is referred to
as FDH-O (for a review see [14]). FDH-O is synthesized at low
levels, preferentially in the presence of oxygen or nitrate [4,15,16].
Selenocysteine insertion in all three FDH enzymes occurs co-
translationally with a sequence of reactions requiring the SelA,
SelB and SelD proteins together with a specific tRNA® encoded
by selC [17]. Post-translational insertion of molybdenum in the
form of the bis-molybdopterin guanidine dinucleotide (bis-MGD)
cofactor [18] into the active site is also required for the activity of
all three FDHs, and consequently hydrogen-evolving FHL
complex activity.

While hydrogenase research in E. coli has focused on K-12
strains, comparatively little is known about hydrogen metabolism
of B strains of E. coli. Research in the 1940’s by Delbriick focused
on E. coli B strains to study T phage function [19]. The commonly

August 2011 | Volume 6 | Issue 8 | 22830
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used BL21(DE3) strain was derived from an early isolate of F. coli
B and was developed for T7 RNA polymerase-based gene
expression after early isolation of a derivative carrying the DE3
prophage in its lambda attachment site [20,21]. The DE3
prophage was introduced by P1 transduction from strain Bc258
and this was isolated as a non-reverting Gal™ derivative of Bc251,
which had been obtained by UV treatment [22]. This UV
treatment resulted in the loss of some genes important to
metalloprotein biosynthesis, as described in this study.

Meanwhile BL21(DE3) has become established worldwide as a
host for recombinant protein over-production. Despite this fact, it
is surprising to note that the biology of BL21(DE3) is poorly
characterized. Clearly, the strain does not have a wildtype
phenotype because it has been shown that BL21(DE3) is unable
to produce hydrogen gas [23], and indeed completely lacks
hydrogenase activity, which we demonstrate in this study. This is
despite BL21(DE3) having an apparently full complement of
hydrogenase structural genes in its genome [24]. The genetic and
metabolic reasons underlying this lack of hydrogen production are
unclear. Here we demonstrate that the reasons for this metabolic
deficiency of BL21(DE3) result from a lack of the global oxygen-
responsive transcription factor FNR [11,12,25,26], as well as
severe deficiences in metalloprotein biosynthesis. This means that
not only hydrogen metabolism but also nitrate respiration is
compromised in the strain. These features have important
implications for the use of BL21(DE3) and its derivatives in
recombinant protein production, particularly for proteins of
unknown function.

Results

BL21(DE3) is devoid of hydrogen metabolism

Only three of the four [NiFe]-hydrogenases (Hyd-1, Hyd-2 and
Hyd-3) in E. coli K-12 strains are synthesized under standard
laboratory conditions [6,27]. Total hydrogenase enzyme activity in
K-12 wildtype strains such as MC4100 or BW25113 can be
readily determined by measuring hydrogen-dependent reduction
of the artificial electron acceptor benzyl viologen (BV) [6,27]. After
anaerobic growth in buffered rich medium with glucose (TGYEP,
pH 6.5) crude extracts derived from either strain had a total
hydrogenase specific activity in the range of 3 U mg of protein ™!
(Table 1). A crude extract derived from strain DHP-F2 (AlypF),
which is unable to synthesize the HypF carbamoyltransferase
essential for biosynthesis of the [NiFe]-cofactor of all three
enzymes [28], lacked hydrogenase activity. Extracts of BL21(DE3)
grown anaerobically in TGYEP were also devoid of hydrogen-
dependent BV oxidoreductase activity (Table 1).

The activity of the FHL complex can be determined in whole
cells by measuring hydrogen evolution [29]. While the FHL activity
of MC4100 after fermentative growth with glucose attained levels of
28 mU mg of protein” ', BL21(DE3) failed to show any FHL
activity, even after supplementation of the growth medium with
formate, which is obligately required for the induction of the FHL
complex [30]. DHP-F2 (AhypF) also lacked FHL activity, as
anticipated and provided a negative control (Table 1).

Bioinformatic analysis of the genes associated with
hydrogen metabolism in the genome of BL21(DE3)
Initially, a total of 86 candidate genes that are known to have
either a direct or indirect influence on hydrogenase activity in .
coli MC4100 or its sequenced counterpart MG1655 were chosen
for comparison with the corresponding gene products in
BL21(DE3). The deduced amino acid sequences of all 86 genes
were examined to identify amino acid exchanges or deletions.

@ PLoS ONE | www.plosone.org
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Silent mutations that did not alter the amino acid sequence were
ignored. Of the 86 candidate proteins examined with direct
relevance to hydrogen metabolism only 42 proteins exhibited
altogether 78 amino acid exchanges (missense mutations in the
corresponding genes) and in 5 instances the corresponding genes
were missing from the genome of BL21(DE3) completely (Table
S1). Of this total carrying amino acid exchanges (or a nonsense
mutation in the case of fur), CarB, HypF, FNR, NikA, NikE, and
NikD are the only putative candidates that could have a
pleiotropic effect on hydrogenase activity resulting in a hydrog-
enase-negative phenotype.

The activities of Hyd-1 and Hyd-2 in BL21(DE3) can be
restored by nickel ion supplementation

The nik operon codes for a specific ATP-binding cassette (ABC)
transporter comprising a periplasmic binding protein NikA, the
membrane components NikB and NikC, as well as the ATP-
binding components NikD and NikE [31]. Defects in nickel-ion
transport or HypA and HypB function, which are required for
active hydrogenase biosynthesis can be phenotypically suppressed
by addition of high concentrations of nickel ions to the growth
medium [11,32,33] whereby non-specific Ni** ion uptake is
mediated by the magnesium transport system [34]. The
membrane components NikB and NikC showed no amino acid
exchanges in BL21(DE3) compared to MG1655; however, the
periplasmic binding protein NikA, as well as the ATP-binding
components NikD and NikE had amino acid exchanges, with
NikE having alterations in a total of six amino acids (see Table S1).
In order to test first of all whether addition of high concentrations
of Ni** ions to the growth medium could restore hydrogenase
activity to BL2I(DE3) we analysed hydrogen-dependent BV
reduction (henceforth referred to as total hydrogenase activity) in
crude extracts derived from BL21(DE3) grown anaecrobically in
the presence of 0.5 mM NiCl,. Only very low total hydrogenase
activity could be determined and no hydrogen-evolving FHL
activity could be measured (Table 1). Analysis of the activities of
Hyd-1 and Hyd-2 after non-denaturing gel-electrophoretic
separation of proteins in crude extracts of BL21(DE3) grown in
the presence or absence of 0.5 mM NiCly (Fig. 2) revealed that
while no activity could be visualised in BL21(DE3) grown without
Ni** ion supplementation, addition of Ni** restored weak activities
corresponding to Hyd-1 and Hyd-2; addition of formate, which
was previously observed to result in increased Hyd-1 activity [6],
had no effect on the activity band pattern (Fig. 2). This result
suggested that nickel transport was indeed affected in BL21(DE3);
however, addition of nickel at high concentrations could
circumvent this phenotypic defect only partially.

To determine whether the mutations in nkA, mkD or nikE were
responsible for the phenotypic defect in Ni**, plasmids pJW3441,
pJW3444 and pJW3445 (Keio collection; [35]), encoding NikA,
NikD and NikE, respectively, were transformed into BL21(DE3)
and total hydrogenase enzyme activity in crude extracts was
determined (data not shown). None of the plasmids could restore
hydrogenase activity, nor could activity bands corresponding to
Hyd-1 or Hyd-2 be detected after native-PAGE (data not shown).
It could be shown in complementation studies using the
corresponding specific in-frame knockout mutants of nikd, nikD
and nkE in the MG1655 derivative BW25113 (Keio collection;
[35]) that their phenotype was hydrogenase-negative, that addition
of 0.5 mM NiCly, could restore hydrogenase activity to each
mutant and that introduction of the respective plasmids encoding
the nitkA, nikD or mikE genes restored functional Hyd-1 and Hyd-2
either totally or partially (Fig. S1). This result demonstrates that
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Table 1. Total Hydrogenase, hydrogen evolving formate hydrogen lyase activity and formate dehydrogenase-H (FDH-H).

Strain/Condition’

Specific Hydrogenase Activity
in U mg protein”' + SD

Specific Hydrogen
evolving Activity in

mU mg protein ' + SD

Specific FDH-H Activity in U

mg protein~ ' + SD

MC4100

CP971 (AhycAl)

CP971 (AhycAl)/p31hycA-I

DHP-F2 (AhypF)

BL21(DE3)

BL21(DE3)/500 uM NiCl,

BL21(DE3)/15 mM formate
BL21(DE3)/500 uM NiCl,/15 mM formate
BL21(DE3)/pCH21 (fnr*)
BL21(DE3)/p1fnr

BL21(DE3)/p10fnr

BL21(DE3)/p13fnr

BL21(DE3)/p31hycA-I
BL21(DE3)/p31hycA-I/p1fnr
BL21(DE3)/p7modE
BL21(DE3)/p7modE/500 uM NiCl,/15 mM formate
BL21(DE3)/p7modE/p13fnr
BL21(DE3)/p7modE/p13fnr/500 uM NiCl,/15 mM formate
PB1000

PB1000/500 uM NiCl,/15 mM formate
PB1000/pCH21

PB1000/p1fnr

PB1000/p10fnr

PB1000/p13fnr

3.01*£0.59

0.14x0.08

8.12+0.40

<0.01

0.02+0.01 (0.004:0.003)
0.01%0.002

<0.01

0.01%0.01 (0.02%0.01)
0.05%0.02 (2.22+0.44)
0.04+0.003 (2.84*0.69)
0.03+0.02 (0.02*0.01)
0.03+0.02 (0.03+0.02)
<0.01

n.d.?

0.02+0.01 (0.050.003)
0.01*0.003

0.03%0.003 (1.16*0.66)
(3.71£1.92)

0.13%+0.21

2.70*£1.06

544*1.73

6.161.30

0.29*0.16

2.15*+1.04 (2.59*+1.20)

28+20

<0.01

19+1

<0.01

0.7+0.1 (<0.01)
<0.01

<0.01

<0.01 (3%2)
0.2+0.1 (8%3)
0.8%0.8 (7%2)
0.1+0.1 (0.3%0.3)
<0.01 (0.6=1)
0.6+0.4
(2+0.5)

<0.01 (0.5+0.6)
<0.01

<0.01 (6+2)
(15%3)

5+3

16+11

2011

34+6

12+5

26+8 (21+2)

0.42+0.08

<0.01

0.05+0.01
0.04+0.01

<0.01 (<0.01)
<0.01

<0.01

<0.01 (<0.01)
<0.01 (0.04+0.02)
<0.01 (0.07*0.01)
<0.01 (<0.01)
<0.01 (<0.01)
<0.01

n. d.

<0.01 (<0.01)
<0.01

<0.01 (0.03*0.03)
(0.08+0.01)

<0.01

0.03+0.03
0.12%0.01
0.50+0.06

<0.01

0.11%+0.10 (0.10%0.04)

2n. d. - not determined.
doi:10.1371/journal.pone.0022830.t001

the amino acid exchanges alone were not responsible for the
defective nickel transport phenotype.

Despite missense mutations in the respective genes
carbamoylphosphate synthetase and HypF are functional

in BL21(DE3)

CarB is the large subunit of the carbamoylphosphate synthetase
providing carbamoylphosphate as the substrate for the cyanide
ligand in the hydrogenase large subunits [36]. A defect in CarB
function can be phenotypically suppressed by the addition of
citrulline to the medium [36]. Although addition of citrulline did not
restore hydrogenase activity to BL21(DES) (Fig. ), the fact that Ni**
supplementation could partially restore hydrogenase function
indicated that carbamoylphosphate synthetase must be functional
in the bacterium and thus the two amino acid exchanges in CarB
did not prevent enzyme function. Moreover, although addition of
the ipF gene from MC4100 [37] did not restore active Hyd-1 or
Hyd-2 (Fig. 2), by the same argument as brought above, the Hyp[ of
BL21(DE3) must nevertheless be functional.

HypF of BL21(DE3) shows 5 amino acid exchanges compared
to MG 1655 and 4 of these are also found in the HypF protein of E.
coli O157:H7 (R51L/Y62H/K214N/S565P); however this protein
retains its function [38]. As Hyd-1 and Hyd-2 activities can be
restored in BL21(DE3) through supplementation of nickel ions

@ PLoS ONE | www.plosone.org

'Cells were grown in TGYEP pH 6.5. Values in parenthesis were obtained when cells were grown in the presence of 1 mM sodium molybdate.

without further addition of plasmid-encoded HypF it can be
assumed that the 5™ amino acid exchange (D258E) has no
influence on Hyd activities.

The ability to recover Hyd-2 enzyme activity by adding Ni**
(see above) also obviated the missense mutations in the AybD and
hybF genes (Table S1) as possible reasons why Hyd-2 was inactive
in BL21(DE3). This was further confirmed by the fact that
introduction of these genes from MG1655 failed to restore Hyd-2
activity to BL21(DE3) extracts (data not shown).

BL21(DE3) is a fnr mutant

Expression of the nik operon is dependent on the global
transcriptional regulator FNR [12]. Furthermore, FNR also
positively regulates the expression of the Ayp operon [39,40].
Analysis of the DNA sequence of the fur gene in BL21(DES3)
revealed a nonsense mutation (C—T transition) at codon 141,
which resulted in an amber (UAG) stop codon [21]. Notably,
many . coli B strains carry this mutation [21,24]. Western blot
analysis of a crude extract derived from BL21(DE3) confirmed that
full length FNR could not be detected (Fig. 3A).

We isolated a spontaneous jfrr mutant (PB1000, Table 1) of
MC4100 that carried a 3550 bp deletion from wnsH-4 to the fur
gene and analysed the hydrogenase activity of this mutant. Total
hydrogenase activity in extracts of PB1000 was reduced by >95%
compared with the wildtype MC4100, FHL activity was reduced
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Figure 2. Hydrogenase 1 and 2 activity-staining after native-PAGE. Aliquots (25 pug of protein) of crude extracts derived from MC4100 (wild
type), PB1000 (Afnr) and BL21(DE3) after anaerobic growth in TGYEP with or without supplementation of 500 uM nickel(ll)-chloride (Ni), 15 mM
formate (F) or 0.3 mM citrulline addition of plasmid-coded fnr (p1fnr, pCH21) and hypF (pAF1) were applied to 7.5% (w/v) native-PAGE. On the right
hand the migration positions of Hyd-1 and Hyd-2 are given. The band designated with an asterisk is due to a side-reaction of FDH-O/FDH-N and this
activity is hydrogenase-independent.

doi:10.1371/journal.pone.0022830.g002
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Figure 3. Western blot analysis of anaerobic enzymes in BL21(DE3). 25 ug Polypeptides in crude extracts derived from MC4100, PB1000
(Afnr), BL21(DE3) with and without supplementation of 500 uM nickel(ll)-chloride (Ni), 15 mM formate (F), 1 mM sodium-molybdate (MoO) or
addition of plasmid encoded fnr (p1fnr, p10fnr, p13fnr, pCH21) and modE (p7modE) after anaerobic growth in TGYEP, pH 6.5 were separated by 10%
(w/v) SDS-PAGE and transferred to nitrocellulose membranes. The samples were treated with antiserum raised against A: FNR, B: Hyd-2 (the upper
arrows represents precursor and the lower arrow mature form of the Hyd-2 large subunit), C: PfIB (the arrows mark the two different migrating forms
typical for active protein after contact with oxygen), D: HycG (the Hyd-3 small subunit). The lane indicating the negative control contains PB1000
(Afnr), DHP-F2 (AhypF), RM220 (ApfIAB) and CP971 (AhycAl), from top to bottom, respectively. The asterisks signify unidentified cross-reacting species.
On the right hand are given the sizes of the respective molecular mass marker (Prestained PageRuler, Fermentas).
doi:10.1371/journal.pone.0022830.g003
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by 80% (Table 1) and the activity bands corresponding to Hyd-1
and Hyd-2 were barely detectable (Fig. 2). Introduction of the far
gene on plasmid plfnr into PB1000 restored total hydrogenase
and FHL activities to wild type levels (Table 1). Transformation of
BL21(DE3) with plfar resulted in a total hydrogenase specific
activity of only 0.04 Umg ' (compared with 3 Umg ' for
MC4100), while FHL activity was not restored at all by the
plasmid. Although total hydrogenase activity was low, this activity
nevertheless clearly represented fully active Hyd-1 and Hyd-2
under these growth conditions because activity-stained gels
revealed active Hyd-1 and Hyd-2, which were restored to levels
similar to those observed in K-12 wild type levels by plfar (Fig. 2).
Because a mik operon mutation cannot be complemented by
expression of the fur gene [12] this allowed us to conclude that the
missense mutations in the nikA, ntkD and nikE genes of BL21(DE3)
do not affect the function of the respective gene products.

The fnr gene on plasmid pCH21 is derived from MG1655 and
includes the complete fur regulatory region [41], while the fur gene
in plfar has a foreshortened and incomplete regulatory region
with the consequence that there is 3 to 4-fold less FNR protein in
MC4100 compared with MG1635 [42]. Transformation of
BL21(DE3) with pCH21 also failed to restore hydrogen gas
production or high level hydrogenase activity to the strain
(Table 1). Surprisingly, however, although Hyd-2 enzyme activity
could be visualised in crude extracts of BL21(DE3) transformed
with pCH21 (Fig. 2), Hyd-1 was absent. Transformation of
PB1000 with the same pCH21 restored total hydrogenase activity
to wild type levels (Table 1 and Fig. 2). To ensure that plasmid-
encoded FNR was synthesized in BL21(DE3), crude extracts of the
transformed strain were analysed by Western blotting using anti-
FNR antibodies. Plasmids p1lfnr and pCH21 both resulted in high-
level overproduction of the FNR protein (Fig. 3A). It was noted
that the BL21(DE3) cells carrying pCH21 grew more slowly
(0=0.56 h™") than the plasmid-free strain, or BL21(DES3)
transformed with pBR322 (u=0.77 h™"). In contrast, PB1000
(u=0.57 h™") grew better when transformed with pCH21
(u=0.72 h™"). This might suggest that, because Hyd-1 synthesis
is optimal in the stationary phase [43,44], lack of induction of Aya
operon expression might account for this discrepancy.

Plasmids that had lower expression of the fur gene compared
with plfar or pCH21 were analysed to determine if too much
FNR had a deleterious effect on expression of particular
hydrogenase-related genes. The fur gene from MC4100 was
cloned without its regulatory region into a medium-copy vector
(pBluescript SK+), delivering pl10fnr, or into a low-copy vector
(pPACYC184), delivering pl3far. The level of FNR protein
synthesized in BL21(DE3) transformed with these two plasmids
was similar to the wild type MC4100 or slightly less in the case of
pl3fnr (Fig. 3A). Total hydrogenase activity in the BL21(DE3)
strain transformed with either of these plasmids was also very low
and had a similar level of activity as observed with plfnr or
pCH21 (Table 1). Hyd-1 and Hyd-2 were barely detectable after
activity-staining following native PAGE (data not shown). Thus,
something else was limiting biosynthesis of active hydrogenases in
BL21(DE3) and the effect was not caused by over-expression of fur.

The presence of mature, processed large subunits of the
hydrogenases can be used as an indicator as to whether the
[NiFe]-cofactor maturation machinery is functional [7]. As
expression of the 4yp operon is FNR-dependent [39], we examined
by Western blot analysis with antibodies raised against Hyd-2
whether transformation of BL21(DE3) with all four plasmids
encoding FNR restored processing of the Hyd-2 large subunit
precursor to the strain (Fig. 3B). The result confirmed that the fur
genes encoded on plOfnr and pl3fnr were expressed and that the

@ PLoS ONE | www.plosone.org

Metalloenzyme Deficiencies of BL21(DE3)

amount of FNR clearly did not limit Hyp protein synthesis or
hydrogenase maturation activity because BL21(DE3) transformed
with each plasmid showed clear processing of the Hyd-2 large
subunit precursor.

Lack of FNR and nickel transport does not explain why
BL21(DE3) is devoid of FHL complex activity

The total hydrogenase activity in MC4100 grown under glucose
fermentation conditions is 3.0 U mg™ ', with the bulk of this
activity being due to Hyd-3 activity, as can be seen from the
activity in extracts of the Ahyedl mutant, CP971, which has an
activity of 0.14 U mg ™" (Table 1). Hyd-2 activity contributes less
than 5% to the total hydrogenase activity and Hyd-1 activity
contributes below 1% to the total under these conditions. This
suggests that in BL21(DE3) only partial Hyd-1 and Hyd-2
activities were restored in the presence of fur plasmids and Hyd-
3 was inactive.

Exogenously added formate and nickel can phenotypically
suppress the effect of fnr mutations on Hyd-3 and consequently
FHL activity [6]. This is because FNR regulates PflB synthesis and
consequently in a jfwr mutant intracellular formate levels are
reduced [45]. Western blot analysis of PfIB levels in extracts of
BL21(DE3) revealed that the protein was significantly reduced
(Fig. 3C). Exogenous formate increased the level of PflB in the cell
extracts and this is presumably due to build up of pyruvate, which
induces focApflB operon expression [46]. All four plasmids
encoding FNR also restored high-level PflB synthesis to
BL21(DE3) (Fig. 3C).

Hydrogen gas production and total hydrogenase activity could
be restored to near wild-type levels in PB1000 (Afur) by
supplementation of formate and Ni** to the growth medium
(Table 1). In contrast, however, formate and N i supplementation
alone could not restore Hyd-3 or FHL activity to BL21(DE3)
(Table 1). Taken together, these findings indicate that, although
BL21(DE3) has reduced levels of intracellular formate due to
reduced PfIB synthesis, this is not the only reason why an active
FHL complex could not be synthesized.

Five of the Ayc genes carry missense mutations (Table S1). To
rule out that these limit Hyd-3 activity we cloned the complete Ayc
operon from the genome of MC4100 and introduced this on
plasmid p3lhycA-I into BL21(DE3) and determined total
hydrogenase and FHL activities (Table 1). Although p31hycA-I
complemented the Akyed-I mutation in CP971, when transformed
into BL21(DE3) the plasmid failed to restore either Hyd-3 activity
or hydrogen gas production (Table 1). Indeed, simultaneously
introducing the jfur gene on plfnr also failed to restore either
activity. This result indicates that something else limits develop-
ment of both FHL and Hyd-3 activity in BL21(DE3).

Molybdenum uptake and metabolism are compromised
in BL21(DE3)

As well as the requirement of [Nile]-cofactor biosynthesis for
hydrogen evolution there is also a necessity for co-translational
selenocysteine incorporation and molybdenum cofactor biosyn-
thesis for the FDH-H component of the FHL complex [47].
Further, the FdhD and FdhE proteins have been proposed to have
chaperone-like functions and they are required for generation of
functional FDH in E. coli [48].

Examination of the genome of BL21(DE3) revealed that five
genes (modABC, modE and modF) are absent. The DE3 prophage
insertion site is located directly in the region of the mod genes and it
has been proposed that the deletion is due to an UV treatment in
another strain and subsequent recombinant transfer by Pl

August 2011 | Volume 6 | Issue 8 | e22830



Ergebnisse 65

transduction [21]. The ModABC proteins form the basis of the
ABC transport system for the molybdate anion, while ModE is a
molybdenum-responsive transcriptional regulator that represses
expression of the modABC operon and activates expression of genes
and operons whose products are either components of molyb-
doenzymes or are functional together with molybdoenzymes [49].

Initial experiments were conducted in which excess molybdate
was added to cultures, whereby the molybdate anion can be taken
up non-specifically by the sulphate transport system [50].
Molybdate had no effect on total hydrogenase activity when
added alone or in combination with nickel and formate (Table 1).
Total hydrogenase activity was, however, restored to levels
approximating those of wild type K-12 strains when molybdate
was added to BL21(DE3) transformed with pCH21 or plfnr.
These same cells also produced hydrogen at a level approximately
25% of the K-12 wildtype (Table 1).

Western Blot analyses revealed that although low amounts of HycG,
the small subunit of Hyd-3, were detected in extracts of BL21(DE3)
without addition of metal ions, HycG levels were significantly increased
in BL21(DE3) transformed with plfar, but only when 1 mM
molybdate was included in the growth medium (Fig. 3D).

Activity of the molybdenum cofactor-dependent FDH-H enzyme
was partially recovered after growth of BL21(DE3) transformed with
pCH21 or plfnr, but only when 1 mM molybdate was included in
the growth medium, which is consistent with the requirement of
molybdate for active enzyme synthesis (Table 1). Nevertheless, this
activity attained levels of at best only 10% of the activity determined
in K-12 strains. This suggests that the amount of active FDH-H limits
the activity of the Hy-evolving FHL complex. Introduction of the fdhF
gene on a plasmid had no effect on the FDH-H enzyme activity (data
not shown), suggesting that maturation of the enzyme is what hinders
a higher activity being attained.

ModE is a Mo-dependent transcriptional activator of genes and
operons encoding many molybdenum cofactor-dependent en-
zymes [51-53]. Introduction of the modE gene on a multicopy
plasmid into BL21(DE3) already containing the fnr gene on the
low-copy number plasmid pl3fnr, together with the addition of
molybdate to the growth medium restored total hydrogenase
activity to 30% of the K-12 wildtype and FHL activity to 20% of
the K-12 wildtype level. This result demonstrates clearly that
ModE regulates Hyd-3 biosynthesis [52] because omission of the
p7modE plasmid resulted in recovery of neither high hydrogenase
activity nor Hy production (Table 1). Finally, supplementation of
the growth medium of BL21(DE3) transformed with p7modE and
pl3fnr with molybdate, nickel and formate resulted in Hy
production that was roughly 50% that of the K-12 strains
(Table 1). Moreover, FDH-H polypeptide could be detected in
extracts of this strain, indicating that selenocysteine incorporation
[54] was functional in BL21(DE3); further addition of selenite or
selenate to the growth medium failed to increase formate
dehydrogenase enzyme activity further, suggesting that transport
of the anion was not limiting (data not shown).

BL21(DE3) derivatives from other sources also have a
hydrogenase-negative phenotype

To ensure that the phenotypes identified here to be associated
with BL21(DE3) are not restricted to a strain from a particular
source, we analyzed the ability of two BL21(DE3) derivatives from
other sources for their ability to generate hydrogen. The Rosetta
strain of BL21(DE3) (Novagen) has optimized codon usage for
heterologous protein overproduction, while C41(DE3) was isolated
specifically for the recombinant overproduction of membrane
proteins [55] and is a derivative of the BL21(DE3) strain originally
used by Studier and Moffatt [14]. Both BL21(DE3) were
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transformed with plasmid pCH21 carrying the fur gene and were
grown in the presence and absence of 1 mM molybdate.
Hydrogen was only produced by the strains when the additional
copies of the fur gene were introduced and molybdate was present
in the growth medium (Table S2), indicating that other
BL21(DE3) derivatives share the metabolic defects identified for
BL21(DE3) obtained from Novagen.

BL21(DE3) cannot respire with nitrate

Three further bis-MGD-containing enzymes present in E. coli
and which influence anaerobic growth are nitrate reductase
(NAR), and FDH-N and FDH-O, the latter two are also
selenoenzymes [14]. FDH-N and NAR are inducible in the
presence of nitrate and allow the bacterium to respire anaerobi-
cally with nitrate as electron acceptor [56]. FDH-O is phyloge-
netically related to FDH-N; however, the enzyme is synthesized at
a low level both aecrobically as well an anaerobically in the
presence of nitrate [57,58].

Crude extracts of BL2I(DE3) grown anaerobically in rich
medium in the presence of nitrate exhibited neither FDH-N nor
NAR enzyme activity (Table 2). In contrast, extracts derived from
the K-12 strain MC4100 grown under the same conditions had
high activities of both enzymes. After transformation of
BL21(DE3) with pCH21 or plfar neither enzyme activity could
be detected. Addition of sodium molybdate to these cultures
restored NAR activity but, surprisingly, not the activity of FDH-N
(Table 2). Western blots revealed that the large subunit of the
NAR enzyme (NarG) was only detected in the presence of
multicopy far and molybdate (Fig. 4A).

Alow activity of the nitrate-inducible FDH-N, attaining levels of
10% of K-12 strains, was only measurable in the presence of
plasmids encoding FNR and ModE and when molybdate was
added to the growth medium (Table 2). FDH-N activity could not
be restored to this strain by introducing functional selB, selD, fdhD
or fdhE genes on plasmids (Table 2 and data not shown). No
condition could be identified that resulted in high FDH-N enzyme
activity, which clearly would limit growth of BL21(DE3) by nitrate
respiration using formate as electron donor. Although a FDH-N
activity of 10% of the K-12 wild MC4100 could be recorded when
the for and modE genes were introduced into BL21(DE3) and
molybdate was added to the growth medium (Table 2), the large
subunit of FDH-N was below the threshold of detection by
Western blotting (Fig. 4B).

The activity of FDH-O can be visualized after native-PAGE using
formate as a substrate and nitroblue tetrazolium (NBT) as an artificial
electron acceptor [59]. No activity of this enzyme could be detected in
extracts of BL21(DE3) grown anaerobically (Fig. 5). Bioinformatic
analysis of the genes encoding fdoGHI revealed that no missense
mutations were present (T'able S1), indicating that this could not be
the reason for the lack of enzyme activity. However, supplementation
of the growth medium with molybdate restored FDH-O enzyme
activity. Addition of the fur gene into BL21(DE3) on a plasmid had no
effect, which is in accord with the fdoGHI operon not being FNR-
dependent [15]. The restoration of FDH-O activity also confirmed
that the se/ and fdhD and fdhE gene products of BL21(DE3) have
sufficient activity to allow synthesis of active FDH-O.

Discussion

Although BL21(DE3) is an jfnr mutant this is not the sole
explanation for complete lack of hydrogen metabolism in the
strain. For example, while the spontaneously isolated fur deletion
mutant, PB1000, of the K-12 strain MC4100 described in this
study has significantly reduced hydrogenase activity, nevertheless,
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a low activity was still measurable. In contrast, no hydrogenase
activity whatsoever in extracts or whole cells of BL21(DE3) could
be detected, despite a full complement of structural genes being
present in the genome [24]. Analysis of the deduced structural
gene products revealed that, while Hyd-1 lacks amino acid
exchanges, components of Hyd-2 carry some substitutions. In
particular, however, a considerably higher number of mutations in
Hyd-3 components could be identified. Nevertheless, all of these
amino acid substitutions could be ruled out as the reasons for the
lack of hydrogenase activity. Rather, in the cases of Hyd-1 and
Hyd-2, the lack of FNR caused restricted nickel import with the
consequence that the biosynthesis of the active site of these
enzymes could not be completed. In the case of Hyd-3 neither
nickel nor FNR augmentation was enough to restore enzyme
activity. This proved to be, at least in part, due to impaired

Table 2. Specific activities of Nitrate reductase and Formate dehydrogenase N (FDH-N).

