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Kurzzusammenfassung

Das phage shock protein (Psp)-System stellt eine bakterielle Stress-Antwort dar, die durch
verschiedene Bedingungen aktiviert wird, die alle gemeinsam haben, sich negativ auf die
Eigenschaften der Cytoplasmamembran auszuwirken. Obwohl die erste Psp-Komponente,
PspA, bereits vor drei Jahrzehnten in Escherichia coli entdeckt wurde, ist es bis heute unklar,
welches Stress-Signal in der Cytoplasmamembran die Psp-Antwort auslost. Um
herauszufinden, welches Stress-Signal an der Cytoplasmamembran stattfinden muss, wurde
auf Grund seines einfachen Aufbaus der Membrananker der twin-arginine translocation (Tat)-
System-Komponente TatA genutzt und als Modellinduktor der Psp-Antwort in E. coli etabliert.
Es konnte gezeigt werden, dass die rekombinante Uberproduktion des ungewdhnlich kurzen
TatA-Transmembranankers zu einer Schwachung des Membranpotentials und somit der
Protonenmotorischen Kraft flihrt. Es wurde jedoch klar, dass die Aktivierung des Psp-Systems
nicht auf eine Schwachung der Protonenmotorischen Kraft durch TatA zurlckzufuhren ist,
sondern das Psp-System wahrscheinlich durch eine durch TatA verursachte Anderung des an

der Cytoplasmamembran anliegenden Krimmungsstresses induziert wird.

PspA stellt die regulatorische Schlisselkomponente des Psp-Systems dar und wirkt
mdglicherweise zusatzlich als Effektor- und Sensorkomponente. PspA ist auf Grund dessen
Gegenstand vieler Studien zur Stresswahrnehmung und Signalkaskade des Psp-Systems. Es
ist jedoch bis heute unklar, auf welchen Mechanismus der Wechsel zwischen den
verschiedenen PspA-Funktionen zurtickzufiihren ist. In dieser Arbeit konnte gezeigt werden,
dass die C-terminale PspA-Domane PspA(145-222), welche fir die Oligomerisierung PspAs
essentiell ist, ebenfalls in der Lage ist, PspF in einem pspA-Deletionsstamm zu inhibieren. Im
Gegensatz zu PspA und zur gut charakterisierten PspA-Domane PspA(1-144) induziert
PspA(145-222) bei rekombinanter Uberproduktion das Psp-System in einem psp-
Wildtyphintergrund. Zusatzlich kann die PspF-Inhibition durch PspA(145-222) durch TatA-

induzierten Membranstress reduziert werden.

Zusatzlich gelang es zu zeigen, dass die Veranderung des Krimmungstresses der
Cytoplasmamembran das Psp-Systems Uber eine PspC-abhangige Signalkaskade aktiviert
und PspA zur Stresswahrnehmung und -weiterleitung an PspF an der Cytoplasmamembran
mit der C-terminalen Domane von PspC interagieren muss. Basierend auf den in dieser Arbeit
vorgestellten Daten gelang es ein integratives Modell der Wahrnehmung von TatA-induziertem

Membranstress und Signalkaskade des Psp-Systems zu entwickeln.

Schlagwoérter: phage shock protein (Psp)-System, twin-arginine translocation (Tat)-System,

Membranstress, bakterielle Stresswahrnehmung, Signaltransduktion



Abstract

The phage shock protein (Psp) system is a bacterial stress response that is strongly induced
by various conditions that all have in common to harm the cytoplasmic membrane. Even
though one of the key components of the Psp system, PspA, was discovered almost three
decades ago in Escherichia coli (E. coli), it is still unresolved which kind of stress signal is able
to activate this unique stress response. To investigate the signal that is sensed by the Psp
system, the unusual short trans-membrane anchor of the twin-arginine-translocation (Tat)
system component TatA was used as a structurally simple inducer and could be established
as a model inducer in E. coli. It could be shown, that the trans-membrane anchor of TatA harms
the cytoplasmic membrane in a way that strongly affects the membrane potential und
consequently the proton motive force. However, the data suggest that it is not the TatA-induced
dissipation of the proton motive force that activates the Psp system but rather the effect TatA

has on the curvature elastic stress of the cytoplasmic membrane.

