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VORWORT

Vorwort

Die Menschheit steht vor vielen Herausforderungen, um sich eine komfortable Zukunft
mit den jetzigen Lebensstandards zu sichern. Neben Uberalterung, Krankheiten und
Pandemien ist eines der grof3ten hausgemachten Probleme der Erdbevodlkerung der
Klimawandel. Durch Gbermafigen Ausstold von Kohlenstoffdioxid (CO2) hat sich das
Klima in einem Malde erwarmt, dass ein anthropogener Einfluss nicht mehr bestreitbar
ist und zu Recht fordern daher junge Generationen ein rasches Umdenken in Bezug
auf Verbrennungsmotoren, Konsumverhalten und Nachhaltigkeit.

Mit ihrer Forschung versuchen Wissenschaftler weltweit einen Beitrag zu leisten, um
Alternativen zu ergrunden, die diese Probleme adressieren. Eine Trennung der
Wissenschaft von politischen Zielen ist dabei weder winschenswert noch 6konomisch
erstrebenswert. Eine Losung der politisch angestrebten Energiewende stellt die
Nutzung von molekularem Wasserstoff (H2) als alternative Energiequelle dar. H2 kann
mit Sauerstoff unter Ziindung in der Knallgasreaktion Energie von 289,5 kJ mol-'/141,8
MJ kg™ freisetzen, wobei diese Energie alternativ mit Hilfe einer Brennstoffzelle in
Elektrizitdt umgewandelt werden kann (Abbildung 1). Um die Nachhaltigkeit zu
garantieren, muss der dafur benotigte H> aus erneuerbaren statt wie im Moment aus
fossilen Rohstoffen hergestellt werden. Fur ,grinen“ H: existiert die aktuell im
Labormal3stab angewandte Elektrolyse, wenn der Strom aus Okologisch sinnvollen
erneuerbaren Quellen wie Sonnen-, Wind- oder Gezeitenkraftwerken stammt.
Zusatzlich kann COz-neutraler ,blauer Hz aus fossilen Quellen durch Abscheidung
und Speicherung von CO2 gewonnen werden (Referenz: BMBF). Ein Bedarf von 45
Millionen Tonnen Hz wird fur Deutschland bis 2050 erwartet.

Abbildung 1: Modell-Wasserstoff Brennstoffzelle fiir den Antrieb eines Spielzeugautos
(Cornelsen Experimenta Set Energieumwandlung 3) und dessen Anwendung bei der langen Nacht der
Wissenschaften 2018 (Foto: Constanze Pinske und Maike Glockner).
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Der Wechsel zu H> als Energietrager wird jedoch nur dann stattfinden, wenn
Verfugbarkeit verbunden mit Erzeugung und Lagerung sowie der damit
einhergehenden Technik Okonomisch vertretbar werden. Die grof’e Vision von
Wissenschaftlern, die an Hydrogenasen forschen, ist es daher, eine enzymatische
Version der Biokatalysatoren bereitzustellen, die stabil und langfristig H> erzeugt und
somit wirtschaftlich konkurrenzfahig ist. Man stelle sich vor, dass jeder Haushalt
seinen Abfall in einen kleinen Fermenter wirft und durch Kopplung an eine
Brennstoffzelle eigenen, sonnenunabhangigen Strom generiert. Hilfreich hierbei
konnten Bakterien sein, die in der Lage sind Kohlenhydrate zu zersetzen und deren

Endprodukt Hz fir uns nutzbar gemacht werden konnte.

Mikrobiologie ist die Wissenschaft der Bakterien und der Sinn dieser Forschung liegt
auf der Hand: Wir nutzen Mikroben fur unsere Zwecke, obwohl sie gleichzeitig unsere
Feinde sind. Schon Louis Pasteur hielt fest, dass ein Leben ohne Mikroorganismen
nicht lange moglich ware (Gilbert & Neufeld, 2014). Damit beschrieb er auf einfache
Weise die Symbiose mit Mikroorganismen zum Zweck der Bereitstellung von
Nahrstoffen fur Organismen. Dies ist in unserer Hygienegesellschaft jedoch in
Vergessenheit geraten und den meisten Menschen bereitet der Gedanke an
unsichtbare kleine Mitbewohner eher Unbehagen. Tatsachlich listet die
Weltgesundheitsorganisation  (WHO) die  zunehmende  Resistenz  von
Mikroorganismen als Gefahr fur die Gesundheit und damit als neue Herausforderung,
der wir uns stellen mussen. Mikroorganismen, die friher leicht mit Antibiotika bekampft
werden konnten, sind aufgrund des umfangreichen Gebrauchs dieser
Medikamentenklasse und der dauerhaften Verbreitung in unserer umgebenden
Umwelt resistent geworden. Antibiotika sind nicht nur in der Apotheke zu finden,
sondern mittlerweile auch in unseren Abwassern, in unserem Nutzvieh und im Boden
und somit letztendlich in unserer Nahrung. Dadurch kdnnen Mikroorganismen durch
horizontalen Gentransfer Resistenzen gegen Antibiotika erwerben und weitergeben.
Wenn diese ,aufgerusteten® Bakterien eine Infektion verursachen, sind dringend
alternative Medikamente mit neuen Wirkmechanismen erforderlich. Demgegenuber
steht, dass die Forschung nach neuartigen antimikrobiellen Wirkstoffen in den letzten
Jahrzehnten aufgrund hoher Forschungsinvestitionen und niedriger Margen ins
Stocken geraten ist. Stattdessen verlagert sich der Schwerpunkt der aktuellen
Forschung auf alternative Strategien wie Phagentherapie oder den Einsatz von Nutz-
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Mikroben, die ihre Feinde mit hochspezifischen Verbindungen, die auf bestimmte

Bakterienmerkmale abzielen, abtoten konnen.

Eine der Eigenschaften, die es Bakterien ermdglicht wahrend des Infektionsprozesses
erfolgreich zu gedeihen, ist ihr spezifischer Stoffwechsel und die Fahigkeit im Wirt
vorhandene Substanzen fur ihr eigenes Wachstum zu nutzen. Das Verstandnis der
Grundprinzipien des Metabolismus und insbesondere der detaillierten Unterschiede
zwischen Prokaryoten und Eukaryoten ist die Grundlage fur die Entwicklung von
hochspezifischen und innovativen Arzneimitteln, die auf diese physiologischen
Prozesse abzielen und Bakterien bekampfen. Meine Forschung wird somit
moglicherweise ein Puzzlestick innerhalb dieser beiden Zukunftsszenarios,
Energiewende und alternative Medikamente, beisteuern und damit einen Beitrag fur
eine lebenswerte Zukunft der Menschheit schaffen.

Vorbemerkung

Fur die Darstellung der hier vorliegenden Forschungsergebnisse wurde die kumulative
Form der Habilitationsschrift gewahlt. Die ausgewahlten Veroffentlichungen sind als
Anlage in der Druckfassung beigefugt und enthalten die experimentellen Daten sowie
eine ausfuhrliche Diskussion der entsprechenden Ergebnisse. In dieser Arbeit
wurden, unter Verweis auf die jeweiligen relevanten Publikationen, die wesentlichen
Aspekte kurz dargestellt und diskutiert. FUr gegebenenfalls vorhandene Supporting
Information zu den entsprechenden Publikationen sei auf die Online-

Veroffentlichungen verwiesen.

Halle, den 24.12.2020

Dr. Constanze Pinske
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EINLEITUNG

Einleitung

Die Lebensenergie wird auf Sanskrit Prana genannt. Der aus dem esoterischen
Kontext entlehnte Begriff beschreibt, wie wir Kraft in uns finden konnen. Abseits von
dieser eher philosophischen Bedeutung gibt es in jeder lebenden Zelle eine messbare
Energie. Diese besteht darin, dass das Innere der Zelle von der duf3eren Umgebung
durch eine Membran abgetrennt ist, welche sich wie ein Kondensator verhalt der
Energie speichert. Die Grundeigenschaft dieser Membran ist die raumliche Trennung
von Stoffen, insbesondere lonen des Zellinneren vom -aul3eren. Das Leben basiert
darauf, diesen lonengradienten an der Membran aufrecht zu erhalten und dieses
Potenzial bei Bedarf in nutzbare Energie umzuwandeln. Nach z. B. einem
Herzstillstand tritt durch Energiemangel bedingt innerhalb kirzester Zeit ein
Zusammenbruch des Gradienten bei Nervenzellen ein und eine wellenartige
Depolarisation breitet sich im Gehirn aus, welche im Falle einer Wiederbelebung sogar
Nahtoderfahrungen erklaren konnte aber ansonsten den Tod einleitet (Dreier ef al,
2018). Ein Uberschuss von Kationen wird an der AuBenseite generiert, was letztlich
das Membranpotenzial durch die Separierung von Ladungen bildet. Zusatzlich zu
dieser Ladungstrennung wirkt ein pH-Gradient an der Membran, bei dem Aul3en ein
Protonenuberschuss aufgebaut wird, wahrend im Cytoplasma in der Regel ein
annahernd neutraler pH-Wert vorliegt. Diese beiden Komponenten ergeben
zusammen die protonenmotorische Kraft (omf — proton motive force), die durch
den reduktiven Teil des Stoffwechsels etabliert wird; wobei bei einigen Organismen
ein Natrium-lonen (Na*) Gradient (sodium motive force) den pH-Gradienten ersetzt.

1. Atmung
Der Energiestoffwechsel besteht grundsatzlich darin, dass

Reduktionsaquivalente/Elektronen entsorgt werden missen. Bei der Atmung werden
diese Elektronen Uber eine Elektronentransportkette auf externe Elektronen-
akzeptoren ubertragen. Wenn der externe Elektronenakzeptor Sauerstoff ist und zu
Wasser reduziert wird, wie es bei der Atmungskette in Mitochondrien stattfindet,
handelt es sich um eine aerobe Atmung. Im Gegensatz dazu ist eine Atmung anaerob,
wenn andere externe Elektronenakzeptoren als Sauerstoff reduziert werden. Dabei
werden Verbindungen mit niedrigem Standard-Redoxpotenzial (E®), welche als
Elektronendonatoren dienen, mit solchen mit hoheren Redoxpotenzialen, die als
Elektronenakzeptoren dienen, miteinander kombiniert (Thauer et al, 1977).
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Die am Elektronentransfer beteiligten Enzymkomplexe konnen Uber verschiedene
Mechanismen wahrend der Redoxreaktion Protonen uber die Membran translozieren
und den Gradienten generieren, der wiederum das Leben der Zelle ermdglicht und sie
wachsen lasst. Dieses Grundprinzip gilt fur alle Lebewesen und wurde urspringlich
von Peter Mitchell in den 60er-Jahren formuliert (Mitchell, 1961). Energie fur die Zelle
bedeutet in diesem Zusammenhang die Synthese von ATP (Adenosintriphosphat),
welches fur chemische Reaktionen bendtigt wird. Der Membrangradient wird daftir von
membranstandigen ATPasen genutzt und durch mechanische Rotation die Energie
des Gradienten an die Biosynthese von ATP aus ADP (Adenosindiphosphat) und
Phosphat gekoppelt (chemiosmotische Kopplung). Ein Teil der Energie wird dabei in
Warme umgewandelt. Man geht davon aus, dass Energiekonservierung in
chemotrophen Organismen ausschlieRlich Uber diese Art von Reaktionen stattfindet.
Neben der Synthese von ATP wird der Membrangradient zum Transport von

Molekulen tUber die Membran oder die Rotation der (Bakterien-) Flagellen genutzt.

2. Fermentation

Bakterielle Fermentationen gelten als Ausnahme zu dieser Generalisierung, denn dort
fehlt eine Elektronentransportkette und ATP wird Uber einen zweiten Mechanismus
hergestellt: der Substratkettenphosphorylierung (Herrmann et al, 2008). Diese Art
der chemischen Reaktion nutzt energiereiche chemische Verbindungen, um
Phosphatgruppen auf das energiearmere ADP zu Ubertragen. Typische Reaktionen
sind solche der 3-Phosphoglycerat-Kinase, der Pyruvat-Kinase und der Acetat-
Kinase, wie in Abbildung 2 dargestellt. Erstere Reaktionen sind Teil des weit-
verbreiteten Stoffwechselweges der Glykolyse (Embden-Meyerhof-Parnas-Weg) und
des Entner-Doudoroff-Weges, wahrend die Reaktion der Acetat-Kinase direkt fur die
Bildung des Garungsproduktes Acetat verantwortlich ist (Fuchs, 2017). Der hier
ebenfalls benodtigte Membrangradient wird umgekehrt unter Hydrolyse von ATP durch
eine andere Sorte von ATPasen (P-Typ-ATPasen) etabliert. Wahrend manche
Bakterien obligate Fermentierer sind (Clostridium spec., Milchsaurebakterien) nutzen
andere fakultative Anaerobier (Enterobacteriacea) diesen Mechanismus nur unter
bestimmten anaeroben Bedingungen, wenn keine externen Elektronenakzeptoren
verfugbar sind. Allerdings zeichnet sich inzwischen ab, dass dieses Konzept nur
vordergrundig zutrifft. Es gibt vielmehr eine Reihe von Vorgangen, die auch wahrend
der Fermentation dazu beitragen, dass Protonen aus der Zelle transportiert werden.
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Dies sind z. B. Reaktionen von Enzymen (z. B. Hydrogenase 2, Kapitel I) oder Export

von Reaktionsprodukten mit Protonensymport (Konings, 2002).

-0
(0] (0}
= =
3-Phosphoglycerat-
Kinase
HC—OH —>—=3> HE—OH AG" -51,9 ki molt
ADP ATP
H,C P H,C—P
1,3-Bisphosphoglycerat 3-Phosphoglycerat
-0 -0
(0] (0]
= Pyruvat-Kinase =
C—p - ~ ¢—o AGY -66,3 kl mol?
“ ADP ATP |
CH, CHa
Phosphoenolpyruvat Pyruvat
/P Acetat-Kinase /O -
H,C—CH, -~ = HaC—C AGY -44,8 kl mol?
ADP  ATP A
Acetylphosphat Acetat

Abbildung 2: Reaktionen, die der Substratkettenphosphorylierung dienen.

3. Wasserstoff-Stoffwechsel

Molekularer Wasserstoff (H2) kann sowohl zur Energiekonservierung wahrend der
Fermentation als auch der Atmung verwendet werden. Dabei nutzen Mikroorganismen
H. entweder als energiereiche Verbindung (E* = -414 mV) mit Hz-oxidierenden
Enzymen als Elektronendonator, um externe Elektronenakzeptoren wahrend der
anaeroben Atmung zu reduzieren. Oder Mikroorganismen entsorgen uberschussige
Elektronen auf Protonen indem sie Hz produzieren, wenn wahrend der Fermentation
keine externen Elektronenakzeptoren verfugbar sind. Fir diese verschiedenen
Stoffwechselprozesse kdnnen Mikroorganismen verschiedene Hydrogenasen (Hyd)
synthetisieren, die ihnen breite metabolische Flexibilitat verleihen (Greening ef al,
2016).

Die atmospharische Konzentration von Hz betragt 0,53 ppm (parts per million) aber
Organismen in dem Boden sind in der Lage, diese geringen Konzentrationen direkt zu
verwenden (Bay ef al, 2021). Dazu gehdren Aktinobakterien wie Mycobacterium
smegmatis und Knallgasbakterien wie Cupriavidus necator (Greening et al, 2014;
Schafer et al, 2013). Deren Hydrogenasen besitzen besonders hohe Hz-Affinitat und
koppeln Hz Oxidation mit O2-Reduktion. Diese aerobe Atmung dient der
Aufrechterhaltung der pmf, welche jedoch nicht gentigend Energie fur das Wachstum
liefert. H2 wird in grof3eren Mengen durch bakterielle und vulkanische Tatigkeiten im
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Boden und an Orten, wo Biomasse zersetzt wird, freigesetzt und vor Ort auch ebenso
schnell wiederverwendet (Abbildung 3). Neben abiotischen Prozessen und Bildung
durch menschliche Aktivitdt werden jedes Jahr 0,3 Gt (Gigatonnen) H: durch
bakterielle Fermentation gebildet. Die anschlieBende Acetogenese oder
Methanogenese waren ohne fermentativen Hz nicht durchfuhrbar und damit ware auch
die Umsetzung von Kohlenstoff als Kreislauf unterbrochen (Thauer, 2011). Diese
beiden Prozesse sind eine CO2-Atmung, bei der H> als Reduktionsmittel dient
(Abbildung 3). Durch Interspezies-Wasserstofftransfer ~ sorgen  diese
Stoffwechselwege fur den Verbrauch von H2 aus Fermentationen, halten den H»-
Partialdruck gering (<100 Pa) und ermdglichen damit Zersetzungsprozesse, bei denen
H2-Akkumulation energetisch ungunstig waren (Thauer, 2011). Die Acetogenese nutzt
den reduktiven Acetyl-CoA-Weg (Wood-Ljungdahl-Weg) und verwendet CO: fir die
Umsetzung zu Essigsaure. Bei der Methanogenese ist das Endprodukt Methan. Das
Schlusselenzym beider Wege ist das Nickel-Enzym Kohlenmonoxid-Dehydrogenase
(CODH) /Acetyl-CoA Synthase (ACS) (Burton et al, 2018). Reduktionsaquivalente

werden u. a. von Hz mittels Ferredoxin auf dieses Enzym Ubertragen.

Quellen Verbrauch
Photochemisch (50%) Photochemische Reaktionen (20%)
= 0.4 Gt CH,/a Oxidation Oxidation durch ©He
(&)
()
v 0,
(>§ Erde und Ozean (3-7%) / Aerobe Atmung (30%)
. Knallgasbakterien
N,-Fixierung 0.01 Gt H,/a ; )
Actinobacteria (Dormanz, K,, 50 nM)
-Hz +% 0, > H,0
Menschliche ! AGY =237 kJ
Aktivitaten (20%)
Industrie, Verbrennung N
von Biomasse; Anaerobe Atmung (50%)
-(C_) Geochemisch y ~ Sulfatreduzierende Bakterien
7] , | 4H,+S02 + H* > HS +4 H,0
X Fermentation (25%) o, e o
) ; Methanogene Archaeen
% 0.3 Gt H,/a : Interspezies CO, +4 H, 5 CH, + 2 HO
Anaerobe Bakterien, H, Transfer AGY =-131kJ
Protozoen, Pilze, Algen Acetogene Bakterien
Glc > 6 CO, + 12 H, 2 HCOj5 +4 H, + H* > CH,COO" + 4 H,0
AGY = -240 kJ (p(H,) < 10 Pa) AGY =-105 kJ

Abbildung 3: Biogeochemischer Hz-Kreislauf. Eine ungefahre Schatzung der Mengen an Ha, die
jahrlich durch photochemische Prozesse, menschliche und geochemische Aktivitaten, mikrobielle
Fermentation und Stickstofffixierung gebildet und durch aerobe und anaerobe Atmung sowie
photochemische Reaktionen verbraucht werden. Einige Prozesse nehmen direkt auf den
atmospharischen H2 Gehalt von 0,53 ppm Einfluss, wahrend Fermentation und anaerobe Atmung durch
Intra- und Interspezies Hz-Transfer direkt miteinander verbunden sind. (Zahlen nach Chris Greening
und (Thauer, 2011)).
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Bei pathogenen Organismen ist H> zudem ein essentieller Faktor wahrend der
Infektion eines Wirtes (Benoit ef al, 2020). Wegen seines niedrigen Redoxpotenzials
kann es mit der Reduktion aller physiologischen Elektronenakzeptoren (z. B. Nitrat,
Nitrit, O2, Fumarat, Tetrathionat) kombiniert werden. Da H> frei im Gewebe diffundiert,
betragt die Konzentration in der Maus ca. 168 uyM im Dunndarm und ca. 43 yM im
Magen (Benoit et al, 2020). Bei Helicobacter pylori, Campylobacter jejuni und
Salmonella enterica serovar Typhimurium sind Hz-oxidierende Hyd essentiell fur die
Infektion des Wirtes und die Proliferation im Gewebe (Benoit et al, 2020; Maier et al,
2013).

4. Hydrogenasen (Hyd)

Biologischer Wasserstoff kann durch Hyd gebildet werden, welche die reversible
Umwandlung von Protonen und Elektronen in H: katalysieren. Es sind drei
phylogenetische Klassen bekannt ([Fe], [FeFe], [NiFe]), die sich durch den Aufbau
ihrer aktiven Zentren voneinander unterscheiden (Thauer et al, 2010; Vignais et al,
2001). Effiziente Wasserstoffproduzenten finden sich sowohl in der Klasse der [FeFe]-
Hyd als auch der [NiFe]-Hyd (Abbildung 4). Bisher konnten [FeFe]-Hyd in niederen
eukaryontischen Algen und Bakterien identifiziert werden, von denen solche aus
Chlamydomonas, Clostridia und Desulfovibrio bislang am besten charakterisiert
wurden (Lubitz ef al, 2014). lhr aktives Zentrum wird als H-Cluster bezeichnet und
umfasst zwei Eisenatome mit diatomaren Liganden (Cyanid- und Carbonylreste), die
Uber ein Cystein direkt mit einem Eisen-Schwefel ([FeS])-Cluster verbunden sind
(Abbildung 4). Die Anzahl der weiteren [FeS]-Cluster variiert je nach Enzym. Die
Enzyme nutzen oftmals reduziertes Ferredoxin als Elektronendonator fur die Ho-
Produktion oder sind an der Elektronenbifurkation beteiligt. Bei der Bifurkation werden
z. B. von den zwei Elektronen des NADH eines Uber einen Flavin-Kofaktor auf H*
Ubertragen (endergon) und mit einem zweiten Transfer auf Ferredoxin gekoppelt
(exergon) (Buckel & Thauer, 2018; Schut & Adams, 2009).

Im Gegensatz zu den [FeFel]-Hyd, konnte das Vorkommen von [NiFe]-Hyd
ausschlieflich in Bakterien und Archaeen belegt werden, was die Schlussfolgerung
nach sich zog, dass dieses Enzym bereits in LUCA (last universal common ancestor)
vorhanden gewesen sein muss (Peters ef al, 2015). Bis vor kurzem waren die [Fe]-
Hyd auf Archaeen beschrankt, konnten jedoch von Watanabe et al, in einer
homologen und Tetrahydrofolat-abhangigen Form in Bakterien nachgewiesen werden
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(Watanabe et al, 2019). In Archaeen werden [Fe]-Hyd als alternative Enzyme unter
Nickel-Mangel synthetisiert und nutzen Hz als Reduktant fur Tetrahydro-
methanopterin, welches einen Zwischenschritt bei der Reduktion von CO2 zu Methan
in der Methanogenese darstellt (s. 0.) (Shima & Thauer, 2007).

Obwonhl die Reaktion der Hyd reversibel ist, katalysiert das jeweilige Hyd-Enzym unter
physiologischen Bedingungen nur eine Reaktionsrichtung und besitzt daher
unterschiedliche Funktionen im mikrobiellen Metabolismus. Diese katalytische
Praferenz wird durch die Architektur der sekundaren Koordinationssphare des
Cofaktors und der [FeS]-Cluster determiniert, welche die Elektronen leiten (Abou
Hamdan et al, 2012; Adamson et al, 2017).

A: [NiFe]

Abbildung 4: Aufbau der [NiFe]- und [FeFe]-Hydrogenasen. A: Dargestellt ist die Dimer-of-Dimer-
Struktur der [NiFe]-Hydrogenase 5 aus Salmonella enterica serovar Typhimurium (PDB: 4C30) mit den
katalytischen Untereinheiten in Rot und den kleinen Elektronentransfer-Untereinheiten in Blau. Das
aktive Zentrum und die FeS-Cluster sind als Stabchen und Kugeln dargestellt. Die Nahaufnahme des
aktiven Zentrums zeigt das Ni?* (griin), das Fe?* (orange), die diatomaren Liganden CN- (rot/blau) und
CO (rot/rosa) und der Schwefel der koordinierenden Cysteinreste (gelb). B: Die [FeFe]-Hydrogenase
aus Clostridium pasteurianum Cpl (PDB 4XDC) ist als kombinierte Cartoon-Darstellung mit teilweise
transparenter Oberflache dargestellt. Die Atome des aktiven Zentrums haben die gleichen Farben wie
oben, die Eisenatome sind mit Feq fiir distal und Fep fir proximal zum FeS-Cluster gekennzeichnet
(entnommen aus (Benoit et al, 2020)).
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5. [NiFel-Hydrogenasen

Die [NiFe]-Hyd zeichnen sich ebenso wie die [FeFe]-Hyd durch ein Eisenatom mit den
gebundenen diatomaren Carbonyl- (CO) und Cyanid- (CN-) Liganden aus (Abbildung
4). Zusammen mit Ni?* stellen die Metalle das aktive Zentrum in der grofRen oder
katalytischen Untereinheit dar. Diese katalytischen Untereinheiten werden mit [FeS]-
haltigen Untereinheiten kombiniert und konnen sowohl solubel sein oder Uber weitere
membrangebundene Untereinheiten an der Membran vorliegen. Entsprechend ihrer
Funktion konnen sie in die Untergruppen 1 bis 4 eingeteilt werden (Vignais et al, 2001).
Die Gruppen 1 und 2 bilden die respiratorischen Hz>-Aufnahme Hyd mit einer
periplasmatischen Lokalisation, Gruppe 3 umfasst bidirektionale, Kofaktor-gekoppelte
(z.B. Fa20, NADP) Hyd und Gruppe 4 beinhaltet die H>-bildendenden Hyd, welche
gemall HydDB weiter unterteilt werden konnen (Sgndergaard et al, 2016). Die
Formiat Hydrogenlyase (FHL)-Komplexe klassifizieren sich phylogenetisch mit
anderen Hx-bildenden Hyd in Gruppe 4 der [NiFe]-Hyd. Einige weitere Beispiele
gemald HydDB umfassen die Ferredoxin-gekoppelten MRP-ahnlichen Hydrogenasen
(multiple resistance and pH) oder die Ech-Hydrogenasen (energy converting) (Auszug
in Tabelle 1) (Sondergaard et al, 2016).

Tabelle 1: Gruppe 4 der [NiFe]-Hyd.

Gruppe Name Funktion Taxonomische Verteilung
4a Formiat Koppelt Formiatoxidation mit Hauptsachlich
hydrogenlyase fermentativer H2-Produktion. Kénnte Gammaproteobacteria z.B.
H*-translozierend sein. Enterobacteria
4b Formiat Atmung Veratmet Formiat oder CO und nutzt Thermococci,
H* als Elektronenakzeptor. Na*- Thermoprotei, und
translozierend via MRP. Thermodesulfovibrio
4c Kohlenstoffmonoxid Veratmet CO mit H* als AusschlieRlich in
Atmung Elektronenakzeotor. H*- carboxydotrophen
Translozierend. Proteobacteria
4d Ferredoxin- Koppelt Fdrea Oxidation mit  AusschlieRlich in
gekoppelt, MRP- H* Reduktion. Na*-translozierend via Thermococci und
ahnlich MRP Komplex. Aciduliprofundi
4e Ferredoxin- Koppelt Fdrea Oxidation mit Kodiert in verschiedenen
gekoppelt, Ech-Typ  H" Reduktion. Physiologisch Methanogenen und
reversibel via H*/Na* Translokation.  anaeroben Bakterien.
4f Formiat-gekoppelt Unbekannte Funktion. Kénnte Kodiert in verschiedenen
(putativ) Formiatoxidation mit Hz Produktion Firmicutes
koppeln und H* translozierend sein.
49 Ferredoxin- Unbekannte Funktion. Koénnte Sporadisch verteilt in
gekoppelt (putativ) Fdred Oxidation mit H*-Reduktion anaeroben Bakterien und
koppeln und H*/Na*translozierend Archaeen
sein.
4h Ferredoxin- Koppelt Fdrea Oxidation mit Sporadisch  verteilt in
gekoppelt, Eha-Typ  H* Reduktion in anapleurotischen anaeroben Bakterien und
Reaktionen. H*/Na*-translozierend.  Archaeen
4i Ferredoxin- Koppelt Fdrea Oxidation mit Kodiert in verschiedenen
gekoppelt, Ehb-Typ  H" Reduktion in anabolen Methanogenen
Prozessen. H/Na*-translozierend.
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Das Archaon Thermococcus onnurineus wachst bei erhdhten Temperaturen von
80 °C mit Formiat als einziger Energiequelle. Es kombiniert ein separates
Formiatdehydrogenaseenzym, eine H*-translozierende [NiFe]-Hyd (Gruppe 4b), einen
Na*/H* -Antiporter und die ATP-Synthese Uber eine Na*-abhangige ATPase, um die
Energie zu konservieren (Kim ef al, 2010; Lim et al, 2014). Ein weiteres Beispiel ist
die Struktur des membrangebundenen Hydrogenasekomplexes (MBH, Gruppe 4d)
aus Pyrococcus furiosus, die eine Kopplung der H*- und Na*-lonentranslokation
wahrend der Hz-Produktion suggeriert (Yu ef al, 2018) und eine nachste evolutionare
Entwicklung bei der Kombination dieser getrennten Proteine zu einem Komplex
darstellt (Abbildung 5).

Allerdings reicht die phylogenetische Verwandtschaft weit Uber Hyd-Enzyme hinaus
und bereits mit der Entdeckung der Nukleotidsequenz des FHL-Operons konnte ein
Zusammenhang zu Komplex | der Atmungskette hergestellt werden (Bohm et al,
1990; Volbeda & Fontecilla-Camps, 2012). Diese Verwandtschaft basiert
wahrscheinlich auf gemeinsamen evolutiven Vorgangerkomplexen von FHL und
Komplex | (Friedrich & Scheide, 2000; Marreiros ef al, 2012). Alle Komplexe besitzen
als Gemeinsamkeit Membranuntereinheiten vom MRP-Typ (multiple resistance and
pH adaptation) (Batista ef al, 2013). MRP-Antiporter dienen im Allgemeinen dazu, die
Kationenhomdostase und in untergeordneter Rolle auch die pH-Homoostase von
Zellen und Organellen aufrecht zu erhalten (Padan & Landau, 2016). Die dabei
beobachtete Stéchiometrie liegt bei mindestens 2H* je Na* (Taglicht et al, 1993):

NhaA: Na* (innen) + 2H* (auf’en) = Na* (aufRen) + 2H* (innen)

Den MRP-Na*/H*-Antiportern liegt ein Kopplungsmechanismus zugrunde, der in den
Membrandomanen dieser phylogenetisch verwandten Komplexe weitgehend
konserviert zu sein scheint (Friedrich & Scheide, 2000; Pinske, 2019). Jede Protonen-
translozierende Untereinheit besitzt zwei Halb-Kanale, die Lysinreste in einer
unterbrochenen Helix enthalten welche wiederum miteinander Uber eine Reihe
geladener Reste mittig in der Membran (Lysine und Glutamate) verbunden sind. Die
unterbrochenen Helices lassen auf eine konformationelle Kopplung schliel3en. Der
Mechanismus von Komplex | involviert eine Bewegung der cytoplasmatischen
Domane, wobei die 120° Drehung einer Helix in der Membran den Ladungstransfer
der Redoxreaktion in die Membrandomane uber die geladenen Aminosauren
ermoglicht (Kampjut & Sazanov, 2020). Die Reihe geladener Reste kann damit eine
weit entfernte Ladungsanderung (Kationentransport bei MRP oder Elektronentransfer
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bei Redoxkomplexen) in die Membrandomane weiterleiten und an die Protonen-
translokation koppeln (Kampjut & Sazanov, 2020; Steiner & Sazanov, 2020;
Zickermann et al, 2015). Die Gruppe von Sazanov schlug den MRP-Mechanismus als
universellen Mechanismus fur die gesamte Klasse redoxgetriebener Protonenpumpen
vor (Steiner & Sazanov, 2020).

Die NADH-Ubichinon Oxidoreduktase (auch NADH-Dehydrogenase oder
Komplex I) der Atmungskette pumpt bis zu 4 H* durch die Membran, je ein Proton pro
Na*/H*-Antiporter-Membranuntereinheit vom MRP-Typ (Abbildung 5). Die Protonen
werden wahrend der Ladungsubertragung aus dem Cytoplasma aufgenommen und
uber Halb-Kanale auf der AuRenseite wieder abgegeben. Der Komplex nutzt dafur die
Redoxenergie des Elektronentransfers von NADH (E%= -320 mV) zu Ubichinon (ca.
E? = +113 mV). Das Vorhandensein von Protonophoren erhéht seine Aktivitat, da es

den pmf-Gegendruck wahrend der Protonentranslokation reduziert.

Membrangebundene Multiple resistance NADH:Ubichinon NADH  NAD*+ H*
Hydrogenase and pH adaptation Oxidoreduktase (Nuo)

Abbildung 5: Strukturvergleich zwischen MBH (Membrangebundene Hyd, membrane bound
hydrogenase), MRP (multiple resistance and pH adaptation) Na‘/H* Antiporter und
Respiratorischem Komplex I. Abbildung modifiziert nach (Steiner & Sazanov, 2020). Homologe
Untereinheiten sind identisch angefarbt.