Specific Nitrate reductase activity in U mg Specific FDH-N Activity in U mg protein ' +
Strain/Condition’ protein ' + standard deviation standard deviation
MC4100 0.60+0.28 0.39*0.12
BL21(DE3) 0.01%+0.02 (<0.01) <0.01 (<0.01)
BL21(DE3)/pCH21 (fnr*) <0.01 (0.54*0.17) <0.01 (<0.01)
BL21(DE3)/p1fnr 0.02+0.02 (0.40%0.23) <0.01 (<0.01)
BL21(DE3)/p10fnr <0.01 (0.080.08) <0.01 (0.01%0.01)
BL21(DE3)/p13fnr <0.01 (0.11%0.08) <0.01 (<0.01)
BL21(DE3)/p7modE <0.01 (<0.01) <0.01 (0.05%0.04)
BL21(DE3)/p7modE/p13fnr <0.01 (<0.01) <0.01 (0.04%0.03)
BL21(DE3)/pJW3563 (selB")/p1fnr 0.02+0.01 (0.11%0.24) <0.01 (0.010.002)
BL21(DE3)/pJW1753 (selD*)/p1fnr 0.03+0.01 (0.13%0.12) <0.01 (<0.01)
PB1000 0.01%+0.01 0.04+0.02
PB1000/pCH21 0.59*+0.15 0.19%0.03
PB1000/p1fnr 0.47+0.15 0.24*0.05
PB1000/p10fnr 0.02+0.02 0.16*0.09
PB1000/p13fnr 0.16+0.06 (0.13%0.01) 0.15%0.08 (0.16-0.06)
'Cells were grown in TGYEP pH 6.5 supplemented with 100 mM KNO;. Values in parenthesis were obtained when cells were grown in the presence of 1 mM sodium
molybdate.
doi:10.1371/journal.pone.0022830.t002

molybdenum transport activity as well as due to the lack of the
modE gene. ModE is a molybdenum-responsive transcriptional
regulator that was identified to be required, along with FHLA and
formate, to allow maximal expression of the f@hF gene and the &yc
operon [52,60]. The observed partial dependence on molybdate
and ModE for FHL biosynthesis could be verified in this study.
Nevertheless, although Hyd-3 activity could be restored to levels
equivalent to K-12 wildtype strains grown under the same
conditions, it was not possible to restore the hydrogen evolution
activity of the FHL complex to wildtype levels. This proved to be
due to a limitation in the activity of FDH-H, which could only be
recovered to maximally 10-15% of that measured for MC4100.
Analysis of FDH-N, which, along with nitrate reductase, is
induced in the presence of nitrate and allows E. coli to grow by
nitrate respiration, was also completely inactive in extracts of

PB1000 BL21(DE3)
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Figure 4. Western blot analysis of the large subunits of NAR and FDH-N. Crude extracts (25 ug protein) of MC4100, FM460 (AselC), PB1000
and BL21(DE3) bearing plasmids p13fnr (fnr*), pCH21 (fnr*), p7modE (modE™) or supplemented with 500 uM nickel(ll)-chloride (Ni), 15 mM formate (F)
or 1 mM molybdate (MoO), when indicated were separated on 10% (w/v) SDS-PAGE after anaerobic growth in TGYEP, pH 6.5 with 100 mM
potassium-nitrate. and treated with antiserum raised against A: Nar or B: FdnG.

doi:10.1371/journal.pone.0022830.9004

@ PLoS ONE | www.plosone.org

August 2011 | Volume 6 | Issue 8 | 22830



Ergebnisse 67

BL21(DE3)

2-
)4

FM460 (selC)
PB1000 (fnr)
Ni” /formate
p1fnr/MoC;

o
S
<
O
=

pifnr
2+

Mo

Figure 5. The activity of FDH-O in BL21(DE3) is restored with
high concentrations of molybdate. Crude extracts (25 ug of
protein) of the various strains indicated were separated in non-
denaturing PAGE and stained specifically for FDH-O activity as
described in the methods section. The arrow indicates the position of
the active FDH-O enzyme.

doi:10.1371/journal.pone.0022830.g005

BL21(DE3) unless a combination of FNR, ModE and molybdate
was supplied to the strain. Nevertheless, like FDH-H, which was
also induced under these conditions, the activity reached
maximally 15% of K-12 wild type. That nitrate reductase activity
was induced to K-12 wildtype levels by the introduction of fur on a
plasmid, along with supplementation of the growth medium with
molybdate, indicated that the limitation in the activities of both
FDH selenomolybdoenzymes was not in bis-MGD biosynthesis or
insertion or in gene expression of the corresponding structural
genes. Moreover, the fact that the third FDH-O could be actively
synthesized simply by adding only molybdate confirmed that
selenocysteine biosynthesis and insertion is not compromised in
BL21(DE3); it should be noted, however, that the amounts of the
FDH-O enzyme in MC4100 extracts are considerably lower than
those of the other two FDHs [58,61]. Biosynthesis of both FDH-H
and FDH-N requires the private chaperones FdhD and FdhE
[48,62,63]. Although the corresponding genes are present in the
genome of BL21(DE3) both have single amino acid deletions,
which could influence the efficiency with which both enzymes
function. Additionally, both enzymes are iron-sulfur proteins and
interact with components of the iron-sulfur biosynthetic machinery
[64]. It is therefore theoretically possible that insufficient supply of
iron could compromise the activities of these proteins. Notably,
however, the gene encoding the IscR regulator and the iron-sulfur
cluster insertion protein IscA do not carry any mutations when
compared with their MG1655 counterparts (Table S1). Neverthe-
less, a further in-depth study will be required to determine whether
the iron-sulfur biogenesis machinery is fully functional in
BL21(DES3).

As well as having defects in nickel enzyme biosynthesis through
the lack of FNR, molybdenum acquisition is also compromised, as
is cobalt uptake through the nonsense mutation in the btuB gene
[21]. Clearly, the extent to which maturation of other metallo-
proteins with further metal requirements is compromised in
BL21(DE3) was outside the scope of this study. Nevertheless, this is
an important issue to address in future metalloproteomic analyses
using BL21(DE3). Moreover, it should be emphasized that all
derivatives of the BL21(DE3) strain analyzed in this study lack a
functional fnr gene, are deleted in the genes encoding molybdenum
transport function and as we could demonstrate here have a
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similar hydrogenase-negative phenotype to the Novogen strain of
BL21(DE3).

The results of metalloproteomic studies have estimated that at
least 40% of all proteins in all organisms are metalloproteins [65].
This is likely to be a conservative estimate because through the
development of new high-throughput tandem mass and induc-
tively coupled plasma mass spectrometry techniques combined
with classical protein purification new, previously undiscovered
metalloenzymes, (including new nickel- and molybdenum-con-
taining enzymes) with as yet unknown functions, are being
discovered [66]. The inevitable transfer of the genes encoding
these novel metalloproteins into recombinant expression hosts,
such as BL21(DE3), for large-scale protein production necessitates
an appreciation of the limits of an expression system, particularly
when trying to identify new protein functions with previously
uncharacterized metal ion cofactors.

The influence of the fir mutation on growth and metabolism of
BL21(DE3) also should not be underestimated. Large-scale
transcriptome studies have shown that FNR controls, directly or
indirectly, the expression of at least one third of all the genes in the
E. coli K-12 genome and this includes a large contingent of
‘aerobic’ genes [67,68]. Moreover, although BL21(DE3) is usually
cultured for recombinant protein production in rich medium in
the presence of air, it is very difficult, even in shake flasks, to supply
E. coli with sufficient oxygen when growing in rich medium to
maintain aerobiosis and cultures inevitably become oxygen-limited
very quickly [69].

E. coli B was isolated, probably as a commensal of the human
intestinal tract, in the early part of the 20" century [22]. Hydrogen
generation by commensal or pathogenic strains could pose an
evolutionary disadvantage in the host. For example, neither
Yersimia pestis, Shigella flexner: nor S. dysenteriae produce hydrogen gas
[70]; all three are pathogens. Moreover, the human pathogenic
strain Salmonella enterica does not release hydrogen gas, because the
uptake hydrogenase is extremely efficient [71]. On the other hand,
hydrogen oxidation possibly provides a growth advantage for
pathogenic bacteria. It has been shown for Helicobacter pylor: that in
the presence of hydrogen, growth and colonization of the stomach
was improved [72] while Campylobacter spp. are also able to oxidize
hydrogen [73]. E. coli strain BL21(DE3) is not listed as a
pathogenic strain; however, being closely related to pathogenic
strains like O157:H7 it is not surprising that evolutionary
hydrogen gas production was perhaps counter-selected as can be
deduced from the accumulation of amino acid exchanges within
the FHL complex. The loss of FNR apparently occurred before E.
colt B strains entered the laboratory [22]. We noted that when the
Jnr gene was reintroduced into BL21(DE3) anaerobic growth
slowed, which contrasts with what is normally observed with K-12
strains [74]. The reasons for the better growth of BL21(DE3)
lacking FNR are intriguing and worthy of further elucidation. The
recent demonstration [75] that synthesis of the other global redox-
sensing regulator ArcA [76][22] is possibly limiting in BL21(DE3)

might also impact significantly on these metabolic deficiences.

Methods

Strains and growth conditions

All strains and plasmids used in this study are listed in Table 3.
Aerobic growth was carried out in LB medium [77] in shaking
cultures at 37°C. For growth on agar plates media were solidified
by inclusion of 1.5% (w/v) agar. For qualitative hydrogen gas
production 10 ml of LB medium with 0.8% (w/v) glucose with
Durham tubes were used as described [78]. Anaerobic growths to
determine hydrogenase activity were done in 100 ml of TGYEP,
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pH 6.5 as described [79] and for growth curves the optical density
at 600 nm was measured in a NOVOStar plate-reader (BMG
Labtech, Germany) in sealed 96-well microtiter plates at 37°C.
Anaerobic growth in microtiter plates was verified by native-
PAGE with subsequent staining for hydrogenase activity [27].
When needed, kanamycin, chloramphenicol or ampicillin was
added to the medium to final concentrations of 50, 12.5 and
100 ug ml ™', respectively. Where indicated, addition of nickel(II)-
chloride was done to a final concentration of 500 uM, of sodium
molybdate (MoO,*7) to 1 mM, of formate to 15 mM and of
KNO; to 100 mM.

Genetic manipulations and plasmid construction
Transformation of plasmids and recombinant DNA work was
done as described [80]. Coonstruction of the reference strain CP938
(BW25113 Ahyed-I) was done as described in [81] with the strain
BW25113 carrying plasmid pKD46. PCR with Phusion DNA
polymerase (Finnzymes, Germany) was conducted using the
chloramphenicol resistance cassette from plasmid pKD4 as
template and the oligonucleotides hycA_5" 5'-GCT TAA AGC
TGG CAT CTC TGT TAA ACG GGT AAC CTG ACA Cc4

Metalloenzyme Deficiencies of BL21(DE3)

TGG TCCATA TGA ATA TCC TCC-3" and hycl_3' 5'-CCC ATC
AAG AAC ATC CCT GTC CTG ATT CCT TAA TGA AAA
AGC GAT TGT GTA GGC TGG AGC T-3' (Metabion, Germany).
The replacement of the Ayc operon with the chloramphenicol-
resistance cassette was verified by PCR amplification with
oligonucleotides outside of the operon (hyp_K 5'-CTC GGA
TCC TGT CAC CAT GAC ACT GTG GA-3" and hycl_K 5'-
CAG CGC ATC GGG CAA TTT AG-3'). The hyc-operon
deletion allele was then transduced by phage Plkc transduction
[77] into MC4100 resulting in strain CP971.

Three different plasmids containing the fnr gene from MC4100
were isolated or constructed for complementation of the far
mutations in PB1000 and BL21(DE3). The fur gene present on
pCH21 [41] was also used for complementation analyses. Plasmid
plfnr was isolated from a gene library derived from MC4100
genomic DNA [82] by complementing the f7r mutation in PB1000
and screening for restoration of hydrogen-dependent reduction of
benzyl viologen activity [83]. The DNA insert in plasmid plfar
encompassed the nsH-4, ynaj, uspl’ and fur genes (4.3 kb insert).
Amplification of the fur gene from MC4100 genomic DNA was
done with Phusion DNA polymerase and oligonucleotides

@ PLoS ONE | www.plosone.org

10

Table 3. Strains and plasmids used in this study.

Strains Genotype Reference

MC4100 F- araD139 AlargF-lac)U169 ptsF25 deoC1 relA1 flbB5301 rspL150- [89]

DHP-F2 MC4100 AhypF [28]

JW1753 BW25113 AselD National BioResource Project (NBRP) - E. coli at

National Institute of Genetics (NIG)

JW3563 BW25113 AselB NBRP-E.coli at NIG

BL21(DE3) F~ ompT gal dcm lon hsdSg(rs~ mg~) MDE3 [lacl lacUV5-T7 gene 1 ind1 sam7 nin5]) Novagen, USA

Rosetta(DE3) pLysS F~ ompT hsdSg (rs mg ) gal dem MDE3 [lacl lacUV5-T7 gene 1 ind1 sam7 nin5]) Novagen, USA
pLysSRARE

C41(DE3) F~ ompT gal dcm hsdSg (rg~ mg™~) MDE3), Like BL21(DE3) but with an [55]
uncharacterized mutation affecting membrane protein synthesis

CP938 BW25113 AhycA-I:Kan This work

CP971 MC4100 AhycA-I:Kan This work

PB1000 MC4100 ApurT ApurU AinsH4-fnr This work

FM460 MC4100 A(selC)400::Kan [58]

RM220 MC4100 ApfIB-pflA [90]

Plasmids

PAF1 cm®, hypF [37]

pJW3563 ASKA Clone(-) selB [35]

pJW1753 ASKA Clone(-) selD [35]

pJW3441 ASKA Clone(-) nikA [35]

pJW2444 ASKA Clone(-) nikD [35]

pJW3445 ASKA Clone(-) nikE [35]

pCH21 Ap®, CmR, fnr [41]

pBR322 cloning vector [91]

p1fnr genomic E. coli SaulllA fragments in pBR322, containing fnr [37], This work

p10fnr pBluescript SK(+) containing far in Hindlll and BamHI site; Amp® This work

p13fnr pACYC184 containing fr in Hindlll and BamHI site; Cm® This work

PACYCM pACYC184 with A1845T exchange in tetA; Cm® This work

p31hycAl 8365 bp Mlul insert from hycAl into pACYCM; withershins tetA; Cm® This work

p7modE pBluescript SK(+) containing modE in BamHI and EcoRl site; Amp"® This work

p2modE pACYC184 containing modE from p7modE in BamHI and EcoRV site; Cm® This work

doi:10.1371/journal.pone.0022830.t003
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Fnr_HindIII_FW 5'-GTG 44G CTT ATG ATC CCG GAA AAG
CGA ATT A-3" and Fnr_BamHI_RW 5'-GTG GGA TCC TCA
GGC AAC GTT ACG CGT ATG-3'. The resulting 765 bp DNA
fragment was digested with HindIIl and BanHI and ligated into
pre-digested pBluescript SK(+) and pACYC184 vectors resulting in
plasmids p10fnr and pl3fnr, respectively. The cloning of the modE
gene from MC4100 was performed in a similar manner except that
the oligonucleotides modE_FW_BamHI 5'-CGC GGA TCC ATG
CAG GCC GAAATC CTT C-3" and modE_RW_EcoRI 5'-CGC
GAA TTCTTA GCA CAG CGT GGC GAT AAT C-3’ were used.
The resulting 807 bp DNA fragment was digested with BamHI and
EcoRI and ligated into BamHI-HindIII-digested pBluescript SK(+)
resulting in p7modeE. The modE gene was subcloned into
pACYC184 via BamHI and EcoRV digestion resulting in the
plasmid p2modE. The DNA sequences of the cloned genes were
verified (Seglab). The cloning of the AycA-I operon was done by
direct digestion of genomic DNA from strain MC4100 with Mlul,
which resulted in an approximate 8500 bp DNA fragment that was
excised from an agarose gel and ligated into a modified pACYC184
vector (pACYCM). To generate pACYCM, the tetd gene of
pACYC184 was modified to include a Mlul restriction site by
exchanging Al1845T with the oligonucleotides pACY-
C184_Al1845T_FW 5'-CTA TCG ACT ACG CGT TCA TGG
CGA CCA CAC-3’ and pACYC184_A1845T_RW 5'-GTG TGG
TCG CCA TGA ACG CGT AGT CGA TAG-3' using the
QuickChange site-directed mutagenesis procedure (Stratagene).
The orientation of the insert in p3lhycA-I with respect to the tetd
gene was verified by PCR and partial DNA sequence analysis. The
functionality of the insert was tested by transforming p31hycA-I into
strain CP971 (Ahped-I), which restored hydrogen gas production.

Determination of enzyme activities

Dye overlay methods for colony screening were applied as has
been described for formate dehydrogenase activity [83] with
0.5 mM benzyl viologen and a hydrogen atmosphere for
hydrogenase activity or 2.5 mM benzyl viologen and 250 mM
formate for formate dehydrogenase activity after anaerobic growth
on agar plates in GasPak anaerobic jars (Oxoid, UK).

Anaerobic cultures were harvested at an ODgog nm 0Of approx-
imately 0.8. Cells from cultures were harvested by centrifugation at
4000 x g for 10 min at 4°C. The cell pellet was resuspended in 1%
(v/v) of the culture volume of 50 mM MOPS buffer pH 7.0 and
lysed on ice by sonication (30 W power for 5 min with 0.5 s pulses).
Unbroken cells and cell debris were removed by centrifugation for
15 min at 10,000x g and 4°C and the supernatant was carefully
decanted and used as the crude cell extract. Total enzyme activities
were measured using 1 cm path-length anaerobic cuvettes in an
Uvicon 900 dual-wavelength spectrophotometer according to [27]
except that the buffer used was 50 mM MOPS buffer, pH 7.0 with
4 mM benzyl viologen. To determine hydrogenase activity the gas
phase of the cuvettes was replaced with 100% hydrogen gas and the
detection wavelength used was 578 nm and an Ey; 575 value of
8,600 M™' em™" was assumed for reduced benzyl viologen.
Formate dehydrogenase H (FDH-H) activity was measured under
the same conditions except that the cuvettes were flushed with
nitrogen. The reaction was started by the addition 30 mM sodium
formate. Nitrate reductase (NAR) enzyme activity was measured
using 0.4 mM benzyl viologen reduced to an ODgyy of 2 with
freshly prepared 10 mM sodium dithionite solution. The reaction
was started by the addition of 9 mM sodium nitrate as described
[84] with an Eyp600 nm value of 7,400 M ' em™! assumed for
reduced benzyl viologen. Formate dehydrogenase N (FDH-N)
activity was measured using final concentrations of 75 uM 2,6-
dichlorophenolindophenol (DCPIP) and 288 uM phenazine meth-
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osulfate (PMS) and the reaction was started by the addition of
40 mM formate [84]. An Fyp oo mm Of 20,000 M™' em™" for
oxidised DCPIP was assumed. The specific activity of the FHL
complex, measured as hydrogen evolution, was assayed in whole
cells as described [29]. One unit of activity was defined as the
oxidation of 1 umol of the respective substrate per min. All activities
were determined from 3 independent cultures. Protein concentra-
tion was determined [85] with bovine serum albumin as standard.

Polyacrylamide gel electrophoresis and in-gel
hydrogenase activity-staining

For Western blot analysis, aliquots of 50 pg protein from crude
extracts were separated in 10 or 12.5% (w/v) SDS-polyacrylamide
gels (SDS-PAGE) [86] and transferred to nitrocellulose mem-
branes as described [87]. Antibodies raised against FNR (1:3000; a
kind gift from G. Unden, Mainz, Germany), PfIB (1:3000), Hyd-2
(1:20,000; a kind gift of F. Sargent, Dundee, Scotland), HycG
(1:3000; [88]), NAR (1:3000) and FDH-N (1:3000) were used.
Secondary antibody conjugated to horseradish peroxidase was
obtained from Bio-Rad. Visualisation was done by the enhanced
chemiluminescent reaction (Stratagene). Detection of hydrogenase
enzyme activity after non-denaturing PAGE (native-PAGE) was
performed as described [27]. Gels for hydrogenase activity-
staining were loaded with 25 ug protein per lane. In-gel activity
of FDH-O was determined using 50 mM sodium formate and
978 mM nitroblue tetrazolium (NBT) as described [59].

Bioinformatic analysis of BL21(DE3) and MG1655 genome

The global alignment of the analysed gene products against all
translated potential open reading frames (ORF) in BL21(DE3) was
based on an ad hoc implementation of the Needleman-Wunsch
algorithm. The scoring function used in this implementation was
chosen in such a way that it resulted in a similarity score being equal
to the length of the protein in MG16553, if the translated potential
ORF in BL21(DE3) matched the protein exactly. This indicated the
existence of the respective gene product in BL21(DE3). If for a given
protein in MG 1655 no exact match was detected in any translated
potential ORF in BL21(DE3), the maximal similarity score out of all

calculated global alignments was chosen.

Supporting Information

Figure S1 Partial complementation of nickel transport-
and hydrogenase maturation-defective mutants. Shown is
an activity-stained gel after non-denaturing PAGE analysis of
extracts derived from the indicated strains, which were grown
anaerobically as described in the methods section of the main text.
The locations of Hyd-1 and Hyd-2 are indicated as is a hydrogen-
independent activity band (¥) frequently observed under these
growth conditions. D, original mutant without addition; Ni,
growth in the presence of 0.5 mM NiCly; growth of the mutant
after transformation with a plasmid carrying the gene that is
deleted from the chromosome in the respective mutant (See
Table 3 of main text). Strains JW3441 (nkd), JW2444 (nkD),
JW3445 (mkE), JW2961 (hpbD) and JW5493 (hybF) were described
in [35].

(TIF)

Table S1 Amino acid exchanges in BL21(DE3) gene
products compared to MG1655 with a function in
hydrogen metabolism. * see [92]

(DOCX)

Table S2 Phenotypic analysis of hydrogen metabolism
in different of BL21(DE3) derivatives. ' Cells were grown in
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TGYEP pH 6.5. Values in parenthesis were obtained after growth
of cells in the presence of 1 mM sodium molybdate. > The mean
and standard deviation of three independent experiments are
shown. ® Gas production was measured qualitatively with inverted
Durham tubes.

(DOCX)
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2.5.4 Zusitzliche Ergebnisse
2.5.4.1 Wiederherstellung der Fdh Aktivitit

¢ NS
, /% N
| MCa100 ¥ B 21(DE3) ) MC4100 * BL21(DE3) | FM460 (AselC)  /p7modE _ FM460 (AselC) * /p7modE

‘»‘r\ﬂ L Nl

PB1OOOW AhycAl PB1000 °. AhycAl /p1fnr /p7modE /p1fnr /p1fnr /p7modE /p1fnr
> 4 4

Ce—

Abbildung 13 Benzylviologen Formiatdehydrogenase Uberschichtungstest. Die Staimme A/B: MC4100 (Wildtyp),
BL21(DE3), PB1000 (Afnr), CP971 (AhycAl), C/D: FM460 (AselC) und BL21(DE3) transformiert mit modE (/p7modE), fir
(/plfnr) oder beiden Plasmiden wurden auf M9-Minimalmedium-Platten in denen kein (A/C) oder 1 mM MoO,* (B/D)
enthalten war, ausplattiert, unter N, Atmosphiére inkubiert und mit Weichagar, der 2,5 mM Benzylviologen und 250 mM
Formiat enthielt iberschichtet. Formiatdehydrogenase Aktivitdt erscheint als violette Verfarbung.

Die Formiatdehydrogenase Aktivitdt konnte zwar nicht quantifiziert werden, war dennoch
deutlich in einer qualitativen Analyse nachweisbar. Wie in Abb. 13 zu erkennen ist, besitzen
eine se/C Mutante und BL21(DE3) keine Fdh-H Aktivitit. Die Aktivitit von BL21(DE3)
kann jedoch im Gegensatz zur se/C Mutante durch Zugabe von MoO4> wieder hergestellt
werden. Zugabe von modE und fir hatten keinen Effekt solange kein MoO,* im Medium war,
zudem eine Fnr Mutation (PB1000) allein nicht zum Verlust der Fdh-H Aktivitédt fiihrte.
Damit konnte abschlieBend bewiesen werden, dass Fdh-H Aktivitdt in BL21(DE3) vorhanden
und ausschlieBlich MoO,” abhiingig ist.

2.5.4.3 pH-Phinotyp einer Fnr Mutante

Bezogen auf ihren [NiFe]-Hydrogenase Phinotyp konnte die MC4100 Afnr Mutante
charakterisiert werden und eine ausgeprigte pH Abhdngigkeit festgestellt werden (Abb. 14).
Wihrend in MC4100 die Expression der Gene fiir die gemischte Sduregérung bei niedrigem
pH verstirkt wird (Rossmann et al., 1991), findet diese Regulation in PB1000 nicht statt. So
konnte sowohl eine Erh6éhung der Proteinmenge von Hyd-2, als auch ein Anstieg der
Gesamthydrogenase Aktivitit und der FHL Aktivitdt bei Erhohung des pH im Medium
beobachtet werden. Ebenfalls konnte in einem Nativ-Gel nach Anzucht bei pH 8,0 geringe
Aktivitdt von Hyd-1 sichtbar gemacht werden (nicht gezeigt). Die Detektion von H, bei
hohem pH steht im Gegensatz zur H,-Synthese im MC4100 bei niedrigem pH (Mnatsakanyan
et al., 2004), konnte jedoch durch zusétzliche Einfiihrung einer Deletion in hycG vollstindig
unterbunden werden und ist damit FHL abhéngig. Die Reifung der Hyd-2 und Hyd-3, sowie
die nominale Aktivitét sind jedoch geringer als im MC4100 (Tab. 1), weil sowohl der Nickel-
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Transport (Wu et al., 1989) als auch die Verfiigbarkeit von Formiat durch die partielle Fnr
Regulation des focA-pfIB Operons (Sawers, 2006) limitierend sind. Dies wird durch die
verringerten PfIB Proteinmengen einer Fnr Mutante sichtbar (Abb. 14C).

12
PB1000 _MC4100 £~
pH 65 707580657075 8,0 N

A AdhE —~)eemamemes o \a
— 100
70 Abbildung 14 Abhingigkeit der Hydrogenase Reifung und
B Hyd-2 == : B i B Hyd-2, PflB und HycE Enzymmengen von pH und Fnr.
by Proben von 25 ug Protein nach anaeroben Wachstum in TGYEP
g — 55 mit verschiedenen pH Werten von PB1000 (Afnr) und MC4100
“__ 1 wurden in 10 % (w/v) SDS-Page aufgetrennt, auf Nitrocellulose
- trensferiert und mittels Antikdrpern gegen (B) Hydrogenase 2
C — 100 (Kreuzreaktion gegen AdhE/A), PfIB (C) und HycE (D)
PfIB  —» (I | -
= e detektiert.
— 70
D HycE —» o % o o -
— p
; $ 455

Tabelle 1 Fermentative Enzym-Aktivititen einer Afnr Mutante (PB1000) und MC41000 in Abhiingigkeit vom pH.

] spezifische FHL
spezifische spezifische )
) abgingige H,
Stamm/pH * Gesamthydrogenase Formiatdehydrogenase-H )
o . o . Produktion
Aktivitit (U mg™) Aktivitdt (U mg™) X
(mUmg")
MC4100/ pH 6,0 4,26 + 0,87 0,31 +0,05 369
MC4100/ pH 6,5 2,95+0,74 0,24 + 0,06 28 £ 20
MC4100/ pH 7,0 2,02 £ 0,59 0,12 + 0,04 20+2
MC4100/ pH 7,5 1,70 + 0,87 0,09 + 0,02 20+ 14
PB1000/ pH 6,0 0,01 +£0,01 <0,01 2+1
PB1000/ pH 6,5 0,03 +0,02 <0,01 2+1
PB1000/ pH 7,0 0,05 + 0,04 <0,01 3+1
PB1000/ pH 7,5 0,07 = 0,05 <0,01 3+2

# Anzucht von MC4100 und PB1000 (Afnr) erfolgte in TGYEP mit Kaliumphosphatpuffer mit den angegebenen pH Werten.
Messung der Aktivitdten wurden in Dreifachbestimmungen ermittelt.
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2.6 Die respiratorischen Molybdin-Selenoproteine der Formiatdehydrogenasen
von Escherichia coli besitzen Wasserstoff: Benzylviologen Oxidoreduktase

Aktivitit.

2.6.1 Zusammenfassung

In E. coli Stimmen, die genetisch nicht fdhig waren aktive [NiFe]-Hydrogenasen zu
synthetisieren, konnte in nicht denaturierenden Gelen durch Aktivititsfirbung eine
Migrationsbande visualisiert werden, die wasserstoffabhidngig Benzylviologen (BV) reduziert.
Unter einer Stickstoffatmosphire konnte die Bande nicht sichtbar gemacht werden, solange
kein Formiat als Elektronendonor vorhanden war. Nach Reinigung dieser Aktivitit aus der
Membran und anschlieBender massenspektrometrischer Analyse, konnten Peptidfragmente
der Formiatdehydrogenasen N und O (Fdh-N/-O) identifiziert werden (FdoG/H/I/FdnG/H).
Um die Spezifitit der Analyse zu bestdtigen wurde eine se/C Mutante untersucht, die nicht
mehr in der Lage ist Formiatdehydrogenasen zu synthetisieren. In Extrakten dieses Stammes

konnte die Aktivititsbande nicht detektiert werden.

Weiterhin wurde eine fnr Mutation in einen Hydrogenase-defizienten Stamm eingebracht und
eine Intensivierung der Bande unter fermentativen Bedingungen beobachtet. Die
Transkription des fdn-Operons ist Fnr abhéngig, wihrend die fiir Fdh-O kodierenden Gene
von Fnr unabhingig exprimiert werden. Dass Fdh-O den Hauptanteil der Aktivitdt in dieser
Bande ausmacht, beweist die Einfiihrung einer Deletion in das Gen fiir die Fdh-O grofle
Untereinheit (fdoG), welche die Aktivitit fast vollstdndig vermindert. Eine Deletion des Gens
fiir die groBBe Untereinheit von Fdh-N (fdnG) hatte unter fermentativen Anzuchtbedingungen
keinen Einfluss, verringerte jedoch die Intensitdt der Aktivitdtsbande nach Anzucht unter
Nitratrespiratorischen Bedingungen. Die fiir die akzessorischen Proteine FdhD und FdhE
kodierenden Gene werden in Nachbarschaft vom fdo-Operon exprimiert und obwohl die
Funktion beider Genprodukte nicht genau bekannt ist, sind sie essentiell flir die Aktivitdten
von Fdh-O und Fdh-N. Die Deletion dieser Gene verhinderte ebenfalls den Nachweis der
Aktivititsbande. Einen Polarititseffekt von einer fdo-Deletion auf die Expression des
stromabwirts gelegenen fdhE-Gens konnte ausgeschlossen werden, da die Zugabe von fdhE

in trans keinen Effekt auf Intensitét der Fdh-O/-N Bande hatte (Paper Abb. 4, rechte Spur).
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Bei den Firbungen war es moglich die Aktivitit sowohl mit Phenazinmethosulfat
(PMS):Nitroblautetrazoliumchlorid (NBT) als auch mit BV:2,3,5-Triphenyltetrazoliumchlorid
(TTC) sichtbar zu machen. Zusdtzlich konnte mit PMS auch die Aktivitit von Hyd-1
detektiert werden, wihrend Hyd-2 jedoch ausschliefSlich mit BV reagiert (Daten nicht

gezeigt).

Obwohl beide Enzyme gemeinsam zur Aktivtitsbande beitragen, sie gleiches
Migrationsverhalten im Gel aufweisen, FdnH in vitro sowohl mit FdnG als auch FdoG
interagiert und ihre Identitit 74 % betrdgt, konnten bisher keine Vermischung der
Untereinheiten festgestellt werden (Liike et al., 2008), jedoch besteht theoretisch die
Moglichkeit, dass bei der Trimerisierung der Trimere zu ihrer Quartérstruktur verschiedene

Enzyme einen Anteil beitragen.

2.6.2 Artikelkopie
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The respiratory molybdo-selenoprotein formate
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Abstract

Background: Escherichia coli synthesizes three membrane-bound molybdenum- and selenocysteine-containing
formate dehydrogenases, as well as up to four membrane-bound [NiFe]-hydrogenases. Two of the formate
dehydrogenases (Fdh-N and Fdh-O) and two of the hydrogenases (Hyd-1 and Hyd-2) have their respective catalytic
subunits located in the periplasm and these enzymes have been shown previously to oxidize formate and
hydrogen, respectively, and thus function in energy metabolism. Mutants unable to synthesize the [NiFe]-
hydrogenases retain a H,: benzyl viologen oxidoreductase activity. The aim of this study was to identify the
enzyme or enzymes responsible for this activity.