As PspA is a key regulatory component and a potential effector and sensor component of the
Psp system, PspA is in the focus of most current research in the Psp field. However, the
mechanism of the switch between effector and regulatory functions of PspA is still unclear. In
this study, it could be shown that the C-terminal domain of PspA, PspA(145-222), which was
previously described to mediate oligomerization, also inhibits PspF activity. In contrast to full-
length PspA and the well-characterized PspA domain PspA(1-144), the C-terminal domain of
PspA induces the Psp system in a psp wild-type background. In addition, the inhibition of PspF
by PspA(145-222) could be reduced by TatA-induced membrane stress, providing new insights

in stress-sensing by the Psp system.

Importantly, it could be demonstrated that an alteration of membrane-stored curvature elastic
stress of the cytoplasmic membrane activates the Psp system in a PspC-dependent manner.
Additionally, PspA has to co-operate with the C-terminus of PspC for sensing and transduction

of the stress signal to PspF at the surface of the cytoplasmic membrane.

Based on the data presented in this thesis, an integrative model of sensing and signal

transmission of TatA-induced membrane stress by the Psp system could be developed.

Key words: phage shock protein (Psp) system, twin-arginine translocation (Tat) system,

membrane stress, bacterial stress-sensing, signal transmission
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1 Einleitung

1 Einleitung

Organismen haben im Laufe der Zeit unterschiedliche Mechanismen und Stress-
Antworten entwickelt, welche ihr Uberleben unter verschiedenen Bedingungen
sicherstellen. Der in dieser Arbeit verwendete Gram-negative Modellorganismus
Escherichia coli besitzt als didermes Bakterium zwei Biomembranen, welche zum
einen den Organismus von der Umwelt abgrenzen und zum anderen der
Kompartimentierung der Zelle dienen. Die AuRere Membran umschlielt die Zelle und
trennt diese von ihrer Umgebung ab, ist jedoch flr viele Stoffe permeabel. Auf Grund
dieser Permeabilitat steht das Periplasma, welches sich  zwischen
Cytoplasmamembran und AuBerer Membran befindet, in einem stetigen
Stoffaustausch mit der Zellumgebung. Im Periplasma ist die bakterielle Zellwand, auch
Mureinschicht oder Peptidoglykan genannt, lokalisiert, welche den Organismus gegen
osmotische Einflusse schutzt und stabilisiert. Das Cytoplasma als Ort der
Proteinbiosynthese wird von der Cytoplasmamembran umgeben (Abbildung 1). Im
Gegensatz zur AuReren Membran stellt die Cytoplasmamembran fiir viele Stoffe eine
Permeabilitatsbarriere dar. Durch die unterschiedlichen Permeabilitaten der

Cytoplasmamembran und der AuReren Membran unterscheiden sich das Cyto- und

AuRere Membran

y

| Mureinschicht

Cytoplasma

/V\Cytoplasmamembran
Periplasma

Abbildung 1 Schematischer Aufbau des Gram-negativen Organismus E. coli Der diderme Organismus E. coli
besitzt eine stabchenférmige Struktur und eine peritriche Begeilelung (links). Das Cytoplasma ist von der
Cytoplasmamembran umgeben. Darauf folgt als weiteres Kompartiment das Periplasma, welches die
zellwandbildende Mureinschicht enthalt. Das Periplasma wird durch die AuBere Membran von der Umwelt
abgegrenzt (rechts).



1 Einleitung

und Periplasma stark in ihren physikochemischen Eigenschaften, wodurch die Zelle
unterschiedliche Reaktionsraume besitzt, in denen jeweils optimale Reaktions-
bedingungen fur Uberlebenswichtige Stoffwechselreaktionen vorherrschen. Durch die
unterschiedliche Stoffzusammensetzung des reduktiven Cyto- und oxidativen
Periplasmas und durch Transportvorgange an der Cytoplasmamembran liegt ein
Konzentrationsgefalle von lonen an der Cytoplasmamembran an, wodurch das
Membranpotential (Ay) entsteht. Dieses bildet zusammen mit dem an der
Cytoplasmamembran anliegenden Protonengradienten (ApH), die protonen-
motorische Kraft (PMF), die fir viele essentielle Stoffwechselprozesse, wie

z. B. die ATP-Synthese, die ndtige Energie bereitstellt.