Da im FHL-Komplex Aminosaurepositionen fur die Protonentranslokation von
Komplex | konserviert sind, wurde eine Energiekonservierung lange vorhergesagt und
untersucht (Andrews ef al, 1997; Bohm et al, 1990; Pinske & Sargent, 2016). Dies gilt
ebenso flr das HycE Protein, welches wie die Ech-(energy converting hydrogenase)
Hyd zur Klasse 4 der [NiFe]-Hyd gehort, bei denen teilweise bereits eine
Energiekonservierung bestatigt werden konnte (Hedderich & Forzi, 2005).
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6. Weitere Mechanismen der Energiekonservierung

Redoxenzyme nutzen neben dem Protonenpumpen verschiedene Mechanismen zur
Energiekonservierung. Eine Redoxschleife aus zwei divergent angeordneten
Komplexen, wie Formiatdehydrogenase N und Nitratreduktase, setzt voraus, dass die
Membranuntereinheiten die Elektronen durch die 6-8 nm dicke Cytoplasmamembran
leiten (Jormakka et al, 2003). Beide Komplexe sind fast identisch aufgebaut und
besitzen eine katalytische Untereinheit mit einem Molybdan-Kofaktor. Sie gehoren zur
Gruppe der CISM (complex iron-sulfur molybdoenzyme)-Komplexe. Elektronen
werden vom aktiven Molybdan-Zentrum tber [FeS]-Cluster, die in einem Abstand von
bis zu 13 A in der kleinen Untereinheit gebunden sind, zur Membran geleitet und dort
uber eine membranintegrale Untereinheit mittels zweier Ham-Kofaktoren zur
gegenuberliegenden (cytoplasmatischen) Membranseite gebracht. Dort nimmt ein frei
durch die Membran diffundierendes Chinon wahrend der Reduktion Protonen aus dem
Cytoplasma auf, diffundiert auf die periplasmatische Seite der Membran und gibt die
Protonen wahrend der Re-Oxidation am zweiten Komplex ins Periplasma ab. Obwohl
die Hyd-1 kein Molybdan besitzt, ist sie phylogenetisch mit CISM-Komplexen verwandt
und kann zur Energiekonservierung mittels Redoxschleifen beitragen (Pinske, 2019).

Ein unabhangiger Mechanismus konnte fur Hyd 2 vorgeschlagen werden (Kapitel I).
Hyd-2 gehdort zur Klasse 2 der [NiFe]-Hyd und katalysiert die H2-Oxidation, gekoppelt
an z. B. die Reduktion von Fumarat (Pinske & Sawers, 2016; Unden & Bongaerts,
1997). Dieser Enzymkomplex besteht aus einer katalytischen Untereinheit HybC und
dazugehdriger kleiner Untereinheit HybO (Menon et al, 1994; Sargent et al, 1998).
Weiterhin sind diese Uber eine Ferredoxin-ahnliche Untereinheit HybA an die
Membranuntereinheit HybB gebunden (Beaton et al, 2018; Dubini et al, 2002). Die
HybB Untereinheit beinhaltet keine weiteren Kofaktoren, sie besitzt jedoch die Chinon-
Bindestelle, wo Elektronen aus der H>-Oxidation auf Chinon tbertragen werden. Fir
die nicht-physiologische RuUckreaktion konnte eine Abhangigkeit von der pmf
nachwiesen werden, was zunachst zur Hypothese einer Protonenpumpe fuhrte
(Pinske et al, 2015a). Allerdings konnte fur die homologe Untereinheit QrcD des
phylogentisch verwandten Qrc (Quinone-reductase complex)-Komplexes wahrend der
Sulfatatmung ein elektrogener Mechanismus postuliert werden (Duarte ef al, 2018).
Dabei werden nicht wie bei der Redoxschleife die Elektronen auf die andere

Membranseite gebracht, sondern die Protonen durch die Membran ,gezogen’.
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Abbildung 6: Schema der Hyd-2 Reaktion. Die katalytische
Untereinheit HybC spaltet Hz in 2H" und 2e. Die kleine
Untereinheit HybO, sowie die Ferredoxin-ahnliche
Untereinheit HybA sind im Periplasma lokalisiert (P). Die
HybCO membranintegrale Untereinheit HybB ist am elektrogenen
Mechanismus beteiligt und durch die Reduktion des Chinons
(Q) zum Chinol (QH2) werden Protonen aus dem Cytoplasma
(C) auf das Q Ubertragen. Der heterotetramere Komplex liegt
dimerisiert in der Membran vor. Abbildung modifiziert nach
(Beaton et al, 2018).

HybA

HybB

2H*

Eine bioinformatische Analyse der Membranuntereinheit HybB ergab, dass in einem
mit Wasser geflllten Kanal Protonen aus dem Cytoplasma mittels Hydronium-lonen
(Grotthu3-Mechanismus, Wraight, 2006) auf die periplasmatische Seite der Membran
transportiert werden. Dort werden sie jedoch nicht in das Periplasma entlassen, was
dem Mechanismus einer Protonenpumpe entsprache, sondern sie werden
gemeinsam mit den Elektronen auf das Chinon Ubertragen (Abbildung 6 und 17).
Damit bleibt die Reaktion elektroneutral und es werden trotzdem Protonen aus dem
Cytoplasma entfernt und eine pmf generiert. Dies konnte durch Mutagenesestudien
verifiziert werden (Lubek et al, 2019) (Kapitel 1), wobei als treibende Kraft der

Elektronentransfer identifiziert wurde.

Der Vollstandigkeit halber sei hier noch der grundlegend verschiedene Q-Zyklus des
mitochondrialen bc1 Komplex Il der Atmungskette erwahnt. Dieser Komplex Ubertragt
Elektronen von Ubichinol auf Cytochrom ¢ und transferiert dabei Protonen uber die
Cytoplasmamembran (Brandt & Trumpower, 1994). Es ist jedoch keine Hyd bekannt,

die diesen oder einen ahnlichen Mechanismus verwendet.

7. Gemischte Sauregarung

Enterobakterien kdnnen in Abwesenheit von Sauerstoff und anderen externen
Elektronenakzeptoren ihren Stoffwechsel von Atmung auf Fermentation umstellen.
Dabei gibt es eine Reihe von Enterobakterien, die bevorzugt neutrale
Stoffwechselprodukte produzieren. Das namensgebende Endprodukt fur diese 2,3-
Butandiolgarung ist 2,3-Butandiol. Beispiele sind die Enterobakteriengattungen
Klebsiella spec., Enterobacter spec., Citrobacter spec., Erwinia spec. sowie Serratia

spec. (Brenner et al, 2006). Zucker werden hauptsachlich Uber den Weg der Glykolyse
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zu Pyruvat abgebaut, wobei in oben genannten Reaktionen Substratketten-
phosphorylierung stattfindet (Abbildung 2). Im weiteren Verlauf kondensieren zwei
Molekile Pyruvat unter CO2-Abspaltung zu Acetyllactat, welches nach nochmaliger
Decarboxylierung uUber Acetoin zu 2,3-Butandiol umgesetzt wird. Es entstehen
zusatzlich in geringen Mengen Ethanol und Formiat, welches Uber die Reaktion der
FHL (Formiat Hydrogenlyase) zu CO: und H: disproportioniert wird. Das
Zwischenprodukt Acetoin kann mittels des Voges-Proskauer Tests mit Kreatin und a-
Naphthol als roter Farbstoff nachgewiesen werden (Anhang). Dieser Test dient zur
Unterscheidung der zweiten Form der Ameisensauregarung, bei welcher eine Reihe
von organischen Sauren produziert wird, aber insgesamt weniger Gas (CO.)

akkumuliert wird.

GLYKOLYSE
0,5 Glukose
NADH <}
co, P, NADH NAD* H,0 NADH NAD*
. PEP ’A-A’ Oxalacetat M Malat ’—Lﬁ Fumarat M Succinat
2,3-BUTANDIOLGARUNG | PEPC” MDH' FUM FRD
ADP~{p
NAD* NADH co, co, _ATP &« NADH NAD*

2,3-Butandiol } N }Acetoin } X }Acetyllactat } X } Pyruvat } Wl }D—Lactat ‘
BDH ALD ALS LDH

PEL |-HS-CoA

\\{ Formiat ‘4{ €O, + H, ‘
FHL
A
Acetyl-CoA . .
[ce ot | s con GEMISCHTE SAUREGARUNG
HS-CoA P; 2 NADH 2 NAD*
FRD — Fumaratreduktase

ACK — Acetatkinase PTA LDH — Lactatdehydrogenase
ADH — Alkoholdehydrogenase Acetylphosphat ADH MDH — Malatdehydrogenase
ALD — Acetyllactatdecarboxylase PEP — Phosphoenylpyruvat
ALS — Acetolactatsynthase ADP ACK PEPC — Phosphoenolpyruvatcarboxylase
BDH — Butandiol-Dehydrogenase ATP & PFL — Pyruvat Formiatlyase
FHL — Formiat Hydrogenlyase = PTA — Phosphotransacetylase
FUM — Fumarase Acetat PYK — Pyruvatkinase

Abbildung 7: Reaktionen der gemischten Sauregarung. Reaktionen, die identisch zur Glykolyse
sind, sind blau unterlegt. Reaktionen, die ausschlielich bei der 2,3-Butandiolgarung vorkommen sind
orange unterlegt. Reaktionen, die in der 2,3-Butandiolgarung eine untergeordnete Rolle spielen, sind
grau unterlegt. Endprodukte sind grin unterlegt. Abkirzungen der Enzymnamen sind angegeben.
Abbildung basierend auf Angaben der Wikipedia.

Zu den Produkten der gemischten Sauregarung gehoren Acetat, Formiat, Laktat,
Succinat und ebenfalls Ethanol und CO2/H2, welche aus Formiat gebildet werden
(Abbildung 7). Zu diesen Enterobakterien gehéren Escherichia coli und Trabulsiella
guamensis, die Gattungen Salmonella spec., Shigella spec. und auch Yersinia spec.
(Brenner et al, 2006). Diesen Bakterien fehlt die Acetolactatsynthase und Acetoin ist
nicht nachweisbar (Vivijs et al, 2015). Stattdessen wird bevorzugt aus Pyruvat
entweder Uber eine NADH-abhangige Lactatdehydrogenase Lactat oder Uber die
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Pyruvat-Formiatlyase (PFL) Formiat und Acetyl-CoA gebildet. Das Acetyl-CoA kann
entweder fur die Reoxidation von NADH durch die Alkoholdehydrogenase zu Ethanol
umgewandelt werden oder zur Synthese von ATP Uber die Reaktionen der
Phosphotransacetylase und Acetat-Kinase zu Acetat umgesetzt werden (Sawers &
Clark, 2004).

8. Formiatstoffwechsel

Eine besondere Bedeutung im Stoffwechsel hat Formiat, das Produkt der PFL-
katalysierten Reaktion. Diese C1-Verbindung hat einen pKa-Wert von 3,75 und das
Potenzial das Cytoplasma soweit anzusauern, dass es durch Destabilisierung der pmf
zytotoxisch wirken kann (Sawers, 2005). Deshalb wird es zunachst in der frihen
exponentiellen Phase durch den Formiattransporter FocA exportiert (Abbildung 8),
der dabei ein Proton symportiert, welches zusatzlich dem Aufbau der pmf dient.

AN
S
O X
A @‘\‘Q %@ Abbildung 8: Anaerobe Wachstumsphasen
einer E. coli Kultur (Latenzphase gelb,
Zelldichte exponentielle Phase griin und stationare Phase rot)
'/'\\ mit paralleler Darstellung der extrazellularen
7 S Formiatkonzentration (gestrichelte Linie).
// T\\ Abbildung basierend auf Daten von (Beyer et al,
- —=a =—>7eit 2013) und entnommen aus (Pinske & Sawers,
| 2016).
Extrazelluldre Formiatkonzentration

Im Periplasma steht Formiat flr respiratorische Prozesse den periplasmatischen
Formiat-Dehydrogenasen N und O zur Verfligung. Diese oxidieren es in CO2 und
leiten die Elektronen in die Membran auf den Chinonpool, von wo sie auf terminale
Elektronenakzeptoren wie Sauerstoff und Nitrat Ubertragen werden konnten. In der
spaten exponentiellen Wachstumsphase wird Formiat gezielt von FocA importiert
(Abbildung 8) und dient cytoplasmatisch als Induktor fir die Gene des FHL-
Komplexes und als Substrat fur die Formiatdehydrogenase H (Fdh-H), die eine der
beiden katalytischen Untereinheiten des FHL-Komplexes darstellt. Der Mechanismus
des Reimportes durch FocA ist noch nicht geklart. Klar ist, dass Formiat nicht als Anion
(HCOO") die Membran passieren kann. Deshalb ware fir den Import ebenfalls ein
Protonensymport denkbar. Daten von Beyer et al, zeigten, dass Formiataufnahme

anscheinend nur dann stattfindet, wenn funktionaler FHL-Komplex gebildet werden
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kann (Beyer et al, 2013). Diese Abhangigkeit Ilasst vermuten, dass
Energiekonservierung in irgendeiner Art involviert ist, sonst ware der Import
energetisch nachteilig. Damit lassen die Daten ebenfalls die Schlussfolgerung zu,
dass der Formiatimport konzentrationsgetrieben ist.

9. Aufbau des FHL-Komplexes

Die Produktion von CO2 und H2 aus der Disproportionierung von Formiat wird durch

den membrangebundenen FHL-Komplex katalysiert (Abbildung 9). Die Fahigkeit zur
H2-Produktion von Enterobakterien wurde bereits 1932 von Marjory Stephenson und
Leonard Hubert Stickland beschrieben und als Hydrogenlyase Reaktion benannt
(Stephenson & Stickland, 1932). Allerdings konnte erst viel spater genau definiert
werden, dass E. coli drei aktive Hyd Komplexe synthetisieren kann und welcher davon
fur die H>-Produktion aus Formiat verantwortlich war (Sawers et al, 1985).

HycD  HycC Periplasma | Gleichung 1:

HCOO > CO; + H" + 2e
(E” =-432mV)

Gleichung 2:

Cytoplasma | 2H" +2e” > H>
HycG (EO‘ =-414 mV)

Abbildung 9: Schematische Darstellung

CO, +H* des Formiat-Hydrogenlyase Komplexes

(FHL). Basierend auf Strukturvorhersagen

A Fdh-H und Alignment zu Komplex | (pdb 4HEA)
wurde diese Vorhersage erstellt.

HCOO- Erlauterungen zum Komplex folgen im Text.

Die cytoplasmatische Domane des FHL-Komplexes umfasst die Molybdan- und
Selen- abhangige Fdh-H, das [NiFe]-Hyd Protein HycE und drei [FeS]-haltige
Elektronentransfer Proteine (HycB, HycF, HycG), die den Elektronentransfer zwischen
den Domanen ermdglichen (Abbildung 9). Dieser verlauft Gber insgesamt acht [FeS]-
Cluster (1x HycG, 2x HycF, 4x HycB, 1x Fdh-H). Die aus der Formiatoxidation zu CO-
stammenden Elektronen (Gleichung 1) gelangen von der Fdh-H zunachst zur kleinen
Untereinheit HycB, dann zu einer weiteren elektronentransferierenden Untereinheit
HycF und schlie8lich zur kleinen Untereinheit der Hyd-3, HycG, um durch HycE zur
Reduktion von Protonen zu Hz genutzt zu werden (Gleichung 2). Zusatzlich ist die
cytoplasmatische FHL-Domane an eine Membrandomane gebunden, die zwei als
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HycC und HycD bezeichnete Untereinheiten umfasst. Die Membrandomane ist nicht
am Elektronentransfer beteiligt, jedoch fur die katalytische Aktivitat des
Gesamtkomplexes zwingend erforderlich (Pinske & Sargent, 2016; Sauter et al, 1992).
Gleichzeitig bleiben die beiden separaten Enzymaktivitaten der Hyd-3 und Fdh-H in
Abwesenheit der Membrandomane als Reduktion von Redoxfarbstoffen nachweisbar.
Auch eine isolierte I6sliche Domane alleine zeigt, dass beide Reaktionen durchgefuhrt
werden kdnnen, jedoch nicht miteinander gekoppelt werden kdnnen. Meine derzeitige
Hypothese ist, dass nur die Membrananbindung die Kopplung der beiden
Halbreaktionen von Fdh-H und HycE aktiviert oder ermaoglicht.

Bei einigen Bakterien wie E. coli und Citrobacter spec. kodiert das Genom fur einen
weiteren FHL-Komplex (FHL-2, Hyf-Proteine, Hyd-4). Die beiden FHL-Komplexe
konnen anhand des Vorhandenseins eines Hyd-4-spezifischen Membranproteins
HyfE eindeutig unterschieden werden (Tabelle 2). Allerdings konnte in E. coli die
Aktivitat des FHL-2 Komplexes bisher nicht direkt nachgewiesen werden. Der
Komplex wurde ausschlieldlich durch Genomanalyse entdeckt (Andrews ef al, 1997),
aber seine Aktivitat konnte in Stammen ohne die anderen Hyd nicht detektiert werden
(Redwood et al, 2008). Lediglich indirekt in Anwesenheit von entweder FHL-1 oder
Hyd-2, die unter bestimmten Bedingungen ebenfalls H> produziert, wurde auf H»-
Produktion von FHL-2 geschlossen (Bagramyan et al, 2001; 2002). Als Grunde fur die
Abwesenheit von FHL-2 Aktivitat in E. coli wurde vermutet, dass der hyf-Promoter zu
schwach fur die Expression ist (Self et al, 2004; Skibinski et al, 2002) oder weil in dem
Operon keine Endoprotease fur die Prozessierung zur Verfigung steht (Finney et al,
2020). Die Frage, warum der FHL-2 Komplex in E. coli inaktiv ist, konnte bisher nicht
abschlie3end geklart werden. So konnten auch Experimente mit Promoteraustausch
oder Mutagenese zur Spezifitat durch die Hycl-Protease des FHL-1 Komplexes keine

Erklarung liefern (Finney et al, 2020; Finney & Sargent, 2019).

Im Vorhandensein der FHL-Komplexe zeigt sich bereits innerhalb der Enterobakterien
grofRe Variabilitdt (Anhang). Es existieren Stamme wie E. coli Nissle 1917 (O6:K5:H1)
und dessen uropathogenen Verwandten CFT073, bei denen die Gene fur den FHL-2
Komplex nicht vorkommen oder Stamme wie E. coli BL21 (Gruppe B), bei denen
Mutationen den FHL-2 Komplex inaktivieren. Andere Enterobakterien wie S. enterica,
Enterobacter spec. und Klebsiella spec. kodieren ausschlieBlich den FHL-1 (Hyc)-

Komplex. Andere dahingegen haben keinen der beiden Komplexe (Yersinia pestis —
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Familie Yersiniaceae und Providencia stuartii - Familie Morganellaceae,) (Benoit et al,
2020). Und weitere haben nur den FHL-2 Komplex (Proteus spec., Morganella
morganii — beide Familie Morganellaceae, Yersinia enterocolitca — Familie
Yersiniaceae) (Benoit et al, 2020). Wahrend H»-Oxidation die Pathogenitat bei
S. enterica fordert, war die FHL-Reaktion (FHL-1) nicht essentiell, wahrend FHL-
Deletion bei Proteus mirabilis (FHL-2) eine Attenuierung hervorruft (Lin & Liaw, 2020;
Maier et al, 2013). Dies suggeriert eine unterschiedliche Involvierung der beiden

Komplexe in die Energiekonservierung.

Auch T. guamensis kodiert ausschlie3lich den FHL-27g-Komplex und produziert damit
nachweislich Hz (Lindenstraul® & Pinske, 2019) (Kapitel Il). Das langsam wachsende
pflanzenpathogene Enterobakterium Pectobacterium atrosepticum codiert ein
identisches Hydrogenase-Komplement wie T. guamensis und seine H>-Produktion,
aber noch nicht seine Bioenergetik wurden charakterisiert (Finney et al, 2019). Beide
Organismen stellen durch ihre genetische Zugénglichkeit hervorragende Kandidaten
zur Untersuchung der Funktion des FHL-2 Komplexes dar, wobei T. guamensis den
Vorteil hat nicht-pathogen zu sein und einen schnell wachsenden Lebensstil zu haben.
Als dieses Bakterium 1992 aus einem Staubsaugerbeutel der Bibliothek auf Guam
isoliert wurde, wurde es zunachst fur eine Unterart von S. enterica gehalten, weil es
z. B. auch H2S Produktion aufwies, jedoch im Gegensatz zu Salmonella Cellobiose
verstoffwechselte und im ONPG (o-Nitrophenol-B-D-galactopyranosid)-Test negativ
war (McWhorter et al, 1992).

Tabelle 2: Homologe Membranuntereinheiten zu FHL-Komplexen.

FHL-1 FHL-2 Komplex | Anzahl der MRP
(E. coliy  Transmembranhelices
HycC HyfB NuoL 14+2, inklusiver MrpA

langer transversaler  (transportiert H*)
o-Helix und Anker

HycD HyfC NuoH 8 Nicht vorhanden
Nicht HyfD/F NuoM/N 14 MrpD
vorhanden (transportiert H*)
Nicht HyfE NuoK 3 MrpC
vorhanden (transportiert Na*)
Nicht Nicht NuoJ ) C-Terminus von
vorhanden vorhanden MrpA
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FHL-2 Komplexe weisen einen bedeutenden Unterschied zu FHL-1 Komplexen auf:
Sie besitzen funf vorhergesagte Membranuntereinheiten (Tabelle 2). Die FHL-
Komplexe enthalten bis zu drei Membranuntereinheiten vom Na*/H*-Antiporter-MRP-
Typ (multiple resistance and pH adaptation) (HycC in FHL-1 und HyfB, D und F in
FHL-2), die mdglicherweise die gegenseitige Umwandlung von H*- und Na*-
Gradienten wahrend der Katalyse ermdglichen. Die Funktion der uberzahligen
Membranuntereinheiten ist Gegenstand meiner derzeitigen Forschung.

10. Genetische Organisation der FHL-Operons
Die Proteine der Hyd-3 (FHL-1) sind innerhalb des hycA-I-Operons kodiert, wobei
erganzend zu den oben genannten Strukturproteinen das regulatorische Protein

HycA, die HycE-spezifische Endoprotease Hycl und das HycE-spezifische Chaperon
HycH kodiert sind (Sauter et al, 1992; Pinske & Sawers, 2016; Lindenstraul’ ef al,
2017) (Abbildung 10). Es gibt eine Reihe von hyc-Operons, die einen weiteren
Leserahmen enthalten, der von uns als hycJ bezeichnet wird und von dem
nachgewiesen wurde, dass Kotranskription mit hycl stattfindet (Anhang). Allerdings
konnten Studien in E. coli Nissle bisher keinen weiteren Phanotyp aufzeigen.

'bo"\ 'b(\( RN
& & &
& & & &
L & X &
NS &
Q‘b 00 k\)
Al B C D E F
FHL-2 (hyf) L [ [ |
E. coli
57% 63% 69%  74%  73%  72% 80%  55% 68% 49%  45%

FIL2 (hf) e e e e

T. guamensis

47% 34% 54% 71% 44% 61% 46% no homology
FHL-L (hyc) ... =
E. coli EEH I L eeHHe
A B C D E F G H |

Abbildung 10: Aufbau der FHL-Operons (hyc und hyf Gene) aus E. coli K-12 und T. guamensis.

Das hyc-Operon befindet sich in unmittelbarer Nahe der hyp-Gene, die fir die Reifung
des [NiFe]-Kofaktors aller Hyd benotigt werden. Bemerkenswerterweise ist das
Fdh-H-kodierende Gen fdhF jedoch an einer anderen Stelle auf dem Chromosom
lokalisiert. Die unterschiedlichen Loci der fdhF und hyc Gene haben zu erheblichen
Spekulationen Uber den Grund fur diese genetische Trennung gefuhrt. Eine
Hypothese fur diese Separation ergibt sich aus der Identifikation der Gene eines

DR. CONSTANZE PINSKE -17 -



EINLEITUNG

zweiten FHL-2-Komplexes, der vom hyf-Operon kodiert wird (Andrews et al, 1997). Es
wurde spekuliert, dass Fdh-H auch der Elektronendonator fur den FHL-2-Komplex ist
(Andrews et al, 1997). Dies liefert eine Erklarung fur die Expression von fdhF, welche
mit der von hyc- und hyf~Operons koordiniert aber unabhangig sein muss. Fur E. coli
ist die Assoziation von Fdh-H mit dem FHL-2 jedoch nie direkt nachgewiesen worden,
hauptsachlich weil die FHL-2-Aktivitat nicht eindeutig detektierbar ist (Redwood et al,
2008; Self et al, 2004). In einem unabhangigen Experiment konnten wir allerdings
zeigen, dass die Aktivitat des heterologen FHL-2 Komplexes aus dem
Enterobakterium Trabulsiella guamensis von der Anwesenheit der E. coli Fdh-H
abhangig war (Lindenstraul® & Pinske, 2019). Beide Organismen haben fur die
Proteine der FHL-Komplexe im Durchschnitt eine Aminosaureidentitat von 80%, mit
Ausnahme des Fdh-H-Proteins, das eine 95%ige ldentitat zwischen E. coli und
T. guamensis aufweist (Kapitel II).

Die hyf-Operon-Zusammensetzung von T. guamensis ahnelt insgesamt jener von
E. coli, weist jedoch signifikante Unterschiede in der Organisation der assoziierten
Transkriptionsregulatoren,  Proteinreifungsfaktoren und des  umgebenden
Genomkontexts auf (Lindenstrauld & Pinske, 2019). Beispielsweise kodiert es eine
Endoprotease im Gen hyfK, dessen Genprodukt nach Abschluss der Metall-Kofaktor-
Insertion fur die Prozessierung der katalytischen Untereinheit bendtigt wird aber im
E. coli hyf-Operon fehlt (Finney et al, 2020; Sawers & Pinske, 2017).

11. Membranuntereinheiten der FHL-Komplexe

Vorangegangene Charakterisierungen der FHL-1gz-Reaktion ergaben, dass ihre
partielle pmf-Abhangigkeit hauptsachlich auf das Vorhandensein weiterer Ha-
oxidierender Hyd-Enzyme zurtckzufuhren war und die H2-Produktion invers von der
Konzentration der extrazellular vorhandenen einwertigen Kationen abhing (Kapitel
lll). Dies lieB den Schluss zu, dass die FHL-1g-Reaktion eng an den
Protoneneinstrom und den Na*-Export der Zelle gekoppelt ist (Marloth & Pinske,
2020). Der zugrunde liegende molekulare Mechanismus wurde noch nicht aufgeklart.
In homologen Komplexen konnte ein Na*-Antiport beobachtet werden, der jedoch nur
eine sekundare Funktion haben konnte (Vignais, 2008). Aktuelle Studien beschaftigen
sich mit der Verbindung der Na*-Homobostase und der FHL-Aktivitdt. So wird die
Aktivitat des FHL-27-Holoenzyms im homologen und heterologen Wirt in Gegenwart
des Protonophors Carbonylcyanid m-Chlorphenylhydrazon (CCCP) oder bei
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Uberschuss von NaCl oder wenn beide Bedingungen kombiniert wurden, leicht
verringert (Abbildung 11A).

Deletionen einzelner Membranuntereinheiten aus dem T. guamensis heterolog
exprimierten hyf-Operon in E. coli zeigten, dass der akkumulierte H2 im Gasraum
schrittweise abnahm, sodass die ungefahre Reihenfolge der Untereinheiten in der
Membran abgeleitet werden konnte (Abbildung 11B). Deletionen der Gene fur hyfB
und hyfC waren inaktiv in der H2-Produktion und verursachten damit einen AhycC- und
AhycD-ahnlichen Phanotyp wie im FHL-1g.-Komplex. Damit befinden sich HyfB und
HyfC proximal zur I0slichen Domane. Eine hyfD Deletion zeigte allein keinen Einfluss
auf die Aktivitdt und wir nahmen zunachst an, dass diese Untereinheit distal zur
I6slichen Domane liegen musse. Wahrend hyfE und hyfF Deletionen die Aktivitat um
ca. 40% senkten, hatten die beiden Deletionen in Kombination mit AhyfD kaum eine
Verringerung der Aktivitat zur Folge. Damit war die Deletion von hyfD dominant Gber
AhyfEF weshalb die Untereinheiten HyfD zentral in der Membrandomane und HyfE
mit HyfF distal von der I6slichen Doméane aus liegen. Durch Deletion der Gene fur die
HyfDE- und F-Untereinheiten entspricht der FHL-274 Komplex theoretisch dem FHL-
1ec und wies auch eine dhnliche Aktivitat wie FHL-1g; auf (Abbildung 11B).

A Kinetik der FHL-2, Reaktion B H, Gasphase Quantifizierung
90 4 70 7
80 A = 60
- <8
hEo 70 : Q § é 50
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N e 6 R Q& K & <
ol I B 0 00 B B ((/(,0 & \)\*‘\ \(\q‘\ ‘\*\ ‘\{\ \(\&\ \(\*‘\ && &\0 0‘9 4\0 &{v
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Abbildung 11: H2-Produktion aus heterologen T. guamensis-hyf-Genen in Hoch- und Niedrig-
Salzpuffer aus Formiat und die Reaktion auf CCCP und NaCl (A) Hz-Produktion aus Varianten ohne
die angegebenen Membranuntereinheiten (B) und das abgeleitete Modell des FHL-2-Komplexes (C).
Die Reaktion als logz-fache Anderung auf CCCP nach Zugabe von Formiat (D).
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Vorhersagen zur Struktur basieren auf den Kristallstrukturen des Komplex | (Batista
et al, 2013; Marreiros et al, 2012). Auffallig bei FHL-21¢4 ist, dass die proximal zur
I6slichen Domane vorhergesagte Untereinheit HyfB die lange transversale Helix
besitzt, die typisch fur die distale Membranuntereinheit des Atmungskomplexes |
(NuoL/Nqo12) ist (Abbildung 11C und Tabelle 2). Die Komplex [-ahnliche
Hydrogenase aus Pyrococcus furiosus ist die erste Kryo-EM Struktur, welche dieselbe
inverse Anordnung der Membrandomane im Vergleich zum Komplex | aufweist (Yu ef
al, 2018).

Experimente mit Konstrukten der verkirzten Membrandoméne lielen eine
Veranderung der Reaktionsgeschwindigkeit in Gegenwart des Protonophors CCCP
erkennen. Dieses Protonophor reduziert den Gegendruck auf die Protonenpumpen-
Untereinheiten und erleichtert dadurch Protonentransfer durch die Membran. Im
Gegensatz zum  Holoenzym reagierten die = Membrandeletionsvarianten
unterschiedlich auf die CCCP-Zugabe in der Formiat-initiierten Reaktion. Unter diesen
Umstanden zeigte CCCP in allen aulRer der AhyfE-Variante und dem Holokomplex
eine Aktivierung anstelle der Hemmung (Abbildung 11D). HyfE ist kein Antiporter
sondern ahnlich zur Na*-translozierenden Untereinheit des MRP-Komplexes und
deshalb ist eine zusatzliche Kopplung eventuell an Na*-Translokation denkbar. Wenn
diese Kopplung durch Deletion entfallt, konnten die verbliebenen Untereinheiten
ausschlieBlich Protonen translozieren und durch CCCP enthemmt werden.
Uberraschenderweise war die CCCP-Aktivierung nicht sichtbar, wenn Glucose die Ho-
Produktion initiilerte. Daher konnte zusatzlich die Formiat-Aufnahme tUber den Formiat-
Kanal FocA (in beiden Organismen konserviert) bioenergetisch beteiligt sein.

Obwohl dieser Befund neue Fragen zur Stochiometrie der Anzahl der pro Molekal
Formiat gepumpten Protonen, zur bioenergetischen Kopplung und zum
Vorhandensein von zwei FHL-Komplexen in E. coli aufwirft, sind erste Ruckschlisse
auf die Funktion der Membrandomane moglich. Allein die Anwesenheit von drei
zusatzlichen Membranuntereinheiten vom MRP-Typ in den FHL-2rg-Komplexen

impliziert eine weitere energetische Kopplung an den Na*-Antiport.
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12.

Die Synthese aktiver Hyd bendtigt eine Reihe akzessorischer Reifungsproteine, die

Reifung der katalytischen Untereinheit HycE

die Metall-haltigen Kofaktoren mit ihren diatomaren Liganden synthetisieren. Bei den
[FeFe]-Hyd konnten die Reifungsproteine HydE, F und G fur die Synthese des H-
Clusters identifiziert und deren Beteiligung bei der CO und CN"-Synthese aus Tyrosin
uber Radikal-SAM Mechanismen inzwischen geklart werden (Kleinhaus et al, 2020;
Kuchenreuther et al, 2011; Peters et al, 2015; Shepard et al, 2014). Ebenso wurden
bei den [Fe]-Hyd Reifungsproteine identifiziert und weitestgehend Uber die Aufklarung
der HcgB, C und D (Hmd co-occurring genes) Kristallstrukturen auf den Mechanismus
geschlossen werden (Fujishiro et al, 2016; 2014; 2013). Der Mechanismus der

Reifung (Maturation) der [NiFe]-Hyd unterscheidet sich diesen beiden grundlegend.