Results: Here we report the identification of a new H,: benzyl viologen oxidoreductase enzyme activity in £. coli
that is independent of the [NiFe]-hydrogenases. This enzyme activity was originally identified after non-denaturing
polyacrylamide gel electrophoresis and visualization of hydrogen-oxidizing activity by specific staining. Analysis of a
crude extract derived from a variety of E. coli mutants unable to synthesize any [NiFe]-hydrogenase-associated
enzyme activity revealed that the mutants retained this specific hydrogen-oxidizing activity. Enrichment of this
enzyme activity from solubilised membrane fractions of the hydrogenase-negative mutant FTD147 by ion-
exchange, hydrophobic interaction and size-exclusion chromatographies followed by mass spectrometric analysis
identified the enzymes Fdh-N and Fdh-O. Analysis of defined mutants devoid of selenocysteine biosynthetic
capacity or carrying deletions in the genes encoding the catalytic subunits of Fdh-N and Fdh-O demonstrated that
both enzymes catalyze hydrogen activation. Fdh-N and Fdh-O can also transfer the electrons derived from
oxidation of hydrogen to other redox dyes.

Conclusions: The related respiratory molybdo-selenoproteins Fdh-N and Fdh-O of Escherichia coli have hydrogen-
oxidizing activity. These findings demonstrate that the energy-conserving selenium- and molybdenum-dependent
formate dehydrogenases Fdh-N and Fdh-O exhibit a degree of promiscuity with respect to the electron donor they
use and identify a new class of dihydrogen-oxidizing enzyme.
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Background

Hydrogen and formate are electron donors frequently
used by anaerobic microorganisms. Metabolism of
hydrogen and formate is often highly interlinked in
many bacteria that can oxidize both compounds. This is
exemplified in the fermentative metabolism of the enter-
obacterium Escherichia coli where up to one third of the
carbon from glucose is converted to formate; formate is
then disproportionated to H, and CO, [1-3]. Formate
can be metabolized by three membrane-associated,
molybdo-seleno formate dehydrogenases (Fdh), termed
Fdh-H (associated with hydrogen production), Fdh-N
(induced in the presence nitrate) and Fdh-O (also
detected during aerobic growth). Fdh-H is encoded by
the fdhF gene and together with one of the four [NiFe]-
hydrogenases (Hyd) of E. coli, Hyd-3, forms the hydro-
gen-evolving formate hydrogenlyase (FHL) enzyme
complex.

Fdh-N (FdnGHI) and Fdh-O (FdoGHI) are highly
related enzymes at both the amino acid sequence and
functional levels [1,4]. They are multi-subunit oxidore-
ductases each comprising a large catalytic subunit
(FdnG or FdoG), an electron-transfer subunit (FdnH or
FdoH) and a membrane-anchoring subunit (FdnI or
Fdol); the latter has a quinone-binding site that allows
transfer of electrons derived from formate oxidation
into the respiratory chain [4-6]. Both enzymes have
their respective active site located on the periplasmic
face of the cytoplasmic membrane and they couple for-
mate oxidation to energy conservation. A key feature of
all three Fdh enzymes is the presence of selenocysteine,
a bis-molybdopterin guanine dinucleotide (bis-MGD)
cofactor and a [4Fe-4S] cluster in their respective cataly-
tic subunit [4,7]. Although the synthesis of the Fdh-N
enzyme is induced to maximal levels during growth in
the presence of nitrate, the enzyme is also present at
lower levels during fermentative growth [1,5,8]. Fdh-O
is synthesized constitutively and is present at low levels
aerobically, during fermentative growth and nitrate
respiration [6,9].

E. coli has also the coding capacity to synthesize four
membrane-associated, multi-subunit Hyd enzymes,
which are termed Hyd-1 through Hyd-4 [2,10]. Hyd-1,
Hyd-2 and Hyd-3 have been characterized in detail. Like
Fdh-N and Fdh-O, Hyd-1 and Hyd-2 have their active
sites located facing the periplasm [11]. Both enzymes
oxidize hydrogen and contribute to energy conservation.
Due to the fact that hydrogenases catalyze the reversible
oxidation of dihydrogen in vitro, the activities of all
three characterized [NiFe]-hydrogenases of E. coli can
be determined simultaneously in a single reaction using
hydrogen as electron donor and the artificial electron
acceptor benzyl viologen (BV) [12,13]. Moreover, the
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hydrogen-oxidizing activities of Hyd-1 and Hyd-2 can
also be visualized after electrophoretic separation under
non-denaturing conditions in the presence of detergent
[12]. Because of its apparent labile nature the activity of
Hyd-3 cannot be visualized after gel electrophoresis.

It was noted many years ago [14] that in non-denatur-
ing polyacrylamide gels a slowly-migrating protein com-
plex with a hydrogen: BV oxidoreductase enzyme
activity, apparently unrelated to either Hyd-1 or Hyd-2,
could be visualized after electrophoretic separation of
membrane fractions derived from E. coli grown under
anaerobic conditions. In this study, this hydrogenase-
independent enzyme activity could be identified as being
catalyzed by the highly related Fdh-N and Fdh-O
enzymes.

Results

Hydrogenase-independent hydrogen: BV oxidoreductase
activity in E. coli membranes

Membrane fractions derived from anaerobically cultured
wild-type E. coli K-12 strains such as P4X [12,15] and
MC4100 [16] exhibit a slowly migrating hydrogen: ben-
zyl viologen (BV) oxidoreductase activity that cannot be
assigned to either Hyd-1 or Hyd-2. Previous findings
based on non-denaturing PAGE [16] estimated a size of
approximately 500 kDa for this complex. To demon-
strate the hydrogenase-independent nature of this
enzyme activity, extracts derived from a hypF mutant,
which lacks the central hydrogenase maturase HypF and
consequently is unable to synthesize active [NiFe]-
hydrogenases [17], retained this single slowly migrating
species exhibiting hydrogen:BV oxidoreductase activity,
while the activity bands corresponding to Hyd-1 and
Hyd-2 were no longer visible (Figure 1). This result
demonstrates that the activity of this slowly migrating
band is completely unrelated to the [NiFe]-hydrogenases
Hyd-1, Hyd-2, Hyd-3 or Hyd-4. Note that no active,
stained bands were observed when this experiment was
performed with a nitrogen gas atmosphere (data not
shown).

Formate dehydrogenases N and O catalyze hydrogen:BV
oxidoreduction

In order to identify the enzyme(s) responsible for this
new hydrogen: BV oxidoreductase activity, the hypF
deletion mutant was grown anaerobically and the mem-
brane fraction was prepared (see Methods). The hydro-
gen: BV oxidoreductase activity could be released from
the membrane in soluble form by treatment with the
detergent Triton X-100. Enrichment of the activity was
achieved by separation from contaminating membrane
proteins using Q-sepharose anion exchange, phenyl
sepharose hydrophobic interaction chromatography and
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Figure 1 A hypF mutant retains hydrogenase-independent H:
BV oxidoreductase activity. Extracts derived from MC4100 (lane 1)
and the isogenic AhypF mutant DHP-F2 (lane 2) were separated by
non-denaturing PAGE and subsequently stained for hydrogenase
enzyme activity as described in the Methods section. Strains were
grown in TYEP medium with 0.8% (w/v) glucose, pH 6.5. Equivalent
amounts of Triton X-100-treated crude extract (50 pg of protein)
were applied to each lane. The activity bands corresponding to
Hyd-1 and Hyd-2 are indicated, as is the slowly migrating activity
band (designated by an arrow) that corresponds to a hydrogenase-
independent H,:BV oxidoreductase enzyme activity.

finally gel filtration on a Superdex-200 size exclusion
column (see Methods for details). Fractions with enzyme
activity were monitored during the enrichment proce-
dure using activity-staining after non-denaturing PAGE.
A representative elution profile from the Superdex-200
chromatography step, together with the corresponding
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activity gel identifying the active enzyme, are shown in
Figure 2. Two distinct peaks that absorbed at 280 nm
could be separated (Figure 2A) and the hydrogen: BV
oxidoreductase activity was found to be exclusively
associated with the higher molecular mass symmetric
peak labelled P1 (Figure 2B). This peak eluted after 47
ml (V, = 45 ml) and was estimated to have a mass of
between 500-550 kDa (data not shown).

The band showing hydrogen: BV oxidoreductase
activity in Figure 2B was carefully excised and the poly-
peptides within the fraction were analyzed by mass

e N
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Figure 2 Chromatographic separation of the H,: BV
oxidoreductase activity on a Superdex-S200 column. A. A
representative elution profile of the enriched H,: BV oxidoreductase
enzyme activity after size exclusion chromatography on Superdex-
S200 is shown. The absorbance at 280 nm was monitored and the
two main elution peaks were labelled P1 and P2. B. Samples of the
fractions across the elution peaks P1 and P2 were separated by
non-denaturing PAGE and subsequently stained for hydrogenase
enzyme activity. Lane 1, crude cell extract (50 ug protein); lane 2,
membrane fraction (50 ug protein); lane 3, solubilised membrane
fraction (50 pg protein); lane 4, aliquot of the 400 mM fraction from
the Q-sepharose column. The arrow identifies the H,: BV
oxidoreductase enzyme activity.
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spectrometry. Both Fdh-O and Fdh-N enzymes were
unambiguously identified: the polypeptides FdoG, FdoH,
Fdol, FdnG, and FdnH were identified. The catalytic
subunits of Fdh-O and Fdh-N share 74% amino acid
identity and both enzymes are synthesized at low levels
during fermentative growth. Fdh-N is a trimer of trimers
(apy) with molecular mass of 510 kDa [4] and this
correlates well with the estimated size of the protein
complex showing H,: BV oxidoreductase activity as
revealed by non-denaturing PAGE and size exclusion
chromatography.

Both Fdh-N and Fdh-O can catalyze the formate-
dependent reduction of either BV or DCPIP
(2,6-dichlorophenolindophenol) [8,9], whereby Fdh-N
transfers electrons much more readily to DCPIP than to
BV [8]. Analysis of fraction P1 from the gel filtration
experiment revealed a formate: BV oxidoreductase
activity of 67 mU mg protein™ and a formate: DCPIP
oxidoreductase activity of 0.64 U mg protein™ (Table 1).
In comparison, the H,: BV oxidoreductase activity of
fraction P1 was 15 mU mg protein™', while no enzyme
activity could be detected when hydrogen gas was
replaced with nitrogen gas.

All three Fdh enzymes in E. coli are selenocysteine-
containing proteins [1,2,18]. Therefore, a mutant unable
to incorporate selenocysteine co-translationally into the
polypeptides should lack this slow-migrating enzyme
H,-oxidizing activity. Analysis of crude extracts derived
from the se/C mutant FM460, which is unable to
synthesize the selenocysteine-inserting tRNASF [19],
lacked the hydrogenase-independent activity band
observed in the wild-type (Figure 3), consistent with the
activity being selenium-dependent. Notably Hyd-1 and
Hyd-2 both retained activity in the se/C mutant.

Fdh-N and Fdh-O can also transfer the electrons from
hydrogen to other redox dyes

The catalytic subunits of Fdh-N and Fdh-O are encoded
by the fdnG and fdoG genes, respectively [5,6]. To ana-
lyse the extent to which Fdh-N and Fdh-O contributed

Table 1 Activity of enriched enzyme fraction with
different electron donors

Electron donor and acceptor® Specific Activity

(mU mg protein™)®

H, and benzyl viologen 148 + 23

Benzyl viologen without an electron donor <020
Formate and benzyl viologen 124+10
Formate and PMS/DCPIP 6383 + 69

@ The buffer used was 50 mM sodium phosphate pH 7.2; BV was used at a
final concentration of 4 mM; formate was added to a final concentration of 18
mM; and PMS/DCPIP were added at final concentrations of 20 uM and 78 pM,
respectively.

® The mean and standard deviation (+) of at least three independent
experiments are shown.
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<« Fdh-N/0O

Hyd-2

Figure 3 A selC mutant is devoid of the hydrogenase-
independent H,: BV oxidoreductase activity. Extracts derived
from MC4100 (lane 1) and the isogenic AselC mutant FM460 (lane 2)
were separated by non-denaturing PAGE and subsequently stained
for hydrogenase enzyme activity. Equivalent amounts of Triton X-
100-treated crude extract (50 pg of protein) were applied to each
lane. The activity bands corresponding to Hyd-1 and Hyd-2 are
indicated, as is the activity band due to Fdh-N/Fdh-O (designated
by an arrow).

Hyd-1 —

to hydrogen: BV oxidoreductase activity after fermenta-
tive growth the activity in mutants with a deletion
mutation either in fdnG or in fdoG was analyzed. Intro-
duction of a deletion mutation in the fdnG gene resulted
in a slight reduction in intensity of the Hy: BV oxidore-
ductase activity band (Figure 4A). The fdoG mutation
also resulted in a similar phenotype (Figure 4A). Intro-
duction of the fdnG or fdoG genes on plasmids into the
respective mutants restored full activity. An activity
band associated with Hyd-2 was used as a loading con-
trol for these experiments. Strain FTD147, which has
mutations in the genes encoding the catalytic subunits
of Hyd-1, Hyd-2 and Hyd-3 [20], and thus cannot
synthesize active [NiFe]-hydrogenases, lacked the Hyd-2
activity band but retained the Fdh-N/O hydrogen-oxi-
dizing activity (Figure 4A top panel). Note that the iso-
genic wild type BW25113 of the JW series of strains had
an identical phenoytype to that of MC4100 (data not
shown). These experiments demonstrate that under fer-
mentative growth conditions Fdh-N and Fdh-O both
contribute to the H,: BV oxidoreductase enzyme
activity.

Fdh-N and Fdh-O catalyze the formate-dependent
reduction of phenazine methosulphate/nitroblue tetrazo-
lium (PMS/NBT), which can be used to visualize Fdh
enzyme activity after non-denaturing PAGE [8]. Staining
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Figure 4 Analysis of H,- and formate-oxidizing activities of Fdh-N/O in different mutant backgrounds. Small-scale cultures of each strain
were grown in TGYEP medium in the absence (A) or presence of nitrate (B). Extracts derived from the strains indicated were separated by non-
denaturing PAGE and subsequently stained for H,: BV oxidoreductase (top panel), Hy: PMS/NBT oxidoreductase (middle panel) or formate: PMS/
NBT oxidoreductase (bottom panel) enzyme activity as described in the Methods section. Equivalent amounts of Triton X-100-treated crude
extract (25 pg of protein) were applied to each lane. The activity band due to Fdh-N/Fdh-O is labelled by an arrow. The activity band due to
hydrogenase 2 (Hyd-2) is also labelled in the top panel of part A and was used as a loading control for the experiment. Note the Hyd-2 activity
can only be identified as a H,: BV oxidoreductase activity. The asterisk indicates hydrogenase activity associated with incompletely solubilised
membrane material. The gel stained for H,: BV oxidoreductase activity was incubated for 8 h, while the gels stained with PMS/NBT were
incubated for 1 h. In the interests of clarity, lanes were labelled based on the key genotype of the strain used. Lanes: MC4100 (wild type);
FTD147 (AhyaB AhybC AhycE); FTD147 Afnr signifies CP1104; AfdhE signifies JW3862 (AfdhE); AfdhE/pfdhE signifies JW3862 complemented with
plasmid pCA24N-fdhE*"; AfdhD signifies JW3866 (AfdhD); AfdhD/pfdhD signifies JW3866 complemented with plasmid pCA24N-fdhD*; AfdnG
signifies JW1470 (AfdnG); AMdnG/pfdnG signifies JW1470 complemented with plasmid pCA24N-fdnG*; AfdoG signifies JW3865 (AfdoG); AfdoG/
pfdoG signifies JW3865 complemented with plasmid pCA24N-fdoG™; AfdoG/pfdhE signifies JW3865 complemented with plasmid pCA24N-fdhE™.
Note that BW25113 had an identical phenotype in these experiments to MC4100.
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for formate: PMS/NBT oxidoreductase enzyme activity
(Figure 4A, bottom panel) revealed that after growth
under fermentative conditions, Fdh-O had a stronger
contribution to the overall intensity of the activity band
than Fdh-N, because while extracts derived from the
fdnG mutant had similar activity to the wild type, the
activity in an extract from the fdoG mutant was consid-
erably reduced. Introduction of the fdoG gene on a plas-
mid, however, restored the activity to the mutant
(Figure 4A bottom panel). Notably, replacing formate
with hydrogen as electron donor revealed that both
enzymes also catalyzed the hydrogen-dependent reduc-
tion of PMS/NBT (Figure 4A, middle panel). A similar
pattern for Hy: PMS/NBT oxidoreductase activity was
observed as was seen for formate: PMS/NBT oxidore-
ductase activity (compare the middle and bottom panels
in Figure 4A). Taken together, these findings suggest
that Fdh-N is the more effective enzyme at transferring
the electrons from H, to BV/TTC than to PMS/NBT.
That Fdh-O is nevertheless effective at catalyzing H,-
dependent BV reduction is shown in the lane containing
an extract derived from CP1104 (labelled FTD147Afur
in Figure 4) in which an fur mutation was introduced
into the hydrogenase-negative strain FTD147 (Figure 4,
top panel). Synthesis of Fdh-N is absolutely dependent
on the redox regulator FNR [1,21] and thus is absent in
an fur mutant. In contrast, Fdh-O activity is apparently
up-regulated in the finr mutant (Figure 4A).

Fdh-N/O show H,: BV and H,: PMS/NBT oxidoreductase
activities in extracts after respiratory growth with nitrate
Biosynthesis of Fdh-N is enhanced when E. coli is grown
anaerobically in the presence of nitrate [1,5,21], while
synthesis of Fdh-O is essentially constitutive [9]. The
same strains analyzed in Figure 4A were grown anaero-
bically in the presence of nitrate and aliquots of crude
extracts were separated by non-denaturing PAGE fol-
lowed by staining for H,: BV oxidoreductase, Hy: PMS/
NBT oxidoreductase and formate: PMS/NBT oxidore-
ductase activities. The gel presented in the top panel of
Figure 4B shows clearly a Hy: BV oxidoreductase activity
in extracts of strains FTD147, CP1104 (FTD147Afnr), as
well as in the fdoG mutant. The activity in extracts of
MC4100 shown in this experiment was only weakly dis-
cernable (Figure 4B, top panel, first lane). As anticipated
[13], synthesis of Hyd-1 and Hyd-2 was strongly reduced
in MC4100 after growth in the presence of nitrate (data
not shown). The mutant with a deletion in the fdnG
gene essentially lacked Hy: BV oxidoreductase activity
but this could be recovered by introduction of the fdnG
gene on plasmid pCA24N-fdnG" (Figure 4B, top panel).
Aliquots of the same extracts specifically stained to
visualize Hy: PMS/NBT oxidoreductase and formate:
PMS/NBT oxidoreductase activities showed a strong
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Fdh-N-dependent H,: PMS/NBT oxidoreductase activity
(Figure 4B, middle panel). Substituting hydrogen with
formate as electron donor delivered a similar staining
pattern (Figure 4B, bottom panel).

Hydrogen oxidation by Fdh-N and Fdh-O is dependent on
the accessory proteins FdhD and FdhE

The fdoGHI operon encoding Fdh-O is flanked by fdhD
and fdhE, both of which encode accessory enzymes
required for the synthesis of active Fdh enzymes [22,23].
To demonstrate the dependence of the H,-oxidizing
activities of both Fdhs on FdhD and FdhE, individual
mutants lacking either the fdhD or the fdhE gene were
analyzed under the same conditions as described above
for the wild type and fdoG and fdnG mutants. All three
activities were absolutely dependent on both FdhD and
FdhE (Figure 4). Complementation experiments revealed
that while FdhD on a plasmid fully complemented the
fdhD mutation, plasmid-encoded FdhE only partially
complemented the fdhE mutation.

Discussion
We demonstrate here that both of the respiratory for-
mate dehydrogenases Fdh-N and Fdh-O have hydrogen-
oxidizing enzyme activity. Together with the three char-
acterized [NiFe]-hydrogenases, these are the only two
enzymes in E. coli crude extracts that had this activity.
These results suggest that the Fdh-N and Fdh-O
enzymes show a degree of non-specificity with regard to
the electron donor they can use. Notably, formate and
dihydrogen (CO,/formate, E,” = -432 mV [24]) and (H
*/hydrogen, E; = -414 mV) are both strong reductants.
Previous studies have demonstrated that E. coli can
couple hydrogen oxidation to nitrate reduction and
Hyd-1 and Hyd-2 participate in this process [25]. How-
ever, attempts to demonstrate significant hydrogen-
dependent nitrate reduction in the absence of Hyd-1
and Hyd-2 did not deliver reproducible levels of hydro-
gen oxidation, presumably due to the limited hydrogen-
oxidizing activity of Fdh-N and Fdh-O. Nevertheless, the
findings reported here might have physiological rele-
vance in other microorganisms. For example, enzymes
with subunits orthologous to FdnG are found in the
obligate dehalorespiring and hydrogen-oxidizing Dehalo-
coccoides spp., e.g. strain CBDBI, and have an associated
subunit with similarity to hydrogenase membrane-
anchoring subunits [26]. Rather than having a selenocys-
teinyl residue in their presumptive active site they have
a seryl residue. It is established that in E. coli replace-
ment of selenocysteine with serine abolishes the for-
mate-oxidizing activity of Fdh-H [27]. Moreover, it is
also clear that Dehalococcoides strain CBDB1 cannot use
formate as a substrate, suggesting that this formate
dehydrogenase-like enzyme might have another
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function. One possibility based on the findings pre-
sented here might be that it accepts H, as substrate.

As both Fdh enzymes are selenium-dependent,
impaired co-translational insertion of selenocysteine pre-
vented synthesis of either enzyme and concomitantly
abolished the [NiFe]-hydrogenase-independent H,: BV
oxidoreductase activity. Moreover, because both Fdh-N
and Fdh-O are absolutely dependent on the FdhE and
FdhD proteins for activity of the enzyme [22,23], dele-
tion of fdhE and fdhD also abolished specifically this H,:
BV oxidoreductase activity. The precise functions of
FdhD and FdhE in formate dehydrogenase biosynthesis
remain to be established; however, it is likely that they
perform a function in post-translational maturation of
the enzymes [22].

While it is established that the iron-molybdenum
cofactor in nitrogenase catalyzes unidirectional proton
reduction as an inevitable consequence of nitrogen
reduction [28], the studies here present the first report
of a seleno-molybdenum enzyme catalyzing dihydrogen
activation. Recent studies have shown that high-valence
(oxidation state VI) oxo-molybdenum model complexes
can activate dihydrogen at high temperature and H,
pressure [29]. The crystal structure of Fdh-N [4] also
reveals a similar geometry of the molybdenum atom to
these model complexes; however, along with the four cis
thiolate groups, which are derived from the two MGD
cofactors, a hydroxyl from a water molecule and the
selenate group from selenocysteine coordinate the Mo
atom. The coordination geometry might play an impor-
tant role in conferring hydrogen activation capability, as
the molybdoenzyme nitrate reductase from E. coli [30]
cannot oxidize dihydrogen. Instead of the selenate
ligand, nitrate reductase has an oxo ligand to the Mo,
which is contributed by an aspartate residue. In this
regard, however, it should be noted that although the
third formate dehydrogenase Fdh-H also has similar
active site geometry to Fdh-N [4,7], we could not detect
a dihydrogen-activating activity associated with this
enzyme in our gel system. In contrast to other molyb-
dopterin-containing molybdoenzymes catalyzing oxo-
transfer of the oxygen from H,O to the substrate, Fdh-
H, and presumably also Fdh-N and Fdh-O, catalyze the
direct release of CO, and not bicarbonate from formate
[31]. The transfer of the proton from formate to a histi-
dine and concomitant reduction of Mo(VI) to Mo(IV)
facilitates direct release of CO, with the cofactor return-
ing to the oxidized Mo(VI) state after electron transfer
to the iron-sulfur cluster [31]. Such a dehydrogenation
reaction could explain the inefficient oxidation of H, by
Fdh-N/O demonstrated here. Future studies will focus
on testing this hypothesis to characterize the mechanism
of dihydrogen activation.
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Conclusions

The energy-conserving formate dehydrogenases of E.
coli can use dihydrogen as an enzyme substrate. Apart
from the [NiFe]-hydrogenases, these enzymes were the
only ones in extracts of anaerobically grown E. coli that
could oxidize hydrogen and transfer the electrons to
benzyl viologen or phenazine methosulfate/nitroblue tet-
razolium. While the possible significance of this activity
to the general anaerobic physiology of E. coli remains to
be established, this finding has potentially important
implications for our understanding of the hydrogen
metabolism of other anaerobic microorganisms.

Methods

Strains, plasmids and growth conditions

All bacterial strains and plasmids used in this study are
listed in Table 2. Bacterial growth of all E. coli strains
was performed at 37°C. E. coli cells were cultivated
anaerobically in buffered TYEP medium [32] supple-
mented with 0.8% (w/v) glucose. Where indicated for-
mate was added to a final concentration of 15 mM and
nitrate to 15 mM. Aerobic cultures were grown in flasks
filled maximally to 10% of their volume, while anaerobic
cultures were grown in stoppered bottles filled to the
top with medium. When required, kanamycin was
added to a final concentration of 50 pg/ml and chloram-
phenicol to a final concentration 15 pg/ml. Cultures
were harvested after reaching an optical density at 600
nm of 0.9 was attained. Cells were collected by

Table 2 Strains and plasmids used in this study

Strains Genotype Reference or
source

MC4100 F araD139 AargF-lacU169 ptsF25 [38]

deoCl

relAT fIbB5301 rspl 150
MC-NG  Like MC4100, but AfdnG This work
MC-OG  Like MC4100, but AfdoG This work
FM460  Like MC4100, but AselC [34]
DHP-F2  Like MC4100, but AhypF [17]
FTD147  Like MC4100, but AhyaB, AhybC, AhycE [19]
CP1104 Like FTD147, but Afnr This work
JW1328  BW25113 Afnr [39]
JW3862 BW25113 AfdhE [39]
JW3866  BW25113 AfdhD [39]
JW1470  BW25113 AfdnG [39]
JW3865 BW25113 AfdoG [39]
Plasmids
pfdhE pCA24N fdhE* [39]
pfdhD  pCA24N fdhD* [39]
pfdnG ~ pCA24N fdnG" [39]
pfdoG ~ pCA24N fdoG' [39]
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centrifugation at 50,000 xg for 20 min at 4°C. Harvested
cell pellets were suspended in 50 ml 50 mM MOPS pH
7.5 and re-centrifuged under the same conditions.
Washed cell pellets were either used immediately or
stored at -20°C until use.

Strain construction

Deletions in the fdnG and fdoG genes were introduced
into appropriate strains by P1;, transduction [33] using
strains JW1470 (AfdnG:Kan®) or JW3865 (AfdoG::Kan®)
(obtained from the National BioResources Project,
Japan) as donors. The se/C mutation from FM460 [34]
was moved in a similar manner into clean genetic back-
grounds. Similarly, the fnr mutation from JW1328 was
transduced into FTD147 to create FTD147Afur.

Measurement of enzyme activity
Hydrogen-dependent reduction of benzyl viologen
(referred to as hydrogenase activity) was determined as
described [12] using 50 mM sodium phosphate pH 7.2.
One unit of enzyme activity is defined as that which
reduces 1 pmol of dihydrogen min™'. Formate dehydro-
genase enzyme activity was assayed spectrophotometri-
cally at RT by monitoring the formate-dependent, PMS-
mediated reduction of 2, 6- dichlorophenolindophenol
(DCPIP) exactly as described [35] or the formate-depen-
dent reduction of benzyl viologen. The latter assay was
performed exactly as for the hydrogenase assay with the
exception that 50 mM formate replaced hydrogen as
enzyme substrate. One unit of enzyme activity is defined
as that which oxidizes 1 umol of formate min™.

Protein concentration was determined [36] with
bovine serum albumin as standard.

In-gel visualization of enzyme activity
Detection of hydrogenase enzyme activity after non-
denaturing PAGE was performed as described [12].
Samples of crude extract or fractions after Q-sepharose,
phenyl sepharose and Superdex 200 (5 to 50 pg of pro-
tein) were incubated with 4% (v/v) Triton X-100 for 30
min prior to application to the gels. After electrophore-
tic separation of the proteins, the gels were incubated in
50 mM MOPS pH 7.2 containing 0.5 mM BV and 1
mM 2, 3, 5-triphenyltetrazolium chloride and they were
incubated under a hydrogen: nitrogen atmosphere (5%
H,: 95% N,) at room temperature for 8 h. This assay
was used to identify the hydrogen-oxidizing activity dur-
ing the enrichment procedure described below.
Visualization of formate dehydrogenase enzyme activ-
ity was performed exactly as described [8] using phena-
zine methosulfate as mediator and nitroblue tetrazolium
as electron acceptor. Visualization of the hydrogen:
PMS/NBT oxidoreductase activity associated with Fdh-
N and Fdh-O was performed exactly for formate
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dehydrogenase but formate was replaced by hydrogen
gas as enzyme substrate.

Preparation of cell extracts and enrichment of the
hydrogenase-independent hydrogen-oxidizing activity
Unless indicated otherwise, all steps were carried out
under anaerobic conditions in a Coy™ anaerobic cham-
ber under a N, atmosphere (95% Nj: 5% H,) and at 4°C.
All buffers were boiled, flushed with N5, and maintained
under a slight overpressure of N,.

For routine experiments and enzyme assay determina-
tion, washed cells (1 g wet weight) were resuspended in
3 ml of 50 mM MOPS pH 7.5 including 5 pg DNase/ml
and 0.2 mM phenylmethylsulfonyl fluoride. Cells were
disrupted by sonication (30W power for 5 min with 0.5
sec pulses). Unbroken cell and cell debris were removed
by centrifugation for 30 min at 50 000 xg at 4°C and the
supernatant (crude extract) was decanted. Small-scale
analyses were carried out with 0.1-0.2 g wet weight of
cells suspended in a volume of 1 ml MOPS buffer as
described above. Cell disruption was done by sonication
as described above.

To enrich the protein(s) responsible for the hydroge-
nase-independent hydrogen-oxidizing activity, crude
membranes were isolated from cell extracts routinely
prepared from 20 g (wet weight) of cells by ultracentri-
fugation at 145 000 x g for 2 h. Crude membranes were
then suspended in 60 ml of 50 mM MOPS, pH 7.5 (buf-
fer A). Triton X-100 was added to the suspended mem-
brane fraction to a final concentration of 4% (v/v) and
the mixture was incubated for 4 h at 4°C with gentle
swirling. After centrifugation at 145 000 xg for 1 h to
remove insoluble membrane particles, the solubilized
membrane proteins present in the supernatant were
loaded onto a Q-Sepharose HiLoad column (2.6 x15
cm) equilibrated with buffer A. Unbound protein was
washed from the column with 60 ml of buffer A. Protein
was eluted from the column with a stepwise NaCl gradi-
ent (80 ml each of 0.1 M, 0.2 M, 0.3 M, 0.4 M, 0.5 M
and 1 M) in buffer A at a flow rate of 5 ml min*. Activ-
ity was recovered in the fractions eluting with 0.4 M
NaCl. The fractions containing enzyme activity were
brought to a concentration of 0.5 M ammonium sulfate
and loaded onto a hydrophobic interaction chromato-
graphy column (Phenyl-Sepharose HiLoad; 2.6 x 10 c¢cm)
equilibrated with 0.5 M ammonium sulfate in buffer A.
Protein was eluted using a stepped ammonium sulfate
gradient (60 ml each of 0.4 M, 0.3 M, 0.2 M, 0.1 M and
without ammonium sulfate) in buffer A and at a flow
rate of 5 ml min™. The hydrogen-oxidizing activity was
recovered in the fractions eluting with only buffer A.
Fractions containing enzyme activity were concentrated
by centrifugation at 7,500 x g in centrifugal filters (Ami-
con Ultra, 50 K, Millipore, Eschborn, Germany) and
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applied to a Hi-Load Superdex-200 gel filtration column
(2.6 x 60 cm) equilibrated with buffer A containing 0.1
M NaCl. Fractions containing the hydrogen-oxidizing
activity eluted after 47 ml (peak maximum); the void
volume V, of the column was 45 ml and the separation
range was from 60-600 kDa. Protein was stored in buf-
fer A containing 0.1 M NaCl at a concentration of 3 mg
protein ml". The activity was stable for several months
when stored at -80°C.