Die Cytoplasmamembran besteht aus Phospholipiden und Proteinen. Phospholipide
sind molekular aus einem Glycerol-Molekul, welches mit zwei Fettsauren sowie einer
negativ geladenen Phosphatgruppe an einem endstandigen Kohlenstoffatom verestert
ist, aufgebaut. Die Phosphatgruppe kann weitere gebundene Alkylreste oder andere
Gruppen besitzen, welche die Kopfgruppe der Phospholipide bilden. Auf Grund der
Zusammensetzung aus hydrophoben Fettsauren und hydrophiler Kopfgruppe handelt
es sich bei Phospholipiden um amphipathische Molekule, welche in einer wassrigen
Umgebung die fir Biomembranen typische Phospholipiddoppelschicht mit einem

hydrophoben Kern und einer hydrophilen Oberflache ausbilden.

Die Cytoplasmamembran von E. coli besteht vornehmlich aus den drei Phospholipiden
Phosphatidylethanolamin (PE), Phosphatidylglycerol (PG) und Cardiolipin (CL), wobei
PE mit circa 75% den Grofteil der Phospholipide in der Cytoplasmamembran
ausmacht [1]. PE besitzt ein an die Phosphatgruppe gebundenes Ethanolamin, dessen
Aminogruppe protoniert vorliegt. Auf Grund der negativen Ladung der Phosphatgruppe
und der positiven Ladung des Ethanolamins unter physiologischen Bedingungen ist
PE zwitterionisch. PG und CL sind anionische Phospholipide. PG besitzt ein an die
Phosphatgruppe gebundenes Glycerol, welches nicht geladen ist, wodurch PG eine
negative Ladung besitzt. CL besteht aus zwei PG-Molekulen, welche uber ihre
Phosphatgruppen Uber die endstandigen Kohlenstoffatome eines Glycerols
miteinander verbunden sind. CL besitzt auf Grund zweier negativ geladener
Phosphatgruppen zwei negative Ladungen. In E. coli enthalt die Cytoplasmamembran
bis zu 15-20% PG und zu 5-10% CL [2,3]. In der Cytoplasmamembran sind zahlreiche

Proteine unterschiedlicher Funktion eingelagert bzw. peripher assoziiert.
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1.1 Das phage shock protein (Psp)-System

Dass Mikroorganismen in der Lage sein mussen, schnell und effektiv auf eine
Schadigung der Cytoplasmamembran reagieren zu konnen, ergibt sich aus ihrer
uberlebenswichtigen Funktion. Das in dieser Arbeit untersuchte phage shock protein
(Psp)-System stellt eine bakterielle Stress-Antwort dar, die durch verschiedene
Induktoren ausgeldst wird, welche gemein haben, sich negativ auf die Struktur und
Stabilitat der Cytoplasmamembran oder den Energiestatus der Zelle auszuwirken. Die
Induktoren des Psp-Systems sind dabei zahlreich und divers und reichen von in die
Cytoplasmamembran fehllokalisierten Sekretinen der Auleren Membran bis hin zur
Behandlung der Zellen mit organischen Losungsmitteln [4-9]. Auch ein
hyperosmotischer oder alkalischer Schock, Blockade von bakteriellen
Proteintransportsystemen oder die Deletion der Membranprotein-Insertase YidC
wurden als Ausloser der Psp-Antwort in E. coli beschrieben [4,10-12]. Das Psp-
System ist ebenfalls wahrend der Biofiimbildung und in persistenten Zellen induziert
[13,14]. Die Induktion des Psp-Systems unter Membranstress-Bedingungen fuhrt Gber
eine komplexe Regulationskaskade, an welcher viele Proteine beteiligt sind, zu einer
stark erhohten Proteinbiosynthese des phage shock protein A (PspA), welches an der
Cytoplasmamembran akkumuliert. PspA bildet dabei grol3e netzwerkartige Strukturen
aus [15], weshalb angenommen wird, dass PspA die Cytoplasmamembran bei

Membranstress stabilisiert [16].

1.1.1 Die Entdeckung der Komponenten des Psp-Systems und dessen

Operonstruktur in E. coli

PspA wurde 1989 als erste Komponente des Psp-Systems entdeckt [4]. Brissette et
al. (1989) beobachteten im Zuge ihrer Arbeiten zur Infektion von E. coli mit
filamentdsen Phagen die Induktion der Proteinbiosynthese eines bis dato unbekannten
circa 25 kDa grolen Genprodukts. Ausschlaggebend fir die starke Initiation der
Proteinbiosynthese dieses Proteins war die Produktion des Phagen-Sekretins plV,
weshalb dieses zunachst phage shock protein [4] und spater phage shock protein A,

PspA, genannt wurde [17]. PspA konnte in mit f1-Phagen infizierten Zellen in der

10
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I6slichen Zellfraktion nachgewiesen werden, sedimentierte jedoch auch mit
Membranen, sodass vermutet wurde, das es sich bei PspA um ein peripher-

membranassoziiertes Protein handelt [4].