An der Maturation der [NiFe]-Hyd sind mindestens sechs sogenannte Hyp (hydrogen
Ubersichtsartikel
weiterfUhrenden Information wurden von uns und anderen verfasst: (Bock ef al, 2006;
Forzi & Sawers, 2007; Lacasse & Zamble, 2016; Peters et al, 2015; Pinske & Sawers,
2016; Sawers & Pinske, 2017). Zusatzlich zu den Hyp-Proteinen katalysieren Enzyme

pleiotropic) Proteine Dbeteiligt. Einige detaillierte zur

die Synthese und den Einbau der [FeS]-Cluster in die Elektronentransfer-
Untereinheiten (Pinske & Sawers, 2014; Py & Barras, 2015). Und letztendlich werden
spezifisch fur die Fdh-H des FHL-Komplexes noch die Maschinerien fir den Einbau
von Selenocystein (Bock ef al, 1991) und die Synthese des Molybdopterin-
Dinukleotid-Kofaktors bendtigt (Magalon & Mendel, 2015) auf die hier nicht naher
eingegangen wird.
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Abbildung 12: Schematischer Ablauf der HycE-Reifung. 1.

Synthese von Fe(CN)CO; 2.

Kofaktorinsertion in die grofe Untereinheit; 3. Nickelinsertion; 4. C-terminale proteolytische
Prozessierung; 5. Assemblierung. [FeS]-Cluster werden durch braune und gelbe Kugeln dargestellt.
Modifiziert nach (Sawers & Pinske, 2017).
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Wahrend der Maturation der [NiFe]-Hyd wird zunachst der Fe(CO)CN2-Kofaktor
synthetisiert (Abbildung 12/1.). Carbamoylphosphat dient als Substrat von HypF, wird
von diesem ATP-abhangig aktiviert und als Thiocarboxamid auf das C-terminale
Cystein von HypE Ubertragen. Dieses wird unter Verbrauch eines weiteren ATP von
HypE weiter zu (Iso)thiocyanat dehydratisiert. Die so gebildete Cyano-Gruppe wird
anschliefend von HypE auf den HypCD-Komplex tbertragen, wo vermutlich bereits
das Eisenatom durch Cysz von HypC und Cyss1 von HypD koordiniert wird. Sowohl
HypF als auch HypE liegen als Dimer vor, in der Kristallstruktur des HypCDE-
Komplexes bleibt die Dimerbildung von HypE erhalten und lieRe somit die

Stochiometrie von 2 CN--Liganden am Eisen erklaren (Miki et al, 2020).

HypD ist das einzige redox-aktive Protein wahrend der Liganden-Biosynthese. Es ist
strittig, welcher diatomare Ligand (CO oder CN") zuerst auf das zwischen HypC und
HypD gebundene Eisen Ubertragen wird. Es wurde jedoch postuliert, dass HypC das
CO: an Eisen gebunden in den Komplex liefert und dieses dort zu CO reduziert wird
(Soboh et al, 2012). Der HypCD-Komplex besitzt aullerdem eine ATPase Aktivitat, die
entweder Energie fur die Reduktion bereitstellt oder den anschlielenden Transfer
erleichtert (Nutschan et al, 2019). Sowohl der Lieferant des Eisenatoms als auch die
CO2-Quelle bleiben weiter zu identifizieren. HypC hat zusatzlich die Funktion, den
Fe(CO)CNo-Teil des Kofaktors in die grof’e Untereinheit HycE zu transferieren
(Abbildung 12/2.). Fur diesen Transfer in die grolRen Untereinheiten der Hyd-1 und
Hyd-2 (HyaB und HybC Proteine) ist das HypC-homologe HybG Protein

verantwortlich.

Anschliellend wird das Nickel-lon in die groRe Untereinheit inseriert (Abbildung
12/3.). Dieses wird durch HypB mit seiner intrinsischen GTPase Aktivitat katalysiert,
wobei das Ni?* auf HypA Ubertragen wird, welches es spezifisch in HycE einbaut. Fir
den Einbau des Nickels in HyaB und HybC (Hyd-1 und Hyd-2) fungiert erneut ein
homologes Protein, HybF aus dem Hyd-2 Operon. Der Transfer wird unterstutzt von
dem Faltungshelferproteine SlyD, wobei SlyD in der exponentiellen Phase nicht

essentiell benotigt wird (Pinske et al, 2015b).
Erst die Insertion von Ni?* erlaubt die proteolytische Prozessierung des C-terminalen

Peptides durch eine Protein-spezifische Endoprotease (Abbildung 12/4.). Die

Endoproteasen werden mit Ausnahme vom hyf~-Operon im jeweiligen Hyd-Operon
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kodiert und spalten ein C-terminales Peptid von 15 Aminosauren ab (32 Aminosauren
bei HycE). Die Spaltstelle ist zwischen den Hyd-Enzymen mit C-terminalen His und
Arg-Resten relativ hoch konserviert (Theodoratou et al, 2000). Unsere
Mutagenesestudien mit Austausch der C-terminalen Peptide von HyaB und HybC
bewiesen, dass dieses Peptid nicht der bestimmende Faktor flUr die Protease-
Spezifitat ist (Pinske et al, 2019) (Kapitel IV). Anders als das Paradigma der
Serinproteasen (Schechter & Berger, 1967), kann auch zusatzlich die
Erkennungsstelle N-terminal von der proteolytischen Spaltstelle gegen Reste einer
anderen Hyd ausgetauscht werden, ohne die Spezifitat fur die urspringliche Protease

zu verlieren (Kapitel IV).

Es ist deshalb anzunehmen, dass das C-terminale Peptid vielmehr eine offene
Konformation der katalytischen Apo-Untereinheit wahrend des Kofaktoreinbaus
stabilisiert. Durch die Prozessierung kommt es zu einer konformationellen Anderung
in deren Folge das aktive Zentrum im Protein eingeschlossen wird. Das Ni?*-lon ist
aufgrund seines Lewissaure-Charakters in den Proteolysemechanismus involviert,
wodurch es gemeinsam mit der konformationellen Anderung der N-terminalen
Domane (Kwon et al, 2018) die Prozessierung kontrolliert. Die prozessierten groflen
Untereinheiten sind relativ stabil in Abwesenheit ihrer kleinen Untereinheiten, deren
Assoziation den nachsten Schritt bei der Assemblierung der jeweiligen Hyd darstellit.
Die Interaktion mit der kleinen Untereinheit ermoglicht es, die Aktivitat mit
Redoxfarbstoffen wie Benzylviologen nachzuweisen. Diese Redoxfarbstoffe kdnnen
die Elektronen nicht direkt vom Ni-Fe(CO)CN2-Kofaktor erhalten, sondern missen
sich in der Nahe der [FeS]-Cluster der kleinen Untereinheiten befinden (Pinske ef al,
2011). Ob die sich anschlieRenden Schritte der Assemblierung des Komplexes
spontan ablaufen, wie in vitro Studien nahelegen (Caserta et al, 2020), oder bei
einigen Komplexen durch weitere Proteine kontrolliert werden, ist nicht abschlieRend
geklart. Fur Hyd-Komplexe, welche auf der periplasmatischen Seite der Membran
lokalisieren, wird die katalytische Untereinheit gemeinsam mit der kleinen
Untereinheit, die das Signalpeptid fur den Transport tragt, transloziert. Diese Kontrolle
des Transportes wird durch Chaperone wie HyaE und HybE, die an den
Signalpeptiden binden, durchgefuhrt (Dubini & Sargent, 2003).
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13. Das HycE Protein

Es ist unverstanden, warum wahrend der HycE-Prozessierung ein ,langes” Peptid von

32 Aminosauren proteolytisch abgespalten wird, wahrend von den meisten Hyd nur
ein ,kurzes® Peptid mit 15 Aminosauren abgespalten wird (Sawers & Pinske, 2017).
Eine von einer japanischen Gruppe generierte Kristallstruktur der gro3en Untereinheit
in ihrer apo-Form in Interaktion mit einem ihrer Reifungsfaktoren gibt weitere Hinweise
auf die Funktion des Peptides. So interagiert das "kurze" C-terminale Peptid eng mit
dem Reifungsprotein HypA, dessen Position nach der Prozessierung durch den N-

Terminus der grof3en Untereinheit ersetzt wird (Kwon et al, 2018).

M1 M153 M538-569
e EEEE | EEDD DN N EEE ) (EEEE §Im

N - HycEy

C241 C244 C531C534

Abbildung 13: Domainenstruktur des HycE-Proteins. Die N-terminale Doméne reicht von
Aminosaure 1-152, die C-terminale Doméne von 153-537, das prozessierte C-terminale Peptid von
538-569. Die Sekundarstrukturvorhersage (rot = alpha-Helix, blau = beta-Faltblatt) zeigt einen
ungeordneten Bereich im Ubergang der zwei Domanen an (Pfeil). Die gelben Balken markieren die
Cysteine, die den [NiFe]-Kofaktor koordinieren. Modifiziert von (Skorupa et al, 2020)

In HycE scheint die N-terminale Domane, eine weitere Funktion zu haben. Es liegt im
Moment keine Struktur des FHL-Komplexes oder des unprozessierten HycE Proteins
vor. Das HycE-Protein ist jedoch phylogenetisch verwandt mit dem Fusionsprotein
NuoCD vom Komplex | der Atmungskette (Abbildung 13). Auch bei Komplex | gibt es
Varianten mit fusioniertem NuoCD Protein (E. coli) oder separaten Proteinen. Aus der
Strukturvorhersage des gesamten FHL-Komplexes (Abbildung 9) wird deutlich, dass
die N-terminale Domane aufgelagert ist und keine weiteren signifikanten
Interaktionsflachen mit anderen Untereinheiten des FHL-Komplexes existieren.
Unsere Studien mit N-terminal verkurztem HycE haben gezeigt, dass der FHL-
Komplex ohne diese Domane nicht assembliert (Kapitel V, (Skorupa et al, 2020)). Aus
der phylogenetischen Beziehung zu Komplex | und in Kombination mit weiteren
Experimenten lasst sich schlussfolgern, dass diese N-terminale Domane die
Assemblierung des Komplexes initiieren konnte. Die Elektronentransfer-
Untereinheiten HycB, HycF und HycG werden anschlieend assoziiert, gefolgt vom
lose gebundenen Fdh-H-Protein. Final assoziiert diese l|0sliche Domane an die
Membranuntereinheiten HycC und HycD.
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14. Funktion des HycH Proteins

Eine weitere Besonderheit der FHL-Komplexe im Vergleich zu anderen Hyd ist das
Vorhandensein eines spezifischen Chaperons HycH. Mein DFG-Projekt
"Raumzeitliche Assemblierung und Funktion des modularen Formiat Hydrogenlyase
(FHL) -Komplexes" fokussierte auf die Rolle des HycH Proteins, welches vom achten
Gen des hyc-Operons kodiert wird. Es wird Ublicherweise als Assemblierungs-
Chaperon der groRen Hyd-Untereinheit HycE bezeichnet. Das Gen selbst ist zwar in
den FHL-Operons konserviert, aber es ist einzigartig fir die Typ 4a Hyd (Tabelle 1).
Die anfangliche Charakterisierung durch (Sauter et al, 1992) legte nahe, dass es die
Funktion der spezifischen Endoprotease erfillen konnte, welche die grolde
Untereinheit nach der Kofaktorinsertion endoproteolytisch prozessiert. Die
nachfolgende Analyse ergab jedoch, dass dies tatsachlich die Aufgabe des
ursprunglich Ubersehenen hycl-Genprodukts war, wodurch die wahre Funktion von
HycH unbekannt blieb (Rossmann et al, 1995) .

Eine erste Charakterisierung zeigte (Kapitel VI), dass HycH nur solange mit der
katalytischen Hyd-Untereinheit HycE interagierte, bis HycE endoproteolytisch
prozessiert wurde (Lindenstraul® et al, 2017). Die Studien fanden dabei mit
Zellextrakten aus unterschiedlichen Stammbhintergrinden statt. So hatte der Phanotyp
einer hycH-Deletion nur geringen Einfluss und reduzierte die FHL-Aktivitat in allen
Wachstumsphasen auf etwa 50% (Lindenstrauld et al, 2017). Eine Kombination mit
der Deletion des Gens fur das homologe HyfJ-Protein aus dem FHL-2g.-Komplex
fuhrte zu einem verstarkten Phanotyp mit einer Reduktion der FHL-Aktivitat auf 20%.
Eine Interaktion der HycE-Untereinheit mit diesem HyfJ Chaperon war ebenfalls
nachweisbar. Daneben konnten in dieser Studie Aminosaurereste in HycH identifiziert
werden, welche an der Interaktion mit HycE beteiligt sind. Diese HycH-Varianten
waren jedoch weiterhin in der Lage, die FHL Aktivitat eines AhycH-Stammes zu
komplementieren. Interessanterweise wurden daneben Aminosaurereste identifiziert,
welche die Interaktion mit HycE beibehielten, welche aber die Aktivitat des FHL-
Komplexes in einer AhycH-Mutante nicht wiederherstellen konnten. Dies lasst den
Schluss zu, dass eine weitere Funktion von HycH uber die Wechselwirkung mit HycE
hinaus zu erwarten ist (Lindenstraul® et al, 2017). So finden im Zeitfenster um die
Prozessierung der gro3en Untereinheit HycE eine Reihe von Schritten statt, die gut
koordiniert sein mussen. Systematisch wurden die nachfolgenden Thesen zur
Funktion von HycH wahrend der Reifung und Assemblierung untersucht.
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15. Die Rolle von HycH bei der Rekrutierung der Reifungsproteine

Bei den Schritten vor der proteolytischen Prozessierung der grof3en Untereinheit HycE
konnte das HycH-Protein durch seine starke Interaktion mit HycE mdoglicherweise
weitere Reifungsproteine rekrutieren, um die zweistufige Insertion der Metalle zu
erleichtern. Daflr misste HycH entweder mit HypC (Fe(CO)CNz-Einbau) oder HypA
(Nickeleinbau) interagieren. Eine  Verifikation dieser  Protein-Protein-
Wechselwirkungen mittels bacterial two-Hybrid-Assays ist bisher nicht gelungen. Die
Metallbestimmung des HycEH-Komplexes wies aullerdem kein Metall des [NiFe]-
Kofaktors auf, sondern lediglich 1 Mol Zink (ICP-MS in Zusammenarbeit mit
Arbeitsgruppe um Prof. Nies, MLU Halle-Wittenberg).

HycE und HycH

— 25mgmi 107

108 —— 3,2 mg/ml

rel. |

rel. g

0,0 0.5 1,0 15 2,0 25 3.0 10
0,0 0,5 10 15 20 25 3,0

s (1/nm)

Abbildung 14: Strukturelle Informationen der HycEH und HycE Proteine (Modelle und SAXS
Kurven; Daten aus der Arbeit von Philipp Skorupa in Kollaboration mit PD Dr. Konig).

s (1/nm)

Eine weitere Aufgabe HycHs konnte sein, dass es als typisches Chaperon die
Multimerisierung des HycE-Proteins in hohere oligomere Zustande verhindert.
Wahrend der Anreicherung des HycE-Proteins fiel dieses haufig direkt nach der
Elution von der Affinitatssaule aus. Das gleiche geschah bei der Reinigung des HycH-
Proteins alleine. Beide ko-Uberexprimierten und gereinigten Proteine erwiesen sich
hingegen als besonders stabil. Wir analysierten diesen Komplex in Kollaboration mit
PD Stefan Konig (MLU Halle-Wittenberg) durch Réntgenkleinwinkelstreuung (SAXS),
die bestatigte, dass sich HycE oder HycH allein bis zu decameren Strukturen
zusammenlagerten. Diese Interpretation wurde durch analytische Ultrazentrifugation
und analytische GrolRenausschlusschromatographie ebenfalls gestutzt (PD Hauke
Lilie, MLU Halle). Mdglicherweise ist diese Multimerisierung auch ein Artefakt weil die
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Multimerisierung von HycE stark von seiner Konzentration und des pH-Wertes
abhangig war. Die berechnete SAXS-Struktur des HycEH-Komplexes liel sich als ein
HycE-Protein mit zwei an den distalen Enden von HycE gebunden HycH-Proteinen
interpretierten (Abbildung 14). Proteinkristalle des HycE x HycH-Komplexes konnten
ebenfalls erfolgreich generiert werden, sie zeigten aber leider keine Reflexionen. In
einer Kollaboration mit der Arbeitsgruppe um Petra Wendler (Universitat Potsdam)
werden aktuell Cryo-EM Strukturen des FHL-Komplexes durchgefuhrt.

16. Das HycH Protein bei der Vermittlung der Proteasespezifitat

Eine weitere mogliche HycH-Funktion konnte darin bestehen, die Spezifitat der
Protease zu bestimmen. Wie oben erwahnt, kodiert das FHL-2gc-hyf-Operon keine
Protease fur die notwendige Prozessierung der grofsen Untereinheit HyfG wahrend im
FHL-2r4-hyf-Operon ein Gen hyfK fir die Protease vorhanden ist. Dieses Gen war bei
der heterologen Uberexpression des gesamten T. guamensis hyf-Operons in E. coli

funktionsfahig fur die HyfGryg Prozessierung.

Wahrend der Studien zur Untersuchung der Spezifitat der Proteasen wurde die grol3e
Untereinheit HycE jeweils mit der eigenen Protease Hycl oder mit der heterologen
Protease HyfK kombiniert und in einem Stamm ohne weitere FHL-Gene exprimiert
(Abbildung 15). Beide Konstrukte wurden zusatzlich mit einem der beiden Chaperone
HycH oder seinem homologen Protein Hyfd aus dem FHL-27, Operon kombiniert.
Dabei zeigte sich, dass HycE nur dann prozessiert wurde, wenn Hycl vorhanden war,
unabhangig von der Anwesenheit eines Chaperon-Proteins, was ausschlief3t, dass
das jeweilige Chaperon die Spezifitat der Protease bestimmit.

Chaperon HycH HycH HyfJ HyfJ
Protease Hycl Hycl HyfK HyfK Hycl HyfK kDa

v 100
Apo-HycE — & 70
HycE -] .. T 55

Abbildung 15: Prozessierung von HycE als Indiz fiir die Kofaktorinsertion. HycE wurde mit dem
HA-Epitop-Fusionspeptid versehen und das Gen im Plasmid-kodierten Kontext auf einem pACYC-
Duet1-Vektor mit den Genen flr die Protease Hycle: oder HyfKry sowie mit den Chaperonen HycHe.
oder HyfJry kombiniert und in Abwesenheit aller weiteren hyc und hyf-Gene exprimiert. Im Western Blot
gegen das HA-Fusionspeptid zeigte sich die Prozessierung von HycE als Erscheinen einer
Doppelbande nur in Anwesenheit von Hyclec unabhangig von der Anwesenheit der Chaperone
(Experiment von Ute Lindenstraul3).
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Das HycH Protein zur Rekrutierung von Elektronentransfer-

Untereinheiten

Reinigung

X
N &
s"‘e@e\ @"Q\*

Q
4
c}k‘?fQ\z\ @(;2\*

kDa =
72 =3

55 : By Identifikation
-

34 e -] Hispy G

—
17 ok :% strepHycH

aHis
1:2 000

aStrep
1:30 000

Abbildung 16: Ko-Reinigung von
StebHycG und "sHycH. Die Proteine
wurden entsprechend ihrer Fusionspeptide
aufgereinigt und anschlieend durch
Antikérper gegen die Epitoptags des
Proteins bzw. seines Interaktionspartner
identifiziert. Der Stern zeigt, dass "*HycG
durch S"*PHycH ko-gereinigt wird. HycE war
in diesen Proben nicht nachweisbar
(Experiment von Philipp Skorupa).

Im Anschluss an die Prozessierung von HycE
erfolgt die Assemblierung des FHL-Komplexes.
Die notwendigen Schritte der Rekrutierung der
Elektronentransfer-Untereinheiten sind weitest-
gehend unverstanden und bieten dem HycH-
Protein eine Vielzahl weiterer Handlungs-
moglichkeiten. So konnte es HycE direkt nach
Prozessierung an die kleine Untereinheit HycG
ubergeben. Die HycE-Prozessierung ist zwar
unabhangig von HycG (Sauter ef al, 1992) und
Abbildung 15, aber die Assoziation stellt
Schritt

Assemblierung dar. Mit einem Plasmid, das

wahrscheinlich den ersten
sowohl His-fusioniertes HycG als auch Strep-
fusioniertes HycH-Protein kodierte, konnte

Philipp Skorupa zeigen, dass in Pull-down-

Experimenten Strep-markiertes HycH-Protein das His-markierte HycG-Protein ko-

reinigte (Abbildung 16, blauer Stern). Diese Interaktion war unabhangig von der

Anwesenheit der anderen Hyc-Proteine und eine mogliche Kontamination mit HycE,

die zur Verunreinigung mit HycG fuhren kdnnte, konnte ausgeschlossen werden. Da

die Wechselwirkung jedoch nur in einer Richtung sichtbar war, bedeutet es auch, dass

die Fusionspeptide die Eigenschaften der Proteine unterschiedlich beeinflussen. Das

Experiment deutet darauf hin, dass HycH eine Rolle bei der Rekrutierung der

restlichen Untereinheiten des FHL-Komplexes spielen konnte. Weitere Experimente

zur Funktion von HycH sind in Planung.
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Fazit

Der FHL-Komplex ist das wichtigste wasserstoffproduzierende Enzym E. colis und
seine zukunftige biotechnologische Nutzung erdffnet die Moglichkeit einer
verantwortungsvollen Energieversorgung aus erneuerbaren Ressourcen. In erster
Linie ist es daflr zunachst erforderlich, den Aufbau und die Reaktionen der beteiligten
Enzymkomplexe zu verstehen. Die Funktion eines Chaperons mit unbekannter Rolle
bei der Biosynthese des Komplexes gilt es zu klaren. Es ist weiterhin unklar, ob die
H2-Produktion des FHL-Komplexes das Wachstum der Bakterien lediglich durch den
Verbrauch von Protonen im Cytoplasma oder zusatzlich auch durch eine aktive
Translokation von lonen Uber die Membran unterstutzt. Insbesondere die Duplikation
der Antiporter-Membranuntereinheiten und die unterschiedliche Reaktion auf
Protonophore suggeriert eine bioenergetische Bedeutung des FHL-Komplexes als
Protonenpumpe wahrend der Fermentation, die es zukunftig nachzuweisen gilt und

die damit fundamentale Prinzipien der Bioenergetik verandern konnte.

Letztendlich konnte zwar die Notwendigkeit der Biosynthese verschiedener
Metallkomplexe eine in vitro Nutzung fur den FHL-Komplex erschweren, andererseits
konnte die robuste in vivo H>-Produktion eine gezielte Anwendung von Zellsystemen
in Bioreaktoren bei der Abfallbeseitigung moglich machen. Unsere Forschung steckt
trotz der langen Historie um die Hz-Produktion der Bakterien erst in den Anfangen. Es
gibt noch zahlreiche offene Fragen bezuglich der Bioenergetik der H2-Produktion, des
Zusammenbaus groRer Redoxenzymkomplexe und der biotechnologischen

Verbesserungsmaoglichkeiten der Reaktion, die ich in Zukunft beantworten will.
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Zusammenfassung:

Die [NiFe]-Hydrogenase (Hyd) 2 von Escherichia coli erzeugt wahrend der Ha-
Oxidation eine protonenmotorische Kraft, die in der Riickreaktion, bei der anaeroben
Inkubation mit Glycerin, fur die H2-Produktion genutzt werden kann.

Die integrale Membranuntereinheit HybB wird fur den Protonentransfer (PT) durch
Hyd-2 bendtigt, besitzt jedoch keinen eigenen Kofaktor. Um den PT durch HybB
nachzuweisen, wurde die Rolle konservierter Aminosaurereste in einem
vorhergesagten Protonenkanal analysiert. Durch gezielten Austausch konservierter
Aminosauren wurden Y99, E133, H184 und E228 als obligatorisch fur den PT aus
dem Zytoplasma und die Chinoloxidation identifiziert. Im Gegensatz dazu fuhrte der
Austausch von W54, D58 oder R89 zu Unidirektionalitdt der Reaktion durch
Beeinflussung des Reaktionsgleichgewichtes. Unsere Ergebnisse zeigen, dass HybB
die Schlisseluntereinheit fur PT ist.

Abbildung 17: Mechanistisches und strukturelles Modell von
HybB im Hyd-2 Komplex. Schema der Protonen- und
Elektronenwege innerhalb einer heterotetrameren Einheit von
Hyd-2 (Proteine HybCOAB). Orange Woirfel reprasentieren
vereinfacht die sieben Eisen-Schwefel-Cluster fur den
Elektronentransfer, [NiFe] steht fur das aktive Zentrum, Q / QH»
reprasentiert das Chinon/Chinol, P und C kennzeichnen die
periplasmatische bzw. cytoplasmatische Seite der Membran.
Die Pfeile zeigen alternative Wege fiir die Protonen gemal des
elektrogenen  (lila) oder protonenpumpenden  (grin)
Mechanismus.

2H*

Elektrogen  Protonenpumpe
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[NiFe]-hydrogenase (Hyd) 2 of Escherichia coli has been proposed to gener-
ate proton motive force during H,-oxidation, which it is dependent on if cells
are incubated anaerobically with glycerol to drive reverse H,-production. The
integral membrane subunit HybB is required for proton transfer (PT) by
Hyd-2 but has no cofactor. To provide evidence for PT by HybB, we ana-
lyzed the roles of conserved amino acid residues in a predicted proton chan-
nel. Exchange of conserved residues identified residues Y99, E133, H184, and
E228 as mandatory for PT from the cytoplasm and quinol oxidation. In con-
trast, exchange of W54, D58, or R89 rendered Hyd-2 uni-directional and
influenced the equilibrium. Qur findings show that HybB is the key subunit in

doi:10.1002/1873-3468.13514 PT.
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Keywords: conformational proton pump; electrogenic proton pumping;

energy-conservation; HybB; hydrogen metabolism; hydrogenase-2

Hydrogenases (Hyd) 1 and 2 of Escherichia coli are
membrane-associated H,-oxidizing enzymes that face
the periplasmic side of the membrane [1]. Hyd-1 repre-
sents one half of a classical redox-loop with two heme
groups in the membrane subunit, which transfer elec-
trons against the membrane potential towards the
cytoplasmic side for quinone reduction and concomi-
tant uptake of protons [2]. Hyd-2 also couples H,-
oxidation to quinone reduction, but the membrane
anchor subunit HybB has no cofactor [3]. When the
genes for Hyd-2 were first described, it appeared to
have a similar architecture to Hyd-1 with a catalytic
subunit, HybC, harboring the [NiFe]-cofactor, an elec-
tron-transfer subunit, HybA, with four iron—sulfur
[FeS]-clusters and a membrane anchor subunit, HybB
[4]. However, an additional gene was discovered at the
beginning of the operon, which encodes a classical
Hyd small subunit, HybO, including a Tat-signal

Abbreviations

sequence, which made clear that the architecture of the
Hyd-2 enzyme was different from that of Hyd-1 [5].
Subsequent studies revealed that the large and small
subunits are tightly bound in a (HybOC), dimer-of-
dimers stoichiometry [6] and also translocated across
the membrane as such, albeit independently from the
other subunits HybA and HybB [3,7]. Furthermore,
the HybA and HybB subunits function to anchor the
HybOC-heterotetramer to the membrane and link
them with the quinone pool [8].

In the structures of the homologous polysulfide
reductase complex (Psr) from Thermus thermophilus
and the alternative complex III (Act) from Flavobac-
terium johnsoniae, the quinone-binding sites are located
close to the iron-sulfur-cluster (FeS-cluster) most
distal to the active site [9-11]. The same position was
predicted for the cofactor-less HybB subunit of
Hyd-2 [9,12]. Initially, the homologous PsrC subunit

CCCP, carbonyl cyanide m-chlorophenyl hydrazone; FeS-cluster, iron-sulfur-cluster; Hyd, hydrogenase; Pmf, proton motive force; PT, proton

transfer.
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Energy conservation via hydrogenase 2 subunit HybB

was proposed to be a proton-pump [9]. But the homol-
ogous menaquinone reductase (Qrc) subunit QrcD
from Desulfovibrio was recently demonstrated to
reduce the quinone electrogenically using protons from
the cytoplasm [13].

The proton transfer (PT) capability of Hyd-2 was
demonstrated indirectly by its dependence on the pro-
ton motive force (pmf) during the reverse H,-evolving
reaction [8]. Hyd-2 is able to produce H, from an
over-reduced quinone pool, for example, when cells
are grown, or incubated fermentatively, in the presence
of glycerol without addition of exogenous electron
acceptors [8,14]. A particularly high level of Hyd-2 is
synthesized when cells are grown in the presence of
glycerol and fumarate, showing that cells favor these
conditions for Hyd-2 activity [15]. Although our cur-
rent evidence supports that Hyd-2 contributes to pmf
generation during Hj-oxidation, we currently do not
understand the underlying mechanism, nor do we
know the fate of the proton that is drawn from the
cytoplasm (Fig. 1A). If this proton is released on the
periplasmic side, the HybB protein would represent a
proton pump similar to Complex I of the respiratory
chain (Fig. 1A, green arrows) [16]. If, however, the
proton is used for reducing the quinone, this would
imply an electrogenic mechanism analogous to that
recently identified in the homologous subunit QrcD of
the Qrc complex in sulfate respiration (Fig. 1A, purple
arrow) [13]. In an attempt to distinguish between these
two modes of PT, we performed in silico structural
analysis to identify conserved amino acid residues
within HybB and then experimentally validated their
importance for Hyd-2 function. Our findings identify
amino acid residues required for PT and that convert
the Hyd-2 enzyme to an uni-directional H,-oxidizing
or H,-evolving enzyme.

Materials and methods

Growth conditions

Escherichia coli cultures were routinely grown at 37 °C in
LB medium or on LB-agar plates as described [17]. For
plasmid maintenance and selection, the antibiotics ampi-
cillin (100 pg-mL™") and chloramphenicol (34 pg-mL™")
were added to the medium. For Hyd characterization the
cells were either grown fermentatively in TGYEP medium
(1% w/v tryptone; 0.5% w/v yeast extract; 0.8% w/v glu-
cose; 0.1 m potassium phosphate buffer pH 6.5) according
to [18] or anaerobically in M9-minimal medium (47.6 mm
Na,HPO,, 22 mm KH,PO,4, 8.4 mm NaCl, 19 mm NH,CI,
2 mm MgSOy, 0.1 mm CaCl,, 0.3 um thiamine dichloride,
0.2% w/v casamino acids, 0.1% w/v trace element solution

D. Lubek et al.

[20]) [20]. The carbon source glycerol (0.4% w/v) and the
electron acceptor fumarate (15 mm) were added to the M9
medium where indicated. Cells were grown for 16h as
standing-liquid cultures at 30 °C. If the protonophore car-
bonyl cyanide m-chlorophenyl hydrazone (CCCP) was
used, the final concentration was 100 pm.

Strains and plasmids

The E. coli K-12 strain MC4100 was used as the parental strain
throughout this study [21]. Plasmid pJET-hybOABC was con-
structed by inserting the 4976 bp PCR product obtained by
amplification from chromosomal DNA of MC4100 with the
oligonucleotides HybO Ndel 5-GCGCATATGACTGGA
GATAACACCCTCATC-3 and HybC_BamHI 5-GCGGGA
TCCTTACAGAACCTTCACTGAAAC-3 as blunt end pro-
duct into the pJET1.2 vector (Thermo Fisher Scientific, Wal-
tham, MA, USA). Expression of the cloned genes was under
the control of the T7 promoter. This vector was used for site-di-
rected mutagenesis to generate variants of HybB using the
oligonucleotides listed in Table S1 and the ‘NEBase changer’
method (NEB, Ipswich, MA, USA). The insert was also excised
as a Ndel/BamHI fragment from the pJET-hybOABC vector
and ligated into Ndel/BgllI-digested pACYCDuet-1 vector to
give pDuet-hybOABC. To generate the chromosomal deletion
of the genes hybO-C coding for the Hyd-2 structural subunits
in strain CPH28 [MC4100 (DE3) AhycA-I AhybO-C], the
upstream and downstream 500 bp regions were amplified with
oligonucleotides hypOC1_BamHI 5-GCGGGATCCGACAA
TATATAGCGAATGAG-3" with hybOC2_EcoRI 5-GCGG
AATTCCGCAACGGAATAACTATAA-3" and hybOC3_E-
coRI 5-GCGGAATTCATGCGTATTTTAGTCTTAGG-%
with hybOC4_HindlIl 5¥-GCGAAGCTTCTGCTATCTCTT
CAGTCATG-3, digested with BamHI/EcoRI and EcoRI/
HindIII, respectively, and ligated simultaneously into BamHI/
HindlIII-digested pMAK705.

The strain CPH28 [MC4100 (DE3) AhycA-I AhybO-C]
was constructed by following the pMAK705 protocol [22]
with plasmid pMAK-hybO-C in strain MC4100 (DE3) that
was obtained as a kind gift from Johann Heider (Marburg
University) and previously transduced using Pl,; with the
deletion of hycA-I (described in [23]). The strain was fur-
ther modified by deleting the hyaB allele by transducing the
deletion mutation from strain JW0955 as described [17,24],
resulting in strain DLHO04 [MC4100 (DE3) AhycA-I AhybO-
C AhyaB]. Strain HDK103 (AhycA-I Ahya) was previously
described [25] as well as strain DHP-F2 (AhypF) [26].