Mass spectrometric identification of proteins

For mass spectrometric analysis the gel band showing
H,: BV oxidoreductase activity after hydrophobic inter-
action chromatography was excised and the proteins
within the band were in-gel digested following standard
protocols [37]. Briefly, protein disulfides were reduced
with DTT and cysteines were alkylated with iodoaceta-
mide. Digestion was performed at 37°C for two hours
using trypsin as protease. ProteaseMax™ surfactant was
used in the digestion and extraction solutions to
improve the recovery of hydrophobic peptides. The
peptide extracts were analyzed by LC/MS on an Ulti-
Mate Nano-HPLC system (LC Packings/Dionex)
coupled to an LTQ-Orbitrap XL mass spectrometer
(ThermoFisher Scientific) equipped with a nanoelec-
trospray ionization source (Proxeon). The samples
were loaded onto a trapping column (Acclaim PepMap
C18, 300 ym x 5 mm, 5 pm, 1004, LC Packings) and
washed for 15 min with 0.1% trifluoroacetic acid at a
flow rate of 30 ul/min. Trapped peptides were eluted
using a separation column (Acclaim PepMap C18, 75
um x 150 mm, 3 pum, 100A, LC Packings) that had
been equilibrated with 100% A (5% acetonitrile, 0.1%
formic acid). Peptides were separated with a linear gra-
dient: 0-50% B (80% acetonitrile, 0.1% formic acid) in
90 min, 50-100% B in 1 min, remain at 100% B for 5
min. The column was kept at 30°C and the flow-rate
was 300 nl/min. During the duration of the gradient,
online MS data were acquired in data-dependent MS/
MS mode: Each high-resolution full scan (m/z 300 to
2000, resolution 60,000) in the orbitrap analyzer was
followed by five product ion scans (collision-induced
dissociation (CID)-MS/MS) in the linear ion trap for
the five most intense signals of the full scan mass
spectrum (isolation window 2 Th). Both precursor and
fragment ions were analyzed in the orbitrap analyzer.
Dynamic exclusion (repeat count was 3, exclusion
duration 180 s) was enabled to allow detection of less
abundant ions. Data analysis was performed using the
Proteome Discoverer 1.0 (Thermo Fisher Scientific),
MS/MS data of precursor ions in the m/z range 350-
8000 were searched against the SwissProt Database
(version 53.3, taxonomy E. coli, 8,852 entries) using
Mascot (version 2.2, Matrixscience), mass accuracy was
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set to 3 ppm and 0.01 Da for precursor and fragment
ions, respectively. Carbamidomethylation of cysteines
was set as static modification and oxidation of methio-
nine as potential modification. Up to four missed clea-
vages of trypsin were allowed. Proteins identified by at
least two peptides with an expectation value < 0.01
were considered as unambiguously identified.

Acknowledgements

This work was supported by the Deutsche Forschungsgemeinschaft (SA 494/
3-1 and SA 494/6-1 to RGS; SI 867/13-1 and SI 867/15-1 to AS), the Region
of Saxony-Anhalt (to RGS & AS), and the BMBF (ProNet-T3, Project To-06 to
AS). KT was the recipient of a short-term FEBS Summer Research Fellowship.

Author details

'Institute for Microbiology, Martin-Luther University Halle-Wittenberg, Kurt-
Mothes-Str. 3, 06120 Halle (Saale), Germany. ’Institute of Pharmacy, Martin-
Luther University Halle-Wittenberg, Wolfgang-Langenbeck-Str. 1 06120 Halle
(Saale), Germany. 3Department of Biophysics, Yerevan State University, 1 A.
Manoukian Str., Yerevan 0025, Armenia.

Authors’ contributions

BS, MK, MW, CP and KT carried out the biochemical studies. Cl performed
the mass spectrometric analyses and Cl and AS interpreted the data. BS, CP,
AT, AS and RGS conceived the study and helped draft the manuscript. RGS
wrote the manuscript. All authors have read and approved the manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 10 June 2011 Accepted: 1 August 2011
Published: 1 August 2011

References

1. Sawers G: The hydrogenases and formate dehydrogenases of Escherichia
coli. Antonie van Leeuvenhoek 1994, 66:57-88.

2. Sawers G, Blokesch M, Bock A: Anaerobic formate and hydrogen
metabolism. In EcoSal- Escherichia coli and Salmonella: Cellular and
Molecular Biology. Edited by: Curtiss lll R(Editor in Chief). ASM Press,
Washington, D.G; [http//www.ecosal.org], September 2004, posting date.

3. Sawers RG: Formate and its role in hydrogen production in Escherichia
coli. Biochem Soc Trans 2005, 33:42-46.

4. Jormakka M, Tornroth S, Byrne B, lwata S: Molecular basis of proton
motive force generation: structure of formate dehydrogenase-N. Science
2002, 295:1863-1868.

5. Berg BL, Li J, Heider J, Stewart V: Nitrate-inducible formate
dehydrogenase in Escherichia coli K-12. I. Nucleotide sequence of the
fdnGHI operon and evidence that opal (UGA) encodes selenocysteine. J
Biol Chem 1991, 266:22380-22385.

6. Abaibou H, Pommier J, Benoit S, Giordano G, Mandrand-Berthelot MA:
Expression and characterization of the Escherichia coli fdo locus and a
possible physiological role for aerobic formate dehydrogenase. J
Bacteriol 1995, 177:7141-7149.

7. Boyington JC, Gladyshev VN, Khangulov SV, Stadtman TC, Sun PD: Crystal
structure of formate dehydrogenase H: catalysis involving Mo,
molybdopterin, selenocysteine, and an Fe,S, cluster. Science 1997,
275:1305-1308.

8. Enoch HG, Lester RL: The purification and properties of formate
dehydrogenase and nitrate reductase from Escherichia coli. J Biol Chem
1975, 250:6693-6705.

9. Sawers G, Heider J, Zehelein E, Bock A: Expression and operon structure
of the sel genes of Escherichia coli and identification of a third selenium-
containing formate dehydrogenase isoenzyme. J Bacteriol 1991,
173:4983-4993.

10. Forzi L, Sawers RG: Maturation of [NiFel-hydrogenases in Escherichia coli.
Biometals 2007, 20:565-578.

11. Sargent F: Constructing the wonders of the bacterial world: biosynthesis
of complex enzymes. Microbiology 2007, 153:633-651.



Ergebnisse 85

Soboh et al. BMC Microbiology 2011, 11:173
http://www.biomedcentral.com/1471-2180/11/173

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

Ballantine SP, Boxer DH: Nickel-containing hydrogenase isoenzymes from
anaerobically grown Escherichia coli K-12. J Bacteriol 1985, 163:454-459.
Sawers RG, Ballantine SP, Boxer DH: Differential expression of
hydrogenase isoenzymes in Escherichia coli K-12: evidence for a third
isoenzyme. J Bacteriol 1985, 164:1324-1331.

Sawers RG: Membrane-bound hydrogenase isoenzymes from Escherichia
coli. PhD Thesis University of Dundee; 1985.

Sawers RG, Boxer DH: Purification and properties of membrane-bound
hydrogenase isoenzyme 1 from anaerobically grown Escherichia coli K12.
Eur J Biochem 1986, 156:265-275.

Pinske C, Sawers RG: The role of the ferric-uptake regulator Fur and iron
homeostasis in controlling levels of the [NiFe]-hydrogenases in
Escherichia coli. Int J Hydrogen Energy 2010, 35:8938-8944.

Paschos A, Bauer A, Zimmermann A, Zehelein E, Bock A: HypF, a
carbamoyl phosphate-converting enzyme involved in [NiFe]
hydrogenase maturation. J Biol Chem 2002, 277:49945-4995.

Bock A, Forchhammer K, Heider J, Baron C: Selenoprotein synthesis: an
expansion of the genetic code. Trends Biochem Sci 1991, 16:463-467.
Leinfelder W, Zehelein E, Mandrand-Berthelot M-A, Bock A: Gene for a
novel tRNA species that accepts L-serine and co-translationally inserts
selenocysteine. Nature 1988, 331:723-725.

Redwood MD, Mikheenko IP, Sargent F, Macaskie LE: Dissecting the roles
of Escherichia coli hydrogenases in biohydrogen production. FEMS
Microbiol Lett 2008, 278:48-55.

Berg BL, Stewart V: Structural genes for nitrate-inducible formate
dehydrogenase in Escherichia coli K-12. Genetics 1990, 125:691-702.

Luke I, Butland G, Moore K, Buchanan G, Lyall V, Fairhurst SA, Greenblatt JF,
Emili A, Palmer T, Sargent F: Biosynthesis of the respiratory formate
dehydrogenases from Escherichia coli: characterization of the FdhE
protein. Arch Microbiol 2010, 190:685-696.

Schlindwein C, Giordano G, Santini CL, Mandrand MA: Identification and
expression of the Escherichia coli fdhD and fdhE genes, which are
involved in the formation of respiratory formate dehydrogenase. J
Bacteriol 1993, 172:6112-6121.

Thauer RK, Jungermann K, Decker K: Energy conservation in chemotrophic
anaerobic bacteria. Bacteriol Rev 1977, 41:100-180.

Laurinavichene TV, Tsygankov AA: The involvement of hydrogenases 1
and 2 in the hydrogen-dependent nitrate respiration of Escherichia coli.
Microbiology (Mikrobiologiya, Russia) 2003, 72:740-745.

Kube M, Zinder SH, Kuhl H, Reinhardt R, Adrian L: Genome sequence of
the chlorinated compound-respiring bacterium Dehalococcoides species
strain CBDB1. Nature Biotechnol 2005, 23:1269-1273.

Zinoni F, Birkmann A, Leinfelder W, Bock A: Cotranslational insertion of
selenocysteine into formate dehydrogenase from Escherichia coli
directed by a UGA codon. Proc Natl Acad Sci USA 1987, 84:3156-3160.
Seefeldt LC, Hoffman BM, Dean DR: Mechanism of Mo-dependent
nitrogenase. Annu Rev Biochem 2009, 78:701-722.

Reis PM, Paulo Costa J, Roméo CC, Fernandes JA, Calhorda MJ, Royo B:
Hydrogen activation by high-valent oxo-molybdenum(Vl) and -rhenium
(V1) and -(V) compounds. Dalton Trans 2008, 13:1727-1733.

Bertero MG, Rothery RA, Palak M, Hou C, Lim D, Blasco F, Weiner JH,
Strynadka NCJ: Insights into the respiratory electron transfer pathway
from the structure of nitrate reductase A. Nature Struct Biol 2003,
10:681-687.

Khangulov SV, Gladyshev VN, Dismukes GC, Stadtman TC: Selenium-
containing formate dehydrogenase H from Escherichia coli: a
molybdopterin enzyme that catalyzes formate oxidation without oxygen
transfer. Biochemistry 1998, 37:3518-3528.

Begg YA, Whyte JN, Haddock BA: The identification of mutants of
Escherichia coli deficient in formate dehydrogenase and nitrate
reductase activities using dye indicator plates. FEMS Microbiol Lett 1977,
2:47-50.

Miller JH: Experiments in Molecular Genetics Cold Spring Harbor, Cold Spring
Harbor Press; 1972.

Leinfelder W, Forchhammer K, Zinoni F, Sawers G, Mandrand-Berthelot M-A,
Bock A: Escherichia coli genes whose products are involved in selenium
metabolism. J Bacteriol 1988, 170:540-546.

Lester RL, DeMoss JA: Effects of molybdate and selenite on formate and
nitrate metabolism in Escherichia coli. J Bacteriol 1971, 105:1006-1014.
Lowry OH, Rosebrough NJ, Farr AL, Randall RJ: Protein measurement with
the Folin phenol reagent. J Biol Chem 1951, 193:265-275.

Page 10 of 10

37. Shevchenko A, Tomas H, Havli§ J, Olsen JV, Mann M: In-gel digestion for
mass spectrometric characterization of proteins and proteomes. Nature
Protocols 2007, 1:2856-60.

38. Casadaban MJ: Transposition and fusion of the lac genes to selected
promoters in Escherichia coli using bacteriophage lambda and Mu. J Mol
Biol 1976, 104:541-555.

39. Kitagawa M, Ara T, Arifuzzaman M, loka-Nakamichi T, Inamoto E, et al:
Complete set of ORF clones of Escherichia coli ASKA library (a complete
set of E. coli K-12 ORF archive): unique resources for biological research.
DNA Res 2005, 12:291-299.

doi:10.1186/1471-2180-11-173

Cite this article as: Soboh et al.: The respiratory molybdo-selenoprotein
formate dehydrogenases of Escherichia coli have hydrogen: benzyl
viologen oxidoreductase activity. BVMC Microbiology 2011 11:173.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central




Ergebnisse 86

2.7 Das A-typ Triger-Protein ErpA ist essentiell fiir die Ausbildung aktiver

Formiat-Nitrat Respiration in Escherichia coli K-12.

2.7.1 Zusammenfassung

Die Eisen-Schwefel-Cluster Biosynthese in E. coli erfolgt entweder durch das Isc oder das Suf
System. Dabei werden vorgefertigte [FeS]-Cluster mit Hilfe von A-typ Triger (4d-type carrier -
ATC) Proteinen auf Zielproteine iibertragen. Einige Deletionen der Gene fiir diese ATC
Proteine sind aerob letal, wihrend unter anaeroben Bedingungen Wachstum mdglich ist
(Loiseau et al., 2007). Es konnte hier gezeigt werden, dass auch die anaerobe Nitratatmung
durch Deletion von iscA stark reduziert und durch Deletion von erpA nicht nachweisbar war.
Die iscU Mutante, mit Deletion des fiir die zentrale Isc Geriist-Komponente IscU kodierenden
Gens, hatte den gleichen Phinotyp wie die erp4 Mutante, wihrend eine suf4 Deletion keinen
Effekt zeigte. Als Grund fiir diesen Phénotyp konnte gezeigt werden, dass die kleinen [FeS]-
Cluster haltigen Untereinheiten FdnH und NarH immunologisch nicht mehr nachweisbar
waren. Da die letzte Proteinkomponente des fdnGHI Operons detektierbar war, ist die
komplette Translation des Operons gewdhrleistet und es muss sich deshalb bei der
Abwesenheit von FdnH um post-translationelle Kontrolle handeln. Die gro8en Untereinheiten
NarG und FdnG besitzen ohne ihre kleinen Untereinheiten keine Aktivitdt und im Fall von
FdnG wurde der Transport ins Periplasma verhindert, was sich immunologisch durch ein
Laufverhalten des Polypeptides zeigte, welches dem einer Tat Mutante gleicht. Beide groflen
Untereinheiten besitzen neben dem Molybdopterin-Kofaktor ebenfalls ein [FeS]-Cluster iiber
dessen Assemblierung in vivo jedoch keine Aussagen getroffen werden konnten. Lediglich die
grofle Untereinheit der Nitratreduktase NarG weist in den erpA4 und iscU Mutanten und in der
erpA iscA Doppelmutante aberrantes Laufverhalten auf, was auf Instabilitit des Polypeptides in
diesem Hintergrund hindeutet. Um zu untersuchen, ob die Effekte ausschlieBlich auf den
eingebrachten Deletionen beruhen und ob die ATC-Proteine untereinander austauschbar sind,
wurden die Gene erpA und iscA in Plasmide kloniert und diese in Mutanten transformiert.
Dabei konnten die entsprechenden Plasmide die jeweiligen Mutationen komplementieren und
zusitzlich konnte mit isc4 die Aktivitdt von Fdh-N in einer erp4A Mutante komplementiert
werden. Komplementation mit suf4 konnte die Aktivitét in einer iscA oder erpA Mutante nicht
wieder herstellen. Bisher ist der Ubertragungsweg der [FeS]-Cluster vom IscU x IscS Komplex
zum Apoprotein nicht geklirt, die Ergebnisse deuten jedoch auf eine gemeinsame oder
iberlappende Funktion von IscA und ErpA hin.

2.7.2 Artikelkopie
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Abstract.

A-type carrier (ATC) proteins of the Isc (iron-sulfur-cluster) and Suf (sulfur mobilization)
iron-sulfur ([Fe-S]) cluster biogenesis pathways are proposed to traffic pre-formed [Fe-S]
clusters to apoprotein targets. In this study we analyzed the roles of the ATC proteins ErpA,
IscA and SufA in the maturation of the nitrate-inducible, multi-subunit anaerobic respiratory
enzymes formate dehydrogenase-N (Fdh-N) and nitrate reductase (Nar). Mutants lacking
SufA had enhanced activities of both enzymes. While both Fdh-N and Nar activities were
strongly reduced in an iscA mutant, both enzymes were inactive in an erp4 mutant and in a
mutant unable to synthesize the [Fe-S] cluster scaffold protein IscU. It could be shown for
both Fdh-N and Nar that loss of enzyme activity correlated with absence of the [Fe-S] cluster-
containing small subunit. Moreover, a slowly migrating form of the catalytic subunit FdnG of
Fdh-N was observed, consistent with impeded TAT-dependent transport. The highly related
Fdh-O enzyme was also inactive in the erp4 mutant. Although the Nar enzyme has its
catalytic subunit NarG localized in the cytoplasm, it also exhibited an aberrant migration in an
erpAiscA mutant suggesting that these modular enzymes lack catalytic integrity due to
impaired cofactor bioynthesis. Cross-complementation experiments demonstrated that
multicopy IscA could partially compensate for lack of ErpA with respect to Fdh-N activity
but not Nar activity. These findings suggest that ErpA and IscA have overlapping roles in
assembly of these anaerobic respiratory enzymes but demonstrate that ErpA is essential for
the production of active enzymes.

Introduction.

Iron-sulfur ([Fe-S]) clusters are ubiquitous prosthetic
groups of many metalloenzymes in almost all life-forms
and have a variety of functions in diverse cellular
processes. They play a particularly important role in
electron transfer in the diverse respiratory
oxidoreductases found in microorganisms. Generation of
[Fe-S] clusters does not occur spontaneously but requires
dedicated machineries that orchestrate their assembly and
subsequent transfer to the apoprotein substrates (for
reviews see (3, 20, 36)). There are at least three different
[Fe-S] biosynthetic systems known in microbes and they
are referred to as Nif (nitrogen fixation-associated), Isc
(iron sulfur cluster) and Suf (sulfur mobilization). The
initial discovery of the specialized NifUS proteins for the
generation of [Fe-S] clusters in the nitrogenase enzyme
of the nitrogen-fixing bacterium Azotobacter vinelandii
(19) made it immediately clear that further generalized

[Fe-S] machineries in bacteria must exist and these are
represented by the Isc and Suf systems in many microbes
(45, 53).

The protein components of the Isc and Suf biogenesis
systems can be roughly divided into those proteins
dedicated to [Fe-S] assembly and those involved in the
subsequent trafficking of the pre-formed cluster to the
ultimate apo-protein acceptor (36). The proteins proposed
to be involved in transfer or trafficking of the [Fe-S] are
referred to as A-type carrier (ATC) proteins and the
bacterium Escherichia coli has three of these, termed
IscA, SufA and ErpA (26), which are phylogenetically
related (50). There is, however, some debate as to
whether these proteins actually might be iron chaperones
delivering iron to the respective assembly machineries
(52) but current evidence is consistent with a role in
direct cluster transfer (33, 36).
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An erpA mutation severely affects the ability of E. coli to
respire both in the presence of oxygen or in the presence
of alternative electron acceptors such as nitrate (26). This
appears to contrast with isc4 or suf4 mutants, which can
grow anaerobically (50). E. coli must be, however, at
least partially dependent on the Isc system for nitrate
respiration because a mutant lacking the isc operon
exhibited a 60% reduction in activtiy of the global
regulator FNR (31). FNR has an oxygen-sensitive [4Fe-
4S] clusters and the protein controls expression of genes
required for nitrate respiration (15, 25, 51) (Fig. 1). The
extent to which isc4A and erpA mutations affect the
maturation and activities of the key enzymes of nitrate
respiration has not been examined.

When grown anaerobically in the presence of nitrate E.
coli induces the synthesis of two large membrane-
associated multienzyme complexes, formate
dehydrogenase N (Fdh-N) and nitrate reductase (Nar)
(40). A further aerobic enzyme, Fdh-O, highly similar to
Fdh-N with regard to physiological function, is also
synthesized in the presence of nitrate (1, 44). Making use
of endogenously generated formate as an electron donor
and coupling this to nitrate reduction allows the
bacterium to generate a proton gradient using a classical
redox-loop chemiosmotic mechanism (8, 21-23, 32, 37)
(Fig. 1). Fdh-N, Fdh-O and Nar have a similar modular
architecture comprising a large membrane extrinsic
catalytic subunit, a small electron-transferring subunit
and a membrane-anchoring subunit with a
menaquinone/(-ol)-binding site (Fig. 1). The enzymes are
arranged on opposite sides of the cytoplasmic membrane,
which affords vectorial electron transport but subsequent
to biosynthesis requires transport of the FdnGH dimer
across the membrane by the TAT-translocon where it
subsequently interacts with the integral Fdnl subunit to
form the final active Fdh-N enzyme (34, 39). Fdh-N/O
and Nar have an array of metal-containing prosthetic
groups that facilitate electron transfer through each
enzyme complex. All three enzymes have a molybdo-
bis(molybdopterin guanine dinucleotide) (Mo-bis-MGD)
cofactor and a [4Fe-4S] (iron sulfur) cluster in the
catalytic subunit, four [4Fe-4S] clusters (or 3 x [4Fe-4S]
+ 1 x [3Fe-4S] in the case of Nar) in the small subunit
and two low-potential heme groups in the membrane
anchor subunit. Additionally, Fdh-N (and presumably
also Fdh-O) has a selenocysteinyl residue coordinated to
the Mo-bis-MGD cofactor and this is required for
enzyme activity (1, 7, 21, 22). While a considerable
amount is known regarding the biosynthesis and
incorporation of selenocysteine and Mo-bis-MGD into
these enzymes (40, 41, 43), much less is known about the
requirements for biosynthesis of the [4Fe-4S] clusters. In
this study we analyzed the biosynthesis and activities of
Fdh-N and Nar during nitrate respiration of E. coli
mutants devoid of the three ATC paralogues IscA, SufA
and ErpA.

Materials and Methods.

Strains, plasmids and growth conditions. All bacterial strains and
plasmids used in this study are listed in Table 1. Strain CP1223
(MC4100 AsufA::cat) was constructed by introducing a 327 bp
deletion within the suf4 gene in BW25113 carrying plasmid pKD46 as
described (13). PCR with Phusion DNA polymerase (Finnzymes,
Germany) was carried out using the chloramphenicol resistance
cassette from pKD3 as template and the primers 5' sufA 5’-CGA
TGA AGT GAG GTA AAT CGA TGG ACA TGC ATT CAG GAA
CCC ATG GTC CAT ATG AAT ATC CTC C-3’ and 3' sufA 5’-TAC
GAG ACA TAG TAC CGC CTA TAC CCC AAA GCT TTC GCC
AGC GAT TGT GTA GGC TGG AGC T-3’ (Metabion, Germany). The
mutant sufA allelle was transduced by phage Plkc into strain MC4100
resulting in strain CP1223 and the replacement with the 1028 bp
pKD3 fragment was verified by PCR using the suf4 cloning primers.
E. coli was grown aerobically in Erlenmeyer flasks filled to
maximally 10% of their volume with TGYEP medium (6) on a rotary
shaker (250 rpm) and incubated at 37°C. Anaerobic growths were
performed at 37°C in sealed bottles filled with anaerobic growth
medium under a nitrogen gas atmosphere. To elicit induction of Fdh-
N and Nar enzyme synthesis 100 mM potassium nitrate was added to
the growth medium. When required, the growth medium was
solidified with 1.5 % (w/v) agar. All growth media were supplemented
with 0.1% (v/v) SLA trace element solution (17). When growing
strain DV1151 culture media were supplemented with 0.1 mM
mevalonate (50). The antibiotics chloramphenicol, kanamycin and
ampicillin, when required, were added to the medium at the final
concentrations of 12.5 pg ml', 50 pg ml' and 100 pg ml™,
respectively. Where indicated 0.2% (w/v) L-arabinose was added to
cultures to induce erpA expression in the strain LL401 (ara,::erpA)
(26).

When required, the Kan® cassette of certain mutants was deleted by
transforming with pCP20 encoding a Flp-recombinase (12). Mutants
were subsequently tested for sensitivity to kanamycin.

Recombinant DNA work was carried out according to published
methods (38). Plasmids containing suf4, iscA and erpA genes were
constructed by PCR amplification of the respective DNA fragments
from genomic DNA of MC4100 using Phusion DNA polymerase
(Finnzymes, Germany) and the oligonucleotides sufA FW_BamHI
5’-CGC GGA TCC atg GAC ATG CAT TCA GGA AC-3’;
sufA RW_EcoRI 5’-CGC GAA TTC cta TAC CCC AAA GCT TTC
GC-3’; iscA_FW_BamHI 5’-CGC GGA TCC atg TCG ATT ACA
CTG AGC GAC-3’; iscA_RW_EcoRI 5’-CGC GAA TTC tca AAC
GTG GAA GCT TTC GC-3’; erpA_FW_BamHI 5’-GCG GGA TCC
atg AGT GAT GAC GTA GCA CTG-3’ and erpA RW_EcoRI 5’-
GCG GAA TTC tta GAT ACT AAA GGA AGA ACC-3’. The
resulting 388 bp (sufd), 337 bp (iscA) and 358 bp (erp4) PCR
fragments and the pBluescript SK(+) vector (Stratagene) were
digested with BamHI and EcoRI and ligated resulting in psufA, piscA
and perpA, respectively. The DNA sequence of each insert was
verified (Seqlab, Germany).

Preparation of cell extracts and determination of enzyme
activities. Anaecrobic cultures were harvested at an ODggpyy Of
approximately 0.8. Cells from cultures were harvested by
centrifugation at 4000 x g for 10 min at 4°C, resuspended in 2-3 ml of
MOPS pH 7.0 buffer and lysed on ice by sonication (30W power for 5
minutes with 0.5 sec pulses). Unbroken cells and cell debris were
removed by centrifugation for 15 min at 10 000 x g and at 4°C and the
supernatant was used as the crude cell extract. Formate dehydrogenase
N and nitrate reductase enzyme activities were determined according
to (14) using MOPS pH 7.0 buffer. Protein concentration of crude
extracts was determined (27) with bovine serum albumin as standard.
Polyacrylamide gel electrophoresis, activity-staining and
immunoblotting. Aliquots of 25-50 pg of protein from the indicated
fractions were separated by SDS-polyacrylamide gel electrophoresis
(PAGE) using 10% (w/v) polyacrylamide (24) and transferred to
nitrocellulose membranes as described (48). Antibodies raised against
Fdh-N (1:5000 a kind gift from F. Sargent), and Nar (1:3000; a kind
gift from A. Magalon) were used. Secondary antibody conjugated to
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horseradish peroxidase was obtained from Bio-Rad. Visualisation was
done by the enhanced chemiluminesent reaction (Stratagene).
Non-denaturating PAGE was performed wusing 5% (W/v)
polyacrylamide gels pH 8.5 and included 0.1% (w/v) Triton X-100 in
the gels (5). Samples (25 ug of protein) were incubated with 5% (w/v)
Triton X-100 prior to application to the gels. Activity-staining to
reveal Fdh-O wusing phenazinemethosulfate, nitrobluetetrazolium
(PMS-NBT) and formate was done as described in (14) and Nar was
done as described in (18) using nitrate , dithionite and benzyl viologen
(BV) in 50 mM MOPS pH 7.0 as buffer.

Results.

The iron-sulfur cluster trafficking protein SufA is
dispensable for formate dehydrogenase and nitrate
reductase maturation. The Fdh-N/O and Nar enzymes
each have five [Fe-S] clusters and we wanted to
determine whether the Isc or Suf systems were required
during maturation of either enzyme. Initially, we
examined the effects of sufd and iscA mutations
individually on Fdh-N and Nar enzyme activities in
anaerobically respiring E. coli. Under the assay
conditions, Fdh-O contributes only a small percentage to
the overall activity and therefore activity will be referred
to as Fdh-N only (44). The suf4 mutation (strain CP1123)
caused an approximate 5-fold increase in both Nar and
Fdh-N activity when compared with the activity
measured in extracts of MC4100 and MG1655 (Table 2).
This data suggests that wild-type SufA has a negative
influence on either activity or synthesis of Fdh-N and
Nar, possibly due to competition for [Fe-S] clusters.
Effect of mutations in iscU and iscA on nitrate-
dependent enzyme activities.

Determination of enzymes activities in a crude extract
derived from a mutant unable to synthesize the ATC
protein IscA after anaerobic growth in the presence of
glucose and nitrate showed a reduction in Fdh-N activity
of approximately 50% and in Nar activity of 80% (Table
2). Clearly Nar activity was more strongly affected by the
defect in IscA synthesis than Fdh-N activity. That the
activity of both enzymes was absolutely dependent on the
Isc machinery was, however, demonstrated by examining
enzymes activities in extracts of a mutant unable to
synthesize the [Fe-S] scaffold protein IscU (2, 16), which
completely lacked activity of either enzyme (Table 2).
These data indicate that in the absence of IscA another
ATC protein, possibly ErpA can accept and traffic [Fe-S]
to the Fdh-N and Nar enzymes.

ErpA is essential for Fdh-N and Nar enzyme activities
in nitrate-respiring E. coli. Extracts of two different
erpA mutants were totally devoid of Nar and Fdh-N
activities (Table 2). As anticipated, activities of both
enzymes were also absent in extracts derived from strain
DV1151 (50), which carries mutations in both isc4A and
erpA. This result corroborates the findings described
above for the iscU mutant and indicates that the Isc
machinery is necessary for [Fe-S] cluster biosynthesis
and delivery to the key enzymes of nitrate respiration.
Expression of the erp4d gene in strain LL401 is
conditional because it is under the control of the arap

promoter (26). Addition of L-arabinose to the anaerobic
culture medium restored Fdh-N activity to approximately
60% of the wild type, while Nar activity was restored to
55% of that of MG1655 (Table 2). Complementation
experiments with plasmids encoding IscA and ErpA
revealed that multicopy iscA complemented the iscA
mutation and multicopy erpA complemented the erpA
mutation, restoring Fdh-N activity to levels that were 2
fold and 3 fold that of the wild-type, respectively (Table
2). ErpA and IscA also restored Nar activity to the
respective mutants, but only to levels of between 50 and
80% of the wild type activity (Table 2). While multicopy
erpA could not restore either Fdh-N or Nar activity in the
iscA mutant CP477, multicopy iscA could restore Nar
activity to approximately 20% of wild type activity in the
erpA mutant (Table 2). Introduction of suf4 on plasmid
psufA had no signficant influence on the activities of
either Fdh-N or Nar in the respective mutants (data not
shown). These findings imply a partial functional
substitution of iscA for erpA when it is provided in
excess, but only for Nar activity. Interestingly,
introduction of plasmid piscA into the erp4 mutant
LL401 failed to result in restoration of any Fdh-N activity
(Table 2).

Neither multicopy ErpA nor multicopy SufA could
complement the isc4 erp4 double mutations in DV1151
(data not shown).

Taken together, these findings demonstrate that the Isc
machinery but not the Suf system is required for [Fe-S]
cluster insertion into the Fdh-N and Nar enzymes.