Kurz darauf wurden PspB, PspC, PspD und PspE als weitere Komponenten des Psp-
Systems in E. coli identifiziert [17]. Bei PspB und PspC handelt es sich um kleine
membranintegrale Proteine mit einer molekularen Masse von circa 8,8 kDa bzw.
13,5 kDa [17,16], welche direkt an der Regulation der Psp-Antwort beteiligt sind [16—
18]. Fur das peripher-membrangebundene PspD konnte bis heute keine eindeutige
Funktion innerhalb der Regulationskaskade bestimmt werden. PspE ist eine im
Periplasma lokalisierte Rhodanese, welche bei starker Uberproduktion teilweise die
periplasmatische Thioldisulfidoxidoreduktase DsbA des disulfid bond formation (Dsb)-

Systems in E. coli ersetzen kann [19-22].

PspA ist zusammen mit pspB, pspC, pspD sowie pspE im pspABCDE-Operon
organisiert [17], welches o%*-abhangig reguliert wird, wobei pspE zusatzlich einen o’°-
abhangigen Promotor besitzt (Abbildung 2, [18,23,24]). Zur Intitiation der o%*-
abhangigen Transkription werden sogenannte bacterial enhancer binding proteins
(bEBPs) bendtigt, welche an regulatorische DNA-Sequenzen, sogenannte UAS
(upstream activator sequences)-Regionen, binden, die sich in 5‘-Richtung ausgehend
vom Promotor der a%*-abhangig exprimierten Gene befinden [25,26]. Stromaufwarts
des pspA-Promotors konnten zwei solcher UAS-Regionen (UASI und UASII)
identifiziert werden [23,27]. Auch die fiir die o%*-abhangige Transkription typische
Bindung des integration host factors (IHF) an seine Konsenssequenz, welche sich
zwischen den UAS-Elementen und der o%*-Bindestelle des pspA-Promotors befindet,

konnte nachgewiesen werden (Abbildung 2, [27]).

PspF wurde mittels Transposon-Mutagenesestudien als das flr die o%*-abhangige
Transkription des pspABCDE-Operons noétige bEBP kurze Zeit spater identifiziert
[28,29]. PspF wird selbst abhangig von Sigma-Faktor o’° transkribiert, und ist
stromaufwarts auf dem Gegenstrang zum pspABCDE-Operon codiert, wobei sich die

entsprechenden Promotorelemente Uberschneiden (Abbildung 2, [28,30]).

11



1 Einleitung

pspF pSpPA pspB pspC pspD pspE

-126 -86 -60 P 0%

-24 12 —

P o> o

+1

Abbildung 2 Schematische Darstellung der Operonstruktur des pspABCDE-Operons sowie der
monocistronischen Gene pspF und pspG [18,27,6] PspA bildet zusammen mit pspB, pspC, pspD und pspE ein
durch o%*-reguliertes Operon aus. Die Transkription von pspE wird zusatzlich durch den Sigma-Faktor 67° reguliert.
PspF wird auf dem Gegenstrang in 5°-Richtung zum pspABCDE-Operon codiert. Zwischen pspF und pspA sind die
fur die o%-abhangige Transkription typischen Bindestellen fiir den integration host factor (IHF) sowie die
Bindestellen fiir das fiir die o5-abhangige Transkription notwendige bEBP (UASI und UASII), sowie Bindestellen
fur den Sigma-Faktor 0% lokalisiert. Die Promotorregion von pspG ist dhnlich zu der des pspABCDE-Operons
aufgebaut, wobei nur eine Bindestelle fir das nétige bEBP (UASII) identifiziert werden konnte.