Native-PAGE and activity staining

Anaerobically or fermentatively grown cells were harvested by
centrifugation, resuspended in MOPS buffer, pH 7.0 and
briefly sonicated (15 W power for 10 s with 0.5 s pulses).
Between 25 and 50 pg protein was loaded on a 7.0% (w/v
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Fig. 1. Mechanistic and structural model of HybB. (A) Scheme of the proton and electron pathways within one heterotetrameric unit of Hyd-
2 (proteins HybCOAB). Orange cubes represent the seven iron—sulfur clusters for electron transfer, [NiFe] stands for the active site, Q/QH,
represent the quinone/quinol, P and C show the periplasmic and cytoplasmic side of the membrane, respectively. The arrows depict
alternative routes for the protons according to the electrogenic (purple) or proton pumping (green) mechanisms. Further details see text. (B)
In the HybB model, helices are shown as cylinders and are numbered from N-terminus to C-terminus. (C) Helices in cartoon representation
are colored according to ConSurf: red highly conserved, cyan not conserved. (D) Tilted 90°, view from top/periplasmic side. (E) Predicted
location of the HybA protein and its iron—sulfur clusters (yellow and brown spheres). The circle shows the electron transfer distance of 13 A
around the FeS-cluster closest to HybB. (F) Predicted tunnel from Caver. (G) Location of the identified amino acids W54, D58, R89, E148

(red), Y99, E133, H184, E228 (blue), and E351 (black).

acrylamide) native-PAGE as described [27]. The Hyd activity
staining was done in 50 mm MOPS buffer, pH 7.0 with
0.5 mm benzyl viologen (BV) and 1 mm 2,3,5-triphenyltetra-
zolium chloride under a 5% H,/95% N, atmosphere.

Hydrogen oxidation and hydrogen production
from glycerol

H, oxidation with fumarate was analyzed in nongrowing cell
suspensions using a Clark-type electrode filled with 2 mL
anaerobic MOPS buffer, pH 7.0 as described [8]. For analysis
of small amounts of hydrogen production from glycerol, the
cell suspensions were filled in 5 mL Hungate tubes, stoppered
and flushed with N, before glycerol was added to a final con-
centration of 0.8% (w/v) and incubated at 37 °C for 16 h.
The headspace was then analyzed by gas chromatography
using a Shimadzu GC-2010 system as described [28].

In silico analysis and predictions

The amino acid sequence of HybB (Uniprot accession
P37180; HybB_Ecoli) was submitted to the Phyre2

FEBS Letters (2019) © 2019 Federation of European Biochemical Societies

structure prediction server in the intensive mode (PDB.org)
[29]. The resulting structural model was subsequently sub-
mitted to the ConSurf server resulting in the prediction of
conserved and functionally relevant residues based on
alignments [30]. Additionally, the structural model was
used in the PyMOL plugin Caver to predict cavities within
the protein [31]. Figures were prepared using the PyMOL
Graphics System (DeLano Scientific LLC,
Schrodinger).

Molecular

Results

Structure prediction of the HybB membrane
subunit

A recent crystal structure of the HybCO heterodimer
of Hyd-2 was completed in silico with the structural
prediction of the electron transfer subunit, HybA, and
the membrane integral subunit, HybB, delivering the
proposed architecture for the entire hetero-quaternary
[HybOABC], complex [12]. Our own prediction of
HybB’s tertiary structure was based on the cryo-EM
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structure from the recently published membrane sub-
unit ActC of the alternative respiratory complex III
(PDB structure 6BTM) [10,29], which oxidizes quinol
but has not yet been experimentally validated to con-
tribute to pmf generation [10]. Similar to ActC, the
modeled structure predicts 10 helices with an especially
long, diagonal helix 6 within HybB (Fig. 1B).

Prediction of conservation, cavity, and
cavity-forming residues

The generated structure was further submitted to the
ConSurf server in order to calculate the sequence con-
servation scores from which functional residues can be
reliably predicted [30]. The generated alignment is
shown in Fig. S1. The conservation from ConSurf was
then transferred to the structure model and elegantly
showed that helices 2—5 within the core of the protein
are highly conserved and form a bundle (Fig. 1C,D).
In addition, the long, somewhat tilted, transmembrane
helix 6 revealed that the residues on one interface of
the helix are highly conserved.

When aligning the model of HybB and the model of
the adjacent HybA protein with both the structures of
Act (PDB: 6BTM) and of E. coli formate dehydroge-
nase N (PDB: 1KQF), because FdnH is structurally
related to HybA, then it becomes clear that the FeS
cluster proximal to HybB is located at the top of the
conserved helix bundle 2-5 (Fig. 1E). In order to limit
the maximal electron transfer distance of 13 A to the
distal FeS-cluster within HybA, the quinone reduction
site must be located close to the periplasmic face (Cir-
cle in Fig. 1E), similar to the previously proposed site
for Hyd-2 and those observed for Psr and Act
[9,10,12].

Finally, analysis with the Caver plugin of PyMOL,
which predicts cavities within a given structure [31],
identified two half-channels within HybB that could
form a continuous channel through the protein
(Fig. 1F). Importantly, this channel does not point
towards the putative quinone-binding site. The resi-
dues within 4 A adjacent to the predicted channel and
which are most highly conserved, include R34, V42,
W54, D58, A66, A91, 193, G98, V225, and E228.
Residues R34, W54, D58, and E228 were chosen to be
individually exchanged to alanines due to the bulky/
basic, bulky/hydrophobic and acidic/polar properties
of the original residues (Fig. S2 shows all channel resi-
dues). In addition, the residues W51, P201, and W203
are conserved in structurally related proteins (Fig. S3)
and further residues were manually chosen based on
their conservation score in ConSurf and on their
chemical properties.

D. Lubek et al.

Mutagenesis system and hybB mutant
complementation

Perturbation of the stoichiometry of multi-subunit
complexes, by separating the corresponding genes in
polycistronic operons, often results in inactive gene
products [32]. Therefore, strain CPH28 lacking the
four structural genes (AhybOABC) was constructed,
but expression of the downstream hybDEFG genes,
encoding maturation enzymes for both Hyd-1 and
Hyd-2, was retained. The strain has an additional dele-
tion of the hycA-I genes, coding for the H,-evolving
Hyd-3, and, moreover, encodes the T7 RNA poly-
merase whose gene was placed in the lambda attach-
ment site. Analysis of crude extracts of the mutant
after anaerobic growth showed that the activity bands
corresponding to Hyd-2 were absent, while the faster
migrating Hyd-1 activity was retained (Fig. 2A, lane
1). This confirmed the successful retention of the mat-
uration genes for Hyd-1 and Hyd-2 in the Ayb operon
[6]. The accompanying pJET-plasmid encoding the
hybOABC genes restored Hyd-2 activity to the mutant
(Fig. 2A, lane 2), while placing hybOABC on a
pACYC-Duet low-copy vector failed to restore Hyd-2
activity to CPH28 (Fig. 2A, lane 3). Thus, the pJET-
vector was chosen as a template for site-directed muta-
genesis of hybB.

Interestingly, the activity of Hyd-1 was strongly
reduced when the Hyd-2 plasmid was introduced into
these cells, suggesting that the multiple copies of
hybOABC overburdened the maturation machinery.
The increase in unprocessed HybC protein content
compared to parental strain MC4100, which has only
one chromosomal copy of the structural genes, and the
similar migration pattern to strain DHP-F2 (AhypF),
that cannot insert the [NiFe]-cofactor and synthesizes
only unprocessed, inactive protein, supports this
hypothesis (Fig. 2B). The variant constructs W51A
and DS58A also have increased protein amounts but
low amounts of processed, active HybC (Fig. 2B).

Initial Hyd-2 complex structure characterization
by native-PAGE

After mutagenesis the region covering a minimum of
300 bp upstream and downstream of the mutation site
was verified by DNA sequencing in order to ensure no
secondary mutations in the hybB gene accumulated.
Three of the planned amino acid exchanges (E155A,
R308A, and R329A) could not be generated, as the
plasmids either did not yield clones or they were only
stable when secondary mutations within the plasmid
accrued. We currently suspect that this is due to
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Fig. 2. Complementation of Hyd-2 activity by the hybOABC genes. Strain CPH28 (MC4100 (DE3) AhycAl AhybOABC) was transformed with
plasmids carrying the hybOABC genes, cells were grown under fermentative conditions and extracts (50 pg protein), including that from the
parental strain MC4100, were applied to a (A) native-PAGE and subsequently stained for Hyd activity. The activities of formate
dehydrogenases O and N and the Hyd 1 and 2 are indicated on the right of panel A. (B) SDS-PAGE of extracts from the strains MC4100,
CPH28, DHP-F2 (AhypF), and CPH28 complemented with pJET-hybOABC and the two variant versions W51A and D58A were blotted and
challenged with antibodies raised against HybC, the catalytic subunit of Hyd-2. The asterisk indicates the processed, active HybC
polypeptide, which is labelled on the right and the mass ladder sizes are given on the left side of panel B. (C) Strain CPH28 (MC4100 (DE3)
AhycAl AhybOABC) was transformed with a pJET-hybOABC variant plasmid carrying the indicated amino acid exchange in HybB (indicated
above the panel). The strains were grown anaerobically in TGYEP and extracts (50 pug protein) were applied to native-PAGE and stained for
Hyd activity. The panels were aligned according to the internal control and cropped. The complexes in the upper and lower band are

-

labeled.

toxicity of the product, because we also observed that
cells frequently became cured of the plasmid when
maintained on plates for longer than 7 days.

The characteristic doublet of Hyd-2 activity bands
in activity staining after native-PAGE represents com-
plexes with different subunit compositions (Fig. 2A,C).
The faster migrating band consists of the (HybOC),
heterodimer [3] and occurs in the absence of hybB [8].
The slower migrating activity band represents the
activity of (HybOC), bound to the electron transfer
subunit HybA and the membrane subunit HybB [3].
The (HybOC), catalytic and small subunit are suffi-
cient to transfer electrons to the artificial electron
acceptor BV [33].

The amino acid exchanges in HybB had a number
of different effects on the Hyd-2 activity bands. The
majority of variants remained unaltered in their Hyd-2
activity-staining pattern, showing the upper band for
the (HybOABC), heterotetramer and the faster migrat-
ing (HybOC), heterodimer (residues WS51A, Y99A,
S129A, EI33A, EI148A, HI84A, QI85A, P201A,
W203A, E228A, E268A) (Fig. 2C). Slight variations
in the resolution of the bands frequently occurred,
but the internal controls of the parental strain
MC4100 on each native-PAGE showed that these
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effects were unlikely to be due to the respective
amino acid exchange.

Another group of variants (R34A, W54A, D58A,
R89A, E351A) only showed the active (HybOC), het-
erodimer (Fig. 2C) although the following experiments
indicate that the heterotetrameric complex might still
be assembled in most of these variants, but rendered
inactive in native-PAGE. The appearance of a further
doublet for the upper band was frequently observed.
This was especially obvious for the E133A variant, but
was also observed occasionally for MC4100. We sus-
pect this represents partial degradation of one of the
subunits as has been previously observed during purifi-
cation of Hyd-1 [34].

Variants unable to evolve H.

In the next experiment, cells of strain CPH28 trans-
formed with the plasmids encoding variants of HybB
were harvested after anaerobic growth in minimal
medium containing glycerol as carbon source and
fumarate as electron acceptor, conditions that favor
the expression of hyb genes [15]. After washing in med-
ium, cell suspensions were incubated anaerobically
with glycerol and the accumulated H, in the headspace
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quantified after 16h. Strain CPH28 lacking the /hyc-
operon and parts of the hyb-operon, synthesizes only
active Hyd-1, and the strain produced 0.18 pmol
H,-mg protein~' from glycerol (Table 1). The same
amount of H, is produced from the parental strain
MC4100 when the protonophore CCCP was added.
This indicated that the residual H, production stems
from Hyd-1 and production is not pmyf-dependent.
Table 1 further shows that the complemented strain
DLHO04 with the pJET-hybOABC parental plasmid
produced more H, (2.90 £ 1.64 pmol H, mg pro-
tein~') than the Hyd-2 only strain HDKI03
(0.99 + 0.73 umol H,-mg protein~') but less than
MC4100 (4.66 + 2.45 umol H,-mg protein~'). Most of
the tested variants produced H, in the range of
HDK103 and were not further analyzed (Table S2).
The variants W54A, Y99A, E133A, H184A, E228A,
and E351A, when introduced in strain CPH28, pro-
duced less or equal amounts of H, from glycerol than
the Hyd-1-only strain CPH28. These variants with a
clear phenotype lacking Hj-production activity and
furthermore the variants R34A, W51A, D58A, R89A,
and E148A were investigated in the forward H,-oxida-
tion reaction (Table 2).

WH54A is unidirectional in H,-oxidation

A whole-cell assay for the ability to oxidize H, and
concomitantly reduce quinone in the presence of the
electron acceptor fumarate was used to assay the for-
ward reaction. Strain DLHO04 (AhycA-I AhybO-C
AhyaB) was devoid of the corresponding structural
genes of Hyd-2 and Hyd-1, that can also oxidize H, in
the presence of fumarate. Of the tested variants R34A
and W51A had no influence neither on H,-production
nor on H,-oxidation (Table 2). Surprisingly, when

Table 1. Hyd activities of control strains and constructs. All
measurements were performed using three biological replicates.
Values in parentheses were obtained in the presence of CCCP.

H»- production H,-oxidation
from glycerol (nmol
Strain/ (umol Hy-mg Hy:min~"-mg
construct  protein™") protein™") Comments
MC4100 4.66 + 2.45 131 £ 19 Parental, Hyd-
(0.18 + 0.14) (145 + 25) 1,2,3
HDK103 0.99 + 0.73 158 + 26 Only Hyd-2
(186 + 16)
CPH28 0.18 + 0.08 13+£2 Only Hyd-1
DLHO4 0.01 £ 0.01 <1 No Hyd-1,2,3
pJET- 290 + 1.64 78 + 12° In trans
hybOABC  (0.27 + 0.47)° complementation

@ Strain DLHO4 (MC4100 DE3 AhycA-I AhybO-C AhyaB) was used.
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transformed with the plasmids encoding the HybB
variants, the W54A variant, that lacked H,-production
from glycerol, showed normal H,-oxidation activity in
the range of DLHO04/pJET-hybOABC with 78 nmol
H,-min~"-mg protein™', respectively (Tables 1 and 2).

Variants D58A, R89A, and E148 are unidirectional
in Hy-production

The opposite behavior was seen in the variants D58A,
R89A, and EI148A, which, with the exception of
E148A, showed only one activity band in native-
PAGE but exhibited high H,-production from glyc-
erol. However, these variants were unable to couple
H,-oxidation to quinone reduction (Table 2). This
could either be interpreted as that they appear to be
unable to overcome the backpressure when moving
protons against the pmf or that they are unable to
draw protons from the cytoplasm. Interestingly, the
effect could not be overcome by addition of CCCP,
which lowers the cytoplasmic pH [35]. Therefore, these
amino acid residues are suggested to be important in
gating PT through the HybB protein.

Amino acid residues crucial for proton transfer

The four other variants Y99A, E133A, H184A, and
E228A that could not perform the H,-production reac-
tion, also exhibited only a very low Hj-oxidation activ-
ity, which was in the range of 5-9 nmol H, min~'-mg
protein~'. These variants also shared a similar activity
band profile with the characteristic doublet (Fig. 2C).
Upon addition of the protonophore CCCP, the H,-
oxidizing activity increased immediately to between 52%
(E133A) and 100% (E228A) of the control DLHO04/
pJET-hybOABC (Table 2/Fig. 3). This result indicates
that PT within the protein was impeded in these HybB
variants. The protonophore released this pressure either
by uncoupling proton from electron transfer, allowing
electron flow to the quinone or by providing better
access of protons on the cytoplasmic side.

E351 is essential for Hyd-2 protein stability

Finally, the E351A variant, which also showed only
the lower (HybOC), band in activity staining, was
strongly reduced in whole-cell H,-production from
glycerol and deficient in fumarate-dependent Hj-oxida-
tion, suggesting that the Hyd-2 complex is probably
unstable. Notably, H,-oxidizing activity could not be
recovered by addition of CCCP (Table 2). This residue
is located in the poorly conserved helix bundle of
HybB (Fig. 1G), which is neither part of the predicted
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Table 2. Summary of properties of the targeted amino acid residues and controls. Values in parentheses were obtained in the presence of

CCCP.
Ho- production from glycerol (umol Hs-oxidation (nmol Hy-min~'-mg
Residue Predicted location H,-mg protein™") in strain CPH28? protein~") in strain DLH04® Comments
R34 Transmembrane helix 2.33 + 0.99 78 + 15 Lower band only
(TMH) 1, channel residue

W51 periplasmic loop (PPL) 1 1.69 + 0.69 40 + 6 (57 + 8) Conserved in
structurally related
proteins®

W54 TMH2, channel residue 0.02 + 0.04 71 + 36 (83 £ 46) Lower band only

D58 TMH2, channel residue 3.76 + 2.81 (0.09 &+ 0.06) 2+04(3+2) Lower band only

R89 TMH3 1.63 £ 1.27 (0.11 £ 0.15) 4+£1(7+£2) Lower band only

Y99 TMH3 0.01 £+ 0.02 (0.03 + 0.03) 11 +£3(40+£8)

E133 TMH4 0.12 £+ 0.01 (0.04 + 0.04) 9+ 341 +14)

E148 TMH4 0.97 £ 0.84 3+£04(06+2)

H184 TMH5 0.09 + 0.02 7+2(37+2)

E228 TMHS, channel residue 0.08 &+ 0.07 (0.02 + 0.03) 5+ 1(79 £ 20)

E351 TMH10 0.25 + 0.11 2+1(2+1) Lower band only

@ The exchanges were analyzed in strain CPH28 (MC4100 DE3 AhycA-I AhybO-C) on the in trans complementing plasmid pJET-hybOABC;
all measurements were performed using three biological replicates; ® The exchanges were analyzed in strain DLHO4 (MC4100 DE3 AhycA-/
AhybO-C AhyaB) on the in trans complementing plasmid pJET-hybOABC; all measurements were performed using three biological repli-
cates; © By alignment of Phyre2 identified within structurally related proteins.

proton channel nor close enough to the surface to
interfere directly with HybB’s interaction with HybA.
However, this residue is close to a periplasmic exit-site
of the putative proton channel (Fig. 1G).

Discussion

The work presented in this study has identified six
amino acid residues (W54, Y99, E133, H184, E228,
E351) in the membrane subunit HybB that, when
exchanged for alanine residues, render Hyd-2 unable
to use the pmf or the more basic cytoplasm to drive

H,-production with concomitant proton release in the
cytoplasm. This is the reverse reaction of the physio-
logically more relevant Hj-oxidizing role of the
enzyme, and these variants were considered devoid of
H, production. Moreover, four of these amino acid
variants (Y99, E133, H184, E228) appeared less effi-
cient in the uptake of protons from the cytoplasm
when working in the Hj-oxidation direction, which
could be relieved by inclusion of the protonophore
CCCP. Addition of CCCP decreases the cytoplasmic
pH [35] and thus increases the availability of protons
to Hyd-2. This finding suggests that the proton path

1600 1 Fumarate

CCCP

1400 1
Fig. 3. Hy-oxidation by whole cells in the
presence of fumarate and CCCP. The 1200 4
Clark-type electrode was filled with H,-
saturated anaerobic 50 mm MOPS buffer, 1000 1
pH 7.0, before 50 L of cell suspension 800

(see Materials and methods) of either
MC4100 or of strain DLH04
complemented with plasmids carrying the
hybOABC genes and the respective amino

H, [nmol]

7

600 -

acid exchanges E133A, H184A, and 400
E228A in HybB were added. The reaction

was started by the addition of 15 mm 200 \
MC4100

fumarate (black arrows) and CCCP was

j

E133A

added where indicated (red arrows). The 0
electrode was calibrated with known
amounts of H,-saturated buffer.
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through HybB was blocked by altering these residues.
Of these five amino acid variants, only W54A retained
the ability to oxidize H, and to reduce quinone with-
out CCCP addition. Based on in silico modeling, W54
lies within the predicted proton channel near the
periplasmic exit (Fig. 1G) suggesting that it plays a
role in access of protons required to drive the thermo-
dynamically demanding Hj-evolution reaction.

Notably, our predicted proton channel within HybB
is not in the proximity of the quinone-binding site. If
this predicted channel is indeed the pathway for pro-
tons, then a conformational change would be neces-
sary to permit electrogenic quinone reduction in
analogy to that recently observed in a homologous
subunit of Qrc [13]. The driving force for the confor-
mational change would either be quinone binding and
reduction or quinol release. It is unclear how this
motion could be achieved, but the highly conserved
helix bundle (helices 2-5; Fig. 1D) directly beneath the
quinone-binding site is a possible candidate. The trans-
membrane helix of HybA is predicted to be directly
adjacent to this bundle and residue E133, the third
amino acid identified to influence PT, points outwards
and faces the transmembrane helix of HybA (Fig. 1G).
Furthermore, E133 is in the vicinity of the quinone-
binding site and is within 15 A of the FeS-cluster in
HybA. Respiratory enzymes usually contain a con-
served glutamate residue next to the quinone-binding
site, which is thought to be the primary proton accep-
tor/donor [36]. The E133y,,p corresponds to the iden-
tified quinone binding E87p,c residue [37] and the
proposed quinone binding E142q,.p [13]. The fact that
the E133A variant could only recover 50% activity
with CCCP supports this additional role of E133 in
quinone protonation.

The HI184 and Y99 residues are approximately in
the middle of the membrane face and also reside
within the conserved helix bundle, but face inwards
towards each other. Exchanges of H184 and Y99
resulted in similar phenotype to the E133A exchange
and thus they might also function in proton-gating or
in modulation of the conformational change. These
residues have been proposed to be part of the pre-
dicted proton channel of QrcD [13]. The other residue
that had a similar phenotype to H184 and E133 when
exchanged for alanine, was E228; however, this residue
is located at the cytoplasmic exit of HybB’s predicted
proton channel (Fig. 1G). It could be involved in gat-
ing proton access to, or release from, the channel at
the cytoplasmic face of HybB.

Another set of variants (D58A, R89A, EI148A)
retained parental-like activity in the H,-production
direction and retained CCCP-dependence, but they

D. Lubek et al.

lacked activity in the forward H,-oxidizing direction.
Moreover, this could not be restored upon CCCP
addition and rendered these Hyd-2 enzyme variants
truly unidirectional. The R89 residue is close to the
cytoplasmic interface and due to its bulky nature
could stabilize the helix orientation. D58, like H148,
is located in the conserved helix bundle but is also
part of the predicted channel and is also close to
W54 (Fig. 1G). The shift of the equilibrium indicates
that D58, R89 and E148 are essential for delivering
protons to the reduced quinone, but not for expul-
sion of protons into the cytoplasm during H,-pro-
duction.

The final variant that exhibited a defect in both H,
oxidation and evolution was E351. This residue is
located adjacent to W54 (near the periplasmic exit of
the proton channel) and has a similar activity-staining
profile to the W54A, D58A, and R89A variants, with
only the lower band visible. But in contrast to the
activity of these variants, the strongly reduced H,-
production and deficient H,-oxidizing activities sug-
gest that assembly or activity of the (HybOABC),
complex might be somehow impaired in the E351
variant.

Clearly, our data indicate that protons are transferred
through the HybB protein either directly as protons via
protonable residues or by holding water molecules in a
channel in the correct position to serve as hydride ions
during PT in a Grotthus mechanism; or most likely by a
combination of both mechanisms [38]. Our data identi-
fied key amino acid residues for PT from the quinone to
the cytoplasm (D58, R89, E148), for uptake of protons
from the cytoplasm (Y99, E133, H184, E228), for release
of protons from the quinol (W54) and for the possible
stability of the heterotetrameric complex (E351). Future
work will be required to detect the transferred protons
and provide crystal structures comparing bound and
unbound quinone states to validate these results.
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Zusammenfassung:

Trabulsiella guamensis ist ein apathogenes Enterobakterium, welches aus einem
Staubsauger auf der Insel Guam isoliert wurde. Es hat eine H2-oxidierende
Hydrogenase (Hyd) vom Hyd-2-Typ und codiert eine Hx-bildende Hyd, die dem
uncharakterisierten Escherichia coli-Formiat-Hydrogenlyase (FHL-2g;) -Komplex am
ahnlichsten ist. Der T. guamensis FHL-2 (FHL-27g) -Komplex besitzt voraussichtlich
funf membranintegrale und zwischen vier und funf cytoplasmatische Untereinheiten
aufweist. Es konnte gezeigt werden, dass der FHL-2r-Komplex die
Disproportionierung von Formiat zu CO2 und Hz katalysiert und der FHL-274 damit eine
ahnliche Aktivitat wie der E. coli-FHL-1g.-Komplex bei der H2-Produktion aus Formiat
aufweist. Der Komplex scheint jedoch bei Zelllyse labil zu sein. Durch Klonierung des
gesamten 13-kbp FHL-274,-Operons im heterologen E. coli-Wirt konnten die FHL-274-
Aktivitat eindeutig nachwiesen und der FHL-2rg-Komplex biochemisch charakterisiert
werden. Obwohl das Formiatdehydrogenase (Fdh-H)-Gen fdhF nicht im Operon
kodiert ist, ist das Fdh-H Protein Teil des Komplexes und die FHL-27g-Aktivitat
abhangig von der Anwesenheit der E. coli Fdh-H. Im Gegensatz zu E. coli kann
T. guamensis auch die alternative Kohlenstoffquelle Cellobiose fermentieren, und
daher wurden die Beteiligung sowohl der H>-oxidierenden Hyd-274 als auch des H»-
bildenden FHL-274 unter diesen Bedingungen untersucht.

Die biologische H2-Produktion ist eine attraktive Alternative fur fossile Brennstoffe. Um
mit herkdmmlichen H2-Produktionsmethoden konkurrieren zu kénnen, erfordert der
Prozess Verstandnis auf molekularer Ebene. FHL-Komplexe sind effiziente H»-
Produzenten, und der Prototyp des FHL-1s.-Komplexes in E. coli ist gut untersucht.
Hier wird die erste biochemische Charakterisierung eines Komplexes vom FHL-2-Typ
vorgestellt. Die hier prasentierten Daten ermdglichen es, den FHL-2.-Komplex naher
zu untersuchen, eine erste biochemische Charakterisierung des fermentativen
Metabolismus von T. guamensis durchzufihren und dieses Enterobakterium als
Modellorganismus fur die FHL-abhangige Energiekonservierung zu etablieren.
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Dissection of the Hydrogen Metabolism of the
Enterobacterium Trabulsiella guamensis: |dentification of a
Formate-Dependent and Essential Formate Hydrogenlyase
Complex Exhibiting Phylogenetic Similarity to Complex |

Ute LindenstrauB,» © Constanze Pinske
*Department of Microbiology, Martin Luther University Halle-Wittenberg, Halle (Saale), Germany

ABSTRACT Trabulsiella guamensis is a nonpathogenic enterobacterium that was iso-
lated from a vacuum cleaner on the island of Guam. It has one H j-oxidizing Hyd-2-
type hydrogenase (Hyd) and encodes an H-evolving Hyd that is most similar to the
uncharacterized Escherichia coli formate hydrogenlyase (FHL-2,) complex. The T.
guamensis FHL-2 (FHL-2, ) complex is predicted to have 5 membrane-integral and
between 4 and 5 cytoplasmic subunits. We showed that the FHL-2,, complex cata-
lyzes the disproportionation of formate to €O, and H,. FHL-2,, has activity similar to
that of the E coli FHL-1,, complex in H, evolution from formate, but the complex
appears to be more labile upon cell lysis. Cloning of the entire 13-kbp FHL-2,
operon in the heterologous E. coli host has now enabled us to unambiguously prove
FHL-2, activity, and it allowed us to characterize the FHL-2,, complex biochemi-
cally. Although the formate dehydrogenase (FdhH) gene fdhF is not contained in the
operon, the FdhH is part of the complex, and FHL-2, activity was dependent on the
presence of E colf FdhH. Also, in contrast to E coli, T. guamensis can ferment the al-
ternative carbon source cellobiose, and we further investigated the participation of
both the H,-oxidizing Hyd-2,, and the H,-forming FHL-2,, under these conditions.

IMPORTANCE Biological H, production presents an attractive alternative for fossil fuels.
However, in order to compete with conventional H, production methods, the process
requires our understanding on a molecular level. FHL complexes are efficient H, produc-
ers, and the prototype FHL-1,. complex in E. coli is well studied. This paper presents the
first biochemical characterization of an FHL-2-type complex. The data presented here
will enable us to solve the long-standing mystery of the FHL-2,. complex, allow a first
biochemical characterization of T. guamensis's fermentative metabolism, and establish

) . ) ; Linde A U, Pirake C. 2019
this enterobacterium as a model organism for FHL-dependent energy conservation. e
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Zusammenfassung:

Die fermentative Wasserstoffproduktion durch Enterobakterien beruht auf der Aktivitat
des Formiathydrogenlyase (FHL)-Komplexes, welcher die Formiatoxidation mit der
H2-Produktion koppelt. Die Molybdan-haltige Formiatdehydrogenase und Typ-4 [NiFe]
-Hydrogenase bilden zusammen mit drei weiteren Eisen-Schwefel-Proteinen die
I6sliche Domane, die Uber zwei integrale Membranuntereinheiten an die Membran
gebunden ist. Der FHL-Komplex ist phylogenetisch mit dem Komplex | der
Atmungskette verwandt, so dass er eine ahnliche Rolle bei der Energiekonservierung
wie die Protonenpumpaktivitat von Komplex | spielen konnte. Wir haben die Ho-
produzierende Aktivitat von FHL in Gegenwart verschiedener Konzentrationen des
Protonophors CCCP untersucht. Eine Hemmung mit einem apparenten ECso von 31
MM CCCP in Gegenwart von Glucose wurde beobachtet. Eine hohere Toleranz
gegenuber CCCP gab es, wenn nur die oxidierende Hydrogenase Hyd-1 vorhanden
war, aber eine hohere Empfindlichkeit gab es, wenn nur Hyd-2 vorhanden war. Die
Anwesenheit von 200 mM einwertigen Kationen verringerte die FHL-Aktivitat um mehr
als 20%. Der Na*/H*-Antiporterinhibitor 5-(N-Ethyl-N-isopropyl)-amilorid (EIPA) in
Kombination mit CCCP inhibierte die H>-Produktion vollstandig. Diese Ergebnisse
zeigen eine Kopplung nicht nur zwischen der Na*-Transportaktivitat und der Ho-
Produktionsaktivitat, sondern auch zwischen der FHL-Reaktion, dem Protonenimport
und dem Kationenexport.
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Abstract: Fermentative hydrogen production by enterobacteria derives from the activity of the
formate hydrogenlyase (FHL) complex, which couples formate oxidation to H> production. The
molybdenum-containing formate dehydrogenase and type-4 [NiFe]-hydrogenase together with
three iron-sulfur proteins form the soluble domain, which is attached to the membrane by two
integral membrane subunits. The FHL complex is phylogenetically related to respiratory complex
I, and it is suspected that it has a role in energy conservation similar to the proton-pumping activity
of complex I. We monitored the H:-producing activity of FHL in the presence of different
concentrations of the protonophore CCCP. We found an inhibition with an apparent ECso of 31 pM
CCCP in the presence of glucose, a higher tolerance towards CCCP when only the oxidizing
hydrogenase Hyd-1 was present, but a higher sensitivity when only Hyd-2 was present. The
presence of 200 mM monovalent cations reduced the FHL activity by more than 20%. The Na*/H*
antiporter inhibitor 5-(N-ethyl-N-isopropyl)-amiloride (EIPA) combined with CCCP completely
inhibited H2 production. These results indicate a coupling not only between Na* transport activity
and H> production activity, but also between the FHL reaction, proton import and cation export.