It is important to note that extracts derived from the K-12
derivatives MC4100, BW25113 and MG1655 all showed
similar Nar and Fdh-N activities (Table 2). They also
showed similar regulation patterns in all respects that we
have tested and thus in our hands the findings presented
allow direct comparison between the strains.
Furthermore, the absence of either activity did not
influence the activity of the other enzyme, e.g. deletion of
fdnG did not affect Nar. This indicates that the erp4 and
iscA mutations affected both enzyme activities separately.
Enzyme-specific staining after native-PAGE reveals
that ErpA and IscA are essential for Nar and Fdh
activity. Nar enzyme activity can be visualized after non-
denaturing PAGE (28). Analysis of crude extracts
derived from various strains grown anaerobically with
nitrate revealed a single nitrate-dependent active enzyme
complex (Fig. 2A) that was absent in extracts of mutants
lacking either the narG gene or funr, which encodes the
oxygen-responsive transcriptional regulator FNR of the
narGHJI operon (15, 51). Extracts from the MC4100,
JW3815 (AtatC) and CP1223 (Asuf4) had similarly
intense activity bands like that observed in a fdnG mutant
(Fig. 2A), confirming that Nar maturation does not
depend on the Suf machinery. In contrast, the isc4 mutant
CP477 had a significantly weaker activity while the erp4
(LL402) and iscU (JW2513) mutants had a barely
detectable activity band. No active Nar enzyme could be
detected in an extract of the erpA iscA double null mutant
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(DV1151) (Fig. 2A). Complementation studies with
plasmids piscA and perpA revealed that only piscA could
restore Nar activity to strain CP477 (iscA) and only
perpA could restore activity to detectable levels in the
conditional erp4 mutant LL401 (Fig. 2C). In contrast to
the weak restoration of Nar activity measured in extracts
(see Table 2), plasmid piscA did not result in a clearly
visible, active Nar enzyme. The reason for this
discrepancy might be due to the activity being below the
threshold that can be detected by this method.
Introduction of suf4 on plasmid psufA had no signficant
influence on Nar activity in the respective mutants (data
not shown).

The activities of the highly similar Fdh-N and Fdh-O
enzymes cannot be readily distinguished using standard
enzyme assays; however, by specific staining using
formate and PMS-NBT after non-denaturing PAGE the
Fdh-O enzyme complex can be readily visualized (44). A
single active enzyme complex present in extracts from
fdnG, narG, sufd and fnr mutants could be clearly
distinguished and had a similar intensity to that seen in
extracts of MC4100 (Fig. 2B). Expression of the fdoGHI
operon is independent of the FNR regulator (1, 44).

In contrast to Nar, however, but like Fdh-N, maturation
of Fdh-O is completely dependent on a functional TAT-
translocon (49) as no enzyme activity could be detected
in extracts derived from the tatC mutant JW3815 (Fig.
2B). No Fdh-O enzyme activity could be visualized in
extracts derived from iscA, erpA, iscU or erpA iscA
mutants, which demonstrates that Fdh-O activity was
strongly dependent on both ErpA and IscA.

Extracts derived from the single knock-out mutants
CP477 (AiscA) and LL401 (conditional erp4 mutant)
complemented with plasmids perpA or piscA were
analyzed using the same approach as described above.
Each plasmid could restore Fdh-O enzyme activity to the
respective mutant (Fig. 2D). Although this assay
determines activity using a cummulative approach, and is
therefore only semi-quantative, some weak cross-
complementation was observed for each plasmid. The
findings of this experiment indicate that with respect to
Fdh-O enzyme activity, ErpA and IscA exhibit a degree
of redundancy.

Mutants lacking ErpA or IscA are devoid of the small
electron-transferring subunit and exhibit aberrant
Fdh-N and Nar polypeptide patterns. In an attempt to
understand the reason for the lack of Fdh-N and Nar
enzyme activity in the [Fe-S] cluster trafficking mutants,
extracts derived from the various mutants grown under
nitrate-respiring conditions were prepared and subjected
to western blot analysis with antiserum raised against
either Fdh-N or Nar (Fig. 3). The Fdh-N enzyme
comprises the 113 kDa FdnG catalytic subunit, the 32.2
kDa FdnH electron transfer subunit and the 25.3 kDa
Fdnl membrane anchor subunit (22), while the Nar
enzyme comprises the 140.5 kDa NarG catalytic subunit,
the 58.6 kDa NarH electron transfer subunit and the 25.5
kDa Narl membrane anchor (8). Like the catalytic

subunit of Fdh-N, the catalytic subunit of Nar has a [4Fe-
4S] cluster (8, 23), however, in contrast to FdnG, NarG
lacks a TAT-signal peptide. Western blot analysis of
extracts from MC4100 and PB1000 (Afnr) allowed
unequivocal identification of the NarG subunit in a
MC4100 crude extract (Fig. 3A). A mutant lacking either
Fdh-N (AfdnG) or TatC exhibited very strong signals in
western blots for the NarG polypeptide (Fig. 3A). This
might suggest that in the absence of active Fdh-N, Nar is
more efficiently assembled.

In extracts derived from mutants that had signficantly
reduced, or that lacked, Nar enzyme activity, a second,
faster migrating NarG polypeptide species could
occasionally be observed. This is best exemplified in an
extract derived from the erpA iscA double null mutant
DV1151 (see right-hand lane of Fig. 3A). Extracts
derived from strains CP477 and LL401 phenotypically or
genotypically complemented revealed that multicopy
iscA restored high-levels of of the more slowly migrating
NarG polypeptide species to the isc4 mutant and
similarly multicopy erpA restored NarG to LL401 (Fig.
3C) in correlation with the restoration of Nar enzyme
activity in the extract (Table 2).

The antiserum raised against Nar also recognized the 58.6
kDa electron-transferring subunit of Nar, NarH (Fig. 3B).
Analysis of crude extracts from the various strains
revealed a direct correlation between loss of Nar enzyme
activity (see Table 2) and the absence of detectable NarH
polypeptide (Fig. 3B). Extracts of the fir mutant PB1000
acted as a negative control and, as anticipated (51), no
NarH polypeptide could be detected. Similarly, no NarH
could be detected in a mutant lacking the gene encoding
the large subunit, suggesting that the NarH polypeptide
was unstable in the absence of the catalytic subunit.
Importantly, extracts derived from mutants devoid of
ErpA, IscA or IscU also lacked NarH and upon
reintroduction of the piscA or perpA, NarH could be
restored to the corresponding mutants CP477 (iscA) and
LLA401, respectively (Fig. 3B). These results suggest that
one reason for the lack of Nar activity in mutants devoid
of ATC proteins is due to the absence of the iron sulfur-
containing, electron transfer subunit.

In the western blots of Fdh-N shown in Fig. 3 FdnG,
FdnH and Fdnl could all be identified to migrate as single
polypeptides in crude extracts of MC4100, each with the
approximate size predicted from the deduced molecular
mass (Fig. 3C, D and E). The identity of all three
subunits was confirmed by analysis of an extract derived
from the fur mutant PB1000, which lacked all three
polypeptides. No transcription of the fdnGHI operon
occurs in a fur mutant (25, 51). An extract from a suf4
mutant revealed a polypeptide pattern like that seen for
MC4100 (Fig. 3C, D and E), which was anticipated
because the mutant showed increased rather then
decreased Fdh-N enzyme activity (see Table 2). In an
extract derived from the iscA mutant CP477, the FdnG
polypeptide migrated as two forms, the lower of which
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corresponded to that in MC4100 while the second form
of the polypeptide migrated marginally more slowly with
a molecular mass that would be expected if the TAT
signal peptide were not cleaved (49). The two mutants
(erpA and iscU) devoid of any measureable Fdh-N
enzyme activity (see Table 2) showed only the more
slowly migrating polypeptide, suggesting that in these
strains FdnG could not pass the TAT-translocon (Fig.
3A). Analysis of the migration pattern of FdnG in the
tatC mutant JW3815 (Fig. 4) revealed that only the more
slowly migrating form of the FdnG polypeptide could be
identified, thus strongly supporting the contention that in
the erpA and iscU mutants FdnG was not transported
across the cytoplasmic membrane.

Analysis of the electron-transferring subunit FdnH of the
Fdh-N enzyme revealed that in the crude extracts of
CP477 (AiscA), LL402 (AerpA) and JW2513 (AiscU) no,
or barely detectable, FdnH polypeptide could be
visualized (Fig. 3B).

With the exception of the fir mutant PB1000 all of the
strains analyzed had essentially comparable levels of the
membrane anchor subunit Fdnl (Fig. 3B). This indicates
that the reason for the lower amount, or absence, of FdnH
was more rapid degradation.

Discussion.

In this study we have provided a plausible explanation for
the observation originally made by Loiseau et al. (26)
that an E. coli erpA mutant is unable to grow by nitrate
respiration. In the absence of this proposed [Fe-S] cluster
trafficking protein the maturation through metal cofactor
insertion of the key respiratory enzymes Fdh-N and Nar
cannot be completed and the enzymes are essentially
inactive. Because transcription of both the fdnGHI and
narGHJI operons is absolutely dependent on the [Fe-S]
protein FNR (15, 25, 51), it was conceivable that this
could have been the explanation for the respiratory defect
in the erp4 mutant. However, identification of both the
FdnG and Fdnl polypeptides in the erpA4 single and erpA
iscA double mutants indicated that FNR function was not
completely compromised and implies that insertion of the
[4Fe-4S] cluster into FNR is not totally dependent on the
Isc system or ErpA (31). Western blot analysis
confirmed the presence of essentially wild-type levels of
FNR in extracts of the ATC protein mutants (data not
shown). These findings support the results of Mettert et
al. (31) who demonstrated that Isc’ mutants retain 40%
functionality of FNR. As the Suf machinery does not
appear to be involved [Fe-S] cluster assembly into FNR,
this might suggest the existence of another route of
delivery for particular clusters also under anaerobic
conditions. FNR as a key [Fe-S] protein controlling
expression of a comparatively large regulon is clearly not
reliant on only one pathway for cluster assembly and
delivery, whereas for cluster insertion into the electron-
transfer subunits of the anaerobic oxidoreductases the Isc
system appears to be the main route.

We could demonstrate for both Fdh-N and Nar that the
likely reason for the lack of activity and incomplete
maturation of the enzymes is presumably because the
electron-transferring small subunit, and possibly also the
large catalytic subunit, fails to receive its complement of
[4Fe-4S] clusters. This conclusion is based on the
apparent enhanced turnover of the FdnH and NarH
subunits and the appearance of a slowly migrating form
of the FdnG catalytic subunit that correlates in its
migration characteristics with the species observed in a
tatC mutant. Isolation and spectroscopic characterization
of the FdnG polypeptide from an erpA or an iscU mutant,
which shared the same phenotype with respect to nitrate
respiration, will be required to demonstrate whether the
catalytic subunit indeed lacks its [4Fe-4S] cluster or
whether the reason for the apparent lack of TAT-
dependent transport is because the small subunit was
absent. The identification of the intact Fdnl anchor
polypeptide in the various mutants confirmed that the
mature FdnGH dimer is first transported by the TAT
machinery and then forms the final active Fdh-N
complex post-membrane translocation (39).

Supporting evidence that the [4Fe-4S] cluster might
indeed be missing or aberrantly inserted into the large
subunit of these enzymes was provided by the
observation of a faster migrating form of the NarG
polypeptide detectable in iscU and erpAiscA double
mutants. In this instance, however, because Nar is not a
TAT substrate (39), the faster migrating form of the
protein cannot result from lack of processing. Rather, this
suggests that either the [4Fe-4S] cluster or the Mo-bis-
MGD cofactor (or both) was not properly inserted into
the protein in the mutant, thus making the protein more
susceptible to endoproteolytic cleavage. Why only
maximally half of the population of NarG polypeptides
migrated more rapidly in the gel, despite the enzyme
being completely inactive, is currently unclear.

It should be noted that in the assembly of Fdh-N, Fdh-O
and Nar, [Fe-S] cluster-containing proteins also play a
role in Mo-bis-MGD cofactor biosynthesis (43), while in
the case of Fdh-N and Fdh-O maturation the [Fe-S]
protein FdhE has a chaperone function (29) and mutants
unable to synthesize FdhE have no Fdh-N enzyme
activity (30, 42). Thus, there are several possible steps
along the maturation pathway of these enzymes that
could be affected in mutants deficient in [Fe-S] cluster
trafficking function (see Fig. 1).

The stronger dependence on ErpA than on IscA for Fdh
and Nar maturation, together with the similar phenotypes
of erpA and iscU mutants, indicates that ErpA is central
to [Fe-S] cluster insertion by the Isc machinery in nitrate-
respiring cells (36, 50). That ErpA and IscA have
different but overlapping apoprotein targets is suggested
by the fact that, although the approximately 110 amino
acid ErpA and IscA proteins are phylogenetically related,
they share only 40% amino acid sequence identity.
Increasing the amount of IscA in an erp4A mutant by
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introducing the iscA gene on a plasmid demonstrated that
IscA can, to a certain extent, functionally substitute for
ErpA and confirms that the proteins have overlapping
functions. This has been previously suggested (36).
Interestingly, a suf4 mutation increased both Nar and Fdh
enzyme activites, which suggests that although SufA is
not required for iron-sulfur cluster insertion into Nar or
Fdh-N polypeptides, it might compete with the IscA and
ErpA ATC proteins for iron-sulfur cluster substrate.
Notably, SufA shares 32% amino acid identity with ErpA
and 48% amino acid identity with IscA. Taken together,
these findings suggest that the absolute levels of each
ATC protein in the cell, together with variations in
primary sequence, governs apoprotein  substrate-
specificity.

With regard to anaerobic respiration IscU sits above
IscA, and most probably also ErpA, in the hierarchy of
[Fe-S] cluster biogenesis. It has been shown that IscU can
transfer a [Fe-S] cluster to IscA but not vice versa (33).
The transfer does not occur directly, as IscA and IscU do
not interact (47), but occurs possibly via the chaperone
HscA, which is encoded at the isc locus on the
chromosome. IscU has been proposed to transfer [Fe-S]
clusters indirectly to ErpA via IscA in aerobically
growing cells (50). The findings presented in this study
strongly suggest that IscU can transfer [Fe-S] clusters to
ErpA independently of IscA; however, whether this
occurs via an intermediate protein, e.g. HscA, remains to
be established. In analogy with IscU, the SufBCD
scaffold complex donates [Fe-S] clusters to SufA (11)
under oxidative stress and during iron limitation (36).
SufA appeared only to impede transfer of [Fe-S] clusters
to the Fdh-N, Fdh-O and Nar apoproteins via IscA and
ErpA, based on enzyme activity data, indicating a high
degree specificity of the ErpA/ IscA for the respective
anaerobic apoproteins targets. It will be interesting to
determine what controls this specificity and whether
apoprotein target-specific chaperone proteins might
recruit specific ATC proteins.

Finally, the question arises whether any of the ATC
proteins might transfer [3Fe-4S] clusters preferentially
compared to [4Fe-4S] clusters into the electron transfer
subunits of the enzymes or whether ErpA and IscA do
not distinguish between these cluster types. For example,
recent studies looking at the roles of IscA and SufA in
aerobic metabolism have indicated that a distinct and as
yet undefined [Fe-S] cluster assembly pathway is
responsible for introduction of [2Fe-2S] clusters into
FhuF and the SoxR regulator (46). The overlapping, yet
differential dependence on both IscA and ErpA also
might be consistent with the suggestion that IscA and
ErpA assemble different [Fe-S] clusters into certain apo-
protein substrates with different efficiency. While Fdh-N
only has [4Fe-4S] clusters in the holoenzyme, Nar has a
single [3Fe-4S] cluster, as well as [4Fe-4S] clusters.
Whether ErpA and IscA exhibit differential cluster

transfer to different apoprotein targets will be one of the
questions addressed in future studies.
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Table 1. Strains and plasmids used in this study

Strains/ plasmids Genotype” Reference/ Source
MC4100 F araD1_39 A(argF-lac)U169 ptsF25 deoCl relAl fIbB5301 (10)
rspL150
MG1655 F N ilvG rfb-50 rph-1 )
BW25113 F A(araD-araB)567 AlacZ4787(::rrnB-3) N rph-1 A(rhaD- 4, 13)
rhaB)568 hsdR514
CP477 As MC4100 but AiscA::Kan®; ECK2525 This study
CP1221 As BW25113 but AsufA::cat This study
CP1223 As MC4100 but AsufA::cat This study
PB1000 As MC4100 but Afir (35)
LL401 MG1655 catRExBADerpA, erpA placed under control of the (26)
pBAD promoter
LL402 MG1655 Aerp4::Cm®; ECK0155 (26)
DV1151 MG 1655 AerpA::Cm" iscA (49)
JW2512 BW25113 AiscA::Kan®; ECK2525 +
JW2513 BW25113 AiscU::Kan®; ECK2526 +
JW1470 BW25113 AfdnG::Kan®; ECK 1468 +
JW1215 BW25113 AnarG::Kan®; ECK1218 +
JW3815 BW25113 AtatC::Kan®; ECK3832 +
Plasmids
pCP20 FLP*, \cI857%, Apg Rep®, Amp®, Cm® (12)
perpA pA]illl;gscrlpt SK(+) containing erpA4 in BamHI and EcoRI site; This study
pLUE-A pUC18 expressing erpA, Amp" (26)
piscA pA]?rllI;gscrlpt SK(+) containing iscA in BamHI and EcoRI site; This study
psufA g]?rll;%scrlpt SK(+) containing suf4 in BamHI and EcoRI site; This study

+ National BioResources Project (NIG, Japan): E. coli
* Allele numbers are given for single gene mutants and refer to the K-12 nomenclature.

Table 2: Activities of formate dehydrogenase and nitrate reductase are ErpA- and IscA-dependent.

Strain and genotype® Specific Fdh-N Activity in U mg Specific Nar activity in U mg
protein” + standard deviation” protein” + standard deviation”

MC4100 0.15+0.08 0.40+0.09

MG1655 0.15+0.03 0.55+0.40

BW25113 0.13+0.04 0.55+0.16

JW1215 (narG) 021+0.12 <0.01

IW1470 (fdnG) 0.03+0.03 0.43+0.30

CP477 (iscA) 0.08 £0.03 0.08 + 0.04

CP477 (iscA) piscA 0.37+0.29 0.32+0.12

CP477 (iscA) perpA 0.08 £0.01 0.02 £0.01

LL402 (erpA) <0,01 0.02 £ 0.02

LLA401 (erpA) 0.01 +£0.01 0.02+0.02

LL401 + L-Arabinose 0.10£0.06 0.3+0.08

LL401 + piscA 0.01 £0.01 0.11+0.04

LLA401 + piscA + L-Ara 0.07 £0.01 0.27+0.05

LL401 + perpA° 0.52+0.14 0.24+0.03

CP1223 (sufd) 0.71+0.29 1.19+0.25

DV1151 (iscA erpA) <0.01 0.02£0.03

JW2513 (iscU) <0.01 0.01 +£0.04

* Cells were grown anaerobically in TGYEP pH 6.5 supplemented with 100 mM KNO;

® The mean and standard error of at least three independent experiments are shown.

¢ Performed with two different plasmids encoding ErpA (perpA and pLUE-A) with both delivering similar
results.
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Figure legends
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Fig. 1. Schematic representation of the organization of the formate dehydrogenase-N and nitrate reductase
enzymes in the cytoplasmic membrane of Escherichia coli. Shown are the FNR-regulated structural gene
operons for Fdh-N (fdnGHI) and Nar (narGHJI) and the steps required from protein synthesis via cofactor
insertion ([Fe-S] cluster, selenocysteine (Se), molybdo-bis-molybdopterin guanine dinucleotide (Mo-bis-MGD))
to Tat-dependent membrane transport for Fdh-N. The membrane anchor subunits Fdnl and Narl further contain
heme b cofactors, the electron transfer subunits FdnH and NarH have several [FeS]-clusters and the catalytic
subunits FdnG and NarG have Mo-bis MGD, [4Fe-4S] and Se (only FdnG). The reaction catalyzed by each
enzyme and the connecting menaquinone (MQ)-menaquinol (MQH,)-based redox loop is shown.
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Fig. 2. Staining for Nar and Fdh-O activities. In the interest of clarity only the genotypes of the strains analyzed
are shown. Samples (50 pg protein) of crude extracts from strains JW1470 (AfdnG), IW1215 (AnarG), PB1000
(Afnr), IW3815 (AtatC), MC4100 (wild type), CP1223 (AsufA4), LL401 (conditional erpAd), LL402 (AerpA),
CP477 (AiscA), IW2513 (AiscU) and DV 1151 (AerpA iscA) after anaerobic growth in TGYEP, pH 6.5/ 100 mM
nitrate were separated in 7.5 % (w/v polyacrylamide)-PAGE and stained for Nar (A, C) or Fdh-O (B, D)
activities as described in the Methods section. In a similar manner crude extract samples (25 pg protein) derived
from strains CP477 (AiscA) and LL401 (arap::erpA) transformed with plasmids piscA (isc4") or perpA (erpA”)
as indicated were stained for Nar (C) or Fdh-O (D) activity. Conditional recovery of erpA gene expression in
LL401 was induced by supplementing the growth medium with 0.2% (w/v) L-arabinose (26).

CP477 LL401
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r 1T 1 A7)
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Fig. 3. Western blot analysis of Nar and Fdh-N proteins. In the interest of clarity only the genotypes of the
strains analyzed are shown. Crude extracts (25 pg protein) derived from strains MC4100 (wild type), CP1223
(AsufAd), CP477 (AiscA), LL401 (conditional erpA), LL402 (AerpA), DV1151 (AerpA iscA), IW2513 (AiscU),
JW1470 (AfdnG), IW1215 (AnarG), PB1000 (Afnr) and JW3815 (AtatC) and where indicated transformed with
plasmids piscA (iscA") or perpA (erpA”), grown in TGYEP, pH 6.5/ 100 mM nitrate were separated in 10 %
(w/v polyacrylamide) SDS-PAGE (12.5% w/v in panel B) and transferred to nitrocellulose membranes. Samples
were probed with antiserum raised against A: NarG, B: NarH, C: FdnG, D: FdnH, or E: Fdnl. The asterisks
signify unidentified polypeptide species that show cross-reaction with the antiserum and were used as loading
controls in the experiments. On the right hand are given the sizes of the respective molecular mass standards
(PageRuler Prestained, Fermentas). On the left of the Figure the polypeptides corresponding to the respective
Nar and Fdh-N subunits are indicated.

<

2 o

o

T 3 .2 B F

s 2 £ & 2 0O
4 4 4 9 I = kDa
130

apo-FdnG-_| J—

FdnG~ | 100

Fig. 4 Correlation between the slower migrating FdnG polypeptide species identified in certain ATC trafficking
mutants with that observed in a AfatC strain. In the interest of clarity only the genotypes of the strains analyzed
are shown. Samples (50 pg protein) of crude extracts derived from strains LL402 (AerpA), JIW2513 (AiscU),
PB1000 (Afnr) JW3815 (AtatC), DV1151 (AerpA iscA) and MC4100 (wild type) after anaerobic growth in
TGYEP, pH 6.5/ 100 mM nitrate were separated in 8% (w/v polyacrylamide) SDS-PAGE, transferred to
nitrocellulose membrane and probed with antiserum raised against FdnG. On the left hand side of the Figure the
migration of the apoprotein form (apo-FdnG) and the processed species of FdnG are indicated and on the right
side the sizes of the molecular mass standard (PageRuler Prestained, Fermentas) are given.
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2.8 Der Transfer von Eisen-Schwefel Clustern zu [NiFe]-Hydrogenasen in

Escherichia coli benotigt die A-typ Triger-Proteine ErpA und IscA.

2.8.1 Zusammenfassung

Analog zur Untersuchung der nitratrespiratorischen Enzyme in erpA und iscA Mutanten
(Abschnitt 2.7), wurde der Effekt der Deletionen auf die fermentativen Enzyme des H,-
Stoffwechsels in E. coli untersucht. So besitzen die kleinen Hydrogenase Untereinheiten
Elektronenen-transferierende [FeS]-Cluster, wihrend die groBen Untereinheiten das [NiFe]-
Zentrum enthalten. Es zeigte sich, dass Mutanten mit Deletionen der erpA und iscA Gene
keine Hyd-1 und Hyd-2 Aktivititen haben, wiahrend eine Deletion des suf4 Gens ohne Effekt
blieb. Der Mangel an Aktivitdt ist auf den wahrscheinlich proteolytischen Abbau der kleinen
Untereinheiten in Abwesenheit ihrer [FeS]-Cluster zuriickzufiihren, ohne die keine Aktivitit
sichtbar ist (vgl. Abschnitt 2.4). Ein immunologischer Nachweis der groen Untereinheiten
ergab, dass Prozessierung in Abwesenheit von iscA und erpA zwar erfolgte, die
Proteinmengen der groBBen Untereinheiten jedoch stark reduziert waren, wihrend die kleinen
Untereinheiten nicht mehr detektierbar waren. Dies belegt einerseits die Translation des
gesamten Operons, dessen erstes Gen fiir die kleinen Untereinheiten kodiert, und andererseits

eine Unabhingigkeit oder Redundanz der Reifung vom Isc System.

Fiir die Aktivitdt des FHL Komplexes konnte eine teilweise Abhingigkeit von isc4 und eine
vollstindige Abhdngigkeit von erpA belegt werden. Dennoch konnten alle untersuchten
Proteinkomponenten immunologisch nachgewiesenen werden und die Abwesenheit der
Aktivitdt lediglich auf mangelnde Assoziation mit der Cytoplasmamembran zuriickgefiihrt
werden. Offenbar sind im Gegensatz zu den kleinen Untereinheiten von Hyd-1 und Hyd-2 die
[FeS]-Cluster haltigen Proteine des FHL Komplexes in Abwesenheit des Isc Systems vor
Proteolyse geschiitzt. Dies steht im Gegensatz zum Proteinmuster einer 4ypF Mutante, deren
grole Hyd Untereinheiten durch mangelnde Reifung stabilisiert wurden, deren kleine Hyd
Untereinheiten jedoch ebenfalls nicht detektiert werden konnten. So werden offensichtlich
sowohl die Assoziation mit der prozessierten grof3en Untereinheit als auch die Insertion der
[FeS]-Cluster benoétigt, um die kleinen Untereinheiten nachzuweisen. Die Ergebnisse dieser
Mutanten zeigten einmal mehr, dass FHL-Komplex und Wasserstoff-oxidierende Enzyme
verschiedene Priorititen haben und unter Limitierung der Reifungsmaschinerie die
Assemblierung des FHL Komplexes Vorrang hat.

2.8.2 Artikelkopie (Manuskript)
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Abstract.

During fermentation Escherichia coli synthesizes three [NiFe]-hydrogenases. Hydrogenase-1 (Hyd-1)
and Hyd-2 have a hydrogen-uptake function while Hyd-3 forms part of the hydrogen-evolving formate
hydrogenlyase (FHL) enzyme complex. The catalytic subunit of each enzyme has a single Fe atom
that forms part of the [NiFe] prosthetic group, while each enzyme also has an electron-transferring
small subunit with a particular complement of [Fe-S] clusters. How iron is delivered to these enzymes
is unclear. A-type carrier (ATC) proteins of the Isc (iron-sulfur-cluster) and Suf (sulfur mobilization)
iron-sulfur ([Fe-S]) cluster biogenesis pathways are proposed to traffic pre-formed [Fe-S] clusters to
apoprotein targets. While mutants lacking SufA were unaffected in hydrogenase biosynthesis, iscA or
erpA mutants were devoid of Hyd-1 and Hyd-2 activity. This was due to a lack of the [Fe-S]-cluster-
containing small subunit, apparently caused by enhanced degradation of the apoprotein. Processing of
the large, catalytic subunit, which is characteristic of [NiFe] cluster insertion and which is independent
of the small subunit, was still observed in the mutants. Although hydrogen evolution catalyzed by the
FHL complex was completely dependent on ErpA, also little activity was retained in an isc4 mutant.
Our findings demonstrate different dependencies on IscA and ErpA for [Fe-S] cluster delivery to
hydrogen-oxidizing and hydrogen-evolving enzymes.

Introduction.

Iron-sulfur ([Fe-S]) clusters are ubiquitous prosthetic
groups of many metalloenzymes in almost all life-
forms and they have a variety of functions in diverse
cellular processes. Generation of [Fe-S] clusters does
not occur spontaneously but requires dedicated
machineries that orchestrate their assembly and
subsequent transfer to apoprotein substrates (for
reviews see [1-3]. There are at least three different [Fe-
S] biosynthetic systems known and they are referred to
as Nif (nitrogen fixation-associated), Isc (iron sulfur
cluster) and Suf (sulfur mobilization). The initial
discovery of the specialized NifUS proteins for the
generation of [Fe-S] clusters in the nitrogenase enzyme
of the nitrogen-fixing bacterium Azotobacter vinelandii
[4] made it immediately clear that further generalized
[Fe-S] machineries in bacteria must exist and these are
represented by the Isc and Suf systems in many
microbes [5,6].

The protein components of the Isc and Suf biogenesis
systems can be roughly divided into those proteins

dedicated to [Fe-S] assembly and those proposed to be
involved in the subsequent trafficking of the pre-
formed cluster to the ultimate apoprotein acceptor [3].
The proteins involved in transfer or trafficking of [Fe-
S] are referred to as A-type carrier (ATC) proteins and
the bacterium Escherichia coli has three of these,
which are phylogenetically related [7], and are termed
IscA, SufA and ErpA [8]. Current evidence is
consistent with a role in cluster transfer between the
Isc or Suf scaffold machinery and apoprotein
substrates [3,9,10]; however, it has been also proposed
that the ATC proteins deliver iron to the scaffold
proteins [11].

An erpA mutation severely impairs aerobic growth of
E. coli while single mutations in the suf4 and iscA
genes are viable [8]. Individual knock-out mutations in
the iscA, erpA or sufd genes have a limited effect on
anaerobic growth [8], suggesting redundancy of
function for [Fe-S] cluster insertion into key iron-
sulfur proteins. This contrasts with isc4 suf4 double
null mutants, which generally are non-viable
aerobically unless another means of [Fe-S] cluster
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assembly is present, such as heterologously expressed
nifUS [3,12]. Similarly, iscA erpA double mutants
require introduction of the eukaryal isoprenoid
biosynthetic pathway together with supplementation of
mevalonate to restore growth [7,8]. Taken together
these genetic studies suggest that IscA and SufA are
functionally redundant during aerobic growth of E.
coli, while IscA and ErpA show redundancy even
anaerobically. Little is known, however, about which
apoproteins these putative [Fe-S] cluster-delivery
proteins have as substrates.

[NiFe]-hydrogenases are evolutionarily ancient [Fe-S]
cluster-containing proteins that catalyze the reduction
of protons to molecular hydrogen or the oxidation of
hydrogen to protons and electrons [13,14]. The
genome of E. coli encodes four membrane-associated
[NiFe]-hydrogenases, only three of which are
synthesized under anaerobic growth conditions.
Hydrogenase 1 (Hyd-1) and Hyd-2 have their
respective active site located in the periplasm and
catalyze hydrogen oxidation. Hyd-3 forms part of the
multi-subunit, hydrogen-evolving formate
hydrogenlyase = (FHL) complex [15], which
disproportionates formic acid into CO, and H, during
fermentation and which has its active sites in the
cytoplasm (Fig. 1). The hydrogen-oxidizing enzymes
comprise a large catalytic subunit, which lacks a [Fe-S]
cluster but has a [NiFe] prosthetic group that catalyzes
hydrogen activation, a small, electron-transfer subunit
with one [3Fe-4S] and two [4Fe-4S] clusters, as well as
a membrane-anchor subunit that carries menaquinone-
binding sites [15-18]. Hyd-2 has an additional [Fe-S]
cluster subunit, HybA, which is not a typical small
subunit, but has been shown to be required for growth
on hydrogen and fumarate [19].

The FHL complex has four protein subunits that are
predicted to have [Fe-S] clusters [20,21]. The HycG
protein is the small subunit of Hyd-3 and has a [4Fe-
4S] cluster. The molybdenum-bis-molybdopterin
guanine dinucleotide cofactor- and selenocysteine-
containing formate dehydrogenase component, Fdh-H,
encoded by the fdhF gene [22] has one [4Fe-4S]
cluster [23], while the small subunit of the Fdh-H is
encoded by AycB and is predicted to have four [4Fe-
4S] clusters. A further ferredoxin-like subunit HycF
also is predicted to have multiple [4Fe-4S] clusters
[20]. Finally, biosynthesis of the FHL complex is
absolutely dependent on the metabolite formate [24],
which is generated by the glycyl radical enzyme
pyruvate formate-lyase (PfIB) [25]. PfIB is converted
to its active, radical-containing form by the radical
SAM enzyme PflA and this enzyme also has a [4Fe-
4S] cluster as prosthetic group [25].