Dies fuhrt auf Grund der negativen Autoregulation der pspF-Transkription zu
gleichbleibend niedrigen PspF-Leveln in der Zelle (ca. 130 Kopien) [30]. Mittels
Transkriptomanalysen konnte YjbO als einzig weiteres PspF und o°*-abhangig
produziertes Genprodukt identifiziert werden, dessen Proteinbiosynthese ebenfalls
durch die Produktion von plV induziert wird. YjbO wurde aus diesem Grund in PspG
umbenannt [6]. PspG bildet einen vom pspABCDE-Operon unabhangigen
monocistronischen Genlokus, welchem ebenfalls eine regulatorische UASII-Region
vorangestellt ist ([6], Abbildung 2). Bei PspG handelt es sich um ein Membranprotein

unbekannter Funktion.
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1.1.2 Weitere Psp-Systeme in Enterobakterien und PspA-Homologe der
PspA/IM30-Proteinfamilie

Zehn Jahre nach der Entdeckung des Psp-Systems in E. coli wurde fir das
Humanpathogen Yersinia enterocolitica (Y. enterocolitica) ein Psp-System
beschrieben, dessen Operonstruktur sowie auch die einzelnen Psp-Komponenten
eine sehr grole Homologie zum Psp-System aus E. coli aufweisen [5,31]. Das Psp-
System wird in Y. enterocolitica durch die Produktion von zelleigenen Sekretinen des
Typ-llI-Sekretionssystems (T3SS), welche wichtige Virulenzfaktoren darstellen,
induziert. Zudem zeigte Y. enterocolitica eine reduzierte Virulenz und stark
eingeschrankte Viabilitat im Wirtsorganismus, wenn pspC deletiert wurde [5,31,32],
weshalb sich schon frih eine mogliche Effektorfunktion von PspC in Y. enterocolitica
manifestiert hat. Auf Grund der Verbindung zum T3SS und der daraus resultierenden
medizinischen Relevanz, stellt das Psp-System aus Y. enterocolitica eins der am
besten charakterisierten Modell-Systeme der Psp-Antwort in Enterobakterien dar,
wobei gerade die in diesem Organismus durchgefuhrte Untersuchungen zur Funktion
von PspB und PspC weitreichende Beitrdage zum heutigen Modell der durch
Membranstress ausgeldsten Signalkaskade des Psp-Systems leisteten [5,32—40]. Auf
Grund der hohen Sequenzidentitat der regulatorisch wirkenden Psp-Komponenten
PspF, PspA, PspB und PspC" aus Y. enterocolitica und E. coli von circa 75% basieren
heutige Modelle der Regulation der Psp-Antwort auf Experimentaldaten beider
Systeme und werden auf den jeweils anderen Organismus angewandt. Psp-Systeme
mit homologer Operonstruktur zu Y. enterocolitica und E. coli konnten ebenfalls in
anderen humanpathogenen Enterobakterien nachgewiesen werden. Beispielhaft
seien hier Salmonella enterica serovar Typhimurium, Shigella flexneri oder auch

Klebsiella pneumoniae genannt [5,24,42,43].

PspA ist die am starksten konservierte Komponente des Psp-Systems und gehort der
PspA/IM30-Proteinfamilie an, deren Homologe nicht nur in Proteobakterien, sondern
auch in Gram-positiven Bakterien, Archaeen, Cyanobakterien und Chloroplasten zu
finden sind [8,44—47]. Die Komponenten des Lia-Systems aus Bacillus subtilis zeigen
bei Membranstress ein ahnliches Verhalten wie Psp-Komponenten aus vy-

Proteobakterien. So wird die Produktion des PspA-Homologs LiaH ebenfalls durch

1 PspC aus Y. enterocolitica besitzt im Vergleich zu anderen Spezies einen um 20 Aminoséuren N-
terminal verlangerten N-Terminus, dessen Deletion jedoch keine Effekte auf die Induktion des Psp-
Systems zeigte [41].
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Membranstress induziert [7,48]. Die Regulation des lialH-Operons durch das Drei-
Komponenten-System LiaFSR ist nicht identisch, zeigt aber prinzipiell Ahnlichkeit mit
der Regulation der Psp-Antwort aus E. coli oder Y. enterocolitica [7,48-50]. Bacillus
subtilis besitzt noch fur ein weiteres Homolog der PspA/IM30-Familie, dieses ist jedoch
nicht weiter charakterisiert [51]. Das vesicle-inducing plastid protein 1 (Vipp1) stellt ein
gut charakterisiertes Mitglied der PspA/IM30-Familie dar, welches in

Thylakoidmembranen von Chloroplasten wie auch in Cyanobakterien vorkommt [52].