Keywords: formate hydrogenlyase; hydrogen metabolism; energy conservation; MRP (multiple
resistance and pH)-type Na*/H* antiporter; CCCP —carbonyl cyanide m-chlorophenyl-hydrazone;
EIPA —5-(N-ethyl-N-isopropyl)-amiloride

1. Introduction

Anaerobic or fermentative growth in the absence of oxygen requires that conservation of energy
is at its utmost efficiency. The reaction of the formate hydrogenlyase (FHL) complex contributes
indirectly to the generation of a proton gradient at the cytoplasmic membrane by consumption of
protons (H*) from the cytoplasm, diffusion of Hz-gas across the membrane and subsequent oxidation
by the two periplasmic Hz>-oxidizing hydrogenases (Hyd-1 and Hyd-2) [1] (Figure 1). Hyd-1 forms a
redox loop, and Hyd-2 contributes directly to proton transfer from the cytoplasm to the quinone
during oxidation of H [1,2]. The hyaB and hybC genes encode the catalytic subunits of Hyd-1 and
Hyd-2, respectively [3]. This kind of intracellular syntrophy was initially described for Desulfovibrio
species [4] and more recently for Acetobacterium woodii [5]. The FHL complex of Escherichia coli is active
during mixed acid fermentation to disproportionate formate, which, when accumulated
intracellularly, has cytotoxic effects [6]. The two active sites of the FHL complex comprise the [NiFe]-
hydrogenase 3 (HycE protein) and the molybdenum- and selenium-containing formate
dehydrogenase H (FdhH protein), which function together with three electron-transferring iron-
sulfur carrying subunits located in the cytoplasm. Membrane attachment to the membrane-integral
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HycC and HycD subunits is required for coupling of these half-reactions [7,8]. Our previous studies
have shown that the FHL complex can work in reverse in resting cells, a reaction of great
biotechnological interest for H2 and CO:z storage as formate [8,9]. A second FHL complex with a
predicted five instead of two membrane subunits is encoded in the hyf-operon on the E. coli
chromosome, but, presumably due to its low level of gene expression, the activity of this enzyme
complex is not detectable under our growth conditions [10,11].

Na® periplasm
FHL /7 /
e o
el \ cytoplasmic
/Qg H* membrane
HCOO" €O, + H'

cytoplasm

Figure 1. Relevant enzyme complexes of this study, their reactions and their membrane localization.
Hyd-1 and Hyd-2 indicate the periplasmic Hz-oxidizing hydrogenases, which channel electrons into
the quinone pool (Q), FHL—the cytoplasmic formate hydrogenlyase—and the membrane bound
Na*/H* antiporters. Further details are highlighted in the main text.

When the phylogenetic relationship between the FHL complex and complex I was discovered,
energy conservation by proton-pumping of the complex was also assumed [12,13]. The hydrogenase
3 (HycE protein) belongs to the class 4 hydrogenases and is similar to the Ech (Energy-converting
hydrogenase) hydrogenases, which were shown to generate proton gradients during catalysis [14].
However, while studying FHL bidirectionality as the basis for analyzing the influence of ionophores,
we unexpectedly found that the protonophore carbonyl cyanide m-chlorophenyl-hydrazone (CCCP)
showed only a 40% inhibition of the Hz production activity and a 30% increase of the reverse formate
production reaction from Hz and COz [8].

It was speculated that due to the small difference in standard redox potentials of formate (Eo’ =
-432 mV, pH 7.0) and Hz (Eo’ = -414 mV, pH 7.0), redox energy for proton translocation becomes
available only when the physiological conditions shift to a more acidic pH [15]. However, the
reversibility of an artificially coupled hydrogenase and formate dehydrogenase reaction from
Desulfovibrio via an electrode was able to mimic the FHL reaction in both directions in vitro without
dependence of the reaction on energy provision [16]. Instead, a controversially discussed model of a
multienzyme transport supercomplex comprising FiFo-ATPase, the K*-transporting TrkA symporter
and the FHL(-2) complex was suggested for energetic coupling [17,18]; however, its existence still
requires verification (reviewed in [19]). Therefore, both the necessity for and the role of the FHL
complex’s membrane attachment in energy conservation remains to be resolved.

In the present work we have systematically re-examined the CCCP effect on FHL activity,
whereby we combined different CCCP concentrations with use of different carbon sources to initiate
FHL activity in strains either bearing or lacking the H2-oxidising Hyds. We found that ultimately all
strains could be inhibited by CCCP, but strains lacking Hyd-1 required lower, and those lacking Hyd-
2 required higher, concentrations of CCCP for inhibition. Based on the relationship of the membrane
subunit HycC to Na*/H* (MRP)-type antiporters, we further addressed the question of whether the
FHL reaction is driven by or is contributing to the pmf and if it might be linked to the sodium motive
force. We present strong evidence for a dependence of the FHL reaction on proton influx and sodium
export.
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2. Results and Discussion

2.1. CCCP Inhibits H2 Production to Different Degrees Depending on the Hydrogenase Composition

Cell suspensions initiate H2 production after the anaerobic addition of either formate or glucose,
the latter requires metabolizing by the cells to formate prior to H2 production. Consequently, the
mixed-acid fermentation yields 2 mol formate per mol glucose (reviewed in [3]). Formate is the direct
substrate for the FHL complex, but its import via the formate channel FocA could mask the effects
seen. FocA behaves as a pH-dependent channel in vitro, while its activity is mostly determined by its
interaction with the pyruvate formate lyase protein PfIB in vivo [20]. It is feasible that formate export
across the membrane contributes to pmf generation by proton symport, but the import mechanism is
unresolved, except that it only occurs when formate-consuming reactions in the cytoplasm can take
place [21]. Therefore, the apparent 1.3 mol H* that are translocated across the membrane per mole of
formate oxidized during the FHL reaction could be indirect [22]. On the other hand, the transport of
glucose across the membrane is PTS (phosphotransferase system)-dependent, where
phosphoenolpyruvate provides the phosphoryl group for the incoming glucose in a pmf-independent
manner [23]. Our parallel experimental design circumvents the fact that indirect effects through the
transport of the carbon source into the cells are observed.

The parental strain MC4100, the isogenic hyaB deletion strain CP630, which lacks Hyd-1 activity,
the isogenic hybC deletion strain CP631, which lacks Hyd-2 activity, or the hyaB hybC double deletion
strain CP734 were grown under the optimal conditions for FHL activity. Subsequently, cells were
harvested and suspensions used on a modified Clark-type electrode to monitor H> production. The
strains showed initial activities very similar to each other in the presence of the same carbon source,
but generally higher activity was observed in the presence of formate than glucose (Table 1). A strain
lacking the genes for the FHL complex (HDK103) did not produce H: under these conditions,
supporting the observation that the second FHL is inactive under the conditions tested here [10].

Table 1. H2 production rates in nmol Hamin'mg™? + standard deviation from at least three
independent biological samples.

Strain! Glucose Formate
MC4100 69+12 160 +47
CP630 (AhyaB) 74+23  173+13

CP631 (AhybC) 101+£15 145+20
CP734 (AhyaB AhybC) 114+24 121 +13
1 Strains were grown in TGYEP, pH 6.5 medium for 16 h at 30 °C, cells harvested and suspended in

50 mM Tris/HCI, pH 7.0, prepared and assayed on the Clark-type electrode.

When CCCP concentrations of 100 uM were employed, the effect this had on the Hz production
was strain dependent. A previous study from our lab had shown that 100 uM CCCP caused a slight
inhibition of the H2 production rate in a strain with a similar Hyd composition to CP734 [8]. If indeed
proton translocation is directly performed by the FHL complex, then CCCP would be expected to
cause an increase of the activity, not a decrease. Nevertheless, 100 uM CCCP caused complete
inhibition of H2 production by the parental strain MC4100 independent of the employed carbon
source. The slope of the H2 production even inverted (i.e., H2 oxidation) after CCCP addition (Figure
2), which indicates consumption of the produced H: within the electrode system and indicates the
activity of Hz-oxidation reactions, which are usually not performed by the FHL complex, but by the
H:-oxidizing Hyd-1 and Hyd-2 enzymes, indicating they are responsible for the difference.

In the next step, strains lacking the genes encoding the large subunit of either Hyd-1 (AhyaB,
strain CP630) or Hyd-2 (AhybC, strain CP631) were used in the same experimental setup. While the
Hyd-2-deficient strain CP631 (purple curves) mimics the H2 production curves of the double deletion
strain CP734 (AhyaB AhybC) after CCCP addition, the Hyd-1 deficient strain CP630 (blue curves) looks
very similar to the parental curves and negative slopes after CCCP addition is observed. It can be
further observed that the effect of CCCP addition is not immediate, but H2 production rates shift
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rather gradually. For the direct dependence of an activity on pmf, we have previously observed
immediate and complete effects of CCCP addition on the activity [2], suggesting an indirect effect of
CCCP occurs here. Notably, the addition of other protonophores like 2,4-dinitrophenol (DNP) up to
1 mM had no effect on the Hz production activity of the cells, similar to what was observed before at
lower concentrations [8]. Taken together, this indicates that the effect of CCCP on FHL activity is
indirect.

A B

500
400 +

300 -

nmol H,

200

100 4

time (min) time (min)

Figure 2. Different degrees of inhibition by protonophore carbonyl cyanide m-chlorophenyl-
hydrazone (CCCP). Panel A shows Hz production from the strains MC4100 (parental, black curves)
and CP734 (AhyaB AhybC, orange curves) while panel B shows the strains CP630 (AhyaB, blue curves)
and CP631 (AhybC, purple curves) after addition of either 14 mM glucose (dashed lines) or 50 mM
formate (solid lines). When Hz production was linear, a final concentration of 100 pM CCCP was
added to the reaction vessel, as indicated by the red arrows.

2.2. Hyd-1 Confers Resistance and Hyd-2 Sensitivity of H2 Production to CCCP

In order to quantify the effect of CCCP on the FHL activity, we calculated the apparent ECso (half
maximal effective concentration) values (Table 2). For that purpose, we analyzed the Hz production
on the electrode, and at about 100 nmol Hz, different concentrations of CCCP were added to the
reaction. Figure 3A shows an example of the effect of the CCCP addition on strain CP630 (AhyaB). A
concentration of 1 and 10 uM did not significantly alter the slope of H2 production, while 50 and 100
UM CCCP clearly slowed down the reaction, and 200 pM led to complete stagnation of Hz production.
A further increase to 400 uM CCCP revealed negative slopes, indicating re-oxidation of H2 by Hyd-
2. Due to slight variations in the initial FHL activities, the reduction of activity after CCCP addition
was calculated as the ratio of the activity after CCCP addition to the activity before its addition
(Figure 3B). In the case of a negative slope, the ratio after CCCP addition was calculated as zero.

A B
250 -
10uM 1uM 50 uM 1.0
200 -
100 uM 0.84
£ 150 | °
[=} ©
g £ 0564
< 2 42 UM
100 - 200 uM %
& 0.4
" / 02
400 M
0 ! T T T T T T 0
0 1 2 3 4 5 6 0.1 1 10 100
concentration [uM]
time (min)

Figure 3. Dose-dependent effect of CCCP. (A) Strain CP630 (AhyaB) was used as a representative
strain for CCCP inhibition after initiation of the reaction with 50 mM formate and linear slope; the
designated concentrations of CCCP were added at the time points encircled in red. (B) The apparent
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ECso values of this set of activities were calculated from the ratio of slopes after and before CCCP
addition and subsequent fitting with the ECso function in SigmaPlot.

An apparent half-maximal inhibition (ECs0) of H2 production can be observed at 31 uM CCCP
with glucose or 81 pM CCCP with formate as substrate in strain MC4100 (Table 2). These higher
concentrations of CCCP, which are required in the presence of formate compared to glucose, reflect
the higher initial activities in the presence of formate (Table 1). The double deletion strain CP734
(AhyaB AhybC) only showed reduction of H2 production at elevated CCCP concentrations, which is
reflected in the increased apparent ECso values. For example, we observed complete inhibition of
MC4100 (glucose initiated) at 50 uM CCCP but in strain CP734 only at 500 uM CCCP. Looking at the
effect of single deletions of the two Hz-oxidizing Hyd in strains CP630 and CP631, respectively, then
the Hyd-1 deletion (AhyaB, strain CP630) caused increased sensitivity to CCCP compared to the
parental MC4100, while the Hyd-2 deletion (AhybC, strain CP631) increased resistance to CCCP
similar to the double deletion strain CP734 (Table 2).

Table 2. Apparent ECso values of CCCP inhibition.

Strain! Glucose Formate

MC4100 31 uM 81 uM
CP630 (AhyaB) 013 M 42 uM
CP631(AhybC) 125uM 223 uM

CP734 (AhyaB AhybC) 98 uM 348 uM

1 The same cell suspensions were used for the glucose and formate experiments. The same amount of

total cell protein (1 mg) was used for the different strains. All values were calculated from at least five
different CCCP concentrations.

Hyd-1 has a lower catalytic activity than Hyd-2 [24,25], while at the same time it has a similar
abundance in the membrane under the conditions used to grow the cells here [26]. It is possible that
the inactivation of Hyd-1 in strain CP630 results in elevated amounts of Hyd-2 because more
maturation enzymes for cofactor construction and more membrane space are available. Hyd-2 is the
enzyme that contributes to pmf generation [27], and the data show that Hyd-2 but not Hyd-1 catalyzes
the oxidation of Hz at high CCCP concentrations. CCCP enhances Hyd-2 activity by removing the
back-pressure of the pmf on the enzyme. When assayed directly, the effect is not very prominent
because the enzyme works at its catalytic optimum, but in variants that exhibit difficulties in
transferring electrons across the membrane, the effect is more pronounced [2]. Electrons from Hyd-2
are concomitantly channeled into the quinone pool for reduction of electron acceptors like fumarate,
which can be internally produced during mixed-acid fermentation when glucose is provided to the
cells [28]. Therefore, negative slopes occur mostly when Hyd-2 is present and glucose is provided.
This does not account for Hz oxidation in the presence of formate; however, we cannot currently
explain this effect (Figure 3A). The higher amounts of Hyd-2 enzyme in combination with its CCCP-
elevated activity account for the apparent higher CCCP sensitivity in the absence of Hyd-1. Therefore,
the absence of Hyd-2 confers resistance, and the absence of Hyd-1, resulting in a concomitant increase
in Hyd-2 levels, causes sensitivity to CCCP.

CCCP is, however, also effective at stalling the H> production when Hyd-1 and Hyd-2 are both
absent, albeit only at higher concentrations, but independent of the given carbon source. Hence, a
secondary effect, exclusively based on FHL activity, must occur. When, in an unrelated study, a
proteorhodopsin was expressed in E. coli cells, the H2 production from FHL was increased upon light
exposure, which initiates proton-pumping activity of the proteorhodopsin [29] and supports the
observed pmf-consumption during Hz-evolution observed here. We can exclude a direct inhibition of
either the hydrogenase or formate dehydrogenase half-reaction of the FHL complex. When assayed
independently of one another with benzyl viologen redox dye, crude extracts from strain CP734
showed a hydrogenase activity of 2.43 + 0.48 U mg™' in the absence and 2.36 + 0.42 U mg™' in the
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presence of CCCP. The formate dehydrogenase activity was similarly unaltered with an activity of
0.26 +0.09 U mg without and 0.27 + 0.07 U mg™" with CCCP present.

2.3. CCCP Promotes the Reverse FHL Reaction

Due to the inhibitory effect of CCCP addition on the H2 production of FHL, we investigated its
effect on the reverse FHL reaction, which can be initiated if resting cells are incubated under elevated
pressure of H2 and CO: gas mix, as exploited before [8,9]. The reverse reaction was tested in the
presence of different concentrations of CCCP, and the resulting formate concentration secreted by
the cell suspensions at the equilibrium state was subsequently analyzed using HPLC (Figure 4). While
cells produced 23 mM formate in the absence of CCCP in a strain that lacked Hyd-1 and Hyd-2, no
formate formation was observed in the parental strain MC4100 under these conditions. The amount
of formate initially decreased in the presence of 1, 10 and 50 uM CCCP, was then similar to no
addition in the presence of 75 uM CCCP and finally increased to 180 mM formate when 500 pM
CCCP was added. The parental strain MC4100 only showed formate production when 200 uM CCCP
or more was present but eventually produced 157 mM formate in the presence of 500 uM CCCP
(Figure 4). This difference between the two strains clearly showed that when Hyd-1 and Hyd-2 are
present (strain MC4100), Hz oxidation by these enzymes is the preferred route for H2 oxidation to the
FHL reverse reaction. Generally, an increase of the CCCP concentration resulted in an increase of
formate production. If the CCCP effect was pmf-mediated, then this could be interpreted as CCCP-
mediated relief of the pmf counter-pressure during the reverse FHL reaction. An alternative
explanation is provided by the proton symport of the formate channel FocA during export, which
would be enhanced in the presence of CCCP, thus removing cytoplasmic formate from the reaction
and, therefore, shifting the equilibrium of the FHL reaction towards formate production.

250
200 |
s °
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50 - £
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= |
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Figure 4. CCCP-dependent increase in formate synthesis by FHL. Strains MC4100 (parental, black
dots) and CP734 (AhyaB AhybC, orange dots) were triggered for formate production in the presence
of different concentration of CCCP as indicated (described in the Materials and Methods section).
Each dot represents the average of three biological replicates with standard deviation.

2.4. The DTT Reversal of the CCCP Effect is not Mediated by Hyd-2 Activity

It has been observed that the effects of CCCP can be generally relieved by addition of
dithiothreitol (DTT) [30] and also specifically restore the activity of FHL with DTT after CCCP
inhibition [17]. Initially, it was verified that the addition of DTT on its own had no effect on the H
production rate of MC4100 (Figure 5A). Once the Hz production was CCCP-inhibited, the addition of
DTT was able to gradually restore H2 production up to the rate it had been before CCCP addition
(Figure 5A). We also observed that the DTT relief of CCCP inhibition is independent of the strain
used, indicating that the presence of Hyd-2 or Hyd-1 is not essential for the reversibility.
Furthermore, CCCP was unable to inhibit H2 production when it was already pre-incubated with
DTT (red curve in Figure 5A).
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We were recently able to show that Hyd-2 contributes to pmf generation in an electrogenic
fashion that is susceptible to CCCP addition [2,27]. If CCCP addition substantially increased Hyd-2
activity to the amount where it outcompeted the Hz production of the FHL complex and thus reduced
the overall Hz production, then the DTT addition would inhibit Hyd-2 Hz-oxidizing activity and
consequently restore overall H2 production. Strain HDK103 (AhyaB AhycA-I), which only synthesizes
active Hyd-2 enzymes, was used to investigate whether DTT addition influenced the Hz-oxidizing
activity of Hyd-2. Ha-saturated buffer was applied to the electrode, and cell suspension was added
before the reaction was initiated with 15 mM fumarate as electron acceptor and the Hz trace recorded
(Figure 5B). The addition of 5 mM DTT is indicated but did not inhibit H> oxidation. Hence, DTT did
not inhibit the Hz-oxidizing activity of Hyd-2, and restoration of overall H> production is caused
otherwise.

It is noteworthy that a redshift of the CCCP spectrum in the presence of DTT was observed,
where the absorbance maximum shifts from 381 nm to 405 nm (Figure 5C). The reaction of CCCP
derivatives with thiols has been characterized [31] and showed that they are inactivated in the
reaction in the presence of DTT. Taken together, this supports the observation made above that the
observed effects of CCCP are not merely due to its protonophore activity but rather could be
attributed to its interaction with thiols from cysteine residues, possibly those within the FHL
complex. Cysteine residues are essential for electron transfer within the FHL complex by
coordinating the metal cofactors. Recently, the number of free thiols was determined and was
reduced in strains unable to synthesize a functional FHL complex [32]. However, an inactivation of
CCCP by DTT and re-formation of the pmf by the cell can also not be excluded.

nmol H,

381nm 405

Absorbance
. »

0

nmol H,

285 305 325 345 365 385 405 425 445 465 485 505 525 545

Wavelength (nm)

100

0 1 2 3 4 5 6
time (min)

Figure 5. DTT effect. (A) Electrode traces of MC4100 cells producing H> from either glucose (grey
curves) or formate (black curves). CCCP addition (red arrow, 100 pM) and DTT addition (white
arrow, 5 mM) are indicated. The red trace shows the combined addition of DTT and CCCP (striped
red arrow). (B) Electrode trace of strain HDK103 (AhyaB AhycA-I) showing the activity of Hyd-2 as Hz
oxidation of Hz-saturated buffer after the addition of 15 mM fumarate. The white arrow indicates the
addition of 5 mM DTT. (C) Absorption spectra of CCCP solution (black), CCCP solution after DTT
addition (red) and DTT alone (grey). The arrows indicate the respective maxima.

2.5. Effect of Monovalent Cations on FHL Reactions

CCCP has been described to collapse both the ApH and the transmembrane electrical gradient
(AW) component of the pmf[33]. It has been observed that FHL is more active and the hyc-genes more
strongly expressed under acidic conditions [34,35]. While a ApH collapse would increase the
availability of protons to the hydrogenase active site in the cytoplasm, and hence increase substrate
availability, the AW collapse represents reduction of the outer positive charge and inner negative
charge of the membrane. In order to investigate the possibility that the apparent pmf dependence
could be due to the AW collapse mediated by CCCP, we analyzed the effects of cation addition on Hz
production.
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Kinetic experiments on the electrode showed reduction of the Hz production rate when
increasing concentrations of Na* ions were present. The rates were reduced by 27% in strain CP734
in the presence of 200 mM sodium compared to in its absence (Figure 6A). When 100 uM CCCP was
added to any of the reactions, the reduction was between 40%-50%, regardless of the sodium ion
concentration present (Figure 6A, grey dots). Therefore, the presence of NaCl did not enhance the
effect of CCCP in this strain.

The net charge of the ions remains unaltered through the addition of NaCl or KCl, because the
chloride counterion is present. However, the cation/H* antiporters counteract the increased salt
concentrations that challenge the cell and concomitantly excrete excess cations, which is accompanied
by an increased H* influx. It was observed that A¥ decreased over the first 15-20 min after addition
of KCI or NaCl [36], hence within the time-frame where Hz production was monitored. Apparently,
it is this disturbance of the electrical gradient that is detrimental to Hz production by FHL.

Similarly, when cells were already grown in the presence of different concentrations of Na* or
K* ions and subsequently the H2 content in the headspace sampled by gas chromatography (GC),
which indirectly reflects the activity of the FHL complex, a reduction in the presence of increasing
concentrations of Na* ions could be observed (Figure 6B). Strain CP734 (AhyaB AhybC) showed an
increased Hz accumulation by 30%-70% compared to its parent MC4100 under all conditions. This
effect is due to the absence of Hyd-1 and Hyd-2 enzymes, which oxidize part of the produced Hz. The
H: content of strain MC4100 was reduced by 36% and 48% in the presence of 200 mM and 500 mM
NaCl], respectively, while strain CP734 showed a similar reduction of 26% and 42% in the presence of
200 and 500 mM NaCl, respectively. This further supports the notion that H2 oxidation, and hence
the activity of the Hz-oxidizing enzymes, was not increased in response to NaCl. To verify whether
the effect of Na* ions was specific, 200 mM K* ions were used instead and showed an identical
reduction of the Hz content by 35% and 22% for MC4100 and CP734, respectively. Therefore, the
reduction was not specific for a particular cation. However, Na*transport was shown to be K*
dependent in E. coli, albeit not by direct exchange but rather is H*antiport coupled [37]. This
interconnection of the two cation transport systems could explain the similar effect of both cations.

Headspace H: derives from supplemented glucose given to the cells during growth, which is
converted to formate as one of the products of mixed-acid fermentation. Elevated concentrations of
500 mM Na*ions reduced the amount of produced Hz (Figure 6B). In order to identify the fate of the
carbon, the formate concentration was determined. The cultures had reduced formate amounts by
35% and 29% for MC4100 and CP734, respectively (Figure 6C). Other key metabolites of the mixed
acid fermentation like succinate and acetate were similarly reduced under high salt conditions (data
not shown). At the same time, the growth of the cultures was reduced by only 15% and was therefore
not the main reason for the reduced formate production. This result indicates that under high salt
conditions formate is not accumulated because of FHL inhibition, but rather, more generally, the
entire mixed-acid fermentation was reduced.
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Figure 6. Effect of cations on Hz production. Panel (A) shows the kinetic H2 production rates of CP734
cells in the presence of different concentrations of NaCl (black dots) and in combination with 100 uM
CCCP (gray dots). Reactions were initiated with 50 mM formate. Each point represents the average
of two independent biological experiments with the respective standard deviation. The trend lines
were calculated using linear regression. Panel (B) shows the H2 content in the headspace of a 7 mL
culture tube of MC4100 (black graphs) or CP734 (AhyaB AhybC, orange graphs) after anaerobic
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overnight growth in M9-minimal medium with 0.8% (w/v) glucose in the presence of NaCl or KCl as
indicated. (C) The formate concentration of cultures from panel B was quantified using HPLC, as
described in the Materials and Methods section. All values represent the average of three independent
biological replicates and their standard deviations.

2.6. The Na* Ionophore EIPA Enhances CCCP Inhibition

The sodium concentration of the cell is maintained by Na*/H* antiporters that reside in the cell
membrane and also function in regulation of the intracellular pH. E. coli synthesizes three MRP-type
antiporter proteins (NhaA, NhaB and ChaA), which are responsible for Na*/H* exchange [38].
Intriguingly, this class of Na*/H* antiporters is homologous to the HycC protein of the FHL
membrane domain and to the NuoLMN (E. coli nomenclature) proteins, the proton-pumping
subunits of the NADH-oxidizing complex I [39]. Some of these antiporters, especially those
homologous subunits within the membrane domain of respiratory complex I, can be inhibited by
EIPA (5-(N-ethyl-N-isopropyl)-amiloride) [40]. Klebsiella pneumoniase complex I was shown to
translocate Na*ions instead of protons and some evidence for Na* translocation of E. coli complex I
exists, but this might merely be a secondary effect [41,42]. In addition, in thermophilic organisms like
Thermococcus onnurineus, energy conservation functions in an intricate mechanism that couples
formate oxidation with concomitant Hz production for the generation of a proton gradient. This
proton gradient is subsequently converted into a Na* gradient by a Na*/H*-antiporter and then
employed by a Na* ATPase for ATP synthesis [43].

Due to the observed reduction of H2 production by NaCl, we tested the effect EIPA had on the
H: production of FHL and found that, on its own or combined with 200 mM NaCl, the effects were
negligible as described before [8]. Surprisingly, however, when EIPA and CCCP were given shortly
after each other, they were able to inhibit H2 production completely (Figure 7A). A similar effect was
also determined for strain CP734 (AhyaB AhybC, Figure 7B); however, inhibition of H2 production was
not as complete as for MC4100. EIPA on its own also had no effect (Figure 7B). Notably, inhibition
was also not complete for MC4100 when the reaction was started with formate instead of glucose
(Figure 7C), and no effect was seen in strain CP734 (AhyaB AhybC) when formate was used to initiate
the Hz production (Figure 7D). This indicates that the activity of the Na*/H* antiporter plays a crucial
role during Hz production from glucose. However, the MRP-type membrane subunit HycC of the
FHL complex, which is essential for the reaction, is not inhibited by EIPA. Taken together, this could
imply that a H* gradient is converted into a Na* gradient at the cell membrane during catalysis and
that the FHL reaction couples both. Further experiments will be necessary to find the target of the
ionophores.
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Figure 7. Effect of EIPA combination with CCCP. Cells of MC4100 (black, panels (A) and (C)) or CP734
(orange, panels (B) and (D)) were grown anaerobically in TGYEP, pH 6.5, and applied to the electrode
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as described in the Materials and Methods section. The reaction was initiated with glucose (top panels
(A) and (B)) or formate (bottom panels (C) and (D)). Where indicated, 50 pM CCCP (red arrows) or
50 uM EIPA (black arrows) were added to the reaction.

3. Materials and Methods

3.1. Strains and Growth Conditions

Strains are listed in Table 3. Strains CP630 and CP631 were constructed using Plkc-mediated
phage transduction of the AhyaB and AhybC alleles of the Keio-collection strains JW0955 and JW2962,
respectively, as described [44]. Strains were routinely grown aerobically in LB medium or on LB agar
plates at 37 °C. For analysis of FHL activity, the strains were grown anaerobically as standing liquid
cultures for 16 h in 50 mL TGYEP medium, pH 6.5 (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.1 M
potassium phosphate buffer, pH 6.5, 0.8% (w/v) glucose) at 30 °C [45]. Cultures for H2 headspace and
HPLC analyses were grown in phosphate-buffered M9-minimal medium supplemented with 0.8%
(w/v) glucose as described [46]. When indicated, sterile solutions of NaCl or KCI were added. CCCP
was used at 100 uM unless otherwise indicated. Cultures were harvested by centrifugation at 4000 g
for 15 min at 4 °C, resuspended in 800 uL 50 mM Tris/HCI, pH 7.0, and kept on ice until further use.

Table 3. Strain list.

Strain Genotype Reference
F-araD139 A(argF-lac)U169 A rpsL150 relAl deoC1 flhD5301 A(fruK-

MC4100 yeiR)725(fruA25), rbsR22, A(fimB-fimE)632(:1S1) 471
CP630 Like MC4100, but AhyaB This study
CP631 Like MC4100, but AhybC This study
CP734 Like MC4100, but AhyaB AhybC [24]

HDK103 Like MC4100, but AhyaB AhycA-I [48]

3.2. Enzymatic Assays

The kinetic activity of the FHL complex was determined on a modified Clark-type electrode
equipped with an OXY/ECU module (Oxytherm, Hansatech Instruments, Norfolk, UK) to reverse the
polarizing voltage to -0.7 V. A volume of 2 mL degassed 50 mM Tris/HCl buffer, pH 7.0, at 30 °C was
added to the chamber prior to adding 50 pL of cell suspension. The reaction was started either with
50 mM formate or with 14 mM glucose. When the effect of sodium ions was studied, the ammonium
salt of formate was used to initiate the reaction, which increased the pH by 0.02 units. The amount of
H: was calibrated as described [49]. ECs0 values were calculated with Origin Pro 2017G software
(OriginLab, Northampton, MA, USA). The protein content of the respective cell suspensions was
determined using the method of Lowry in a micro-scale assay [50]. Optical densities and spectra were
recorded with a Tecan plate reader.

The Hz content of the gas headspace of a 15-mL Hungate tube filled with 7 mL of culture was
determined using gas chromatography with a GC2010 Plus Gas Chromatograph (Shimadzu, Kyéto,
Japan) as described [39].

For the reverse FHL reaction, the cells were initially grown anaerobically in TGYEP, pH 6.5, for
16 h at 30 °C, harvested and resuspended in 50 mM Tris/HCI, pH 7.5. Cell suspensions were further
mixed with different concentrations of CCCP, as indicated, and incubated under 2 atm pressure of
Hz and CO2 1:1 mixture for 16 h at 37 °C. Cells were then removed by filtration through a 0.2 uM filter
and supernatants applied to an HPLC system equipped with an Aminex HPX-87H column (Bio-Rad,
Hercules, CA, USA), and formate concentrations were determined as previously described [8]. The
culture supernatant was centrifuged and subsequently passed through a 0.2 uM filter prior to loading
onto the HPLC system.

Calorimetric assays of FdhH activity and hydrogenase activity were carried out with crude
extracts from anaerobically grown cells. The cells were harvested, sonicated for 2 min at 20 W with
0.5 sec pulses and briefly centrifuged. Anaerobic cuvettes were prepared containing 0.8 mL 50 mM
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Tris/HCl buffer, pH 7.0, and 4 mM benzyl viologen. The FdhH reaction was started with 15 mM
formate, and the hydrogenase reaction was started by adding crude extract to the cuvettes after
exchange of the N2 headspace with Hz. The signal at 600 nm was recorded, and an Em value of 7400
M~ ecm™ was assumed for reduced benzyl viologen. Data were derived from three independent
biological replicates. Protein concentration was determined using the Lowry method [50].