The large subunit of [NiFe]-hydrogenases contains the
hetero-bimetallic [NiFe] active site that usually has one

CO and 2 CN ligands bound to the iron atom. The
maturation of the [NiFe]-center requires the action of
at least one [4Fe-4S] cluster-containing protein, HypD
[26,27], which is essential for [NiFe]-center
biosynthesis although its precise role in the process is
still unclear [13].

The involvment of [Fe-S] clusters in the biosynthesis
and activity of the [NiFe]-hydrogenases is therefore
extensive and is summarized in Fig. 1. While a
considerable amount of information is available
concerning the biosynthesis of the [NiFe]-center and
the associated diatomic ligands by the Hyp maturases
(for reviews see [13,15], as well as the route of nickel
incorporation [28], virtually nothing is known about
either the routes of incorporation of the [Fe-S] clusters
into the small subunits or where the iron atom in the
active site originates. In this study, we have examined
the biosynthesis of the [NiFe]-hydrogenases of E. coli
with respect to the potential involvement of the three
ATC paralogues IscA, SufA and ErpA. Our results
reveal that IscA and ErpA are both required for
assembly of active [NiFe]-hydrogenases but the
dependence on each differs according to the
physiological function of the hydrogenase.

Results.

The iron-sulphur cluster trafficking proteins IscA
and ErpA are required for hydrogen-oxidizing
enzyme function. Initially we examined the effect of
deleting the genes encoding the ATC proteins IscA,
SufA and ErpA on total hydrogenase enzyme activity
in fermenting E. coli cells. The suf4 mutation had no
effect either on total hydrogenase enzyme activity
(Table 2), which measures the activities of all three
hydrogenases concomitantly [29], or on the hydrogen-
evolving Hyd-3-dependent FHL activity (Table 3). In
contrast, an isc4 mutation or an erpA mutation reduced
total hydrogenase activity by 95% (Table 2) and FHL
activity by minimally 85% (Table 3). Combining the
iscA and erpA mutations in strain DVI1151 [7]
abolished both hydrogenase and FHL activity (Tables
2 and 3). The same overall hydrogen metabolism
phenotype was observed in an iscU mutant. These
findings indicates that IscA and ErpA exhibit a degree
of redundancy with regard to total hydrogenase activity
and that the Isc machinery is essential for hydrogen-
oxidizing and —evolution activities in fermentatively
growing E. coli.

Because Hyd-1 and Hyd-2 contribute approximately
only 10% to the total hydrogenase activity measured in
fermenting cells, while Hyd-3 contributes the
remainder [29], it was important to determine whether
the activities of the three Hyd enzymes were
differentially affected in the different ATC mutants.
Hyd-1 and Hyd-2 can be distinguished after separation
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in native PAGE followed by specific hydrogenase
activity-staining [29,30]; Hyd-3 enzyme activity is
labile under these conditions and cannot be detected
after native-PAGE. Extracts derived from a suf4
mutant had wild type Hyd-1 and Hyd-2 activity
profiles (Fig. 2). In contrast, extracts derived from the
iscA and erpA mutants were devoid of both activities.
This is a similar phenotype to that of the AzypF mutant
DHP-F2, which cannot synthesize the [NiFe]-center
and therefore lacks all hydrogenase enzyme activities
[31] (Table 2, Fig. 2). This finding suggests that the
residual hydrogenase enzyme activity measured in the
iscA and erpA mutants (see Table 2) was due to Hyd-3
and indicates that, in contrast to Hyd-1 and Hyd-2, the
Hyd-3 enzyme activity showed some redundancy with
regard to IscA and ErpA. In order to confirm the first
assumption, a mutant was constructed that lacked both
iscA as well as the hycABCDEFGHI operon (strain
CP967 in Table 2), which encodes Hyd-3 [20,21]. No
significant hydrogenase activity could be measured in
extracts of CP967. This result confirmed that the bulk
of enzyme activity measured with benzyl viologen as
electron acceptor under these growth conditions was
due to Hyd-3 and that Hyd-3 was solely responsible for
hydrogen gas production (Table 3). To determine
whether IscA and ErpA showed some redundancy with
regard to Hyd-3 biosynthesis, extracts of the erpA iscA
double null mutant (strain DV1151 in Table 1) were
examined for total hydrogenase activity and for
hydrogen gas production (Tables 2 and 3). Neither
activity could be determined in the mutant, confirming
that IscA and ErpA exhibit redundancy.

A mutation in the cyaY gene encoding the frataxin-like
protein [32] proposed to be involved in assembly of
[2Fe-2S] clusters had no major effect on hydrogen
metabolism (Tables 2 and 3).

It should be noted that various E. coli K-12 wild type
strains, including MC4100, MG1655 and BW25113
and mutants thereof, share the same hydrogen
metabolism phenotype and are therefore directly
comparable (Fig. S1).

Complementation analysis. Introduction of the iscA
gene on a multicopy plasmid (piscA) into the iscA
mutant CP477 restored total hydrogenase enzyme
activity to MC4100 levels (Table 2). Similarly,
introduction of the erpA gene on plasmid perpA
restored total hydrogenase activity to the conditional
erpA mutant LL401. Because the erp4 gene in LL401
is under the control of the arap promoter [8], growth of
the strain in the presence of arabinose induces erpA
expression and restored hydrogenase activity (Table 2).
While multicopy iscA could not restore hydrogenase
activity in strain LL401, multicopy erpA could restore
some hydrogenase activity (approximately 10% of
MC4100) to strain CP477 (iscA) (Table 2). Both
plasmids could restore between 5 and 10% total

hydrogenase activity to the erpA iscA double null
mutant DV1151.

Analysis of extracts derived from CP477 and LL401
transformed with either piscA or perpA (Fig. 2)
revealed that only multicopy iscA restored Hyd-1 and
Hyd-2 activity to CP477, while only growth in the
presence of arabinose (or less effectively perpA)
restored Hyd-1 and Hyd-2 activities to LL401. This
result suggests that the partial restoration of total
hydrogenase activity in the cross-complementation
experiments resulted from minor Hyd-3 activity, not
Hyd-1 or Hyd-2. FHL activity, however, was not
restored by introduction of piscA into LL401 or perpA
into CP477 (Table 3).

Low levels of the processed hydrogenase catalytic
subunit in iscA and erpA mutants. It is possible to
distinguish two forms of the hydrogenase catalytic
subunits using western blot analysis after SDS-PAGE
[13]. The two forms of the approximately 65 kDa large
subunit represent an unprocessed polypeptide and a
processed form of the polypeptide, which lacks a short
C-terminal peptide that results from a specific
endoproteolytic cleavage event [13,33] and which only
occurs after insertion of the [NiFe]-center has been
completed [34]. Western blot analysis of the catalytic
subunit of Hyd-1 (HyaB) in crude extracts derived
from the wild type MC4100 revealed mainly the faster-
migrating, processed polypeptide (Fig. 3A). In
contrast, a mutant unable to make the HypF maturase,
which provides the cyanide ligands to the iron atom of
the active site, shows only the unprocessed form of the
polypeptide because the [NiFe]-center cannot be
synthesized [31]. Analysis of the Hyd-1 large subunit
in a crude extract derived from the suf4 mutant
revealed both unprocessed and processed forms at
levels similar to those observed for MC4100 (Fig. 3A).
This is consistent with the wild type level of Hyd-1
activity seen in the suf4 mutant (see Fig. 2). Analysis
of extracts derived from the iscA and erpA mutants
revealed that there were much lower amounts of the
unprocessed and processed forms of the polypeptide in
the mutants (Fig. 3A). Nevertheless, these results
clearly show that, despite the reduced levels of Hyd-1
protein, the reason for the lack of detectable enzyme
activity was not because the catalytic subunit could not
receive the completed [NiFe] cofactor. Similar
observations were made for the catalytic subunit
(HybC) of Hyd-2 (see below and Fig. 4).

The respective [Fe-S] cluster-containing small
subunit of both hydrogen-uptake hydrogenases is
absent in a AypF mutant.

The antisera raised against Hyd-1 and Hyd-2 also
recognize the [Fe-S] cluster-containing small subunits.
Western blot analysis of crude extracts derived from
MC4100 grown under fermentative conditions using
antiserum raised against Hyd-1 (Fig. 3B) or Hyd-2
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(Fig. 3C) identified the HyaA and HybO polypeptides,
respectively, with molecular masses of approximately
35 kDa [35,36]. As a control, no HybO polypeptide
could be observed in extracts of the AybO mutant
CP795 (Fig. 3C). Surpisingly, in extracts derived from
the AhypF strain DHP-F2 neither HyaA nor HybO
could be detected (Fig. 3B, C). This suggests that in
the absence of the processed form of the catalytic
subunit, the small subunit is subject to rapid
degradation.

The respective [Fe-S] cluster-containing small
subunit of both hydrogen-uptake hydrogenases is
absent in isc4 and erpA mutants.

Recent studies have demonstrated that the [Fe-S]
cluster-containing small subunit is essential to allow
measurement of hydrogen-dependent benzyl viologen
(BV) reduction of the Hyd-1, Hyd-2 and Hyd-3
enzymes [37]. Western blot analysis of extracts derived
from the isc4 mutant CP477 and the erpA mutant
LL402 [8] also lacked the small subunits of Hyd-2
(Fig. 3D) and Hyd-1 (Fig. 3B and data not shown). In
contrast, extracts of a suf4 mutant showed wild type
levels of both subunits (Fig. 3B, D). These data
demonstrate a direct correlation between the presence
of the hydrogenase small subunit and the detection of
enzyme activity and suggest that the reason no Hyd-1
or Hyd-2 enzyme activity could be detected in the iscA
or erpA mutants (see Fig. 2) was due to the absence of
the small subunit. Thus, the data suggest that in the
ATC mutants the small subunits of the hydrogenases
are more rapidly degraded, possibly because they lack
a full complement of [Fe-S] clusters.

The processed catalytic HybC subunit of
hydrogenase-2 is not membrane-associated in erpA
and iscA mutants.

Convincing evidence has been presented to indicate
that the hydrogenase small subunit associates with the
large subunit only after the [NiFe]-center has been
inserted [13,38]. As the small subunits HyaA and
HybO bear the signal peptide for recognition and
membrane transport to the periplasmic side of the
membrane by the Tat translocon, membrane
translocation can only take place after complex
formation between the mature catalytic subunit and the
mature small subunit has occurred. To examine the
subcellular localization of the HybC catalytic subunit
in the various ATC mutants, extracts of the respective
mutants were fractionated into soluble and membrane
fractions and analyzed by western blot (Fig. 4). In
extracts derived from MC4100, both Hyd-1 and Hyd-2
activities were associated with the cytoplasmic
membrane (Fig. 4A). The processed form of the large
subunit HybC was also found associated with the
membrane fraction (Fig. 4B). In contrast, after
fractionation of extracts from isc4 and erpA mutants,
processed HybC was primarily found in the soluble

fraction (Fig. 4B) and no active Hyd-2 could be
identified in any sub-cellular fraction (Fig. 4A). It
should be noted that only very low amounts of
processed HybC were detected in both ATC mutants.
Fractionated extracts derived from the suf4 mutant
revealed that the processed form of HybC was
associated with the membrane fraction and essentially
none was detected in the soluble fraction (Fig. 4B).
While a clear membrane association of the HybO small
subunit was observed for MC4100 and the suf4 mutant
(Fig. 4B), no HybO could be detected in any sub-
cellular fraction, or in whole cells, of the erpA or iscA
or indeed AypF mutants. Introduction of the isc4 gene
on piscA into CP477 restored both Hyd-1 and Hyd-2
enzymes activities as well as the appearance of
membrane-associated, processed HybC and the small
subunit HybO (Fig. 4B).

The ability to generate formate intracellularly is not
affected by erpA or iscA mutations.

One possible reason for the reduced FHL complex
activity in erpA and iscA mutants could conceivably be
due to lack of formate, which is essential for induction
of fdhF and hyc gene expression [24]. Formate is
generated by pyruvate formate-lyase (PfIB) whose
specific, activating radical-SAM enzyme PflA has an
[Fe-S] cluster [25]. The presence of the active form of
PfIB can be readily visualized by western blotting with
antibodies raised against PfIB because in the presence
of oxygen a specific scission of the PfIB polpeptide
occurs at amino acid position 733-734 resulting in a C-
terminal truncation of the polypeptide chain [39].
Extracts derived from MC4100 (wild type), and the
iscA and erpA mutants all showed the double band
characteristic of the radical-bearing PfIB species (Fig.
S2), indicating that PfIB was active in these strains and
therefore lack of formate was not the reason for the
reduction in FHL enzyme activity.

Membrane association of the HycG small subunit of
Hyd-3 is compromised in erpA and iscA mutants.
The FHL complex is located on the cytoplasmic side of
the membrane and consists of 7 proteins of which 4
(HycB, HycF, HycG and FdhF) have at least one [4Fe-
48] cluster [21] (Fig. 1). It is known that association of
HycE with HycG, the large and small Hyd-3 subunits,
respectively, occurs only after insertion of the active
site into HycE [34]. The FHL complex retains
approximately 15% of the wild-type activity in an iscA
mutant (Table 3) indicating that, in contrast to what
was observed for Hyd-1 and Hyd-2, the Hyd-3 enzyme
showed at least partial activity. Western blot analysis
with anti-HycG antibodies revealed that HycG levels
were reduced in extracts of CP477 (iscA) and LL401
(erpA) compared with MC4100 (Fig. 5A). As a
negative control an extract of the hycA-I deletion
mutant CP971 showed no polypeptide signal
corresponding to HycG. Notably, an extract of the
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hypF mutant DHP-F2 also completely lacked HycG
(Fig. 5A). Re-introduction of the isc4 gene into CP477
(on piscA) restored HycG levels to the mutant while
addition of L-arabinose or introduction of multicopy
erpA or indeed multicopy iscA also restored HycG
levels. This result suggests that with respect to HycG
an increased dosage of isc4 can compensate for the
absence of ErpA but not vice versa (Fig. 5A).
Sub-cellular fractionation studies demonstrated that
HycG was membrane-associated in both MC4100 and
the suf4 mutant CP1223 after fermentative growth
with glucose (Fig. 5B). Analysis of whole cells, crude
extracts, membrane and soluble fractions derived from
the iscA and erpA mutants using HycG-specific
antibodies revealed an altered sub-cellular distribution
of HycG compared to that seen in MC4100, with the
bulk of the polypeptide being in the soluble fraction
(Fig. 5B). While a small amount of HycG was
membrane-associated in CP477, no HycG could be
observed in the membrane fraction of the erp4 mutant.
This finding indicates that the association of HycG
with the FHL complex was compromised in the iscA
and erpA mutants and it was not the amount of HycG
per se that was limiting.

The FdhF component of the FHL complex is located
mainly in the soluble fraction in erp4 and iscA
mutants and is enzymatically inactive.

With the aid of antibodies it was possible to examine
the localization of the FdhF polypeptide (which is the
catalytic subunit of the Fdh-H activity) in the various
ATC mutants (Fig. 5C). The 80 kDa FdhF polypeptide
was distributed evenly between the soluble and
membrane fractions in MC4100, the AhypF mutant
DHP-F2, as well as the suf4 mutant CP1223. Crude
extracts derived from these strains exhibited similar
Fdh-H activity (Table 4), which is the formate
dehydrogenase activity associated with the FHL
complex and has been shown to be catalyzed by the
FdhF catalytic subunit in association with the complex;
FdhF is loosely associated with the membrane-
associated FHL complex [23,25,29]. Analysis of the
subcellular distribution of the FdhF polypeptide in the
erpA mutant revealed that the bulk of the polypeptide
was in the soluble fraction (Fig. 5C). In the isc4
mutant CP477 FdhF was mainly localized in the
soluble fraction but was still detectable in the
membrane, but at lower levels than in MC4100.
Perhaps this low-level association of FdhF with the
membrane explains the residual, weak FHL activity
measurable in iscA and erpA mutants (see Table 3),
because neither mutant exibited measurable Fdh-H
enzyme activity (Table 4). Complementation of the
conditional erp4 mutant LL401 by supplementing the
growth medium with L-arabinose or transforming the
strain with perpA restored Fdh-H activity (Table 4).
Similarly, transformation of CP477 (iscA) with piscA

restored Fdh-H activity to extracts; however, both
piscA in LL401 and perpA in CP477 failed to restore
Fdh-H enzyme activity (Table 4), indicating that, like
Hyd-1 and Hyd-2, Fdh-H enzyme activity is absolutely
dependent on the activities of both ATC proteins.

The 20.5 kDa HycF polypeptide has similarity to
ferredoxin-like proteins [20]. In contrast to either the
FdhF or HycG FHL complex components, Western
blot analysis of HycF revealed that it remained tighly
associated with the membrane in MC4100 and the iscA
and erpA mutants (Fig. 5D).

The [Fe-S] cluster-containing maturase HypD is
present in erpA and iscA mutants but not in a strain
lacking the scaffold protein IscU.

The [4Fe-4S] cluster-containing HypD maturase
together with a number of other maturase enzymes are
required for the biosynthesis of the [NiFe]-cofactor
[26,27,40]. It was reported [13] that amino acid
exchanges in a quartet of the C-terminally localized
Cys residues in HypD, which coordinate the [4Fe-4S]
cluster [27], destabilize the protein. Extracts derived
from MC4100 and the [Fe-S] cluster-trafficking
mutants were separated by SDS-PAGE and subjected
to western blot analysis with anti-HypD antibodies
(Fig. 6). HypD migrated as an approximately 40 kDa
polypeptide in extracts from MC4100. An extract
derived from the Ayp operon deletion mutant BEF314
[41] showed no polypeptide that migrated at this
position or that reacted with the anti-HypD antibodies
(Fig. 6). While extracts from CP477 (AiscA) and
CP1223 (Asuf4) had essentially MC4100 levels of
HypD, an extract derived from an erp4 mutant showed
a HypD polypeptide of reduced intensity. In contrast,
extracts from the iscU mutant JW2513 showed no
polypeptide, a result which would be consistent with a
lack of the [Fe-S] cluster in HypD causing rapid
turnover of the protein (see [13]).

Discussion.

Deficiences in anaerobic modular [Fe-S] cluster
enzyme assembly

In this study we have shown that a mutant lacking the
A-type carrier proteins ErpA and IscA cannot oxidize
molecular hydrogen and have a severely reduced
capability to evolve dihydrogen. A mutant unable to
synthesize the [Fe-S] cluster scaffold protein IscU of
the Isc machinery [3] was essentially deficient in
[NiFe]-hydrogenase-dependent hydrogen metabolism.
The fact that some FHL complex activity was retained
in the iscA and erpA mutants suggests that the two
ATC proteins may have overlapping functions with
respect to Hyd-3 maturation; however, both proteins
appear to be essential for synthesis of active hydrogen-
oxidizing hydrogenases. Together, these findings
indicate that these proteins exhibit distinctions in the
range of their apoprotein targets. The severe reduction
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in overall hydrogenase enzyme activity, measured as
hydrogen-dependent BV reduction, as well as the
complete loss specifically of Hyd-1 and Hyd-2
activities, presents a clear phenotype for individual
iscA and erpA mutants with respect to hydrogen
metabolism. The lack of an effect of a suf4 mutation
on hydrogen metabolism rules out any direct
involvement of the SufA protein in anaerobic hydrogen
metabolism and underscores and extends the genetic
evidence indicating that IscA and ErpA are solely
involved in the biogenesis of [Fe-S] clusters during
both  anaerobic respiratory and fermentative
metabolism [3]. The findings of the current study are
also supported by the recent demonstration that the
modular anaerobic respiratory enzymes formate
dehydrogenase and nitrate reductase are inactive in
erpA mutants but retain partial activity in iscA mutants
[42]. Taken together these data indicate that the Isc
machinery is crucial for the biosynthesis and assembly
of functional modular anaerobic oxidoreductases that
depend on [Fe-S] clusters for electron transfer
processes.

Three [Fe-S] cluster insertion phenotypes are
associated with iscA and erpA mutations

The iscA and erpA mutants exhibit three phenotypes
with respect to hydrogen metabolism. Firstly, stability
of, and by implication [Fe-S] cluster insertion into, the
respective small subunit of Hyd-1 and Hyd-2 is
absolutely dependent on both ErpA and IscA,
indicating a requirement for the function of both
proteins in enzyme maturation. A similar requirement
was observed for the activity of the formate
dehydrogenase H associated with the FHL complex.
Second, in the case of the maturation of the FHL
complex, there is partial redundancy between ErpA
and IscA. Third, with respect to [Fe-S] cluster insertion
into HypD, a clear redundancy between IscA and ErpA
is observed because either can stabilize the
polypeptide; an absolute dependence on the Isc
machinery is, however, demonstrated because in an
iscU mutant HypD cannot be detected, presumably due
to enhanced degradation [13,40].

Absence of the small subunit is the reason for the
lack of hydrogenase enzyme activity

The lack of hydrogenase enzyme activity (measured as
benzyl viologen: oxidoreduction) in the individual
ATC mutants proved in each enzyme analyzed to be
due to the absence of the small, electron-transferring
subunit, which relays electrons between the catalytic
site in the large subunit and the quinone pool
[15,43,44]. In the respiratory Hyd-1 and Hyd-2
enzymes each small subunit has three [Fe-S] clusters
with the medial one being a [3Fe-4S] cluster flanked
by [4Fe-4S] clusters [44]. We believe it is valid to
assume that if the [Fe-S] clusters cannot be inserted

into these proteins they are rapidly degraded. This is
strongly supported by the apparent instability of the
[Fe-S] cluster-containing [ NiFe]-hydrogenase maturase
HypD observed previously, which is caused by
substitution of the Cys residues that coordinate the
cluster [40] and the lack of HypD in an iscU mutant
(see Fig. 6). Our recent demonstration that in the
absence of the small subunit hydrogen-dependent
benzyl viologen reduction is abolished [37] explains
why enzyme activity could not be detected in the ATC
mutants.

Because the HyaA and HybO small subunits of Hyd-1
and Hyd-2, respectively, carry Tat signal peptides [45],
if they are rapidly degraded then they are unavailable
to associate with the mature catalytic subunit and thus
the HyaA-HyaB and HybO-HybC dimeric complexes
cannot be translocated through the Tat translocon. Our
ability to detect the mature forms of the HyaB and
HybC large subunits, albeit in signficantly lower
amounts compared with the MC4100, supports the
contention that the matured large subunits of Hyd-1
and Hyd-2 become trapped in the -cytoplasmic
compartment. Moreover, because the mature HybC
large subunit, which lacks a Tat signal peptide, could
be detected in the soluble fraction, this indicates that
biosynthesis of the [NiFe] active site was not
compromised in the ATC mutants and provides futher
proof that the large subunit is matured independently
of the small subunit. The findings also indicate that
both proteins form a complex only after maturation of
each has been completed (Fig. 7).

The detection of processed, mature forms of the
catalytic subunits of Hyd-1 and Hyd-2 indicates that
delivery of the iron for biosynthesis of the [NiFe]
active site is either independent of the [Fe-S] cluster
biogenesis machinery, or that the IscA and ErpA
proteins show redundancy in this function. In this
regard, it should be noted that the ATC proteins have
been proposed to function in iron donation to the Isc
machinery and possibly other proteins [46,47]. The
question of whether the ATC proteins might be
involved in Fe delivery for active site biosynthesis
unfortunately cannot be resolved by the findings
presented in this study because an iscU mutant lacks
detectable levels of the [Fe-S] cluster-containing HypD
maturase. Without HypD it is not possible to
synthesize and introduce the [NiFe]-center into the
hydrogenase catalytic subunits. This problem will
require the development of an in vitro system [48] to
address the origin of the iron ion in the [ NiFe] center.
Do ErpA and IscA deliver different [ FeS] clusters
to apoprotein targets?

The association of the FHL components FdhF (the
catalytic subunit of the Fdh-H enzyme activity) and the
Hyd-3 small subunit HycG with the membrane-
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associated core complex is absolutely dependent on the
presence of ErpA. Presumably the lack of association
of FdhF with the core FHL complex was due either to
aberrant maturation of the HycB [Fe-S] small subunit
of Fdh-H or incomplete maturation of FdhF itself,
which has a [4Fe-4S] cluster as well as a molybdo-bis
molybdopterin guanine dinucleotide cofacter [23]. We
have shown recently that the other two related formate
dehydrogenases Fdh-N and Fdh-O showed aberrant
maturation in an erpA mutant [42], also probably
reflecting defective cofactor insertion.

It is perhaps noteworthy that the predicted [Fe-S]
cluster-containing HycF protein did not exhibit rapid
turnover, or an inability to associate with the
membrane in the ATC mutants, or aberrant migration
upon SDS-PAGE. Clearly, HycF represents a predicted
[Fe-S] protein that ecither receives its [Fe-S] cluster
from a source other than IscA or ErpA (an erp4 iscA
double mutant also shows membrane-associated HycF
(data not shown)), or its apoprotein is not subject to
rapid degradation and even in the absence of [Fe-S]
clusters associates with the membrane. It is also
possible, but unlikely based on the primary sequence,
that it has no [Fe-S] cluster. Further analyses will be
required to resolve this issue.

An iscA mutation also caused a signficant reduction in
FHL activity as measured by hydrogen gas evolution
but activity was never observed to be completely
absent in the mutant. This non-redundant phenotype
suggests distinct roles for both IscA and ErpA in [Fe-
S] cluster trafficking to the small subunits, as has been
recently suggested during aerobic growth [3,8].
Moreover, it should be noted that, although the
approximately 110 amino acid ErpA and IscA proteins
are phylogenetically related, they share only 40%
amino acid sequence identity (57% similarity), which
would be consistent with them having different
apoprotein substrates. Pye and Barras have proposed
that in aerobically growing cells IscA accepts a pre-
formed [Fe-S] cluster from IscU and transfers this
cluster via ErpA to the apo-protein substrate [3]. This
model would be consistent with the findings observed
for Hyd-1 and Hyd-2; however, [Fe-S] cluster transfer
from IscA to ErpA cannot explain the other phenotypes
of the iscA and erpA mutations on FHL maturation.
Rather, it is possible that ErpA might transfer [4Fe-4S]
clusters more efficiently while IscA can transfer either
[4Fe-4S] or [3Fe-4S] clusters. Based on sequence
analysis FdhF, HycB, HycF and HycG of the FHL
complex have only [4Fe-4S] clusters, while the HybO
and HyaA small subunits of the hydrogen-oxidizing
enzymes have both [4Fe-4S] and [3Fe-4S] clusters.
The partial overlap of ATC function in FHL complex
assembly suggests that both ATCs can fullfil the role
of [4Fe-4S] cluster insertion, although there seems to

be a greater dependence on ErpA. Recent studies
looking at the roles of IscA and SufA in aerobic
metabolism have indicated that a distinct and as yet
undefined [Fe-S] cluster assembly pathway is
responsible for introduction of [2Fe-2S] clusters into
particular apoprotein substrates, e.g. FhuF and the
SoxR regulator [49], which might also be consistent
with the suggestion that IscA and ErpA assemble
different [Fe-S] clusters into certain apoprotein
substrates. Moreover, the recent, exciting discovery of
a new type of [4Fe-3S] cluster in the small subunit of
the oxygen-tolerant, membrane-associated respiratory
[NiFe]-hydrogenase of Ralstonia eutropha [50] and
Hydrogenovibrio marinus [51] underscores the
possible existence of further trafficking systems in
other organsims. Our future studies will be directed
towards addressing the possibility of differential
cluster transfer by the ATC proteins.

The paradoxical phenotype of a AypF mutant and
the spatio-temporal assembly of hydrogenases

HypF is central to the maturation of [NiFe]-
hydrogenases because it synthesizes the CN" ligands to
the Fe atom in the active site of these enzymes [13].
The consequence of deleting the sypF gene is that the
catalytic subunits do not receive the [NiFe]-cofactor
and consequently remain unprocessed and are
enzymatically inactive. The results of this study
demonstrate that the small subunits of Hyd-1, Hyd-2
and Hyd-3 cannot be detected in a sypF mutant, which
is the same phenotype as observed in Isc® mutants.
While in iscA and erpA mutants the residual large
subunit is processed and mature, in the AypF mutant
the large subunit remains unprocessed. These results
underscore the importance of prior maturation of the
catalytic subunit before it can interact with the mature,
[Fe-S] cluster-containing form of the small subunit. If
the large subunit cannot be matured the small subunit
is rapidly degraded; trancriptional regulation can be
ruled out as a reason for lack of the small subunit
polypeptides because the genes encoding the small
subunits are the first genes in the operons [16,17,20].
Equally, if the small subunit does not receive its
complement of [Fe-S] clusters then it is rapidly
degraded and the large subunit is then also degraded,
albeit more slowly. The apparent paradox lies in the
fact that the unprocessed large subunit is clearly
comparatively stable in a AypF mutant but is not stable
in, for example, an erp4 mutant (see Fig. 4). This
suggests that a protein, which must be dependent on a
component of the functional Isc machinery, stabilizes
the immature catalytic subunit, preventing it from
degradation. In this regard it is possible that products
of hya, hyb and hyc operon genes have specific
chaperone functions, e.g. HycH (see [13]). This is in
analogy to observations made for the small subunit of
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the [NiFe]-hydrogenase in the nitrogen-fixing
symbiotic bacterium Rhizobium leguminosarum [52]
where a mutation in an accessory gene AupH resulted
in significantly reduced levels of the small subunit.
HupH has been proposed to have a chaperone-like
function in the maturation of the hydrogenase small
subunit, possibly subsequent to [Fe-S] cluster delivery.
Notably HyaF encoded in the Aya operon is an
orthologue of HupH and might perform a similar
function during the maturation of HyaA [13,52].

A working hypothesis for hydrogenase maturation,
using Hyd-2 as a model, is presented in Fig. 7. We
assume a similar model for the maturation of Hyd-1.
Either IscA or ErpA can deliver the [Fe-S] cluster to
apo-HypD and together with the other Hyp maturases
[13] synthesizes the [NiFe]-cofactor and inserts it into
the pre-HybC large subunit. Whether the Fe atom in
the active site is derived from the Isc machinery or is
delivered by the Hyp protein machinery remains to be
elucidated. After processing of the catalytic subunit by
removal of the C-terminal peptide, along with the
associated conformational change, maturation is
complete. In a presumably independent, but temporally
orchestrated, reaction the apo-HypO small subunit
receives its complement of [Fe-S] clusters from the
combined actions of IscA and ErpA. Whether further
specific chaperones are involved in this process also
remains to be established. Only once maturation is
completed can holo-HybO interact with mature HybC
to form the holo-HybO-HybC dimer that is a proficient
substrate for the Tat translocon. If insuffient [Fe-S]
clusters are available the small subunit is directed to
the protein degradation machinery. Precisely which
proteins are involved in turnover of improperly
matured hydrogenase subunits also remains to be
determined.

In the case of FHL complex assembly, the maturation
of HycE (Hyd-3 catalytic subunit) follows a similar
path to HybC (Fig. 7). In the case of FdhF and the
electron-transferring small subunits HycG and HycB,
however, ErpA is the main route of [Fe-S] cluster
delivery with IscA playing a more subsidiary role.
Future studies will be directed toward verifying the
proposed roles of IscA and ErpA in [Fe-S] cluster
delivery to these proteins and to determining whether
all of these processes occur in a single multienzyme
assembly complex or whether they are prepared in
separate sub-complexes prior to assembly.

Methods.

Strains, plasmids and growth conditions. All bacterial strains
and plasmids used in this study are listed in Table 1.

E. coli was grown aerobically in Erlenmeyer flasks filled to
maximally 10% of their volume with TGYEP medium [53].
Cultures were incubated on a rotary shaker (250 rpm) and at 37°C.
Anaerobic growths were performed at 37°C in sealed bottles filled
with anaerobic growth medium under a nitrogen gas atmosphere.

When required, the growth medium was solidified with 1.5 % (w/v)
agar. All growth media were supplemented with 0.1% (v/v) SLA
trace element solution [54]. The antibiotics chloramphenicol,
kanamycin and ampicillin, when required, were added to the
medium at the final concentrations of 12.5 pg ml™, 50 pg ml" and
100 pg ml™, respectively. Where indicated, L-arabinose was added
to the growth medium to 0.2% (w/v).

When required, the Kan® cassette of certain mutants was removed
by transforming the strain in question with pCP20 encoding a Flp-
recombinase [55]. Mutants were subsequently tested for sensitivity
to kanamycin.

Preparation of cell extracts and determination of enzyme
activities. Anaerobic cultures were harvested at an ODgyg ,m Of
approximately 0.8. Cells from cultures were harvested by
centrifugation at 4000 x g for 10 min at 4°C, resuspended in 2-3 ml
of MOPS buffer pH 7.0 and lysed on ice by sonication (30W power
for 5 minutes with 0.5 sec pulses). Unbroken cells and cell debris
were removed by centrifugation for 15 min at 10 000 x g at 4°C
and the supernatant was used as the crude cell extract. Membrane
and soluble fractions were prepared as described [30]. Samples
designated as cells in the figures indicates that whole cell samples
were collected by centrifugation and the cell pellets were either
resuspended directly in SDS sample buffer for western blot
analysis or they were treated with 4% (v/v) Triton X-100 for 30
min on ice prior to being loaded directly onto non-denaturing
polyacrylamide gels in 100 pl of the respective buffer at an optical
density ODggo nm €quivalent to 1. Protein concentration of crude
extracts was determined [56] with bovine serum albumin as
standard. Hydrogenase activity was measured according to [30] and
benzyl viologen-associated formate dehydrogenase activity
according to [29] except that the buffer used was 50 mM MOPS,
pH 7.0. The wavelength used in the hydrogenase enzyme assay was
578 nm and an Ey value of 8,600 M em?! was assumed for
reduced benzyl viologen. One unit of activity corresponded to the
oxidation of 1 umol of hydrogen per min. Experiments were
performed minimally three times and each time enzyme assays
were perfomed in triplicate. Data are presented as standard
deviation of the mean.

Quantitative determination of formate hydrogenlyase activity was
performed as described [57].

Polyacrylamide gel electrophoresis and immunoblotting.
Aliquots of 25-50 pg of protein from the indicated sub-cellular
fractions were separated by  SDS-polyacrylamide  gel
electrophoresis (PAGE) using 10% (w/v) polyacrylamide [58] and
transferred to nitrocellulose membranes as described [59].
Antibodies raised against Hyd-1 (1: 10000; [36]), HycG (1:3000;
[21]), Hyd-2 (1:20000; a kind gift from F. Sargent), FdhF (1:5000;
[21]) and HycF (1:3000; a kind gift from A. Bock) were used.
Secondary antibody conjugated to horseradish peroxidase was
obtained from Bio-Rad. Visualisation was done by the enhanced
chemiluminescent reaction (Stratagene).

Non-denaturating PAGE was performed using 5% (w/v)
polyacrylamide gels pH 8.5 and included 0.1% (w/v) Triton X-100
in the gels and running buffer [30]. Samples (25 ug of protein)
were incubated with 5% (w/v) Triton X-100 prior to application to
the gels. Hydrogenase activity-staining was done as described in
[30] except that the buffer used was 50 mM MOPS pH 7.0.
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Table 1. Strains and plasmids used in this study
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Strains/ plasmids  Genotype® Reference/ Source
MC4100 F araD]_39 A(argF-lac)U169 ptsF25 deoCl relAl flbB5301 [60]
rspL150
BEF314 MC4100 AhypB-hypE?2 (hyp :: cat pACYC184) [41]
DHP-F2 MC4100 AhypF 59-629AA; ECK2707 [31]
PB1000 MC4100 ApurT ApurU AinsH4-fnr [61]
FTD147 MC4100 AhyaB hybC hycE [62]
CP795 MC4100 AhyaB hybO hycE [37]
CP477 As MC4100 but AiscA::Kan®; ECK2525 [42]
CP1223 As MC4100 but Asufd::Cm"; ECK1680 [42]
CP545 As MC4100 but AcyaY::Kan®; ECK3801 This study
CP971 As MC4100 but AhycA-I:Kan® [61]
CP967 As MC4100 but AiscA::Kan® hycAl::Cm® This study
LL401 MG1655 conditional arap::erpA [8]
LL402 MG1655 Aerpd::Cm® [8]
DVI1151 MG1655 AerpA::CmR iscA [7]
JW3779 BW25113 AcyaY::Kan®; ECK3801 +
JW2513 BW25113 AiscU::Kan"; ECK2526 +
Plasmids
pCP20 FLP*, \cI857%, Apg Rep®, Amp®, Cm® [55]
perpA gﬂggscript SK(+) containing erpA in BamHI and EcoRI site; [42]
piscA pBluiscript SK(+) containing iscA in BamHI and EcoRI site; [42]

Amp

+ National BioResources Project (NIG, Japan): E. coli
* Allele numbers are given for single gene mutants and refer to the K-12 nomenclature.

Table 2: Total hydrogenase activity of mutants lacking [Fe-S] trafficking A-type carrier proteins.

Strain and genotype®

Specific Hydrogenase Activity in U mg protein” + SD°

no addition piscA perpA
MC4100 3.00 £ 0.59 1.65 £ 0.49 2.78 £0.71
DHP-F2 0.01 n.d. n.d.
CP477 (iscA) 0.12+0.07 3.59+0.19 0.28 £0.07
LL401 (conditional erp4)® 0.13+£0.16 0.07 £ 0.04 337+ 145
CP1223 (sufA) 4.17+0.12 n.d n.d.
DV1151 (iscA erpA) <0.01 0.18 £0.23 0.27£0.13
JW2513 (iscU) 0.01 £0.01 n.d. n.d.
CP545 (cyaY) 3.58£0.11 n.d. n.d.
CP971 (hycAl) 0.14 £0.08 n.d. n.d.
CP967 (iscA hycAl) <0.01 n.d. n.d.

* Cells were grown anaerobically in TGYEP.

® The mean and standard error of at least three independent experiments are shown.
¢ The activity measured after growth in the presence of 0.2% (w/v) L-arabinose was 5.34 + 1.02 U mg

. -1
protein

n.d. — Activity in this combination was not determined.
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Table 3: Hydrogen evolving activity of mutants lacking [Fe-S] trafficking A-type carrier proteins.

Strain and genotype® Specific Hydrogen evolving Activity in mU mg protein” + SD°
no addition piscA perpA
MC4100 30+7 32+8 23+ 12
DHP-F2 <1 n.d. n.d.
CP971 (hycAl) <1 n.d. n.d.
CP477 (iscA) 5+1 20+ 15 2+1
LL401 (conditional erp4)® 2+ 1 1£1 6+04
CP1223 (sufA) 15+5 n.d. n.d.
DV1151 (iscA erpA) <1 n.d. n.d.
JW2513 (iscU) <1 n.d. n.d.
CP545 (cyaY) 16 +4 n.d. n.d.

* Cells were grown anaerobically in TGYEP.

® The mean and standard error of at least three independent experiments are shown.

¢ The activity measured after growth in the presence of 0.2% (w/v) L-arabinose was 13 + 2 mU mg
protein’

n.d. — Activity in this combination was not determined.

Table 4: Mutants lacking the ATC proteins IscA and ErpA have deficiences in fermentative formate
dehydrogenase activity.

Strain (genotype)” As Fdh-H (U mg protein™)”
MC4100 0.24 +0.06
BW25113 0.20 +0.02
LL401 (conditional erpA) <0.01
LL401 L-arabinose 0.35+0.14
LL401 piscA <0.01
LL401 piscA L-arabinose 0.13£0.16
LL401 perpA 0.22 +0.07
CP477 (iscA) <0.01
AiscA piscA 0.12+0.01
AiscA perpA <0.01
CP1223 (AsufA) 0.14 £0.12

* Cells were grown anaerobically in TGYEP.
® The mean and standard error of at least three independent experiments are shown.

Figure legends



Ergebnisse 108

Hyd-3 (FHL)

:‘@;:‘5

periplasm

HyaA

HyaC
N~}

membrane
targeting

subunit EIJT
assembly I|

proteolytic Hyp ;
processing W maturases  acetyl-coa <\ PfIB |ACH

[NiFe] ae pyruvate
*+ insertion€— @

Figure 1. Schematic representation of the iron-sulphur cluster-containing proteins involved in
the hydrogen metabolism of E. coli. The three anaerobic, membrane-associated [ NiFe]-hydrogenases
are schematically represented with their associated subunit. The presence of iron-sulphur clusters is
designated by the grouped spheres. No distinction is made between [3Fe-4S] and [4Fe-4S] clusters.
The ,squiggle’ attached to the apoprotein form of the hydrogenase catalytic subunit (bottom left of the
Figure) represents the C-terminal peptide that is removed subsequent to insertion of the [NiFe]
prosthetic group. Mo-bis MGD in the Fdh-H protein designates the molydo-bis molybdopterin guanine
dinucleotide cofactor and Se indicates selenocysteine. The dotted arrows indicate electron flow within
the modular enzymes or to the quinone pool. PfIB and PflA represent the enzymes pyruvate formate-
lyase and its SAM-radical activating enzyme, respectively.
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Figure 2. Hydrogenases 1 and 2 are inactive in isc4 and erpA mutants. Aliquots of crude extracts
(25 ug protein) derived from the bacterial stains shown were separated by non-denaturing PAGE
(7.5% wi/v polacrylamide) and subsequently stained for hydrogenase enzyme activity. Hyd-1 migrates
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as a single active enzyme species while Hyd-2 shows multiple active forms, which are designated on
the right of the panel. The weak hydrogen: benzyl viologen oxidoreductase activity that is independent
of the [NiFe]-hydrogenases is associated with FDH-O/N [63] is also designated. In Strain DV1151
only the genotype is indicated as A(erp4 iscA).

A B

HyaB kDa kDa
unprocessed — 70 HvaB o 70
processed =+ unprocyessed ;
processed -

MC4100
AhypF
AsufA
AiscA
AhypF
MC4100
ASUfA

AerpA
AcyaY
AiSCA

-
— 55 3 — 55
— 45
HyaA
small subunit —| o
C D
c 3
Hé/b w >
d__x* A < <
g sicoms 35589
. S H L 6 Q kDa
* =<d<4<9<44
|45
Hybo smalll-sialb?moit o
small subunit— -
* olles— - |

Figure 3. Immunological analysis reveals maturation of the catalytic subunit and absence of the
small subunit of the hydrogen-uptake enzymes in erp4A and iscA mutant. Samples of crude
extracts (25 - 50 ug protein) derived from the strains (genotypes are shown above each lane) indicated
were separated in 10% w/v SDS-PAGE, transferred to nitrocellulose membranes and probed with
antibodies against the Hyd-1 large subunit (HyaB) (A) or the small subunit (B). The locations of the
processed and unprocessed forms of the large subunit polypeptide are shown on the left of the panel
and the migration position of molecular mass size markers are shown on the right. Results of a similar
experiment showing Western blots of the large (HybC) and small (HybO) subunits of Hyd-2 are
shown in C and D. Unspecific cross-reacting polypeptides that were used as internal loading controls
are marked with an asterisk. MC4100, wild type; DHP-F2 (AhypF); CP1223 (AsufAd); CP477 (AiscA);
LL402 (AerpA); CP545 (AcyaY); CP975 (AhyaB AhybO AhycE).
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Figure 4. Subcellular localization of hydrogenase 2 in iscA4, suf4 and erpA mutants. Aliquots (25
pug protein) derived from whole cells (1), crude extracts (2), soluble fractions (3) or membrane
fractions (4) from MC4100, DHP-F2 (AhypF), CP1223 (AsufAd), LL402 (AerpA), CP477 (AiscA) and
CP477 + piscA were separated either by native-PAGE (A) (7.5% w/v polyacrylamide) and stained for
Hyd-1 and Hyd-2 activity, or by 10% SDS-PAGE (B) and subjected to Western blotting using anti-
Hyd-2 antiserum. On the left side of panel A, the migration positions of Hyd-1, Hyd-2, and of the
hydrogenase-independent FDH-O/N hydrogen-BV oxidoreductase activity are indicated. In panel B
the migration positions of the unprocessed and processed forms of the catalytic subunit HybC and the
small subunit HybO are shown. The asterisks indicate unspecifically cross-reacting polypeptides of
unknown identity, which acted as internal loading controls. The migration positions of the molecular
mass standards (in kDa) are indicated on the right of the Figure.
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Figure 5. Subcellular localization of the formate hydrogenlyase components HycG, Fdh-H and
HycF in iscA, sufA and erpA mutants. A. Aliquots (25 pg protein) derived from crude extracts of the
strains PB1000 (fnr), CP971 (AhycA-I), DHP-F2 (AhypF), IW2513 (AiscU), MC4100, CP477 (AiscA),
LL401 (conditional erpA) and CP1223 (Asuf4) were separated in 10% SDS-PAGE and subjected to
western blotting with anti-HycG antibodies. In parts B, C, and D aliquots (25 pg protein) derived from
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cells (1), crude extracts (2), soluble fractions (3) or membrane fractions (4) from MC4100, DHP-F2
(AhypF), CP1223 (AsufAd), LL402 (AerpA) and CP477 (AiscA) were separated by 10% SDS-PAGE
and subjected to western blotting using anti-HycG (B), anti-Fdh-H (C) and anti-HycF (D) antisera.
The arrows on the left side of the panels identify the relevant polypeptides. The migration positions of
the molecular mass standards (in kDa) are indicated on the right of the Figure.
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Figure 6. Identification of the HypD maturase in mutants defective in iron-sulphur cluster
biogenesis. Aliquots (25 pg protein) derived from MC4100, CP477 (AiscA), LL402 (AerpA), CP1223
(Asufd), IW2513 (AiscU), BEF314 (AhypB-E) and PB1000 (Afnr) were separated by 10% SDS-PAGE
and subjected to Western blotting using anti-HypD antiserum. The asterisk indicates an unidentified
cross-reacting polypeptide that served as an internal loading control. The migration positions of the
molecular mass standards (in kDa) are indicated on the right of the Figure.
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Figure 7. Model depicting the involvement of the [ Fe-S] trafficking A-type carrier proteins IscA
and ErpA in hydrogenase 2 biosynthesis. Isc machinery represents the iscSU-hscBA-fdx gene
products. Pre-HybC and Apo-HybO signify the unprocessed, cluster-free apo-forms of the large and
small subunit, respectively, while the completely processed forms are termed Mature. Full arrows
signify directs routes of [Fe-S] cluster transfer while the dotted arrow with the question mark indicates
an alternative route of transfer from IscA directly to ErpA. The mature form of HybC contains a
complete [NiFe]-center, which includes the Fe and Ni atoms as well as the diatomic ligands CO and
CN’ as indicated above the arrow. Insertion of these requires the concerted action of the Hyp protein
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machinery [13]. Only after maturation of the individual subunits has been completed do they interact
and are then to be targeted to the membrane. When assembly is hindered both subunits are rapidly
degraded at different points as indicated.
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Figure S1. Comparative analysis of hydrogen-uptake hydrogenases in different E. coli K-12
derivatives. A. Aliquots of crude extracts (25 ug protein) derived from the bacterial stains shown
were separated by non-denaturing PAGE (7.5% w/v polacrylamide) and subsequently stained for
hydrogenase enzyme activity. The locations of Hyd-1 and Hyd-2 activity bands are shown. B. Western
blot analysis of the unprocessed and processed forms of the HybC large subunit of Hyd-2 was
performed using crude extracts (25 ug protein) derived from the bacterial strains indicated. Strain
DHP-F2 is a derivative of carrying a deletion in the AypF gene.
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Figure S2. Western blot analysis of pyruvate formate-lyase levels in mutants defective in iron-
sulphur cluster biogenesis. Aliquots (25 pg protein) derived from MC4100, DHP-F2 (AhypF),
CP463 (Asufd), CP477 (AiscA), LL402 (AerpA), IW2513 (AiscU), BEF314 (AhypB-E) and PB1000
(Afnr) were separated by 10% SDS-PAGE and subjected to Western blotting using anti-PfIB
antiserum. The double band characteristic of the full-length and oxygenolytically cleaved polypeptide
are indicated as PfIB while the asterisk denotes an unidentified cross-reacting polypeptide that served
as an internal loading control. The migration positions of the molecular mass standards (in kDa) are
indicated on the right of the Figure.
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3. Diskussion

Die Energiekonservierung in E. coli erfolgt durch membrangebundene terminale
Oxidoreduktasen, zu denen streng genommen auch die [NiFe]-Hydrogenasen gehoren. Die
meisten dieser Enzyme besitzen Metalle als Kofaktoren (Unden & Bongaerts, 1997). Fiir den
Transport und Assemblierung der Metalle synthetisieren Zellen spezielle Proteine, deren
Funktion und Einfluss auf Metalloenzyme innerhalb dieser Arbeit untersucht wurden. Die

Erkenntnisse und daraus resultierenden Fragen werden im Folgenden diskutiert.

3.1 Eisenverfiigbarkeit und Fur

Eisen kommt in Proteinen in Him-Kofaktoren, in [FeS]-Clustern des Elektronentransportes
(Atmungsenzyme und Ferredoxine), des Tricarbonsdurezyklus (Aconitase und Succinat
Dehydrogenase), von Proteinen der Biosynthese von DNA (Ribonukleotid-Reduktase) und
Aminosduren vor. Ebenso konnte Eisen in Zwei-Eisen Zentren von Rubredoxinen und
Eisenspeicherproteinen wie Ferritinen nachgewiesen werden. Eisen und insbesondere Fe-S
Verbindungen konnten einer Theorie entsprechend an der Entstehung des Lebens beteiligt
gewesen sein (Huber & Wichtershiuser, 1997). Da freies Eisen(Il) in der Zelle durch Fenton-
Reaktionen mit H,O, reaktive und schddigende Sauerstoffspezies wie Hydroxylradikale
entstehen lassen kann (Earhart, 1996; Green & Paget, 2004), miissen Transport und
Biosynthese kontrolliert erfolgen (Andrews et al., 2003). Mittels genetischer Manipulation

konnen die Funktionen dieser Systeme auf den Wasserstoff-Metabolismus untersucht werden.

Durch die Deletion des fiir den Fur Regulator kodierenden Gens, ist generell eine
Deregulation der Eisenaufnahme zu erwarten, was durch die konstitutive Expression der Gene
fhuA (Ferrichrom), fecA (Fe-Citrat) und teilweise auch fep4 (Enterochelin) in einer fur-
Mutante gezeigt werden konnte (Hantke, 1981). So ist ein durch Eisenmangel verursachter
Phénotyp einer fur-Mutante auszuschlieen. Die hier gemessene Reduktion der Transkription
der Gene des FHL Komplexes und der daraus resultierenden geringeren Hyd-Aktivitét, stellt
eine plausible Erkldrung eines in Salmonella typhimurium, einem eng verwandten
Enterobakterium, beschriebenen Phinotyps einer fur Mutante dar. Dieser zeichnet sich durch
erhohte Sensitivitdt gegeniiber pH Absenkung aus, konnte jedoch bisher nicht erklart werden
(Foster & Hall, 1992). Wie Fur die Ahyc und fdhF Regulation genau beeinflusst, kann nur
spekuliert werden (Abb. 8), konnte aber zukiinftig iiber Experimente durch eine Variation des

beschriebenene Fur-Titrationsassays mittels eines hyc-lacZ Konstruktes verifiziert werden
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(Escolar et al., 1999). So dient der FHL Komplex durch die Oxidation des toxischen Formiats
und durch die Reduktion von Protonen der pH Regulation unter fermentativen Bedingungen
(Rossmann et al., 1991), weswegen Hyd defiziente Stimme Verlust der Siureresistenz zeigen
(Hayes et al., 2006). Zum Schutz vor Sdurestress wurde, wie hier gezeigt, unter Eisenmangel
oder in einer fur-Gendeletions Mutante noch Aktivitit vom FHL Komplex aufrechterhalten,
wihrend die H-oxidierenden Hydrogenasen bereits nicht mehr nachweisbar waren. Die
Funktion der [NiFe]-Hydrogenasen bei der Saureregulation wird durch deren Deletion
deutlich. Diese hat zundchst auler der mangelnden Wasserstoffproduktion und vermindertem
Wachstum auf H,/Fumarat scheinbar keinen signifikanten Phinotyp (Krasna, 1984). Jedoch
ist die regulatorische Antwort auf Deletion von Hydrogenaseaktivitdt, z.B. durch die Deletion
von hypF, eine erhohte Expression verschiedener Gene deren Genprodukte wie
Decarboxylasen alternativ. zum FHL Komplex der Antwort auf pH Absenkung dienen
(Glutamatdecarboxylase gadB ca. 6-fach; Arginindecarboxylase adiA ca. 5-fach; Daten nicht

gezeigt).

Die in fur Mutanten gemessene Reduktion der Hyd-1 und Hyd-2 Aktivitdten bei gleichzeitig
konstanter Transkription deutet auf post-transkriptionelle Regulation hin. Solche Regulation
auf Translationsebene wird in E. coli durch die Stabilitit der mRNA, aber auch durch
Paarungen mit kleinen regulatorischen RNAs vermittelt (Boysen et al., 2010; Majdalani et al.,
2005; Vogel & Sharma, 2005). Neben den beschriebenen RNA-Paarungen mit RyhB, FnrS
und OxyS geben die stromaufwirts gelegenen, regulatorischen RNA-Bereiche die
Moglichkeit der Generierung stabiler Sekundérstrukturen vergleichbar derer, die fir Fdh-N
beschrieben wurden (Punginelli et al., 2004). Solche Bereiche und Sekundérstrukturen
existieren bei den [NiFe]-Hydrogenasen ebenfalls und bieten sich kiinftig fiir gerichtete
Mutagenese mit anschlieBenden Regulationsstudien dhnlich solcher von Richard ef al., 1999

an.

Weiterhin wurde beschrieben, dass sich ein fur-Gendeletion dhnlicher Phénotyp durch die
Deletion der Gene des Fe*-Aufnahme Systems FeoABC hervorrufen lisst, da vermutlich
FeoABC die Hauptquelle des Fur gebundenen Eisens liefert (Earhart, 1996). Es konnte
sowohl in Eisenaufnahme-Mutanten als auch in fur-Mutanten eine Reduktion der Aktivitét
der wasserstoffoxidierenden Enzyme Hyd-1 und Hyd-2 beobachtet werden, bei gleichzeitiger
Reduktion der FHL Aktivitat. Dabei war die Reduktion der Gesamthydrogenaseaktivitit in

Eisenaufnahme-Mutanten (feoB entC) um das Fiinffache weniger signifikant als die zehnfache
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Reduktion in der fur-Mutante, weil offensichtlich die Eisen-Aufnahme nicht vollstindig
unterbunden werden kann. Artifiziell kann ein Eisenmangel durch die Deletion der fiir
Eisentransporter kodierenden Gene oder durch Zugabe von Chelatoren ins Medium
hervorgerufen werden. So zeigte eine multiple Eisenaufnahmemutante (AfecA-E zupT mntH
feoB entC) einen eindeutigen Effekt mit vollstindiger Abwesenheit der Hydrogenase
Aktivitidten. Dabei tragen die gemeinsame Deletion der Gene feoB und entC bereits zum
Verlust von 80 % der Gesamtaktivitit bei, weswegen sie die Hauptaufnahme fiir Eisen unter
diesen Bedingungen darstellen. Phénotypische Komplementation nach Eisendepletion

zeigten, dass Eisen(Il) bevorzugt zur Reifung des aktiven Zentrums verwendet wurde.

Bisher wurde kein einzelner spezifischer Eisentransporter fiir die [NiFe]-Hydrogenase
beschrieben wie er vergleichsweise fiir den Nickel Transport identifiziert werden konnte (Wu
et al., 1989). Vielmehr kann nach Reduktion zu Eisen(II) von einer generellen Eisenaufnahme
in die Zelle ausgegangen werden, auf die eine rasche Insertion in das entsprechende Eisen-
liefernde Protein folgt. Der direkte Einbau des Eisens konnte durch HypD innerhalb eines
Komplexes mit dem Chaperon GroL stattfinden. Eine Interaktion des unprozessierten HycE-
Polypeptides mit groBen Mengen an GroL konnte bei der Reinigung festgestellt werden. GroLL
interagiert unspezifisch mit Fur und SlyD (Kerner et al., 2005), aber auch spezifisch mit
HypD (Arifuzzaman et al., 2006) und bietet sich als hydrophober Insertionsort zum Schutz
vor Fenton Reaktionen fiir das aktive Zentrum an. Indizien zum Einbau des Eisens ins aktive
Zentrum tiiber die Vorstufe eines [FeS]-Zentrums analog zur Nitrogenase-Kofaktorinsertion
(Shepard et al., 2011) oder wie es bereits fiir die [FeFe]-Hydrogenase von C. reinhardtii
gezeigt wurde (Mulder et al., 2010), konnten durch die gewonnenen in vivo Daten nicht
verifiziert werden. Weiterhin wurde hier das Frataxin-dhnliche Protein CyaY als Eisen-
lieferndes Protein fiir das aktive Zentrum erwogen. Dessen Funktion als Eisendonor fiir den
IscU x IscS Komplex ist umstritten, denn viele der beschriebenen Effekte dieses Proteins
lassen sich auf eine allosterische Regulation zuriickfiihren und ein in vitro Eisen-Transfer
konnte bisher nicht nachgewiesen werden (Ayala-Castro et al., 2008; Lill, 2009). Einen
signifikanten Effekt auf die Aktivitit der [NiFe]-Hydrogenasen hatte die Deletion des cyaY
Gens nicht. Neben CyaY wurden urspriinglich auch die ATC-Proteine als Eisendonoren in
Erwigung gezogen (Ding ef al., 2004; 2007). Die Untersuchung deren Funktion ergab jedoch

einen auf die kleinen Untereinheiten beschriankten Phanotyp.
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3.2 Die kleinen Untereinheiten und [FeS]-Cluster

Eisen wird in den kleinen Untereinheiten fiir [FeS]-Cluster benétigt und diese scheinen ohne
ihren Kofaktor instabil zu sein. Ahnliches konnte fiir HypD gezeigt werden, dessen
Polypeptid ohne die [FeS]-Cluster bindenden Cysteine nicht nachweisbar war (Blokesch &
Bock, 2006). Fir Ferredoxin konnte andererseits gezeigt werden, dass sowohl
Elektronentransfer als auch Cluster Stabilitdt in Cystein-austausch Varianten in reduziertem
Malle gegeben sind (Hurley et al., 1997). Die [FeS]-Cluster koordinierenden Cysteine der
kleinen Untereinheiten sind hoch-konserviert und konnen in den strukturell verwandten
Untereinheiten des Komplex I aus Mitochondrien identifiziert werden (Albracht, 1993).
Weiterhin war Instabilitdt der kleinen Untereinheiten, so dass diese immunologisch nicht
mehr nachweisbar waren, auch bei Abwesenheit der groBen Untereinheiten oder wenn diese
ungereift vorlagen, zu beobachten. Dieser rasche Abbau unterliegt einer strengen Kontrolle.
Da die kleinen Untereinheiten eine enge Kontaktfliche mit den groflen Untereinheiten haben
(Volbeda ef al., 1995) und bei Hyd-1 und Hyd-2 auch den Tat-vermittelten Membrantransport
koordinieren (Dubini & Sargent, 2003), miissen Assemblierung und Transport kontrolliert
werden. FEine Reihe von Chaperonen wie HyaE und HybE interagieren dafiir spezifisch mit
den Tat-Signalen der kleinen und auch mit den C-terminalen Peptiden der groflen
Untereinheiten (Dubini & Sargent, 2003). Es konnte hier gezeigt werden, dass ohne die
kleinen Untereinheiten HyaA, HybO oder HycG kein Elektronentransport vom aktiven
Zentrum moglich ist und deshalb keine Aktivitdt messbar war. Die Annahme, dass Elektronen
vom [NiFe]-Zentrum die kurze Distanz (= 14 A) zu einem artifiziellen Elektronenakzeptor
Benzylviologen oder zu einer Elektrode iberbriicken konnen, gilt fiir die [NiFe]-
Hydrogenasen aus E. coli nicht. Im Gegensatz dazu wird bei der monomeren C. reinhardtii
[FeFe]-Hydrogenase dies durch den unterschiedlichen Aufbau des Enzyms ermoglicht
(Silakov et al., 2009). Es besteht aus einem einzelnen Polypeptid in dem bereits eine
Elektronentransportkette durch [FeS]-Cluster vorhanden ist, wihrend bei den [NiFe]-
Hydrogenasen keine [FeS]-Cluster in der groBen Untereinheit zu finden sind. Dabei geht die
Funktion der kleinen Untereinheiten iiber bloBen Elektronentransport hinaus. Das
Redoxpotential der [FeS]-Cluster, insbesondere des proximalen, scheint in vivo die
Katalyserichtung oder zumindest die Richtung des Elektronentransportes zu bestimmen und

verleiht Schutz vor O, (Fritsch et al., 2011a).

Eine Inaktivierung von Hydrogenasen durch Sauerstoff ldsst sich mittels

Elektronenspinresonanz Spektroskopie (electron paramagnetic resonance, EPR) verfolgen,
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indem fiir das oxidierte Ni(III) Signale erscheinen, die unterschiedlich schnell reaktivierbar
sind (Armstrong & Albracht, 2005). Dabei wurden im sogenannten Ni-A (,,unready*‘) Zustand
ein Peroxid und im Ni-B (,,ready*) Zustand ein Hydroxo-Ligand im aktiven Zentrum
bestimmt, der bei Reaktivierung weiter zu Wasser reduziert wird (Fontecilla-Camps et al.,
2007). Daraus resultierend wurden zundchst bei den Os-toleranten Hydrogenasen
verschiedene Mechanismen vorgeschlagen. Ralstonia eutropha, ein Vertreter der sogenannten
Knallgasbakterien, nutzt Sauerstoff als terminalen Elektronenakzeptor (Pohlmann et al.,
2006). Dabei werden die Gene von drei [NiFe]-Hydrogenasen, eine membrangebundene
(MBH), eine 16sliche (SH), sowie eine regulatorische Hydrogenase (RH), exprimiert (Cramm,
2009), die einen besonderen Schutz gegeniiber O,-Inaktivierung aufweisen. Im Vergleich zum
Standard Ni-Fe(CN)2CO-Zentrum (Volbeda et al., 1996) wurden z.B. jeweils ein zuséatzlicher
Cyanidligand am Nickel und Eisenatom der SH postuliert (Happe et al., 2000), die jedoch bei
in situ Untersuchungen nicht bestétigt werden konnten (Horch ef al., 2010). Weiterhin wurde
eine Verengung des Gaskanals durch grole Aminosdureseitenketten an den Positionen 74
(Val) und 122 (Leu) der RH entdeckt (Liebgott et al., 2010). Zudem wird das besonders
positive Redoxpotential des proximalen [FeS]-Clusters der kleinen Untereinheit der MBH als
0,-Schutz beschrieben (Goris et al., 2011). Dieses proximale Cluster der MBH konnte durch
Strukturaufklarung als [4Fe-3S]-Cluster identifiziert werden, bei welchem zwei Cysteine
zusitzlich zu den vier iiblichen am [FeS]-Zentrum dazu dienen eines der Eisenatome zu
delokalisieren, wihrend das zweite die Koordination eines Schwefelatoms iibernimmt (Fritsch
et al., 2011a; 2011b; Shomura ef al., 2011). Durch das verdnderte Redoxpotential wird einen
reverser Elektronenfluss zum aktiven Zentrum ermoglicht, um dort Sauerstoffspezies zu
reduzieren (Fritsch et al., 2011b; Goris et al., 2011; Shomura et al., 2011). Die O,-tolerante
Hyd-1 von E. coli weist in der kleinen Untereinheit ebenfalls zusétzliche Cysteine am

proximalen [FeS]-Cluster auf, die eine Toleranz gegeniiber O, verleihen (Lukey ef al., 2011).