4. Conclusions

The data presented here confirm CCCP-dependent inhibition of FHL activity. Here, we
quantified this effect for the first time and saw striking differences depending on the presence of
active Hz>-oxidizing Hyd enzymes. The CCCP-dependent inhibition showed clearly that FHL did not
contribute to proton translocation across the membrane, and in contrast, the data suggest it is driven
by proton influx. Nevertheless, the data further highlight that the effect of CCCP might not be due to
its protonophore activity but might rather be indirect, either by interacting with thiol groups within
the complex or by disturbing the charge distribution at the membrane. The absence of an effect of
another protonophore on the Hz production further supports this finding. The sodium/potassium
inhibition of the Hz production showed that in order for it to function most effectively, the FHL
complex requires low external cation concentrations. Our data clearly suggests that H2 production
couples H* influx with Na* efflux. However, evidence shows that it is not the MRP antiporter subunit
HycC of the FHL complex that is directly involved, but rather it is the cation/H* antiport of the
membrane that influences H2 production.
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KAPITEL

Kapitel IV — Funktion des C-terminalen Peptides
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Zusammenfassung:

Das aktive Zentrum aller [NiFe]-Hydrogenasen (Hyd) hat einen Bimetall-
NiFe(CN).CO-Cofaktor, welcher die gemeinsame Funktion mehrerer Reifungs-
proteine fur seine Biosynthese und Insertion in die Vorlauferform der grof3en
Untereinheit des Enzyms erfordert. Die Cofaktorinsertion ist ein komplizierter und
kontrollierter Prozess. Die grof3e Untereinheit fast aller Hyd-Enzyme weist hierbei eine
C-terminale  Oligopeptid-Verlangerung auf, die als letzter Reifungsschritt
endoproteolytisch abgespalten wird. Dieses Peptid konnte entweder als eines der
Erkennungsmotive fur die Endoprotease dienen, als Interaktionsflache fur die
Reifungsproteine fungieren oder eine strukturelle Rolle spielen, um sicherzustellen,
dass die Kavitat des aktiven Zentrums offenbleibt bis der [NiFe]-Kofaktor inseriert wird.
Um zwischen diesen Hypothesen zu unterscheiden, tauschten wir das vollstandige C-
terminale Peptid des Vorlaufers der Escherichia coli-Hydrogenase 2 (Hyd-2) gegen
die C-terminale Verlangerung des Hyd-1-Enzyms aus. Mittels Gel-Aktivitatsfarbung
wurde deutlich, dass dieser Vorlaufer einer gro3en Untereinheit trotz des C-terminalen
Austauschs seine Spezifitat fur das HybG-Reifungs-Chaperon sowie fur die Pro-
HybC-spezifische Endoprotease HybD beibehalt. Bacterial-two-hybrid Interaktions-
Studien bestatigten diese Wechselwirkung zwischen HybD und der Pro-HybC-
Variante mit ausgetauschtem C-Terminus. Limitierte Proteolysestudien des
gereinigten Vorlaufers und des reifen HybC-Proteins zeigten, dass das reife Protein
im Gegensatz zum Vorlaufer Proteolysestabil (Trypsin) war, was auf eine wesentliche
Konformationsanderung des Proteins hinweist. Zusammengenommen unterstitzen
die Ergebnisse ein Modell, bei dem die Funktion des C-terminalen Peptides wahrend
der Reifung der Untereinheit strukturell ist.
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Delimiting the Function of the
C-Terminal Extension of the
Escherichia coli [NiFe]-Hydrogenase
2 Large Subunit Precursor

Constanze Pinske, Claudia Thomas', Kerstin Nutschan and R. Gary Sawers*

Institute of Microbiology, Martin-Luther University Halle-Wittenberg, Halle (Saale), Germany

The active site of all [NiFe]-hydrogenases (Hyd) has a bimetallic NiFe(CN),CO cofactor
that requires the combined action of several maturation proteins for its biosynthesis and
insertion into the precursor form of the large subunit of the enzyme. Cofactor insertion is
an intricately controlled process, and the large subunit of almost all Hyd enzymes has a
C-terminal oligopeptide extension that is endoproteolytically removed as the final maturation
step. This extension might serve either as one of the recognition motifs for the endoprotease,
as well as an interaction platform for the maturation proteins, or it could have a structural
role to ensure the active site cavity remains open until the cofactor is inserted. To distinguish
between these alternatives, we exchanged the complete C-terminal extension of the
precursor of Escherichia coli hydrogenase 2 (Hyd-2) for the C-terminal extension of the
Hyd-1 enzyme. Using in-gel activity staining, we demonstrate clearly that this large subunit
precursor retains its specificity for the HybG maturation chaperone, as well as for the
pro-HybC-specific endoprotease HybD, despite the C-terminal exchange. Bacterial
two-hybrid studies confirmed interaction between HybD and the pro-HybC variant carrying
the exchanged C-terminus. Limited proteolysis studies of purified precursor and mature
HybC protein revealed that, in contrast to the precursor, the mature protein was protected
against trypsin attack, signifying a major conformational change in the protein. Together,
our results support a model whereby the function of the C-terminal extension during
subunit maturation is structural.

Keywords: hydrogenase, Hyp proteins, large-subunit precursor, protein interaction, protease, maturation

INTRODUCTION

A still unresolved issue on the maturation pathway of the catalytic, or large, subunit of [NiFe]-
hydrogenases (Hyd) is what role the C-terminal oligopeptide extension plays during the
maturation process: Does it act as a recognition motif allowing interaction with maturation
proteins, or does it function as a form of “intra-molecular” chaperone that constrains the
large subunit precursor in a conformation allowing access of the maturation machinery, which
then interacts elsewhere on the protein? Or does it do both?
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Conformational Constraint in Apo-HybC

With the exception of the large subunit of sensory and Ech
hydrogenases (Theodoratou et al, 2005), the final step in the
maturation process of the large subunit involves endoproteolytic
cleavage of an approximately 15-amino acid-long oligopeptide
from the C-terminus of the protein (Gollin et al., 1992; Menon
et al,, 1993; Rossmann et al., 1994; Bock et al., 2006). Proteolytic
cleavage of the precursor of the large subunit is an exquisitely
controlled process and only occurs after insertion of the bimetallic
NiFe-cofactor has been completed (Bock et al, 2006; Sawers
and Pinske, 2017). The NiFe-cofactor is coordinated within the
active site by four conserved cysteinyl thiolates (henceforth referred
to as Cysl-4), two of which are located N-terminally (Cys1-2)
and the other two (Cys3-4) are close to the ultimate C-terminus
of the protein (see Figure 1; Magalon and Bock, 2000).

Having been constructed on the HypCDEF protein scaffold
complex (Bock et al, 2006; Sawers and Pinske, 2017), the
Fe(CN),CO moiety of the cofactor is the first component to
be delivered to the precursor, probably by the HypC protein.
In bacteria synthesizing more than one Hyd, paralogues of
HypC exist, e.g., HybG in Escherichia coli, and these paralogues
deliver the Fe(CN),CO moiety to a specific Hyd enzyme
(Blokesch et al, 2001). Only after the Fe group has been
delivered and coordinated by the Cys residues 1 and 2, can
nickel be delivered by the combined actions of the HypAB
and SlyD proteins (Lacasse and Zamble, 2016). The nickel is
initially coordinated by Cys-3 (Figure 1A). Nickel is the template
recognized by the specific endoprotease (Theodoratou et al,
2000a) and cleavage occurs between the conserved His and
Val residues, which are located three and four amino acid
residues, respectively, C-terminal to the Cys-4 residue that

coordinates the cofactor (Figure 1A). Based on the concept
of Schechter and Berger (1967) and Hedstrom (2002), these
two positions of a peptide (P1 and P1’) determine the specificity
of the protease. Notably, however, the Hyb endoprotease cannot
be classified either as a metallo- or as a serine-protease (Rossmann
et al., 1995; Sawers, 2012). Proteolytic removal of the C-terminal
oligopeptide causes a conformational switch in the complete
protein bringing the Cys-4 residue (Figures 1A,C) into
coordination distance to bridge both metals and “fix” the
cofactor firmly within the active site (Magalon and Bock, 2000;
Bock et al.,, 2006; Kwon et al., 2018).

The recently determined crystal structure of the HyhL large
subunit precursor of the Hyd enzyme from the hyperthermophilic
archaeon Thermococcus kodakarensis in complex with the nickel
delivery protein HypA provided an initial indication that the
presence of the C-terminal extension causes significant
displacement of Cys-4 from the other three coordinating Cys
residues, leaving the active site accessible for cofactor delivery
(Kwon et al,, 2018). Moreover, HypA was shown to bind at a
flexible region of the large subunit near the N-terminus, suggesting
that the C-terminus is not involved in binding maturation proteins.

Our model system to study the role of the C-terminal
extension in maturation is the large subunit, HybC, of E. coli
Hyd-2. Hyd-2 enzyme activity is readily detectable and an
array of available mutants makes this system highly amenable
to analysis of the maturation process (Pinske et al., 2015;
Thomas et al., 2015). Moreover, the recently determined crystal
structure of the enzyme reveals that the mature HybC subunit
has a compact and characteristic oxidoreductase fold common
to many hydrogenases (Beaton et al., 2018).

Cys-3 Cys-4
A * % W

RT+HSFDPC+AC+ H V+

(black and red spheres) ligands are coordinated.

HyaB -RTLHSFDPCLACSTH VLGDDGSELISVQVRg,,
DG+E++SV+V
HybC -RTIHSFDPCMACAVH VVDADGNEVVSVKVLg,,

B

N— - ) | |-C pro-HybC
N e HYOCon
N [ FC pro-HybCST
N | -C pro-HybCS
N-| [ FcC pro-HybCssT

FIGURE 1 | Schematic representation of the HybC large subunit variants. (A) The amino acid sequences in single-letter code of the C-terminal 30 residues of the
large subunit pro-HybC and pro-HyaB precursors are shown. Identical amino acids are shown in green, the + indicates similar amino acids and the residues
depicted in red signify those exchanged in this study. The vertical arrow indicates the site of endoproteolytic cleavage and the red asterisks signify the conserved
Cys-3 and Cys-4 residues involved in coordinating the Ni-Fe-cofactor. (B) The HybC variants used in this study (not drawn to scale) are shown, as is the location of
the sequence represented in part (A). N and C represent N- and C-terminus of the polypeptides, respectively. The thin red bar indicates that A and V were changed
to Sand T, and the blue rectangle signifies that the 15-amino acid extension (after the cleavage site) from pro-HyaB replaced the native oligopeptide. The red
asterisks depict the approximate locations of the four conserved Cys residues (1-4) that coordinate the NiFe-cofactor. (C) The structural organization of the Cys-1
through Cys-4 and how they coordinate the NiFe(CN),CO group in HybC (Beaton et al., 2018) is shown for the reduced enzyme (6EHS). The representation was
generated using PyMOL. The green sphere represents the nickel and the large brown sphere the iron ion, where the cyanyl (black and blue spheres) and carbonyl

C-terminus
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HybG, a HypC paralogue, is specifically required for maturation
of pro-HybC (Blokesch et al., 2001), the precursor, or proprotein,
form of HybC and interacts with this polypeptide, but not with
the processed form of the protein HybC,,, (Thomas et al,, 2015;
Senger et al,, 2017). HybC,,,. is a genetically generated variant
of pro-HybC (Figure 1B) that lacks the 15-amino acid C-terminal
extension normally removed by the HybC-specific endoprotease
HybD in vivo (Fritsche et al., 1999; Theodoratou et al., 2005;
Sawers, 2012). Preliminary studies carried out by our group have
indicated that when the terminal 15 amino acids present on
pro-HybC are exchanged for those of the E. coli Hyd-1 large
subunit precursor, pro-HyaB (see Figure 1B), cleavage of the
hybrid proprotein retains its specificity for the HybD endoprotease
and does not become dependent on HyaD, the pro-HyaB-specific
endoprotease (Thomas et al,, 2015). An alignment of the C-terminal
regions of pro-HybC and pro-HyaB reveals that the 15-amino
acid extension of both proteins shares 7 conserved and 5 similar
amino acid residues (Figure 1A). Overlooked in the initial study
by Thomas et al. (2015) were the two amino acid residues
immediately adjacent to Cys-4, which are AV in HybC and ST
in HyaB (Figure 1A). These residues locate to the P2 and P3
positions that still have a significant impact on protease recognition
(Schechter and Berger, 1967; Hedstrom, 2002). Because of the
important role played by Cys-4 in coordinating the NiFe-cofactor
(Magalon and Bock, 2000) and the significant displacement of
this residue revealed by the crystal structure of immature HyhL
(Kwon et al, 2018), this suggests a potentially significant role
for residues A-550 and V-551 in the recognition of the precursor
by hydrogenase maturation proteins. We therefore decided to
analyze whether these two amino acid residues act as determinants
in the recognition of pro-HybC by either HybG or HybD. Our
findings indicate that, in contrast to the latter suggestion, the
complete C-terminal extension behind the final cysteinyl residue
coordinating the cofactor functions solely to constrain pro-
HybC in a conformation appropriate for interaction with the
maturation machinery.

MATERIALS AND METHODS

Strains and Growth Conditions

The strains listed in Table 1 were used in this study. All
growth experiments involving the analysis of in-gel hydrogenase
enzyme activity were performed anaerobically in M9 minimal
medium (Sambrook et al., 1989) supplemented with 0.1 mM
CaCl,, 0.1 mM thiamin dichloride, and trace element solution
SLA (Hormann and Andreesen, 1989) at 37°C in Hungate
tubes under a nitrogen gas atmosphere as described (Thomas
et al., 2015). The carbon source was glucose (0.8% w/v). For
routine cloning experiments, strains were grown on LB-agar
plates or in LB-broth at 37°C (Miller, 1972). When required,
the antibiotics ampicillin, kanamycin, or chloramphenicol were
added to a final concentration of 100, 50, or 25 pg ml™,
respectively. Cells were harvested by centrifugation at 5,000 g
for 15 min at 4°C when cultures had reached an ODggy , Of
between 0.8 and 1.2. Cell pellets were either used immediately
or stored at —20°C until use.

TABLE 1 | Strains and plasmids used in this study.

Strain or plasmid

Relevant genotype or
characteristic(s)

Reference or source

Strain
BTH101

MC4100

FTD150
CB16
CB17
CB18
CB19

Plasmids
PASK-hybC

PASK-hybCec

PASK-hybChve8

PASK-hybCST

PASK-hybCva8sT

PASK-hybG

pCB-hybC

pCB-hybCpyee

pUT18

pKT25

pT18-zip

pT25-zip

F-, cya-99, araD139,
galE15, galK16, rpsL1(StrF),
hsdR2, mcrA1, merB1
F~araD139 (argF-lac)U169
ptsF25 deoC1 relA1
fIbB5301 rspL150

As MC4100, but AhyaB
AhybC AhycE AhyfB-R

As FTD150, but hyaB*
MhyaD::Kan®

As FTD150, but hybC*
AhybD::Kan®

As FTD150, but hybC*
MhybG::Kan®

As FTD150, but hycE*
AhypC::Kan®

hybC in pASK-IBA5*,

AmpF

pPASK-hybC, V553 Stop
(codon 553 converted to
TAA), Amp”

hybC with hyaB C-Terminus
in pASK-IBA5*, AmpF;
product designated
pro-HybC*

hybC with AV changed to
ST in pASK-IBA5*, AmpF;
product designated
pro-HybCST

hybC with hyaB C-Terminus
and AV changed to ST in
PASK-IBA5*, Amp®; product
designated pro-HybCsS"
hybG in pASK-IBAS, carries
a C-terminal Strep-tag;
Amp®

PCAN-hybC (Kitagawa

et al., 2005) with a TAA at
codon 568 in hybC,
producing His-pro-HybC;
Cm*

PCAN-hybC with a TAA at
codon 553 (GTA — TAA) in
hybC, producing
His-HybCpyoe; Cm™

Bacterial two hybrid plasmid
expressing the T18
fragment and a MCS at the
5" end of T18, AmpF
Bacterial two hybrid plasmid
expressing the T25
fragment and a MCS at the
3’ end of T25, Cm*

pUT18, Leucine zipper fused
to T18 fragment (225-399
amino acids of CyaA)
pKT25, Leucine zipper
fused to T25 fragment
(1-224 amino acids of CyaA)

Karimova et al., 1998

Casadaban, 1976

Redwood et al., 2008
Thomas et al., 2015
This study

This study

This study

Pinske et al., 2011

Thomas et al., 2015

Thomas et al., 2015

This study

This study

Soboh et al., 2013

This study

This study

Karimova et al., 1998

Karimova et al., 1998

Karimova et al., 1998

Karimova et al., 1998

(Continued)
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TABLE 1 | Continued

Strain or plasmid Relevant genotype or Reference or source

characteristic(s)

pT18-hybD pUT18, hybD*, Amp" This study
pT25-hybC pKT25, hybC*, CmP This study
pT25-hybC? pKT25, hybC with hyaB This study
C-terminus, Cm?
pT25-hybCS" pKT25, hybC* including the  This study
AV550ST exchange, Cm”
pT25-hybCssT pKT25, hybC with hyaB This study
C-terminus and including
the AV550ST exchange,
Cm*
pT25-hyaB pKT25, hyaB*, Cm~ This study
pT25-hyaB*® pKT25, hyaB with hybC This study
C-terminus, Cm*
pT-hypC pT7-7 hypC*, HypC carries  Soboh et al., 2013

a Cterminal Strep-tag, Amp®

Plasmid and Strain Construction
Amino acid exchanges of the A550S and V551 T (numbers
are based on untagged protein) were introduced simultaneously
in hybC using the NEBase changer method (NEB, USA). The
templates used were the plasmids pASK-hybC (Pinske et al.,
2011) and pASK-hybC™*® (Thomas et al, 2015). The
oligonucleotides used were wtHybC_AV>ST_FW with HybC_
AV>ST_RW for the pASK-hybC plasmid and HybC/HyaB_
AV>ST_FW with HybC_AV>ST_RW for the pASK-hybC"
plasmid (Table 2). The stop codons introduced into hybC in
pCAN-hybC (Table 1; Kitagawa et al., 2005) to generate
pCB-hybC and pCB-hybC,,, (see Table 1) were done using
PCR mutagenesis with pCAN-hybC as DNA template and the
oligonucleotides described previously (Thomas et al.,, 2015).
Plasmids for the bacterial-two-hybrid analysis were
constructed by using either the large subunit variants as template
or, for the hybD gene, chromosomal DNA as template. The
genes were amplified with Q5 polymerase (NEB, USA) using
the appropriate combination of oligonucleotides (Table 2), and
PCR fragments were subsequently digested with Pst] and BamHI
for the large subunits or with HindIII and EcoRI for hybD
and ligated into the bacterial two hybrid vectors pKT25 or
pUT18 (Karimova et al, 1998), which had been previously
digested with the same respective enzyme combinations. The
authenticity of all constructs was verified by DNA sequencing.
E. coli strains were constructed using Plkc-mediated phage
transduction (Miller, 1972) to introduce the respective defined
deletion mutation in hypC or hybG from the appropriate donor
strain of the Keio collection (Baba et al., 2006).

Preparation of Crude Cell Extracts,
Non-denaturing Polyacrylamide Gel
Electrophoresis, and Hydrogenase
Activity-Staining

Crude cell extracts were prepared anaerobically as described
(Pinske et al., 2012). Determination of protein concentration
was done as described (Lowry et al., 1951). Non-denaturing

TABLE 2 | Oligonucleotides used in this study.

Oligonucleotide Sequence 5' - 3’

WtHybC_AV>ST_FW
HybC/HyaB_AV>ST_FW
HybC_AV>ST_RW

CATGGCCTGTTCAACACACGTAGTGGATG
CATGGCCTGTTCAACACACGTGCTGG
CACGGGTCAAAGGAGTGA

HyaB_FW_Pstl GCGCTGCAGGGAGCACTCAGTACGAAACTC
HyaB_RW_BamHlI GCGGGATCCTTAACGCACCTGCACGGAGATC
HybC_FW_Pstl GCGCTGCAGGGAGCCAGAGAATTACTATTG
HybC_RW_BamHI GCGGGATCCTTACAGAACCTTCACTGAAAC
HybD_FW_Hindlll GCGAAGCTTATGCGTATTTTAGTCTTAGG

HybD_RW_EcoRlI GCGGAATTCGAGTCATGAATCGCCTCCCGTG

polyacrylamide gel electrophoresis (PAGE) was performed
anaerobically. Separating gels included 0.1% (w/v) Triton
X-100 as described (Ballantine and Boxer, 1985). Crude
extracts were incubated with a final concentration of 4%
(w/v) Triton X-100 prior to application (usually 50 ug of
protein) to the gel, which included 6% (w/v) polyacrylamide.
Hydrogenase activity-staining was done in 50 mM MOPS
buffer pH 7.0, as described (Pinske et al., 2012) and included
0.5 mM BV and 1 mM 2,3,5-triphenyltetrazolium chloride
(TTC). Gels were incubated under an atmosphere of 100%
hydrogen gas.

Purification and Limited Proteolysis of
Pro-HybC and HybC,,,.

N-terminally His-tagged HybC variants were purified after
overproduction in strain CB17 (Table 1) by metal-affinity
chromatography using cobalt-charged TALON® superflow resin
(Clontech Laboratories Inc., USA). A column containing 1 ml
bed-volume of resin was pre-equilibrated with 10 ml of
anaerobic buffer A (50 mM Tris-HCI, pH 8, 300 mM NacCl)
followed by application of filtered (0.45 pm sterile filter,
Sartorius), anaerobically prepared crude extract (typically 5 ml,
10 mg ml™" protein) containing the His-tagged protein at a
flow rate of 1 ml min'. Unbound proteins were washed
from the column with 10-15 column volumes of buffer A,
followed by a washing step (3 column volumes) using buffer
A containing 30 mM imidazole. Bound, His-tagged proteins
were eluted with buffer A containing 300 mM imidazole.
After elution, pooled eluate containing the purified protein(s)
of interest was buffer-exchanged into buffer C (25 mM Tris-
HCI, pH 8, 150 mM NaCl) using a Sephadex PD-10 column
(GE Healthcare, Germany).

Aliquots (100 ug) of pro-HybC or HybC,,,. (both N-terminally
His-tagged) in a 100 pl reaction volume of 200 mM HEPES
pH 7.8 containing 200 mM NaCl and 40 mM CaCl, were
incubated with 1 pg of trypsin or chymotrypsin and 10 ul
aliquots were removed at the indicated times and immediately
added to boiling SDS buffer to terminate the reaction.
Polypeptides were separated in denaturing SDS-PAGE (Laemmli,
1970) containing 12.5% (w/v) polyacrylamide. Gels were
subsequently stained with Coomassie Brilliant Blue.

C-terminally Strep-tagged HypC and HybG were purified
as described in Soboh et al. (2011, 2013). Aliquots of 50 ug
were used in limited proteolysis experiments.
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FIGURE 2 | Hyd-2 enzyme activity profiles of the different HybC variants. Activity-stained native polyacrylamide gels are shown after anaerobic growth of the
indicated strains in minimal-glucose medium (see Section “Materials and Methods” for details). The locations of the respective H,-oxidizing enzyme complexes are
indicated on the left of each panel. Each panel has a positive control (wild type = MC4100) and a negative control (FTD150 AhyaB, hybC, hycE, and AhyfB-R). The
four lanes on the right of each panel represent the gene products encoded by the corresponding plasmids introduced into FTD150 (panel A), CB18 (AhybG; panel
B), CB19 (AhypC; panel C), CB17 (AhybD; panel D), or CB16 (AhyaD; panel E). All other genes necessary for synthesis of an active Hyd-2 enzyme are present in
each strain, except in strains CB17 and CB18. Note that in panel (A), the extract derived from MC4100 was run on a separate gel, as was the final lane in panel (E).
These experiments were repeated on minimally three separate occasions.

Analysis of Protein Interactions Using the
Bacterial Two-Hybrid System

These experiments were performed as described by Pinske
(2018). Briefly, growth of strain BTH101 (Karimova et al,
1998) transformed with two compatible BTH plasmids was
performed under anaerobic conditions in TGYEP medium (1%
w/v tryptone, 0.5% w/v yeast extract, 0.8% w/v glucose, 0.1 M
potassium phosphate buffer pH 6.5; Begg et al., 1977) at 30°C
for 16 h in the presence of ampicillin and chloramphenicol.
Determination and calculation of $-galactosidase enzyme activity
was done using a 0.5 ml culture grown according to Miller
(1972). Each experiment was performed in biological, as well
as technical, triplicates. In a qualitative test, 5 pl aliquots of
culture were dropped on MacConkey plates containing 0.5%
(w/v) maltose, ampicillin, and chloramphenicol. The plates were
incubated aerobically at 30°C for 16 h and strains lacking
B-galactosidase enzyme activity remained white, while those
exhibiting activity ranged from pink to deep red (data not shown).

RESULTS AND DISCUSSION

Exchange of the Amino Acids Ala-550 and
Val-551 on Pro-HybC for Those in Pro-
HyaB Does Not Prevent Processing

The C-terminal peptide on pro-HybC, the large subunit precursor
of Hyd-2, functions either as a recognition motif for the Hyp
cofactor-insertion machinery or it maintains the empty active
site in an open conformation, facilitating insertion of the
nickel and Fe(CN),CO moieties of the cofactor. Current evidence

strongly suggests the latter role (Thomas et al., 2015; Kwon
et al, 2018). To demonstrate this conclusively, however,
we decided to generate a HybC variant carrying a complete
swap of all 18 amino acids after Cys-4 (Figure 1A), for the
corresponding C-terminal 18-amino acid oligopeptide from
the Hyd-1 large subunit precursor pro-HyaB (Figure 1B). A
variant in which the final 15-amino acid residues of the
pro-HybC protein were exchanged for those of pro-HyaB was
constructed previously (Thomas et al.,, 2015). This construct,
referred to in this study as pro-HybC® (Figure 1B), was used
as the basis to introduce further changes at codons 550 and
551 in the hybC gene, resulting in a protein product
(pro-HybC*T) carrying the Hyd-1-specific ST instead of the
Hyd-2-specific AV amino acid residues at these positions
(Figure 1A). These exchanges were also made in the native
hybC gene, delivering pro-HybC*" (Figure 1B). The plasmids
delivering the gene products pro-HybC, pro-HybC®, pro-HybC*,
and pro-HybC*" (see Table 1) were introduced into the E.
coli strain FTD150 (Redwood et al., 2008), which lacks the
genes encoding the large subunits of all four hydrogenases,
as well as into isogenic strains lacking hybG (CB18), hypC
(CB19), hyaD (CB16), or hybD (CB17). After anaerobic growth
in minimal medium with glucose as a carbon source, cell-free
extracts were prepared, and the Hyd-2 enzyme activity profile
of each strain was analyzed after separation of enzyme complexes
in native-PAGE (Figure 2). The wild-type strain MC4100 acted
as a positive control in each experiment and revealed three
sets of signals (Ballantine and Boxer, 1985; Pinske et al., 2011)
representing H,-oxidizing enzyme activity (see Figure 2A),
characteristic for the conditions used: Hyd-1 had the fastest
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mobility in the gel; Hyd-2 migrated as a double band, and
occasionally a third band could be discerned; and near the
origin of the gel a weakly staining activity band due to a
secondary H,-oxidizing activity of the formate dehydrogenases
FDH-O and FDH-N was observed (Soboh et al., 2011). The
activity due to FDH-O/N acted as a useful loading control
in these experiments and was the only activity band visible
in extracts of the negative control FTD150 lacking a plasmid
(Figure 2). Introduction of the genes encoding pro-HybC
and pro-HybC® restored Hyd-2 activity to strain FTD150,
indicating that both precursor proteins were efficiently
recognized and processed to active subunits by the Hyp
maturation machinery (Thomas et al., 2015). Exchange of
amino acids AV for ST at amino acid positions 550-551,
delivering pro-HybC*", also resulted in an active Hyd-2 enzyme,
albeit with a slightly weaker activity signal (Figure 2A). This
result indicated that exchange of the AV for ST amino acid
residues adjacent to the terminal Cys-549 residue only reduced
the efficiency of maturation or processing of the large subunit
precursor but did not prevent maturation of an active Hyd-2
enzyme. Exchange of the complete 18-amino acid C-terminal
peptide on pro-HybC for that on pro-HyaB, delivering
pro-HybC*", reduced the level of Hyd-2 activity still further
under the conditions used in this experiment (Figure 2A).
Nevertheless, these data showed that the enzyme retained
activity and indicated that NiFe-cofactor insertion had occurred
and that the C-terminal extension was removed. Addition of
1 mM Ni** jons to the growth medium failed to increase
enzyme activity of pro-HybC*" or pro-HybC*" (data not shown).

The AV — ST Exchange in Pro-HybC®™ and
Pro-HybC$T Did Not Affect Dependence
on Either the HybG Chaperone or the
HybD Protease

HybG is the chaperone protein specific for delivery of the
Fe(CN),CO group into pro-HybC during maturation of Hyd-2
(Blokesch et al., 2001; Sawers and Pinske, 2017). Pro-HyaB
on the other hand can receive the Fe(CN),CO group from
either HybG or HypC (Blokesch et al., 2001). To determine
whether the specificity of pro-HybC®" for HybG was in any
way altered by the exchange of the AV to ST residues,
we introduced all four plasmids into the hybG mutant CB18
(Figure 2B). No clearly defined activity band corresponding
to Hyd-2 could be observed in extracts of the hybG mutant
(Figure 2B). When three of these constructs were introduced
into strain CB19, which lacked HypC, the Hyd-2 activity profile
of each was similar to that when the same plasmids were
introduced into FTD150 (compare Figures 2A,C). This result
indicates that all variants retained their dependence on HybG
for maturation.

The final step in hydrogenase large subunit maturation after
nickel-insertion involves the proteolytic cleavage of the
C-terminal peptide. This cleavage event has been proposed
to result in a conformational change in the protein resulting
in closure of the active site (Drapal and Bock, 1998; Bock

et al., 2006; Senger et al,, 2017). Each precursor polypeptide
has a specific protease that recognizes, among other features,
the presence of the nickel ion as a motif (Theodoratou et al.,
2000a,b). Although exceptions exist (Albareda et al, 2017),
generally, each [NiFe]-hydrogenase large subunit has a protease
specific for that particular large-subunit precursor (Bock et al.,
2006; Sawers, 2012). This fact implies recognition of not only
the nickel ion but also particular amino acid motifs of the
hydrogenase precursor polypeptide by the protease (see Kwon
et al,, 2018). In E. coli, HyaD is the maturation endoprotease
that is specific for pro-HyaB, while HybD is specific for
pro-HybC (Theodoratou et al., 2005). Consequently, testing
endoprotease specificity provides a very clear means of asking
the question whether, apart from the nickel ion, the C-terminal
peptide is a key determinant for protease recognition. To
answer this question, we introduced the plasmids encoding
the four different pro-HybC derivatives into isogenic FTD150
strains lacking either the hybD (Figure 2D) or the hyaD
(Figure 2E) genes and analyzed the Hyd-2 activity profiles
of cell-free extracts derived from the strains after anaerobic
growth in minimal-glucose medium. The results showed very
clearly that neither exchange of the 15-amino acid C-terminal
peptide of pro-HybC for that of pro-HyaB (pro-HybC®) nor
introduction of the AV > ST exchanges (pro-HybC®") affected
the protease specificity of the precursor; all four derivatives
retained an absolute dependence on HybD (Figure 2D) and
all four retained activity in the hyaD mutant background,
although, however, the pro-HybC*" derivative had reduced
activity (Figure 2E). Together, these data indicate that the
specificity neither for the chaperone HybG nor for the protease
HybD was affected by the amino acid substitutions in the
C-terminal peptide of pro-HybC. Furthermore, they suggest
that neither protein binds to the C-terminus of pro-HybC
behind Cys-549 (Cys-4 in Figures 1A,C).

The Pro-HybCS®T Variant Including a
Complete Exchange of the 18-Amino Acid
C-Terminus of HybC Interacts With HybD
The results clearly show that pro-HybC*" could be matured
into an active hydrogenase large subunit (HybC,,,). Moreover,
the results confirmed that this pro-HybC*" variant generated
a lower Hyd-2 enzyme activity compared with pro-HybC*". In
order to demonstrate the protease specificity for HybD of all
four pro-HybC derivatives, we performed bacterial two-hybrid
analysis, whereby peptide T25 of adenylate cyclase was fused
to the N-terminus of the HybC derivatives, while the protease
HybD was fused with peptide T18 of adenylate cyclase (Karimova
et al, 1998). The B-galactosidase enzyme activities measured
for the empty vectors (pKT25 and pUT18) in the reporter strain
BTH101 (Table 1) without insert, or pT25-zip together with
pT18-zip, provided the negative or positive control values for
the experiment, respectively (Figure 3). A clear interaction could
be shown for HybD and pro-HybC, as reflected by the
B-galactosidase enzyme activity of approximately 340 units.
Similar activities were observed for both pro-HybC™ and
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pro-HybC*, indicating both precursor proteins interacted with
a similar affinity with HybD. Notably, pro-HybC?* had a significantly
higher B-galactosidase activity (~ 820 units; Figure 3) in its
interaction with HybD, suggesting an improved interaction
between HybD and this precursor variant. A possible explanation
for this finding is that the improved interaction may signify
that HybD processes this variant more poorly.

In contrast to what was observed for fusions with pro-HybC,
a fusion of the Hyd-1 large subunit precursor, pro-HyaB, or
of pro-HyaB?®, the Hyd-1 precursor with its C-terminus exchanged
with that from pro-HybC, with the T25 adenylate cyclase
fragment did not reveal any interaction with HybD (~95 units,
similar to the negative control). This result indicates that the
interaction between HybD and the HybC precursors was
highly specific.
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FIGURE 3 | All four HybC variants interact with the endoprotease HybD. The
histograms show the B-galactosidase enzyme activities of strain BTH101
carrying plasmids encoding T25 fusions of the indicated hydrogenase variants
as well as T18 fused with HybD (see Section “Materials and Methods” for
details). “Vector” shows the activity of the strain carrying empty vectors
pUT18 and pKT25, while “Zip” shows the activity of the strain carrying the
positive controls pT25-zip and pT18-zip (Karimova et al., 1998). Each
histogram shows the mean plus standard deviation of the biological

replicates, each performed in triplicate.

Limited Proteolysis Studies Reveal

That HybC,,,. Has a More Compact
Conformation Than Pro-HybC

The findings of a recent CD-spectroscopic analysis have
suggested that pro-HybC and HybC,,., the processed form
of HybC lacking the 15-amino-acid long C-terminal peptide,
have different conformations (Senger et al., 2017). To confirm
and extend that observation, we undertook limited proteolysis
experiments to gain insight into whether the genetic removal
(HybC, . in Figure 1B; Thomas et al., 2015) of the C-terminal
peptide of pro-HybC indeed resulted in a more compact,
“closed” conformation of the protein. The pro-HybC protein
was isolated from a genetic background that lacked the hybD
gene to ensure that no in vivo processing could occur. Studies
were performed using both trypsin (Figure 4A) and
chymotrypsin (Figure 4B), as well as using GluC (data not
shown), and all three experiments showed an enhanced
resistance of the purified HybC,,.. species toward proteolysis
compared with the unprocessed pro-HybC protein. After a
2 h incubation with trypsin, pro-HybC was almost completely
cleaved (Figure 4A), while approximately 50% of HybC,,.
remained uncleaved during the same period of incubation
(Figure 4A). Similar observations were made for chymotrypsin
treatment of the purified proteins (Figure 4B). Moreover,
there were clearly fewer peptides visible in the 25-35 kDa
mass range for the HybC,,,. protein compared with pro-HybC
(Figure 4A). Together, these findings indicated that HybC
lacking the C-terminal peptide was more resistant toward
proteolysis and therefore has a different, more “compact”
conformation, compared with pro-HybC.