Es gibt fiir [FeS]-Cluster bisher nur drei in Mikroorganismen beschriebene universelle
Einbaumaschinerien mit anschlieBender Modifikation (Johnson, 1998; Shepard et al., 2011),
von denen das Suf und das Isc System in E. coli existieren (Abb. 7). Fiir das Suf System
konnte kein direkter Einfluss unter den hier verwendeten Bedingungen festgestellt werden.
Der Einfluss der gesamten Isc Maschinerie wird durch die Deletion des iscU Gens, dessen
Produkt die zentrale Isc Komponente darstellt (Abb. 7), sichtbar. In einem solchen Stamm
sind keine Aktivititen der [FeS]-Cluster haltigen Enzyme nachweisbar. Die beiden zur Isc

Maschinerie gehorenden Genprodukte von erpA und iscA haben unabhédngig voneinander
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Einfluss auf die Aktivitit der Hydrogenasen. In beiden Stimmen konnten keine Hyd-1 und
Hyd-2 Aktivitdten detektiert werden, wihrend in dem isc4 Stamm wenig und in dem erpA
Stamm keine FHL Aktivitit nachweisbar war. Von den durchgefiihrten in vivo Versuchen
kann jedoch nicht abgeleitet werden, ob beide Proteine konzertiert oder sukzessiv am Einbau
der [FeS]-Cluster der kleinen Untereinheiten beteiligt sind (Vinella et al., 2009). Ein Verlust
der Aktivitdt in diesen Mutanten geht stets mit Instabilitdt des zugehdrigen [FeS]-haltigen
Polypeptides einher. Also ist es die mangelnde Insertion des [FeS]-Clusters, welches die

kleinen Untereinheiten stabilisiert.

Wie die Differenzierung der Biosynthese von [4Fe-4S] und [3Fe-4S]-Clustern oder gar dem
neuartigen [4Fe-3S]-Cluster (Fritsch et al., 2011a; Shomura et al., 2011) erfolgt, ist
unbekannt und bedarf der Konstruktion [FeS]-modifizierter Modelluntereinheiten und
anschlieender in vitro Analyse. Wahrscheinlich existieren jedoch proteinspezifische
Chaperone, die den Einbau in die Zielproteine dirigieren. So konnte fiir die Genprodukte von
hupGHIJ aus Rhizobium leguminosarum gezeigt werden, dass sie spezifisch an der Reifung
der kleinen Untereineheiten beteiligt sind (Manyani et al., 2005). Ahnliche Proteine mit
Thioredoxin-dhnlichem Aufbau in E. coli sind HyaE, HyaF und HybE (Menon ef al., 1991,
1994), deren Interaktion mit den Tat-Signal enthaltenen Vorstufen, nicht jedoch mit den
gereiften kleinen Untereinheiten gezeigt werden konnte (Dubini & Sargent, 2003) und
deshalb fiir sie eine Funktion bei der Kofaktor-Insertion denkbar wiére. Es ist bekannt, dass im
FHL Komplex die Polypeptide HycB, F, G und FdhF ausschlieBlich [FeS]-Cluster des
[4Fe-4S]-Typs enthalten und eine gewisse Unabhdngigkeit von iscA existiert, was bedeuten
konnte, dass erpA diese [4Fe-4S]-Cluster bereitstellt. Die bei Hyd-1 und Hyd-2 bendtigte
[FeS]-Modifikation zum [3Fe-4S]-Cluster konnte von iscA ausgefiihrt werden.
Schlussfolgernd miissten in diesem Fall entweder funktionelle [FeS]-Cluster im FHL
Komplex einer isc4 Mutante vorhanden sein oder im Gegenzug eine Funktionalitdt der

einzelnen Proteine des FHL-Komplexes ohne ihre [FeS]-Cluster bewiesen werden.

Die Aktivitdatsdaten der [FeS]-Cluster Mutante isc4 belegten, dass unter Limitierung der
Insertionsmaschinerie fiir [FeS]-Cluster zundchst die Bereitstellung der [FeS]-Cluster des
FHL Komplexes sichergestellt werden. Unter nitratrespiratorischen Bedingungen kann
zwischen Fdh-N und Nar keine solche Priferenz festgestellt werden. Hier findet ohne eines
der beiden Enzyme keine Nitratatmung statt und es bringt keinen Vorteil Kofaktoren fiir eines

der beiden Enzyme vorrangig bereitzustellen. Ebenfalls war fiir Nar und Fdh-N eine
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vollstindige Abhéngigkeit von erpA und iscU zu beobachten, wihrend iscA die Aktivitdten
nicht vollstindig reduzierte. Es wurde frither bereits gezeigt, dass isc Deletionen die
Transkription vom narG Promotor durch Verringerung der Fnr Aktivitit senken, dabei zeigte
allerdings eine isc4 Mutante um 30 % verringerte narG Transkription und iscU knapp unter
50 % (Mettert et al., 2008). Deshalb beruht der hier gezeigte Phinotyp dieser Mutanten nicht
nur auf Reduktion der Transkription, sondern hauptséchlich auf Limitierung der Insertion der
[FeS]-Cluster in die kleinen Untereinheiten. Diese waren immunologisch in fnr, iscA, erpA
und iscU Stammen nicht detektierbar. Es sind demnach durch Deletion des Isc Systems nicht
nur einzelne, sondern allgemein [FeS]-abhingige Enzymaktivititen betroffen. Jedoch kann
Uberproduktion von iscA eine teilweise Komplementation eines erpA Phiinotyps bewirken,
was auf eine gewisse Unabhingigkeit beider Proteine hindeutet und Hinweise auf eine
Redundanz liefert. Sowohl die Hyd, als auch die Nar und Fdh Aktivitidten bieten sich zur
Untersuchung fiir [FeS]-Biosynthese an und erweitern das bisherige Methodenspektrum um
neue in vivo Enzymaktivititen (Ayala-Castro et al., 2008; Lill, 2009). Aus dem Vergleich zu
Fdh-N und Nar geht aullerdem hervor, dass die beobachteten Priferenzen der

Hydrogenaseenzyme im H»-Stoffwechsel der [FeS]-Mutanten spezifisch sind.

3.3 Fnr -Stamme haben nicht nur einen Hyd -Phiinotyp

Es ist bekannt, dass die Verfiigbarkeit von Metallen die Transkription beeinflusst. So konnte
fiir die Expression Fnr abhingiger Promotoren gezeigt werden, dass Eisen-Chelatoren die
DNA-Protein Komplexformation in vivo und in vitro hemmen, sich der Eisengehalt des Fnr
Proteins abhingig von Sauerstoff dndert und Eisen(Il) bevorzugt bei der Reaktivierung
verwendet wird (Green & Guest, 1993a; 1993b; Spiro et al., 1989). Der Einbau des
redoxaktiven [4Fe-4S]-Clusters wird dabei vom Isc System durchgefiihrt und Deletion der
Gene des isc Systems verringert Fnr Aktivitdt um 60 % (Mettert et al., 2008). Das enthaltene
[4Fe-4S]-Cluster ist sensitiv gegeniiber O, und dient der Fnr Aktivierung durch
Dimerisierung (Crack et al., 2008).

Ahnlich dem BL21(DE3) Stamm kam es auch bei K-12 Stimmen wiederholt zu spontanen firr
Deletionen, die jedoch insofern ungewohnlich sind, weil Zellen ohne Fnr eine Reihe von
Genen nicht mehr exprimieren kdnnen und man einen Wachstumsnachteil erwarten wiirde.
Das Phénomen der spontanen fnr Deletion ist unter E. coli Stimmen weit verbreitet und kann
in verschiedenen Auspriagungen beobachtet werden (Soupene et al., 2003). Im E. coli B-

Stamm BL21(DE3) ist die fiur Expression durch ein internes Stopp-Codon verhindert (Jeong
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et al., 2009) und im enteropathogenen Stamm O104:H4 durch eine Leserasterverschiebung
(Mellmann et al., 2011). Auch wurde 2003 zwischen zwei verschiedenen Derivaten des
Stammes MG1655 unterschieden, von denen eines (NCM3105) eine ausgedehnte Deletion
um das fnr Gen enthielt (vgl. Anhang 3) (Soupene et al., 2003). Diese Deletion erstreckt sich
von einer Rac-Prophagen Integrase bis zum IS5 Element zwischen ynal und ynaJ (Soupene et
al., 2003). In der vorliegenden Arbeit wurde eine als PB1000 bezeichnete Mutante isoliert,
bei der eine Deletion zwischen insH4 und fnr vorlag (vgl. Anhang 3). Die Eingrenzung der
Deletion erfolgte mittels Southern-Blot und spezifischen Sonden, deren Signale in PB1000
nicht detektierbar waren. Weitere fnr Mutanten von MC4100 mit identischen Deletionen
wurden wiederholt bei der Herstellung von unabhidngigen Mehrfachdeletionsmutanten nach
P1,;; Phagentransduktion isoliert, jedoch erst anschlieBend an die aerobe Konstruktion der
Stamme durch deren anaerobe Charakterisierung bemerkt. Auch die beschriebene Mutante
RM102 (Birkmann et al., 1987a), die zunichst mit einer Resistenz in finr isoliert worden war,
welche anschlieBend entfernt wurde, hat zwischen insH4 und fnr eine identische Gendeletion.
Eine fur Expressionsregulation erfolgt in MC4100 durch die Integration eines zusétzlichen
IS5 Elementes stromaufwérts von fnr, welches die Transkription des fnr Gens verringert und
einen fnr Phinotyp in einer 4fg Mutante in MC4100 vermittelt (Sawers, 2005¢). Das Protein
Hfq (host factor fir RNA-Phage Q) stabilisiert RNA-RNA Bindung und interagiert mit einer
Reihe von kurzen regulatorischen RNAs wie FnrS, RyhB und OxyS (Boysen et al., 2010;
Durand & Storz, 2010; Zhang et al., 1998). Dieses zusitzliche IS5 Element in MC4100
(Sawers, 2005c) erleichtert chromosomale Verdnderungen wie die Deletion des dazwischen
liegenden Bereiches und ist ein sogenannter hotspot fiir Mutationen (Naas et al., 1995).
Generell entstehen fortlaufend Mutationen und werden durch Néhrstoffmangel verstérkt,
dennoch scheint ausgerechnet eine fnr Deletion unter den hier verwendeten Bedingungen zu
schnellerem Wachstum und daraus resultierender Selektion unter Laborbedingungen zu
fiihren. So reguliert Fnr gemeinsam mit ArcA die Expression einer Reihe von Genen fiir die
aerobe Atmung wie Succinat-Dehydrogenase, NADH:Ubichinon Oxidoreduktase oder
Cytochrom bd-1 Oxidase, die bei einer fnr Deletion verstirkt exprimiert wiirden und das

aerobe Wachstum verbessern (Iuchi & Lin, 1991; Shalel-Levanon et al., 2005).

Der Hyd defiziente Phénotyp einer fnr Mutante wie BL21(DE3) lasst sich durch mangelnde
Nickel-Aufnahme und pfl Expression erkldren (Kaiser & Sawers, 1995; Sawers et al., 1985;
Wu et al., 1989). Die Transkriptionregulation der Gene des FHL Komplexes ist nicht direkt

Fnr abhéngig, denn Transkription in einer fnr Mutante kann durch Formiatzugabe initiiert
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werden (Birkmann et al., 1987b; Sawers et al., 1985). Die hier in einer fnr Mutante
beobachtete Umkehrung der pH Regulation konnte dennoch durch den verdnderten
Formiatmetabolismus hervorgerufen werden. Durch geringen pH werden unter Anaerobiose
viele der fiir Hyd Aktivitit benotigten Gene induziert, wihrend die fiir Fdh-O kodierenden
Gene bei pH Erhohung verstirkt exprimiert werden (Hayes et al., 2006). So kann Formiat bei
hohem pH weder aus der Zelle diffundieren (pKa 3,8) noch wird es transportiert, obwohl die
Kristallstruktur vom Formiattransporter FocA eine Strukturdnderung zur offenen Form bei
hohem pH zeigt (Lii ef al., 2011; Waight ef al., 2010). Das Metabolit hauft sich unter diesen
Bedingungen an und kann dadurch bei hohem pH die durch die fnr Mutation bedingte
fehlende Transkription der Gene fiir Hyd-1 und vom FHL Komplex initiieren (Rossmann et
al., 1991; Sawers & Boxer, 1986). Gleichzeitig gibt es keine Induktion der Expression der
Gene fiir die Formiat-verbrauchenden Fdh-N (Kang et al., 2005). Lediglich die Expression
des fdo Operons ist in einer fur Mutante nicht beeinflusst (Abaibou et al., 1995) und die fdo
Genprodukte (Fdh-O) besitzen eine zusitzliche H, abhdngige BV Reduktase Aktivitit.
Zusammen mit der fdo-Genexpression bei hohem pH, konnte das Enzym der Nutzung von H,
als Elektronendonor unter Hydrogenase-reprimierenden Bedingungen dienen. Ein direkter H,
Verbrauch durch die Fdh’s in einem Hyd-negativen Stamm konnte jedoch experimentell nicht
bestitigt werden (Daten nicht gezeigt). Lediglich eine alternative Atmungskette mit
Formiatoxidation durch die drei Fdh’s bei gleichzeitiger Nitrit Reduktion, wurde gezeigt

(Hussain et al., 1994).

Die Verkniipfung der Hydrogenasen mit anderen Enzymen des Stoffwechsels wird auerdem
durch Transkriptionsuntersuchungen (Daten nicht gezeigt) deutlich. Es werden in einer hypF
Mutante innerhalb der Saureregulation die Gene des FHL Komplexes und der Hyp
Reifungsproteine um ein Vielfaches hochreguliert, wihrend die Transkription H,-
oxidierender Enzyme (/#yaA) nicht einmal verdoppelt wird. Dieser Effekt ist groftenteils auf
die durch FHL Dysfunktion begriindete Acidifizierung und Formiatanhdufung
zuriickzufithren und kann anhand der verstdrkten Expression von gadB verfolgt werden
(Castanie-Cornet ef al., 1999). Weiterhin wurden die Gene der Enzyme des Komplex I der
Atmungskette, wie auch die fdn-Gene verstirkt exprimiert. Im Allgemeinen wird die
Expression der Gene fiir Enzyme alternativer Atmungsketten zwar reguliert, jedoch ist stets
basale Expression vorhanden, um schnell auf wechselnde Umweltbedingungen reagieren zu
konnen (Cole, 1996). So wird bei Wachstum in Anwesenheit alternativer

Elektronenakzeptoren die Hydrogenaseaktivitit deutlich reduziert (Yamamoto & Ishimoto,
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1978). Aber auch bei fermentierenden Zellen stoppte die Hj-Produktion sofort wenn
Dimethylsulfoxid (DMSO) oder Nitrat zugegeben wurden (Daten nicht gezeigt). DMSO und
Nitrat regulieren demnach nicht nur die Expression der Gene des H,-Metabolismus (Richard
et al., 1999), sondern auch den Elektronenfluss innerhalb der Zelle, weil die Reduktion von
DMSO (E” +160 mV) und Nitrat (E” +420 mV) mehr Energie konserviert als Fermentation
(Thauer et al., 1977; Unden & Bongaerts, 1997). Dabei ist Hyd-2 durch sein Redoxpotential
theoretisch ebenfalls in der Lage Elektronen von H, auf DMSO, Trimethylamin-N-oxid oder
Fumarat zu tlibertragen (Laurinavichene et al., 2002; Lukey et al., 2010) und dient damit als
respiratorische Hydrogenase (Sawers et al., 1985). Zwar wird durch H,-Oxidation nicht direkt
Energie konserviert, aber zumindest Wachstum auf Malat und Fumarat mit H, als

Elektronendonor ist ohne Hyd-2 nicht méglich (Dubini ef al., 2002).

3.4 FHL im Formiatkonzept

Es stellt sich die Frage warum unter den oben beschriebenen Bedingungen des Fe-Mangels
und der Limitierung der [FeS]-Maschinerie die nur drei bis vier Proteinkomponenten
umfassenden Hyd-1 und Hyd-2 nicht funktionstiichtig sind, wéhrend gleichzeitig der 7
Proteinkomponenten umfassende FHL Komplex synthetisiert wird? Die Untersuchung des
Stammes BL21(DE3) machte deutlich, dass wesentlich mehr zusétzliche Reifungsproteine fiir
die ko-translationelle Insertion des Selenocysteins und die Bereitstellung des Molybdopterin-
kofaktors der Fdh-H Komponente bendtigt werden als fiir die Hy-oxidierenden Enzyme und
dementsprechend die Regulation differenzierter ist (Hopper et al., 1994; Rossmann et al.,
1991; Self et al., 1999). Der FHL Komplex war ohne die Fdh-H Komponente nicht
funktionell und selbst die Hyd-3 Aktivitit war in Abwesenheit des Fdh-H Enzyms nicht
detektierbar. Es scheint eine enge Verbindung vom H,-Stoffwechsel zu Fdh’s zu geben, der
iber die Assoziation von Fdh-H im FHL Komplex hinausgeht. So konnte durch
Massenspektrometrie Analysen festgestellt werden, dass das unprozessierte Polypeptid der
Hyd-3 grolen Untereinheit mit Fdh-O und Fdh-N Polypeptiden assoziiert vorliegt. Die
Verlidsslichkeit dieser Daten zeigt sich durch die gleichzeitige Identifikation des SlyD
Polypeptides, welches als Interaktionspartner der grofen Untereinheit beschrieben wurde
(Chan Chung & Zamble, 2011a; 2011b). Die gleichzeitig mit SlyD stattfindende Interaktion
des HypA-HycE Komplexes zur Nickel-Insertion findet nur statt, wenn HypD und HypC
vorhanden sind (Chan Chung & Zamble, 2011a), was den immunologischen Nachweis der
Hyp Proteine bestitigt, die jedoch wegen ihrer geringen Abundanz durch MS nicht

identifiziert werden konnten. Der FHL Komplex dissimiliert Formiat und konkurriert
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theoretisch mit Fdh-O und Fdh-N um Formiat, was nur durch deren diametrale
Membranlokalisation verhindert wird. Die periplasmatische Assoziation der Fdh’s mit HycE
stellt wahrscheinlich keinen enzymatisch aktiven Komplex dar, konnte aber der Stabilisierung
der jeweiligen Polypeptide dienlich sein oder, wenn auch abwegig, eine Vorstufe wie HCOs’
oder Formiat fiir den CO-Liganden des aktiven Zentrums liefern. Fiir eine mogliche
Involvierung der Fdh’s in den CO-Stoffwechsel spricht die Reduktion der Transkription der
fdo-Gene um 50 % unter anaeroben Bedingungen, wenn CO freisetzende Substanzen im

Medium enthalten waren (Davidge et al., 2009).

Es konnte der Anteil der H-oxidierenden Hydrogenasen am H,-Metabolismus wéhrend der
Fermentation bestimmt und eine Reoxidation von ca. 50 % des gebildeten H, gemessen
werden. Damit scheint anders als bei den Cyanobakterien der FHL Komplex unter den
gewahlten Anzuchtbedingungen mehr H, zu produzieren als in der gleichen Kultur wieder
oxidiert werden kann. Dementsprechend ist E. coli in Mischkulturen im Darm ein H,-Donor
fiir den Interspezies-Wasserstoff Transfer. Derartige Syntrophie wird als Anlass fiir die
Bildung der eukaryontischen Zelle vorgeschlagen (Martin & Miiller, 1998) und ist bei den
beiden Archaea Ignicoccus hospitalis und Nanoarchaeum equitans gut charakterisiert worden

(Podar et al., 2008).

3.5 Ausblick zur technischen Verwendbarkeit

Fiir die zukiinftige Nutzung von Hydrogenasen bei der biotechnologischen Produktion von H,
miissen noch Hiirden genommen werden (Kim & Kim, 2011). So steht fiir die Entwicklung
eines in vitro Systems von [NiFe]-Hydrogenasen noch die endgiiltige Identifizierung der
Quelle fiir den CO Liganden aus (Biirstel ef al., 2011). Die rekombinante Reinigung des
labilen FHL-Komplexes macht durch verbesserte Affinititschromatographie Fortschritte
(Sawers et al., 1985), ist jedoch noch weit von einer effizienten Produktion entfernt. Bei den
[FeFe]-Hydrogenasen ist die Biosynthese des aktiven Zentrums zwar weitestgehend gekléart
(Mulder et al., 2011) und die katalytischen Eigenschaften sprechen fiir das Enzym,
demgegeniiber stellt aber die O,-Sensitivitit eine Herausforderung dar. Ebenso miissen fiir die
fermentative Photoevolution bei Cyanobakterien metabolische Abldufe geklirt werden (Oh et
al., 2011). Die Entwicklung von synthetischen Modellen des aktiven Zentrums ohne Protein
hat in den letzten Jahren groBle Fortschritte gemacht (Carroll ef al., 2011; Rauchfuss, 2007).
Dieser chemische Ansatz H, zu produzieren ist vielversprechend, muss aber, um erfolgreich

zu sein, weiterhin an den biologischen Vorbildern orientiert werden (Tard et al., 2005).
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4. Zusammenfassung

Im Rahmen dieser Arbeit wurde der Einfluss der Eisenhomdostase auf die Regulation und
Aktivitdt der [NiFe]-Hydrogenasen aus E. coli untersucht. Es konnten neue Erkenntnisse zur
Praferenz des aufgenommenen FEisens und zur differenziellen Regulation der einzelnen

Hydrogenasen gewonnen werden.

So beeinflusst die Deletion des Gens fiir den Fur Eisenaufnahme-Regulator die Aktivitit der
Hj-oxidierenden Hydrogenasen negativ und senkt die Transkription der Gene des FHL
Komplexes. Aber auch die Eisen(Il)-Aufnahme durch den FeoABC-Transporter ist wichtig
fiir die Aktivititen der H-oxidierenden Enzyme. Gemeinsam mit entC wird die Haupt-
Eisenquelle fiir das aktive Zentrum der Hydrogenasen sichergestellt. Unter Metall-
Limitierung wird bis zuletzt die FHL Aktivitét aufrechterhalten, um der Anhaufung toxischer

Metabolite wie Formiat entgegenzuwirken.

In Hydrogenasen wird Eisen fiir das aktive Zentrum und die [FeS]-Cluster der kleinen
Untereinheiten bendtigt. Ohne die kleinen Untereinheiten kann keine Hydrogenaseaktivitdt in
Extrakten nachgewiesen werden. Die [FeS]-Cluster werden dabei vom Isc (iron sulfur cluster)
System geliefert, wobei die Trafficking Proteine IscA und ErpA fiir die H,-oxiderenden
Hydrogenasen essentiell sind, wihrend fiir FHL Aktivitat hauptsidchlich ErpA benotigt wird
und Effekte einer iscA Mutante partiell sind. Die Polypeptide der kleinen Untereinheiten
waren immunologisch nicht mehr nachweisbar. Ein &dhnlicher Phénotyp konnte auch in
respiratorischen Enzymen wie Nitratreduktase und Fdh-N beobachtet werden. Die kleinen
Untereinheiten waren nicht mehr nachweisbar und die groflen Untereinheiten zeigten keine

Aktivitdt in Isc” Mutanten. Auch hier war die Abhédngigkeit von IscA nicht vollstindig.

Ohne Hydrogenasen werden Fdh-O und Fdh-N verstéirkt exprimiert. Diese lassen sich in der
Aktivitatsfarbung mit einer Nebenaktivitit als H, abhidngige BV Reduktion sichtbar machen.
Alternative respiratorische Enzyme werden im Zuge einer allgemeinen priventiven

Stoffwechselumstellung exprimiert, um metabolisch auf Verdnderungen reagieren zu konnen.

Der Stamm BL21(DE3) besitzt keine H,-oxidierenden Hydrogeaseaktivititen solange kein
Nickel ins Medium gegeben wird. Fiir FHL Aktivitit mussten zusitzlich Formiat und
Molybdat zugegeben werden. Dies liegt darin begriindet, dass BL21(DE3) eine fnr und
modA-E Mutante ist, die keine Fnr abhéngige Nickelaufnahme und keine ModABC abhéngige
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Molybdatautnahme mehr ausfiihren kann. Die Aufkldrung des Hydrogenase-negativen
Phinotyps in BL21(DE3) macht deutlich, dass bei Reinigung von Metalloproteinen die

Physiologie des Stammes beachtet werden sollte.
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Anhang
Anhang 1 Zusiitzliches Onlinematerial zu Artikel 2.3

MC4100 PMO6 (feoB")

pECD1079 (feoB*) _pFEO (feoABC*) pECD1079 (feoB*) _pFEO (feoABC")

Q2 02 O _+0z -0z 40z Q2 _+0:
AHT -+ - a

—100

a\g L
.!n‘ ; — 70

25

— 15

Abbildung S1: Plasmidkodierte FeoB Synthese in MC4100 und PMO06 (feoB::TnJ5). Weitere Erlduterungen siehe Artikel 2.3.

Anhang 2 Zusitzliches Onlinematerial zu Artikel 2.5

JW3441  JW2444 JW3445 JW2961 JW5493 MC4100

__nikA _ nikD _ nikE _hybD _hybF  wild typ 'e
ANlpIANlpIANlpIANlpIANlpI Ni

™ -P‘ ! ;"" Hyd-2

e = - seapes W - Hyd-1

*

Abbildung S1: Partielle Komplementation von Nickel-Transport und Hydrogenase-Reifungs defizienter Mutanten.

Weitere Erklarungen siehe Artikel.
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Tabelle S1: Aminosdureaustausche von BL21(DE3) Genprodukten mit einer Funktion im Wasserstoff-Metabolismus im

Vergleich zu MG1655.

Protein

Amino acid exchanges

AckA, AdhE, ArcA, CarA, ErpA, FhlA, HyaA-F, HybA-E,
HybG, HybO, HycE, HycH, Hycl, HypA-E, HydN, ThfA, ThfB,
IscA, IscR, NarL, NikB, NikC, NikR, PfIAB, PTA, SelA, selC
(tRNA5*), FdoGHI

CarB (carbamoyl phosphate synthetase)

FdhH (fdhF — formate dehydrogenase H)

FNR (transcriptional dual regulator)

HybD (maturation peptidase for Hyd 2)

HybF (maturation of Hyd 1 and 2)

HycA (regulator of the transcriptional regulator FhlA)

HycB (Fe-S subunit of the FHL complex)

HycC (membrane subunit of the FHL complex)

HycD (membrane subunit of the FHL complex)

HycF (Fe-S subunit of the FHL complex)

HycG (small subunit of Hyd-3)

HypF (Hyd maturation protein)

NikA (periplasmic binding protein of the nickel ABC
transporter)

NikD (ATP-binding component of the nickel ABC transporter)
NikE (ATP-binding component of the nickel ABC transporter)
SelB (Elongation factor for selenocysteine insertion)

SelD (Selenophosphate synthase)

Proteins of hydrogenase 4 operon, usually not synthesized
under the conditions tested*

Molybdopterin cofactor biosynthesis

ModE; ModF; ModA, ModB, ModC (Molybdate transport)

FdhD (Formate-dehydrogenase N accessory protein)
FdhE (Formate dehydrogenase accessory protein)
Formate dehydrogenase N

Nitrate reductase

RpoN (sigma 54 factor, subunit of RNA polymerase)

None

D434E/D487E
P5S51L
Q141Stop
A70T

Loll

T1321

A138T
V280M
146M/I147F
H74R

L175Q
R51L/Y62H/K214N/D258E/S565P
E191A/S330R

D216Q
16V/S7C/N19S/A65S/E238D/T265S
M1541/N232H/A316V/F414S

E197D
FocB T75A,; HyfA
DI121N/A126V/P127L/T128P; HyfB

P66T/I398L/N508D/A512V/Q528R/G571S/
A616V; HyfC frameshift at position 289
within gene; HyfD signal peptide altered;
HyfE none; HyfF none; HyfG none; HyfH
A45-/C46-
/G73R/P126Q/1130V/A134T/1167L/L174P;
Hyfl] AI137T; Hyfl R24Q/V691; HyfR
S114P/V177A/C221N/ E225D

MoaA R61S/S111IN

MoaB R22C

MoaC none

MoaD M35L

MoaE N48K/A102E

MobA VIM

MobB none

MogA E150A

MoeA G107V/M120T/A128V/E394D

MoeB 136V/T95A/M211L

Corresponding genes absent from the genome
of BL21(DE3)

D152V

D259G

FdnG L342F/ S666A

FdnH S249A

Fdnl none

NarG Q1083P

NarH D298E

Narl P36S/ T52A/ A122S/ L157M
E150D/1165M
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Tabelle S2: Phinotypische Analyse verschiedener BL21(DE3)-Abkommlinge in Bezug auf Wasserstoff-Metabolismus.

Strain/Growth Specific hydrogenase Qualitative H, Hyd-1 and Hyd-2 activity

condition' activity in U mg protein™ £ production’ after activity staining of
SD native PAGE

Rosetta(DE3) pLysS < 0.01 (<0.01) -(-) -(-)

Rosetta(DE3) 0.07+0.02 (2.51 £ 1.17) -(+) +(+)

pLysS/pCH21

C41(DE3) <0.01 (<0.01) () ()

C41(DE3)/pCH21 0.08 £ 0.03 (3.37 £ 0.44) -(+) +(+)

Anhang 3: Charakterisierung von frnr-Gendeletionen

A

1

204 18,216

384 33,396 34,408

15,180 16,192
MG1655 > ynal [insH

19,228 26,088 25,300 26,312 27,324 28,336 29,388 30,360 31,372 32,
X @QE X abaB abaA [y X ydam ydaN_ > | [dbpA ><{ttcA K inR K
[Deletion ]

MC4100 - ﬁ'.
ynal | [insH uspE_] [insH
Pudll 1 EX 1
BamH! | 1
[PBI000 Deletion ]
Pwull BamHI
8 g8 8 8
s 3 3§ = DNA MW VI
o o Q fia]
Sonde = o = o DIG-labeled
-y nal 12799 bp
-
w 1953 by
1882 bz
1515 bp
1482 bp
ynaJ ass0 00
+| 3639 6p
o | 2799bp
2
fnr
8576 bp
7427 bp
6106 bp
4899 bp
P +| 3639 bp
2799 bp

X abaB laqu ] @baR X [y X ydaM ] [ydaN [dbpA tteA K IntR K
11 1 |

fnrS - small RNA

Kartierung der fnr Deletionen in MG1655 (oben) und MC4100
(unten) Derivaten. A: MC4100 unterscheidet sich durch ein
zusitzliches insH Element stromaufwérts von fur (griin), welches
beschrieben wurde (Sawers, 2005c). Die Deletionen in MG1655
(Stamm NCM3105) und PB1000 sind durch orange Balken
angedeutet. Die Lage der regulatorischen RNA fnrS und des fur
Gens sind rot gekennzeichnet. Erstellung der Abbildung erfolgte
mittels Geneious 3.6.1. B: Kartierung der PB1000 Deletion erfolgte
mittels Southern Blot mit Sonden u.a. in ynal, ynaJ, uspE, for und
ogt. Dargestellt sind die Autoradiogramme von Sonden, die in den
Genen ynal (Ladekontrolle), ynaJ und fir binden nach Verdau von 1
ug genomischer DNA von MC4100 und PB1000 mit Pvull und
BamHI und Auftrennung in 1 % (w/v) Agarosegel. Die
vorhergesagten Schnittstellen sind als blaue Balken in A dargestellt.
Detektion erfolgte mittels Alkalischer Phosphatase gekoppeltem
Anti-Dig Antikdrper und den Nachweisreagenz CDP-Star (Roche).
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