HybG Protects Pro-HybC Against
Proteolysis by Trypsin

HybG is required for the delivery of the Fe(CN),CO group to
pro-HybC (Blokesch et al, 2001) and HybG interacts with
pro-HybC (Thomas et al., 2015; Senger et al., 2017). Our findings
presented above also demonstrate that the pro-HybC variants
with a C-terminal extension exchanged for that of pro-HyaB
retained their dependence on HybG for maturation. These results

25—

A pro-HybC HybCpoc pro-HybC HybC, o
U 0 5 10 30 60 120 U 0 5 10 30 60 120min 0 10 30 60 120 0 10 30 60 120min
kDa =
70— .
- ‘5187 ae b —— —— —
70 e enn — - F —— g t———
50—“:'-»‘ Py S e 35— - - '
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35— 15— .

FIGURE 4 | Different conformations of immature pro-HybC and mature HybC,. revealed by limited proteolysis. Aliquots (100 pg protein) of purified His-tagged
pro-HybC or HybC,,. were incubated at 37°C with 1 pg of trypsin (A) or chymotrypsin (B) and samples were removed at the indicated time points and separated in
10% (w/v) SDS-PAGE for (A), or 12.5% (w/v) SDS-PAGE for (B). After electrophoresis, the gels were stained with Coomassie Brilliant Blue. U, untreated, purified
polypeptide. Molecular mass standards are shown in kDa. Limited proteolysis experiments were performed three times for each protease.
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FIGURE 5 | HybG protects pro-HybC against proteolytic attack by trypsin. The experiment shown in part (A) of Figure 4 was repeated under the same conditions
but pro-HybC was incubated with 50 pg of either HypC (A) or HybG (B) prior to addition of trypsin. The migration positions of pro-HybC, HypC, and HybG are
indicated on the right of the figure. Limited proteolysis experiments were performed three times.

strongly suggest that HybG, like the protease HybD, binds to
and recognizes motifs in pro-HybC that are distinct from the
C-terminal peptide, as has also been suggested based on the
results of mutagenesis (Magalon and Bock, 2000) and recent
structural studies (Kwon et al., 2018). To provide further support
for this suggestion, we examined whether HybG, through its
interaction with pro-HybC could offer protection against attack
by trypsin (Figure 5). As a control, we performed at the same
time an experiment in which HypC was incubated with pro-HybC.
HypC does not specifically interact with pro-HybC (Blokesch
et al, 2001; Thomas et al., 2015) and indeed the gel shown in
Figure 5A reveals that HypC failed to protect pro-HybC against
proteolysis by trypsin, with the degradation pattern being similar
to that shown for pro-HybC alone (see Figure 4A). Full-length
HypC was also degraded during the 2 h incubation with trypsin.
In contrast, HybG clearly reduced the rate of degradation of
pro-HybC (Figure 5B), suggesting that it either sterically hindered
access of trypsin to the vulnerable sites, or altered the conformation
of pro-HybC such that it was no longer accessible to the protease.
Unfortunately, attempts to isolate pro-HybC*' or pro-HybC*'
for similar interaction analyses failed due to inherent instability
of both variants (data not shown).

CONCLUDING REMARKS

Our results support the conclusion that the C-terminal oligopeptide
extension on the large subunit of Hyd-2 has a chaperone-like
function (Theodoratou et al., 2005) and do not support the
conclusion that it acts as a recognition motif for either the
HybG or HybD hydrogenase maturation proteins. The two
variable amino acids between Cys-4 and His-552 in HybC and
HyaB of E. coli, and which are part of the conserved D-P-C-
X-A-C-X-X-H motif that forms the C-terminus of most nickel
hydrogenase large subunits, are interchangeable and not essential
for either HybG or endoprotease specificity; however, the exchange
from AV to ST in pro-HybC did impair the efficiency of

maturation. It is likely that this effect is due to the proximity
of these residues to the crucial fourth cofactor-coordinating
cysteinyl residue (Cys-4), which ultimately bridges the two metals
of the NiFe-cofactor in the active site, thus conferring activity
upon the cofactor (Magalon and Bock, 2000; Beaton et al,
2018). The importance of the fourth cysteinyl residue in maturation
was emphasized recently when the crystal structure of the
immature precursor HyhL from T. kodakarensis revealed that
a B-strand formed within the C-terminal extension and interacted
with two B-strands in the N-terminus of the polypeptide to
form a B-sheet structure. This conformational change displaced
the Cys-4 residue away from the other three coordinating Cys
residues (Kwon et al., 2018), consequently opening the active
site to allow the Hyp maturation proteins to interact with and
deliver the Fe(CN),CO and nickel moieties to the precursor.
After endoproteolytic cleavage, the C-terminus is suggested
to “flip’back forming a short a-helix closing the active site,
thus allowing Cys-4 to bridge the two metals. This hypothesis
is supported by the recently resolved structure of the mature
HybC protein (Beaton et al., 2018; see also Figure 1C). Our
limited proteolysis studies demonstrated that a major
conformational change in the protein indeed occurs because
HybC,,,c became significantly more resistant to trypsin treatment
when compared with pro-HybC. Moreover, interaction with
HybG also protected the “open” conformation of the protein
against trypsin, which corroborates our proposal that HybG
possibly interacts with the N-terminal region of the protein,
as has been shown for the nickel delivery protein HypA during
its interaction with HyhL (Kwon et al., 2018). Moreover, these
findings are in accord with HybG being unable to interact
with HybC,,,, (Thomas et al,, 2015). Contrary to the proposed
interaction of the HybD maturation endoprotease with the
C-terminal extension (discussed in Kwon et al, 2018), the
results presented in this communication indicate that the
C-terminus is not a recognition motif for the hydrogenase-
specific endoprotease, hence locating the recognition site(s) at
a different place from the processing site. The two proteases
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HyaD and HybD do not recognize substrates other than their
own large subunit precursors HyaB and HybC, respectively,
and despite substitution of the complete C-terminal oligopeptide
and the P2 and P3 sites from HyaB, pro-HybC*" retained its
specificity for HybD.
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Formate hydrogenlyase NADH:ubiquinone oxidoreductase
Complex |

Formate CO, +H*

NADH NAD*+H*

Abbildung 18: Vergleich des schematischen Aufbaus des FHL-Komplexes mit Komplex I.

Zusammenfassung:

Komplex | und der Formiat-Hydrogenlyase (FHL)-Komplex aus Escherichia coli
enthalten jeweils das Fusionsprotein NuoCD bzw. HycE. Es wurden die N-terminalen,
kofaktorfreien Domanen beider Proteine deletiert oder das Protein genetisch in zwei
einzelne Proteine getrennt und die Enzymaktivitat bestimmt. Die Deletionsvarianten
verursachten die Instabilitat beider Komplexe. Eine Trennung fuhrte im Fall von FHL
zum Aktivitatserhalt wahrend Komplex | inaktiv wurde.

Der  Formiat Hydrogenlyase (FHL) Komplex ist der  wichtigste
wasserstoffproduzierende Enzymkomplex in Enterobakterien. Er wandelt Formiat
durch die Formiat-Dehydrogenase und die [NiFe]-Hydrogenase (HycE Protein) in CO-
und Hz2 um. FHL und Komplex | sind evolutionar eng verwandt und teilen eine
gemeinsame Kernarchitektur. Komplex | katalysiert jedoch den grundlegend
verschiedenen Elektronentransfer von NADH zu Chinon und pumpt dabei Protonen.
Die katalytische FHL-Untereinheit HycE &hnelt NuoCD des Escherichia coli-
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Komplexes I; eine Fusion von NuoC und NuoD, die in anderen Organismen separat
vorhanden sind. Die C-terminale Domane von HycE beherbergt den [NiFe]-Kofaktor
und ahnelt anderen Hydrogenasen, wahrend diese Domane in NuoCD an der
Chinonbindung beteiligt ist. Die N-terminalen Domanen dieser Proteine binden keine
Kofaktoren und sind nicht am Elektronentransfer beteiligt. Da diese N-terminalen
Domaénen in einigen Organismen separate Proteine sind, wurden sie in E. coli
deletiert, so dass sowohl FHL- als auch Komplex I-Aktivitaten im Wesentlichen nicht
detektierbar waren. Dies war entweder auf eine gestorte Assemblierung oder auf
Instabilitat der Komplexe zurickzufuhren. Das Ersetzen der N-terminalen Doméne
von HycE durch eine E. coli NuoC-Proteinfusion von 180 Aminosauren stellte die
Aktivitat nicht wieder her, was darauf hindeutet, dass die Domanen komplex-
spezifische Funktionen haben. Ein FHL-Komplex, in dem die N- und C-terminalen
Domanen von HycE genetisch getrennt wurden, behielt den grof3ten Teil seiner
Aktivitat bei, wahrend die Trennung von NuoCD den Komplex-| vollstandig inaktivierte.
Nur der FHL-Komplex toleriert somit die physikalische Trennung der HycE-Domanen.
Zusammengenommen legen die Ergebnisse den Schluss nahe, dass die N-terminalen
Domanen dieser Proteine Schllsselfaktoren fur die Assemblierung der Komplexe
sind.
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Formate hydrogenlyase (FHL) is the main hydrogen-producing enzyme
complex in enterobacteria. It converts formate to CO, and H, via a for-
mate dehydrogenase and a [NiFe]-hydrogenase. FHL and complex I are
evolutionarily related and share a common core architecture. However,
complex [ catalyses the fundamentally different electron transfer from
NADH to quinone and pumps protons. The catalytic FHL subunit, HycE,
resembles NuoCD of Escherichia coli complex I; a fusion of NuoC and
NuoD present in other organisms. The C-terminal domain of HycE har-
bours the [NiFe]-active site and is similar to other hydrogenases, while this
domain in NuoCD is involved in quinone binding. The N-terminal
domains of these proteins do not bind cofactors and are not involved in
electron transfer. As these N-terminal domains are separate proteins in
some organisms, we removed them in E. coli and observed that both FHL
and complex I activities were essentially absent. This was due to either a
disturbed assembly or to complex instability. Replacing the N-terminal
domain of HycE with a 180 amino acid E. coli NuoC protein fusion did
not restore activity, indicating that the domains have complex-specific func-
tions. A FHL complex in which the N- and C-terminal domains of HycE
were physically separated still retained most of its FHL activity, while the
separation of NuoCD abolished complex I activity completely. Only the
FHL complex tolerates physical separation of the HycE domains.
Together, the findings strongly suggest that the N-terminal domains of
these proteins are key determinants in complex assembly.

Protein tertiary structure describes the autonomously
folding regions of a protein as a domain. Domains can
serve different functions, for example binding of cofac-
tors, recognition of a motif or catalytic activity. Evolu-
tion has shuffled domains to create the huge diversity
of proteins that occur today [1]. Taken on their own, a
domain sometimes behaves completely different com-
pared to the holo-protein, as observed for fibril forma-
tion by the isolated N-terminal acylphosphatase

Abbreviations

domain of the HypF hydrogenase maturation factor
[2,3]. Artificial fusion proteins have been used for
many years as biochemical tools, and in many cases,
these fusions have no or little impact on the function
of the original protein.

It has been observed that proteins possessing coordi-
nate functions sometimes become fused during evolu-
tion, allowing greater efficiency, based on colocation.
One prominent example is the alcohol dehydrogenase

BV, benzyl viologen; FdhH, formate dehydrogenase; FHL, formate hydrogenlyase; Nuo, NADH:ubiquinone oxidoreductase.

FEBS Open Bio (2020) © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 1
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.

- 80 -


https://orcid.org/0000-0001-8987-2355
https://orcid.org/0000-0001-8987-2355
https://orcid.org/0000-0001-8987-2355
https://orcid.org/0000-0002-0813-7883
https://orcid.org/0000-0002-0813-7883
https://orcid.org/0000-0002-0813-7883
https://orcid.org/0000-0001-6248-2437
https://orcid.org/0000-0001-6248-2437
https://orcid.org/0000-0001-6248-2437
mailto:
mailto:
http://crossmark.crossref.org/dialog/?doi=10.1002%2F2211-5463.12787&domain=pdf&date_stamp=2020-02-04
Constanze Pinske
- 80 -


Reverse evolution of HycE/NuoCD fusion proteins

fusion with acetaldehyde dehydrogenase, which
couples two sequential reactions without releasing the
toxic intermediate acetaldehyde [4,5]. The most
straightforward way for these fusion events to occur is
when neighbouring genes of a polycistronic operon are
joined through frameshift mutations. Clearly, evolu-
tionary selective pressure is required for the proteins
to remain fused, for example when the activity is
enhanced or assembly is augmented. Protein complexes
with several subunits are likely to assemble via ordered
pathways, and natural selection tends to favour gene
fusions to optimize assembly [6]. Gene fusion seems
also to have happened to the hycE gene of the
Escherichia coli hydrogenase three large subunit,
HycE. Together with a formate dehydrogenase
(FdhH), the HycE hydrogenase forms the catalytic
components of the formate hydrogenlyase (FHL) com-
plex in E. coli and other Enterobacteriacea. FHL
catalyses the oxidation of formate with the concomi-
tant reduction of protons to produce hydrogen to
detoxify formate during mixed-acid fermentation [7].
Along with the FdhH and HycE, three iron-sulfur pro-
teins, including the small subunit HycG, HycF and
HycB, form the soluble part of the FHL complex. This
large soluble domain is anchored to the membrane by
two membrane subunits [8]. The complex is phyloge-
netically and structurally related to the respiratory
complex I, with the NuoCD protein being the homo-
logue of HycE [9-12]. Although the relationship is less
obvious on the primary structural level, where HycE
and NuoCD share only 26% (145/563) identical and
43% (244/563) similar residues, it is clearly apparent
when the secondary structural elements are compared
between the two proteins (Fig. 1). Complex I, or
NADH:ubiquinone oxidoreductase (Nuo), is the pri-
mary energy-conserving complex of many respiratory
chains and couples NADH oxidation to the transloca-
tion of four protons across the membrane [13]. NuoC
varies significantly in length in different organisms
[14]. Unlike most organisms, which have separate
NuoC and NuoD proteins, both are fused in complex
I of E. coli and Bacteroides fragilis. Moreover, the
NuoC subunit is homologous to the N-terminal
domain of HycE and its paralogue in E. coli, HyfG
[14]. The crystal structures of both the soluble portion
and the entire complex from Thermus thermophilus
have been determined [15,16]. NuoC is an orthologue
of Nqo5 in 7. thermophilus and of the 30-kDa protein
in Bos taurus [13]. Unlike its counterpart in HycE,
which contains the [NiFe]-active site, NuoD is not
known to harbour any cofactors, but it does have a
quinone-binding site [17].

P. Skorupa et al.

The C-terminal domain of HycE extends from
amino acids 175-537 and harbours the four conserved
cysteinyl residues that coordinate the bimetallic
[NiFe]-cofactor required for catalysis (scheme in Fig. 1
and alignment in Fig. 2). These cysteinyl residues are
not present in NuoD (Figs 1 and 2). Six pleiotropic
Hyp proteins are required for synthesis of the [NiFe]-
cofactor including its diatomic ligands attached to the
Fe atom [18,19]. Of these proteins, the HypC and
HypA proteins interact directly with HycE for Fe
(CN),CO and Ni*" insertion, respectively [20,21]. In
addition, HycE has a 32-amino acid C-terminal exten-
sion from amino acids 538-569 that is endoproteolyti-
cally processed after cofactor insertion and is assumed
to facilitate this step by keeping the empty, cofactor-
free apo-protein in an open conformation [22]. In this
context, the N terminus of the unprocessed hydroge-
nase large subunit from Thermococcus kodakarensis
was found to extend into the nickel-delivery protein
HypA, while the C-terminal extension replaces the
position of the N terminus prior to proteolytic pro-
cessing [23]. A recent DFT calculation on HycE identi-
fied conserved glutamate residues in both the N- and
C-terminal domains, which are proposed to govern the
insertion of the Ni" ion of the cofactor, but the func-
tion of these residues has yet to be validated experi-
mentally for HycE [24]. This strongly suggests that
both domains act in concert for cofactor insertion.

The N-terminal domain of HycE, corresponding to
NuoC, extends from amino acids 9-194 and thus is
predicted to have a short overlap with the C-terminal
domain [25]. This domain/protein bears a cofactor nei-
ther in the FHL complex nor in complex I, and its role
remains enigmatic.

The N- and C-terminal domains of HycE and
NuoCD are predicted to be fused via a long unstruc-
tured loop region that contacts the formate dehydroge-
nase or diaphorase subunits in FHL and complex I,
respectively (Fig. 1). Previous work has shown that
conserved residues (Glu-138, Glu-140, Asp-143) in the
N-terminal domain NuoC are required for the stability
of not only the NuoCD protein, but also all other sub-
units [26]. These residues are also conserved in the
HycE protein (Figs 1 and 2). Amino acid exchanges
within the N-terminal domain of HycE were better tol-
erated than exchanges in these conserved residues; for
example, the addition of a 10-His residue stretch after
Gly-83 was shown to have no effect on the stability
and activity of the FHL complex because they are
exposed to the surface [27]. Moreover, engineering of
the HycE protein revealed that truncation of the
C terminus increased H, production from the FHL

2 FEBS Open Bio (2020) ©® 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.
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Fig. 1. Schematic representation of the HycE (top) and NuoCD (bottom) fusion proteins. The N-terminal domain of each protein is coloured
in orange and the C-terminal domain in grey, and the black arrows indicate the sites where the proteins were genetically separated. The
cysteinyl residues that coordinate the [NiFel-cofactor in HycE are coloured in yellow, and the C-terminal extension that is proteolytically
processed is shown in white with the scissors symbol. The locations of further relevant residues, which are mentioned in the text, are
shown. The small rectangles above the respective proteins represent the secondary structure prediction (red — helix; blue — sheet) based on

the Open PredictProtein server [51].

complex, despite the fact that these deletions remove
the [NiFe]-binding site [28].

Therefore, in this study, we investigated the possibil-
ity of splitting the HycE and NuoCD domains into
separate proteins in order to address the role of the
N-terminal domain and the potential evolutionary sig-
nificance of the fusion.

Methods

Growth conditions

Bacterial growth was generally carried out either aerobically
on LB agar plates and in shaking liquid LB cultures or
anaerobically as standing liquid cultures in TGYEP med-
ium, pH 6.5, with 0.8% (w/v) glucose included [29] at 37 °C.
Alternatively, for complex I activity, aerobic cultures were
grown in glycerol medium [1% (w/v) peptone, 0.5% (w/v)
yeast extract, 0.8% (w/v) NaCl, 0.4% (w/v) glycerol and sep-
arately prepared 15 mm Naj;PO,, 10 mm Na,HPO, and
10 mm KH,PO,4, pH 8.5]. Cultures were vigorously shaken
at 180 r.p.m. and 37 °C. Growth experiments were per-
formed as biological triplicates in a 96-well microtiter plate,
filled with 150 pL M9 minimal medium with 25 mm acetate
as sole carbon source (47.6 mm Na,HPOy, 22 mm KH,POy,
8.4 mm NaCl, 19 mm NH4CI, 2 mm MgSQOy, 0.1 mm CaCl,,
0.3 uM thiamine dichloride, 0.1% w/v trace element solu-
tion) and agitation of 150 r.p.m. in a Tecan Infinite 200 plate
reader (TECAN, Mannedorf, Switzerland). Strains for
maintaining the pMAK705 plasmids were grown aerobically
at 30 °C. When appropriate, the antibiotics ampicillin and
chloramphenicol were included at 100 and 34 pg-mL~',
respectively.

DNA modifications and strain construction

All strains and plasmids are listed in Table 1 and oligonu-
cleotides in Table 2. For constructing the N-terminal trun-
cation of HycE in strain AhycEN, the 514-bp DNA
upstream region up to the encoded methionine start codon
was amplified using the oligonucleotides HycEup_Xbal and
HycEup_BamHI leaving the ribosome binding site intact,
while the downstream 1254 bp was amplified from
methionine codon 153 to the stop codon using the oligonu-
cleotides HycEdown_BamHI and HycEdown_EcoRI. The
two fragments were digested with Xbal/BamHI and
BamHI/EcoRI, respectively, and ligated into pBSK(+)
before being moved by Xbal/EcoRI restriction digestion to
pPMAKT70S for chromosomal integration. The chromosomal
integration into strain MG1655 was performed according
to Ref. [30] and yielded the strain AhycEN. Similarly, the
above pMAK705 construct was modified by introducing
the nuoC DNA sequence into the BamHI site after amplifi-
cation with the oligonucleotides nuoC_HA_FW_BamHI
and nuoC_RW_BamHI. The directionality of the insert
was verified by DNA sequencing, and the integration onto
the chromosome of MG1655 was done independently and
resulted in strain nuoC-hycE.

Separation of the hycE gene into two distinct genes on
plasmid pHycE was done by the NEBaseChanger method
(NEB, Ipswich, MA, USA) using the oligonucleotides
HycEN+C_FW and HycEN+C_RW and resulted in plas-
mid pHycEN+C. This construct was subcloned onto
pMAK?705 and moved to the chromosome as described
[30].

In trans complementation was done by cloning the DNA
fragment encoding the N-terminal domain including the
connecting alpha helix with AA1-168 in pJET1.2 (Thermo
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Table 1. Strains and plasmids used in this study.

Genotype Reference
Strain

MG1655 F~ A~ ivG™ rfb-50 rph-1 [63]
BW25113 lacl*rrBry4 AlacZy 16 hsdR514 AaraBADpwas ArhaBAD, p7g roh-1 AfaraB-D)567 A(rhaD-B)568 [33,54]

AlacZ4787(::rrnB-3) hsdR514 rph-1
JW2691 Like BW25113, but AhycE [64]
hycEN+C Like MG1655, but hycE separated as AA1-152 and AA153-569 This study
AhycEN Like MG1655, but AhycE N-terminal domain corresponding to AA1-152 This study
nuoC-hycE Like MG1655, but hycE N-terminal domain AA1-152 replaced with nuoC coding for AA1-169 This study
JW4040 Like BW25113, but AfdhF [54]
Andh JW1095: like BW25113, but Andh [31,54]
AnuoC BW25113 Andh, AnuoC AA1-169 This study
nuoC+D BW25113 Andh, nuoC separated as AA1-169 and nuoD as AA170-596 This study
AnuoC-L BW25113 Andh, AnuoC-L This study
Plasmids
pMAK705 Temperature-sensitive replicon, Cm” [30]
pHycE PACYCDuet-1, hycE*, internal His-tag, Cm~ [34]
pHycEN+C PACYCDuet-1, hycE N-terminal domain AA1-152, hycE C-terminal domain AA153-569 Cm” This study
pHycEN pJET1.2, hycE N-terminal domain AA1-168, Amp" This study
pJET-nuoCD pJET1.2, nuoCD including RBS, Amp® This study
pkD3 CmAf [33]
pCP20 Contains flippase gene for & Red mutagenesis; Cm", Amp" [32]

Table 2. Oligonucleotides used in this study.

Oligonucleotide

Sequence &' —» 3

HycEup_Xbal
HycEup_BamHI
HycEdown_BamHI
HycEdown_EcoRlI
nuoC_HA_FW_BamHlI
nuoC_RW_BamHlI
HycEN+C_FW
HycEN+C_RW
HycEN_RW_EcoRI
DnuoC_&5'_FW
DnuoC_3'_RW_Kpnl

DnuoLM_3'_RW
nuoC_up_control
nuoCD_FW_BamH|
nuoCD_RW_Hindlll
hycB_FW
hycB_RW
hycF_FW
hycF_RW

tatB_FW

tatB_RW

GCGTCTAGATGCTGCTTGGTCTGTGGGTT
GCGGGATCCACTCTCTTTAATCACGCCGC
GCGGGATCCATGGATTATCGTCAGCGTCC
GCGGAATTCTTATTTCAGCGGCGAGTTTTTAC
GCGGGATCCATGTATCCGTATGATGTGCCGGATTATGCGACCGACTTAACCGCGCAAG
GCGGGATCCATAATCTTTACGCAGCGGGTG

ATATACCATGGATTATCGTCAGCGTCC

CTCCTTAGCTGTCTTTACGCAGCGG

GCGGAATTCTTAGTAGGTTTCAGCATCGGTGG
CGCCGACAGTCACCACGGACCATTTGCAATGGTGAACAAT ccatggtccatatgaatatc
TGGTCAGCTCAAACGGCGAGAATTCGGTAGCGCGCGCCGGCATggtaccctcect
gcgattgtgtaggctggagc
ACATGTCGATGGCAAGGAACACGCCGATAACGCCGCCCAG gcgattgtgtaggctggagce
CGCATTGCCGTAACTAACC

ggatccCACGGACCATTTGCAATGGTG

aagcttTTAGCGGTCCACATCTGACATAAC
GCGAAGCTTGATGAATCGTTTTGTAATTGCTG
GCGGGATCCTCATTTAGCCTCTCCACTTT
GCGCTGCAGGATGTTTACCTTTATCAAAAAAG
GCGGGATCCTCAGATGGCCTCTTTCATATG

GTGTTTGATATCGGTTTTAG

TTACGGTTTATCACTCGACG

Scientific, Waltham, MA, USA) using the primers was performed by initially replacing the sequence encoding

HycEup_Xbal and HycEN_RW_EcoRI.

the domain with the catr gene from vector pKD3 (oligonu-

Strain BW25113 Andh has been described before [31]. cleotides DnuoC_5_FW and DnuoC_3_RW_Kpnl) and
This strain was used for further modification of complex I. subsequently removing the resistance cassette using vector
Deletion of the DNA sequence encoding the NuoC domain pCP20 as described [32,33]. The DNA sequence encoding
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the downstream NuoD domain received a novel ribosome
binding site and start codon. The deletion of the entire
region from nuoC-L was performed similarly, but using the
oligonucleotides DnuoC_5_FW and DnuoLM_3'_RW [33].
The nuoC+ D strain was constructed by ordering the corre-
sponding region as gBlocks fragment (DNA sequence in
Fig. 3), which contained a stop codon after the codon
encoding Y169 in nuoC, a ribosome binding site and a start
codon for nuoD (IDT DNA, Coralville, IA, USA), cloning
it as BamHI/BamHI fragment into pMAK705 and intro-
ducing it into BW25113 Andh.

The pJET-nuoCD plasmid was constructed by amplifica-
tion of the chromosomal nuoCD gene, including its own

P. Skorupa et al.

ribosome binding site, using the oligonucleotides
nuoCD_FW_BamHI and nuoCD_RW_HindIIl and QS5
DNA polymerase (NEB) and cloning it blunt-end into
pJET1.2 vector according to the manufacturer’s instruc-
tions (Thermo Scientific). Expression of the gene is under
the control of the lacUV5 promoter of the vector.

All authenticity of all DNA sequences in the plasmid
inserts and strains was verified by sequencing.

RT-PCR

The RT-PCR was performed according to previously pub-

lished methods [34]. RNA was isolated from strains in the

AGGAACCTGCTTTACCAAAATGGCACCGGTTATTCAGCGTCTGTATGACCAGATGCTGGAACCAAAATGGGTTATCTCAA
TGGGTGCCTGTGCCAACTCTGGTGGTATGTACGATATTTATTCCGTTGTGCAGGGCGTCGATAAATTCATCCCGGTTGAT
GTGTATATCCCGGGCTGCCCGCCGCGTCCTGAAGCGTACATGCAGGCACTGATGCTGTTGCAGGAATCTATCGGCAAAGA
ACGTCGTCCGCTCTCCTGGGTGGTTGGCGATCAGGGCGTTTATCGCGCCAATATGCAATCAGAGCGCGAACGCAAGCGCG
GTGAACGCATTGCCGTAACTAACCTGCGTACACCTGACGAGATTTAATTTGCGCCTGTCGGCAAAGGGATTTTTCTTCGC
TTATTCCTAAATCTATTTCGCGAAGCTTACTGCGCCGACAGTCACCACGGACCATTTGCAATGGTGAACAATATGTATCC
GTATGATGTGCCGGATTATGCGggtaccACCGACTTAACCGCGCAAGAACCCGCCTGGCAGACCCGCGATCATCTTGATG
ATCCGGTGATTGGCGAACTGCGCAACCGTTTTGGGCCGGATGCCTTTACTGTTCAGGCGACTCGCACCGGGGTTCCCGTT
GTGTGGATCAAGCGTGAACAATTACTGGAAGTTGGCGATTTCTTAAAGAAACTGCCGAAACCTTACGTCATGCTGTTTGA
CTTACACGGCATGGACGAACGTCTGCGCACACACCGCGAAGGGTTACCTGCCGCGGATTTTTCCGTTTTCTACCATCTGA

TTTCTATCGATCGTAACCGCGACATCATGCTGAAGGTGGCGCTGGCAGAAAACGACCTGCACGTACCGACCTTCACCAAA
CTGTTCCCGAACGCTAACTGGTATGAGCGTGAAACCTGGGATCTGTTTGGCATTACTTTCGACGGTCACCCGAACCTGCG

ACGCATCATGATGCCGCAAACCTGGAAAGGTCACCCGCTGCGTAAAGATTATtaaggagggtaccATGCCGGCGCGCGCT
ACCGAATTCTCGCCGTTTGAGCTGACCAAAGCCAAACAGGATCTGGAGATGGAAGCCCTGACCTTCAAACCGGAAGAGTG
GGGGATGAAGCGCGGCACCGAAAACGAGGACTTCATGTTCCTCAACCTCGGTCCGAACCACCCGTCGGCGCACGGGGCTT
TCCGTATCGTTTTGCAACTCGATGGCGAAGAGATTGTCGACTGCGTACCAGACATCGGTTACCACCACCGTGGTGCGGAG
AAAATGGGCGAACGCCAGTCCTGGCACAGCTACATTCCGTATACTGACCGTATCGAATACCTCGGCGGCTGCGTTAACGA

AATGCCTTACGTGCTGGCGGTAGAGAAACTGGCCGGGATCACCGTGCCGGATCGCGTTAACGTCATTCGCGTTATGCTCT
CCGAACTGTTCCGCATCAACAGTCACCTGCTGTATATCTCGACCTTTATTCAGGACGTCG

Legend:

XX  Kpnlsite

XX  HA-epitope tag
ATG start/stop codons
XX  nuoC

Fig. 3. DNA sequence of nuoC+D ordered as gBlocks fragment. The 1500-bp fragment above was obtained from IDT DNA and designed to
contain the nuoC upstream region, nuoC as independent gene (start and stop codons are shown in red; gene is underlined), DNA sequence
coding for an included HA-epitope tag (yellow highlight) and a ribosome binding site for the downstream nuoD gene linked to the start
codon by a Kpnl restriction site (italics).
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exponential growth phase using the SV Total RNA
Isolation System according to the manufacturer’s instruc-
tions (Promega, Fitchburg, WI, USA). An extra DNase |
digestion step was performed using RQ1 RNase-Free DNase
(Promega). The RT-PCR to generate cDNA was performed
using M-MLV Reverse Transcriptase, RNase H Minus and
random hexamer primers according to the manufacturer’s
instructions (Promega). The presence of transcripts was
tested with gene-specific oligonucleotides, which are listed in
Table 2, by using 17 PCR cycles to remain within the semi-
quantitative part of the amplification reaction.

Western blotting and signal quantification

Aliquots of 50 pg total proteins of anaerobically grown cells
were separated on a 10% (w/v acrylamide) SDS/PAGE,
transferred to a nitrocellulose membrane and challenged
with antibodies raised against HycG (1 : 3000, a kind gift
from A. Bock/R. G. Sawers) [35,36]. The secondary anti-
body used was conjugated to HRP enzyme (Bio-Rad, Her-
cules, CA, USA), and the light signal generated by the ECL
reaction (Thermo Scientific) was recorded with a film. The
signal intensities were analysed using IMAGEJ software [37].

Enzymatic assays

Hydrogenase activity was determined as H,-dependent ben-
zyl viologen (BV) reduction using 50 mm MOPS buffer, pH
7.0, with 4 mm BV in a stoppered 1.6-mL cuvette with
0.8 mL H, gas headspace as described [38]. For kinetic deter-
mination of FHL activity, cell suspensions were applied to a
modified Clark-type electrode (Oxytherm, Hansatech Instru-
ments, Norfolk, UK), which was equipped with an OXY/
ECU module to reverse the polarizing voltage to —0.7 V,
where the electrode disc is only sensitive to H, (Hansatech
Instruments). A volume of 2 mL degassed MOPS buffer, pH
7.0, was used, and the reaction was started with 15 mm for-
mate. The H, content of the gas headspace of a 15-mL Hun-
gate tube filled with 7 mL culture was determined by gas
chromatography using a GC2010 Plus Gas Chromatograph
(Shimadzu, Kyoto, Japan) as described [39].

To measure complex I activity, the NADH-dependent
oxidase activity was determined on a Clark-type electrode
sensitive to O, (Hansatech Instruments) and was performed
essentially identical to the H, measurements, with the
exception that 1.25 mm NADH was used as substrate [31].
Similarly, the succinate oxidase activity was monitored in
the presence of 10 mMm succinate. Protein concentrations
were determined by the method of Ref. [40].

Sucrose gradient centrifugation

The sucrose gradients were prepared and NADH /ferricyanide
oxidoreductase activity was determined basically as described

Reverse evolution of HycE/NuoCD fusion proteins

[31]. Briefly, membrane extracts from cells grown under the
appropriate growth conditions were prepared after cell rup-
ture with an Emulsiflex (EF-CS5; Avestin Europe, Mannheim,
Germany) in the presence of PMSF (0.1 mm) and DNase at
160 000 g. The sediment was resuspended in buffer A (50 mm
MES/NaOH, 50 mm NaCl) with 1% (w/v) DDM and 5 mm
MgCl,. After solubilization, the membrane fraction was
briefly centrifuged and subsequently applied to a freshly
poured 24 mL linear sucrose gradient ranging from 5% to
30% (w/v) sucrose in buffer A supplemented with 5 mm
MgCl,. After centrifugation for 16 h at 140 000 g, the gradi-
ent was fractionated into 24 x 1 mL fractions. The NADH/
ferricyanide oxidoreductase activity of 50 pL from each frac-
tion was assayed in 1 mL buffer A containing 1 mm ferri-
cyanide (AppliChem, Darmstadt, Germany). The reaction
was started by an addition of 0.2 mmM NADH, and the reac-
tion was followed by monitoring the slope at 410 nm in an
Ultrospec photometer (Amersham Pharmacia Biotech, Amer-
sham, UK). The rate was calculated using an &4 of
1 mm Lem™!. Protein concentration was determined by
biuret assay [41].

Results and Discussion

Formate hydrogenlyase complex retains activity
after separation of the N- and C-terminal
domains of HycE

In order to investigate the effect of dividing the HycE
protein into two separate domains on the activity
and stability of the FHL complex, the efficiency of con-
version of formate to H, and CO, was quantified by
measuring the headspace H, content of the culture after
fermentative growth. This activity represents the total
yield of H, after growth on glucose medium, but also
provides an accurate indication of the activity of the
FHL complex, and is particularly useful for assessing
low FHL activities. The parental strain produced
7.03 pmol Hy-mL culture "-ODgop nm ', While H, pro-
duction was basically absent in the negative control
strain JW2691, which lacks the hycE gene encoding the
catalytic subunit HycE. This strain can be partially
(71%) complemented for H, production by introducing
plasmid pHycE carrying the hycE gene. We have previ-
ously observed that hycE cannot fully complement a
AhycE strain when provided in trans, and we assume
this to be due to the altered chromosomal context [42].
Surprisingly, the AhycE strain can also be comple-
mented by the plasmid pHycEN+C, which consists of
the same insert sequence as on pHycE with the excep-
tion that it includes a stop codon within /hycE
(Table 3). This ‘split’, or separated, hycE gene in the
chromosomal context in strain hycEN+C also resulted
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Table 3. Hydrogenase activities and their percentage of the parental activities. The activities were determined from three biological

replicates.

H,-headspace quantification

Formate-dependent H,
evolution Total hydrogenase activity

Strain (+Plasmid) (1mol-ODgog nm ' -mML™" (nmol Hy-mg™"-min™") Ho:BV (U-mg™)

MG1655 (parental) 7.03 +0.28 100% 636 + 28 100% 1.12 £ 0.37 100%
JW2691 (AhycE) 0.04 + 0.07 <1% 142 <1% 0.32 + 0.10 29%
JW2691 + pHycE 4.99 + 0.71 71% 190 =+ 62 30% 0.56 + 0.32 50%
JW2691 + pHycEN+C 7.46 + 1.94 106% 337 + 173 53% 0.64 + 0.53 57%
hycEN+C 7.23 + 0.39 103% 350 + 19 55% 0.67 + 0.34 60%
AhycEN <0.01 <1% 142 <1% 0.19 + 0.05 17%
AhycEN + pHycEN 3.23 +0.19 46% 73 + 15 1% 0.39 + 0.18 35%
nuoC-hycE < 0.01 <1% 1+2 <1% 0.19 + 0.01 17%

in H, accumulation to a level similar to that of the par-
ental strain. Strain AhycEN, which carried a truncation
of the N-terminal domain of HycE, but retained a pro-
tein fragment of the C-terminal domain, was unable to
evolve H,, a phenotype like that of the hycE deletion
strain. The AhycEN strain could be complemented
in trans, however, by introducing a plasmid encoding
the missing N-terminal portion of HycE, which
restored almost 50% of the H, production (Table 3).
Complementation could not be achieved by using a
fusion of the related NuoC to the C-terminal domain
of HycE. Hence, despite sharing structural similarity,
they fulfil distinct roles in both complexes. These assays
also showed that the HycE protein, when physically
separated into N- and C-terminal domains, was as effi-
cient as the native HycE protein in converting formate
to H, and CO, during mixed-acid fermentation.

In addition to the headspace analysis, which mea-
sures accumulation of H, over 16 h, cell suspensions
were assayed on a modified Clark-type electrode with
formate as substrate allowing quantitative measure-
ment of the specific activity of the FHL complex.
These measurements verified the absence of activity in
strains JW2691 (AhycE), AhycEN and nuoC-hycE. As
could be shown for the H,-headspace measurement,
the pHycE and pHycEN plasmids were functional, but
were only able to complement the corresponding dele-
tion strains JW2691 (AhycE) and AhycEN, to 30%
and 11% of the level of the wild-type strain, respec-
tively (Table 3). While determination of the accumu-
lated H, revealed 100% complementation of H,
production, the direct FHL assay led to approximately
50% of the FHL activity rate of the parental strain
when the domain-split HycE protein was introduced
either in trans on plasmid pHycEN+C in strain
JW2691 (AhycE) or after chromosomal integration in
strain hycEN+C (Table 2). This result revealed that
the two physically separated domains of HycE retain

half of the activity of the fused, native protein, despite
being fully functional in conversion of glucose during
growth. Moreover, the findings demonstrate that pro-
viding each component in multiple copies did not
result in higher activity, indicating that the amount of
the two domains in the complex did not limit the reac-
tion rate.

The samples used in the electrode experiments were
subsequently used to generate crude extracts, allowing
spectrophotometric quantification of total hydrogenase
activity, which is a composite of Hyd-1, Hyd-2 and
the Hyd-3 component of the FHL complex. Hyd-1
and Hyd-2 are both H,-oxidizing hydrogenases, which
allow the cell to scavenge some of the FHL-produced
H,. Under these conditions, Hyd-3 is generally the
major contributor to the total hydrogenase activity
[42]. A fourth hydrogenase, predicted to form a second
FHL complex, is usually not expressed under the con-
ditions used in this study and does not contribute to
the activity [43,44]. Here, the residual total hydroge-
nase activity in the AhycE strain JW2691, representing
the combined activities of Hyd-1 and Hyd-2, was
approximately 30% of that of the wild-type strain
MG1655 (Table 3). Strains AhycEN and nuoC-hycE
showed levels of total hydrogenase activity of 17% of
the parental, which, surprisingly, is lower than when
only Hyd-1 and Hyd-2 are present. Using this assay,
the HycE protein separated into two domains comple-
mented to a level of 60% of the wild-type activity,
which was slightly higher than the activity recovered
by complementation with a plasmid, pHycE13, encod-
ing the native HycE polypeptide. The formate dehy-
drogenase H activity, which is the other catalytic
component of the FHL complex, followed these
trends, but with slightly greater variation (Table 4).
This indicates that the formate dehydrogenase
polypeptide was able to stably interact with the com-
plex carrying the separated domains of HycE.
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Table 4. Formate dehydrogenase H activity measured in crude
extracts and the percentage of the parental activity. The activities
were determined from three biological replicates.

FDH-H formate: % of parental

Strain/plasmid BV (Umg™) activity
MG1655 2.61 + 2.71 100
JW2691 (AhycE) 0.15 + 0.24 6
JW2691 + pHycE13 0.03 £ 0.03 1
JW2691 + pHycEN+C 0.43 + 0.73 16
hycEN+C 0.46 £+ 0.51 18
AhycEN 0.14 + 0.72 5
AhycEN + pHycEN 0.34 + 0.54 13
nuoC-hycE 0.14 +£ 0.24 5

Modifications of the HycE N-terminal domain do
not influence transcription of the hyc operon

Bacterial operons often contain internal promoters and
regulatory elements [45]. In the case of the hyc operon,
computational evidence predicts a further sigma 70-de-
pendent promoter in front of Aycl, the last gene of the
operon [46]. Therefore, it was investigated whether the
genomic modifications in strains AhycEN and nuoC-
hycE, which completely lacked FHL activity, influ-
enced the transcription of the downstream genes. Rev-
erse transcriptase PCR on RNA isolated from those
strains in comparison with cDNA obtained from the
parental strain MG1655 showed similarly intensive
bands for the upstream /hycB gene, as well as for the
downstream hycF gene (Fig. 4). Despite this analysis
not being quantitative, the overall levels of transcripts

MG1655 AhycEN nuoC-hycE

bp DNA H,O cDNA RNA cDNA RNA cDNA RNA
1000 [
800 —-— — - el hycB
400
200
1000
400
200
1000
o —-— w— — tatB
400
200

Fig. 4. Transcriptional analysis of the hyc operon after genomic
modifications. RNA was isolated from strains MG1655, AhycEN and
nuoC-hycE, and reverse transcription was performed and
subsequently PCR on the cDNA and, for control of DNA
contamination, also from the RNA and water. The transcripts that
were analysed are hycB, hycF and tatB as labelled on the right side.
The first lane shows the size of the correct PCR fragment when
obtained from genomic DNA, and the size of the ladder (SmartLadder;
Eurogentec, Seraing, Belgium) is shown on the very left.

Reverse evolution of HycE/NuoCD fusion proteins

were similar, as shown for the transcripts of the
constitutive mRNA of the tatB gene (Fig. 4). It is con-
cluded, therefore, that the introduced genetic modifica-
tions do not alter the transcription of up- and
downstream genes within the operon.

Presence of the small subunit protein HycG
correlates with the FHL activities

Analysis of the hydrogenase small subunit HycG of
the FHL complex by quantitative western blotting
showed that the protein amount is subject to change
[8]. The absence of HycE in the AhycE strain JW2691
caused an approximate 70% reduction in HycG levels
compared to the wild-type (Fig. 5). A similar observa-
tion for a AhycE strains was made previously [8]. Gen-
erally, for hydrogenase assembly to occur, the large
subunit must receive its [NiFe]-cofactor and therefore
interact with various delivery proteins and undergo
endoproteolytic processing [19,47]. Only then is the
protein primed for interaction with its small subunit,
and this allows the subsequent initiation of the assem-
bly of the entire FHL complex. However, if processing
of the large subunit is delayed or prevented, the small
subunit is rapidly degraded [47]. This reduced amount
of HycG was also observed in the AhycEN strain, both
with and without in trans complementation, and the
nuoC-hycE fusion strain (Fig. 5). The strains #ycEN+C
and, to a lesser extent, the complementation of AhycE
with pHycE and pHycEN-+C show high amounts of
HycG, which correlates with their FHL activities. This
indicates that the absence of hydrogenase activity,
which was observed for some of the HycE variants,
correlates with loss of complex integrity and suggests
that the N-terminal domain could be the driving force
for assembly of the core FeS-carrying proteins.

It is notable in this context that the AfdhF strain
JW4040, despite lacking FHL activity due to the
absence of the electron-input subunit FdhH, showed
high amounts of HycG (Fig. 5). As FdhH is only
loosely associated with the FHL complex, this result
indicates that this subunit is not required for the stable
assembly of the core FHL complex [27] and that the
core FHL complex remains stable even without elec-
tron flow through the complex.

Removal or separation of NuoC causes complete
loss of complex | activity

Based on the findings made with HycE, it was decided
to test whether the homologous protein of complex I,
NuoCD, also revealed similar properties when the
two-domain fusion protein was separated into two
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Fig. 5. Analysis of HycG levels in HycE variant strains. The amount
of HycG protein from anaerobically grown samples was analysed
by western blotting using antibodies raised against HycG. A protein
amount of 50 pug of strains MG1655, JW2691 (AhycE), AhycEN,
hycEN+C, nuoC-hycE and JW4040 (AfdhF) was separated by SDS/
PAGE either directly or after complementation with the plasmids
as indicated. Unspecific and nonhydrogenase related cross-
reactions of the antibody served as an internal loading control and
are indicated by an asterisk on the right side of the panel. The
histograms in the lower panel show the quantification of the HycG
band intensity (+SD) in comparison with the HycG protein amount
in MG1655 using IMAGEJ.

distinct proteins. Strain nuoC+ D, in which the gene
encoding NuoCD was physically separated into two
genes, was generated. Additionally, the DNA encoding
the NuoC domain was deleted in strain AnuoC to
examine the consequences on complex I assembly and
activity. All changes were introduced into a strain
lacking the ndh gene, which codes for the alternative
NADH dehydrogenase, and whose presence would
interfere with the NADH oxidase activity assay. As a
control, a double-deletion strain AnuoC-L was con-
structed, which, in addition to the Andh deletion, was
also devoid of most of the genes of the nuo operon,
including nuoEFG encoding the diaphorase domain
and part of the membrane domain (nuoHIJKL).

The functionality of complex I was initially tested
by monitoring the NADH oxidase activity, which is
catalysed by complex I and the cytochrome bo; and
cytochrome bd oxidases. The strain Andh, lacking the
alternative NADH dehydrogenase, showed an activity
of 0.2 U-mg~' (Table 5), which also has been observed
in a previous study [31]. The negative control strain
lacking complex I (strain AnuoC-L) had only a residual

P. Skorupa et al.

Table 5. NADH and succinate oxidase activity of various
Escherichia coli complex | deletion strains. The activities were
determined from at least two biological replicates.

NADH oxidase Succinate

activity (mU- % Activity  oxidase activity
Strain mg protein™")  of parental (mU-mg protein™")
Andh 213 £ 12 100 63 + 14
Andh, AnuoC 3+1 1 50 +7
Andh, nuoC+D 842 4 40 + 15
Andh, AnuoC-L 9+38 4 48 £ 7

oxidase activity of 4%. The two mutant strains AnuoC
and nuoC+ D had almost no NADH oxidase activity,
which indicated a loss of complex I activity (Table 5).
A previous study established that deletion of any of
the nuo-genes encoding complex I abolished its ability
to transfer electrons into the respiratory chain [48]. In
order to rule out a general effect of the mutations on
the respiratory chain, succinate oxidase activity was
assessed, which uses succinate dehydrogenase, complex
I1, instead of complex I to channel electrons into the
quinone pool. Succinate oxidase activity was very simi-
lar in these strains, ranging from 40 to around 60 mU
per mg protein (Table 5), demonstrating that the lack
of NADH oxidase activity is specifically due to the
absence of complex I.

The detergent-solubilized membrane fractions were
subjected to a sucrose gradient centrifugation in order
to determine the stability and the assembly of the com-
plex in the mutant strains. The fractions were sepa-
rately assayed for NADH/ferricyanide oxidoreductase
activity, which indicates the presence of the FMN-con-
taining subunit NuoF, which is part of the diaphorase
domain of complex I. The activity peaks in fraction
14, corresponding to intact complex I as observed in
the Andh strain (shaded area in Fig. 6). Complex I
mutant strain AnuoC-L, which lacks the diaphorase
proteins NuoEFG, did not show activity in these frac-
tions. Fractions 5-9 contained a broader, more dis-
perse activity peak, which was originally thought to
include the diaphorase activity that had dissociated
from the complex. However, because it is also present
in the membrane preparations of the AnuoC-L strain,
this seems unlikely and rather represents an unspecific
reaction of the ferricyanide. Furthermore, the activity
profile of the extract from strains AnuoC and nuoC+ D
resembles the negative control, indicating that NuoF is
absent.

Assuming that the mutations could destabilize com-
plex I after extraction from the membrane, but never-
theless allowed retention of a residual activity in whole
cells, the strains were subjected to growth experiments
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Fig. 7. Aerobic growth phenotype of complex | mutants in (A) in acetate minimal medium (B) after complementation (C) glucose minimal
medium and (D) glycerol/LB medium. All growth curves were recorded in a plate reader with 150 r.p.m. shaking in 150 pL volume. The
graphs represent the average of three biological triplicates. For all graphs: BW25113 — black circles; Andh — grey circles with grey
connecting line; AnuoC — red triangles with black border; nuoC+D — black triangles; and AnuoC-L — grey squares. For panel 7B only: AnuoC/
pJET-nuoCD - red squares with black border; and nuoC+D/pJET-nuoCD - black squares.

in an in vivo assay (Fig. 7A). The cells were grown aer- cycle and the glyoxylate shunt to produce amino acids
obically with acetate as sole nonfermentable carbon [49]. The growth monitoring during 24 h showed that
source, which requires activity of complex I in order the Andh strain had no growth defect compared to the

to maintain the NADH/NAD" ratio within the cells. parental strain, as observed before [31]. In contrast,
This in turn is necessary for the function of the TCA both the AnuoC strain and the nuoC+ D strain did not
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grow within the first 16 h of the experiment, while
eventually the AnuoC strain showed a slight increase in
cell density (Fig. 7A). The absence of growth with
acetate, as in the AnuoC and nuoC+ D strains, typi-
cally indicates lack of complex I activity. A comple-
mentation of the strains AnuoC and nuoC+ D with a
plasmid encoding the nuoCD gene, including its ribo-
some binding site, was attempted (Fig. 7B). However,
the growth of the AnuoC or nuoC+ D strain on acet-
ate-containing minimal medium could only be restored
to a small degree with the nuoCD plasmid, attaining
optical densities of 0.18 (nuoC+ D), while the parental
strain grew to an OD of 0.33. This could indicate a
dominant phenotype of the chromosomal nuoCD mod-
ification; however, it also does not entirely exclude
effects caused by disruption of the nuo operon. All
strains were in parallel subjected to growth in glucose
medium, where they exhibited no difference in growth
behaviour (Fig. 7C). Furthermore, glycerol medium
was also tested, where the strains still attained the
same final optical density in the stationary phase
(Fig. 7D). The Andh strain and its BW25113 parental
derivative grew very similarly, with a growth rate p of
1.45 and 1.74 h™', respectively. In contrast, the strains
AnuoC, nuoC+ D and AnuoC-L had significantly, but
similarly, diminished growth rates of 0.54, 0.46 and
0.52 h™!, respectively.

Therefore, all of the growth experiments indicate
that the nuoC deletion and separation of nuoCD into
two genes abolish complex I activity in whole cells in
in vivo experiments. The absence of activity in the
AnuoC strain was not surprising, because even single
amino acid exchanges in NuoC had a similar effect
[26]. What was surprising, however, was the different
effects of separating the paralogous genes into two
parts in the case of FHL and complex I. The FHL
complex tolerated the introduced changes, while com-
plex I presumably did not assemble anymore. The
region within the proteins where separation of the
domains occurred was based on protein alignments
and the presence of the Metl53 residue in HycE,
which was directly hijacked as initiation codon (see
alignment in Fig. 2). However, the amino acid
sequence in this region is not as conserved as other
regions of the protein, and without further structural
information of HycE and NuoCD, it is very difficult
to predict the location of the loop region and its func-
tion in connecting the modules of the complexes.

Conclusions

The research conducted here on the function of the
N-terminal domains of the HycE and NuoCD subunits

P. Skorupa et al.

of the F.coli FHL complex and complex I,
respectively, reveals that these domains have been evo-
lutionarily conserved and appear to have an important
role in complex assembly. It is still not understood
what the regulatory steps in the assembly of these
large complexes are, but it is reasonable to assume
that assembly must involve a highly ordered sequence
of events, where accumulated subcomplexes represent
intermediate steps [12,50]. The FeS proteins tend to be
unstable in the absence of other components, and thus,
the nucleation of the core complex (HycB, E, F, G or
NuoB, CD, H, I, L) probably starts with the catalytic
subunit HycE and its paralogue NuoCD, respectively.
These subunits reside next to the membrane interface,
while the formate dehydrogenase or NuoEFG proteins
represent the last complex-specific steps in the separate
evolution of the two complexes and are located further
away from the membrane [12]. We identified the N-ter-
minal domains of the HycE and NuoCD proteins as
key determinants in initiating the assembly of this core
complex. The different effects of splitting the proteins
in two parts show that despite the existing phyloge-
netic relationship between the FHL and complex I, the
latter tolerates splitting of the nuoCD gene less well.
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Kapitel VI — Phanotyp von HycH
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Zusammenfassung:

Der Aufbau von Multiproteinkomplexen erfordert die konzertierte Synthese und
Reifung ihrer Komponenten sowie deren koordinierte Wechselwirkung. Der
membrangebundene Formiat-Hydrogenlyase (FHL)-Komplex ist das primare
wasserstoffproduzierende Enzym in Escherichia coli und besteht aus sieben
Untereinheiten, die hauptsachlich im hycA-I-Operon der [NiFe]-Hydrogenase-3 (Hyd-
3) kodiert sind. Das HycH-Protein hat eine akzessorische Funktion und ist nicht Teil
des finalen strukturellen FHL-Komplexes. Hier wurde ein Mutantenstamm ohne HycH
charakterisiert und festgestellt, dass er aufgrund der Instabilitat der
Elektronentransfer-Untereinheiten eine signifikant verringerte FHL-Aktivitat aufwies.
Es wurde gezeigt, dass HycH in verschiedenen Stadien wahrend der Reifung und des
Zusammenbaus des Komplexes spezifisch mit dem Apo-Protein HycE, der
katalytischen Hydrogenase-Untereinheit des FHL-Komplexes, interagiert. Varianten
von HycH wurden mit dem Ziel erzeugt, interagierende Reste und solche, welche die
Aktivitat beeinflussen, zu identifizieren. Bei Austausch der Reste R70/71/K72, Y79,
E81 und Y128 war die Interaktion mit HycE gestort, ohne dabei die FHL-Aktivitat zu
beeinflussen. Im Gegensatz dazu wurde die FHL-Aktivitat, jedoch nicht die
Wechselwirkung mit HycE, durch den H37-Austausch gegen polare Resten negativ
beeinflusst. Schliellich wurde festgestellt, dass eine HycH Y30-Variante instabil war.
Zudem konnte eine Uberlappende Funktion zwischen HycH und seinem homologen
Gegenstiuck HyfJ aus dem flr [NiFe] -Hydrogenase 4 (Hyd-4) kodierenden Operon
identifiziert werden. Dies ist das erste Beispiel fur die gemeinsame Nutzung von
Reifungsmaschinerie-Komponenten zwischen Hyd-3- und Hyd-4-Komplexen. Die hier
prasentierten Daten zeigen, dass HycH eine neuartige Doppelrolle als
Assemblierungs-Chaperon fur eine cytoplasmatische [NiFe] -Hydrogenase spielt.

Bedeutung

Die Dbiologische @ Wasserstoffproduktion in  Kombination mit  moderner
Brennstoffzellentechnologie konnte unsere Energienutzung dauerhaft verandern.
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Bakteriell hergestellter Wasserstoff stammt aus der Aktivitat von Hydrogenasen, bei
denen es sich um metallhaltige Enzymkomplexe mit mehreren Untereinheiten handelt.
Die Nutzung dieses Wasserstoffs erfordert ein detailliertes molekulares Verstandnis
der Kofaktor-Insertion, Kenntnis der Reihenfolge der Assemblierung und wie dies zur
Optimierung der Aktivitdt verwendet werden kann. Hier nutzen wir den
Modellorganismus Escherichia coli, um die Proteine zu untersuchen, die an der
Assemblierung des sieben Untereinheiten enthaltenden Formiat-Hydrogenlyase-
Komplexes fur die H2-Produktion beteiligt sind. Wir haben das HycH-Protein als
Interaktionspartner fur die katalytische Untereinheit identifiziert, bevor diese mit den
Elektronentransfer-Untereinheiten interagiert. Unsere Ergebnisse liefern neue
Einblicke in die Anforderungen eines Metalloenzymkomplexes mit mehreren
Untereinheiten.
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The assembly of multi-protein complexes requires the concerted synthesis and matur-
ation of its components and subsequently their co-ordinated interaction. The membrane-
bound formate hydrogenlyase (FHL) complex is the primary hydrogen-producing enzyme
in Escherichia coli and is composed of seven subunits mostly encoded within the hycA-/
operon for [NiFe]-hydrogenase-3 (Hyd-3). The HycH protein is predicted to have an
accessory function and is not part of the final structural FHL complex. In this work, a
mutant strain devoid of HycH was characterised and found to have significantly reduced
FHL activity due to the instability of the electron transfer subunits. HycH was shown to
interact specifically with the unprocessed species of HycE, the catalytic hydrogenase
subunit of the FHL complex, at different stages during the maturation and assembly of
the complex. Variants of HycH were generated with the aim of identifying interacting resi-
dues and those that influence activity. The R70/71/K72, the Y79, the E81 and the Y128
variant exchanges interrupt the interaction with HyckE without influencing the FHL activity.
In contrast, FHL activity, but not the interaction with HycE, was negatively influenced by
H37 exchanges with polar residues. Finally, a HycH Y30 variant was unstable.
Surprisingly, an overlapping function between HycH with its homologous counterpart
HyfJ from the operon encoding [NiFe}-hydrogenase-4 (Hyd-4) was identified and this is
the first example of sharing maturation machinery components between Hyd-3 and
Hyd-4 complexes. The data presented here show that HycH has a novel dual role as an
assembly chaperone for a cytoplasmic [NiFe]-hydrogenase.
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Anhang: Enterobakterielle FHL-Komplexe

Domane: Bacteria

Phylum (Abteilung): Proteobacteria

Klasse: Gammaproteobacteria

Odnung: Enterobacterales (dt. Enterobakterien)

Familie/Gattung Art HYfE HyfG Hycl HycE | Hyc)| VP
Budviciaceae Leminorella grimontii EEER 0
e Budvicia
e Leminorella
e Pragia
Enterobacteriaceae Buttiauxella agrestis HEEN 0
e Biostraticola
* Buttiouxella Cedecea neteri L] 50
e (Cedecea
: g:ssz;z; Citrobacter amalonaticus EEN 0
o Enterobacter Citrobacter farmeri EEN 0
o Escherichia Citrobacter rodentium HEN 0
o Gibbsiella Citrobacter sp. 302 HEN 0
* Klebsiella Citrobacter sp. 577 HEN 0
o Kluyvera Citrobacter sedlakii HEN 0
* Leclercia Citrobacter youngae HEN 0
e Mangrovibacter
e Plesiomonas
o Pseudescherichia Cronobacter condiment @ ?
e Raoultella
o Saccharobacter Enterobacter cloacae JD6301 HEN 100
o Salmonella Enterobacter cloacae ECWSU1 HEN 100
¢ Shigella Enterobacter cloacae ATCC13047 HEN 100
s Shimwellia Enterobacter asburiae LF7a EEN 2
* Thorsellia Enterobacter lignolyticus HEEN ?
e Trabulsiella
e Yokenella Enterobacter aerogenes HEEN 98
Enterobacter sp. R4368 EEEN ?
Enterobacter sp. 638 HEN ?
Escherichia coli K12 W3110 EEEN 0
Escherichia coli K12 MG1655 C N 0
Escherichia coli BL21 EEEN 0
Escherichia coli 536 HEENE x o
Escherichia coli ATCC8739 EEEN 0
Escherichia coli 0157:H7 C N 0
Escherichia coli CFT073 HENE x| o
Escherichia albertii TW07627 L ?
Escherichia albertii KF1 EEE
Escherichia hermannii EEEN 0
Escherichia sp. TW09308 EEE
Escherichia vulneris EEn 0
Klebsiella oxytoca EEn 95
Klebsiella pneumoniae aEEN 98
Kluyvera ascorbata IE] 0
Raoultella ornithinolytica @ ?
Salmonella enterica CT18 EEN X |0
Salmonella enterica Typhimurium EEn X |0
Salmonella bongori N26808 EEn 0
Salmonella bongori NCTC12419 LN 0
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Shigella flexneri N | W X)| 0
Shimwellia blattae & & 0
Trabulsiella guamensis IE 0
Erwiniaceae Erwinia pyrifoliae ?
* Buchnera Erwinia amylovora ?
* Erwinia Erwinia billingiae ?
e Pantoea .. . .
o Phaseolibacter ErW{n{a tasman/en.ﬂs ?
e Tatumella Erwinia typographi ?
e Wigglesworthia
Pantoea agglomerans 70
Pantoea ananatis LMG20103 ?
Pantoea ananatis AJ13355 ?
Pantoea stewartii ?
Pantoea sp ?
Pantoea sp. A4 ?
Pantoea sp. aB ?
Pantoea sp. At9b ?
Pantoea sp. IMH ?
Pantoea sp. PSNIH2 ?
Pantoea sp. Scl ?
Pantoea rwandensis ?
Pantoea vagans ?
Wigglesworthia glossinidia sp Gbr ?
Wigglesworthia glossinidia sp. Gmo ?
Hafniaceae Edwardsiella tarda ATCC15947 HEN 0
* Edwardsiella Edwardsiella hoshinae HEN 0
e Hafnia
e Obesumbacterium . .
Hafnia alvei EEEN 85
Morganellaceae Proteus mirabilis EEER 50
* Arsenophonus Proteus penneri EEEEN 0
* Cosenzaea Proteus vulgaris EEERN 0
o Moellerella
e Morganella i i i
e Photorhabdus Providencia rettgeri Dmell 0
o Proteus Providencia rettgeri DSM1131 0
e Providencia Providencia alcalifaciens EEEN 0
e Xenorhabdus Providencia stuartii 0
Providencia rustigianii HEEEN 0
Providencia burhodogranariea EEEN ?
Xenorhabdus bovienii ?
Xenorhabdus nematophila 0
Pectobacteriaceae Brenneria sp. EniD312 EEEBR ?
e Brenneria
* Dickeya Dickeya dadantii 3937 EEER ?
: :‘;Z::Z;i‘;eﬂum Dl:ckeya dadant/:/: Ech586 EEEN ?
e Sodalis Dickeya dadantii Ech703 EEEN ?
Dickeya sp. DW 0440 EEER ?
Dickeya sp. 2B12 EEER ?
Dickeya sp. NCPPB569 EEER ?
Dickeya zeae EEER ?
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Pectobacterium carotovorum PC1
P. carotovorum odoriferum

Pectobacterium atrosepticum EEER
Pectobacterium sp. SCC3193
Pectobacterium betavasculorum EER
Pectobacterium wasabiae

Yersiniaceae Ewingella americana 95

e Ewingella

. Is?ahnellq Rahnella aquatilis HX2
amsonia Rahnella aquatilis CIP78.65

e Serratia
o VYersinia Rahnella sp. Y9602

VoY Y Y Y Y

100
100

Serratia fonticola AUAP2C I
Serratia fonticola RB25 9
Serratia marcescens Db11 60
Serratia marcescens FGI94 60
Serratia plymuthica
Serratia proteamaculans
Serratia symbiotica
Serratia sp. DD3
Serratia grimesii
Serratia sp. M24T3
Serratia sp. Agl

Serratia sp. ATCC39006
Serratia sp. H1ln

O
O
O

N

Yersinia enterocolitica LC20
Yersinia enterocolitica 8081
Yersinia ruckeri

Yersinia pseudotuberculosis
Yersinia aldovae

Yersinia pestis CO92
Yersinia kristensenii
Yersinia massiliensis
Yersinia intermedia
Yersinia frederiksenii

N

EEEE E EEER =N
EEEE E EEER =N
EEEE B EEER EBN
[N
o

EEEE BN
coooooo

/ B

no similarity 100% sequence

detectable conservation

Homologie der Proteine zu den angegebenen E. coli Proteinen HyfE, HyfG, Hycl und HycE ist
durch Rotfarbung angezeigt. Das Vorhandensein von HyfE zeigt einen FHL-2 Komplex an.
Die Abwesenheit von Hycl indiziert das Fehlen beider Komplexe. Auflistung der Stdmme und
Farbgebung entsprechend der Datenbank String.db und stellt eine Auswahl aller
sequenzierten Enterobakterien-Genome dar.

HycJ indiziert das Vorhandensein eines Extragenes im hyc-Operon, welches auf wenige
Organismen wie z.B. Salmonella enterica Typhimurium und E. coli Nissle 1917 (verwandt mit
E. coli CFT073) beschrankt ist.

VP gibt die Reaktion im Voges-Proskauer Test als % an (100 = 2,3-Butandiolgarung mit
Nachweis von Acetoin; 0 = Gemischte Sauregarung). Daten gréfRtenteils entnommen aus
Bergey’s Manual of Systematic Bacteriology (Brenner & Farmer 2015).
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