1.1.3 Funktionen und Eigenschaften der Komponenten des Psp-Systems

Die Expression des pspABCDE-Operons bzw. von pspG unter Normal- und
Membranstressbedingungen geschieht Uber ein komplexes autoregulatorisches
Netzwerk, an dem die Psp-System-Komponenten PspA, PspB, PspC sowie PspF
beteiligt sind und verschiedene Funktionen in Bezug auf die Wahrnehmung des
Membranstresses, der Signalweiterleitung sowie der Aktivierung der Psp-Antwort

unter Stressbedingungen erflllen.

1.1.3.1 PspF als Aktivator der o°4-abhidngigen Transkription der psp-Gene
PspF als bEBP der g%*-abhangigen Transkription des pspABCDE-Operons sowie von
pspG gehort zur Gruppe der AAA+-ATPasen (ATPases associated with a varity of
cellular activites) [53] und ist strukturell aus einer N-terminal lokalisierten AAA+-
ATPase-Domane und einer C-terminalen DNA-Bindedoméane aufgebaut [28]. PspF
bildet die fuir ATPasen dieser Gruppe typische, homooligomere ringférmige Strukturen
und ist in der Zelle nur als Hexamer aktiv, wobei die fiir die Initiation der o-
abhangigen Transkription notwendige Energie durch die Hydrolyse von ATP durch die
ATPase-Domane bereitgestellt wird [54—-56]. Zur Initiation der o®*-abhangigen
Transkription des psp-Operons durch PspF sind mehrere Schritte nétig. Zunachst
bindet o©% im konservierten Promotorbereich an die entsprechenden
Konsensussequenzen etwa 24 und 12 Basenpaare vor dem Transkriptionsstart von
pSpA (oder pspG) und bildet zusammen mit der DNA und der RNA-Polymerase den
sogenannten closed complex (RPc) [25,57]. Im RPc ist der DNA-Doppelstrang nur

leicht gedffnet und die RNA-Polymerase nicht in der Lage die Transkription zu
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initiieren. PspF bindet nun an eine UAS-Region und die Bindung des integration host
factors (IHF) fuhrt zu einer Schleifenbildung der DNA, wodurch die Interaktion von
PspF mit dem RPc ermdglicht wird [29,58,59] . Durch die Hydrolyse von ATP durch die
AAA+-Domane von PspF kommt es zu einer Konformationsanderung im PspF-
Hexamer welche auf o%* Ubertragen und diesen naher zum Transkriptionsstart riicken
lasst. Dabei gelingt eine ausreichende Offnung des DNA-Doppelstrangs und der open
complex (RPo) wird gebildet [25,54,60—66]. Nach Ablosen von PspF beginnt die
Transkription des pspABCDE-Operons sowie von pspG [6,28].

1.1.3.2 PspA — vom negativen Regulator zum Effektorprotein der Psp-

Antwort
Im Unterschied zu anderen prokaryotischen bEBPs besitzt PspF keine eigene N-
terminale regulatorische Domane. PspF wird stattdessen ausschlie3lich in trans in
einer negativen Feedback-Schleife durch das erste Genprodukt des pspABCDE-
Operons, PspA, negativ reguliert [67], wobei die negative regulatorische Funktion von
PspA direkt in der Bindung von PspF und der daraus resultierenden Inhibition der
ATPase-Aktivitat begrundet liegt [68]. PspA bildet zusammen mit PspF in vitro einen

stabilen Komplex mit einer 6:6-Stéchiometrie [69,70].

Bei PspA handelt es sich um ein Protein mit einer Lange von 222 Aminosauren und
einer in silico vorhergesagten coiled-coil Struktur, die mittels Rontgenstrukturanalyse
fur das PspA-Fragment PspA(1-144), welches 2/3 des Gesamtproteins umfasst,
bestatigt werden konnte (Abbildung 3, [70]). PspA(1-144) bildet einen langgezogenen
coiled-coil mit einem zurlckgefalteten flexiblen N-terminalen Bereich mit einer Lange
von 24 Aminosauren. PspA(1-144) ist in der Lage, PspF in vivo vollstandig zu
inhibieren, wobei mittels Mutagenesestudien ein Bereich innerhalb der ersten coiled-
coil-bildenden Helix identifiziert werden konnte, welcher sowohl ausschlaggebend fir
die PspF-Bindung als auch fur die PspF-Inhibition ist [70]. Mittels in-vitro-Experimenten
gelang es zu zeigen, dass ein Peptid, welches dem in der Rontgenstruktur flexiblen
zum coiled-coil ruckgefalteten N-terminalen Bereich von PspA entspricht, auch in der

Lage ist, die ATPase-Aktivitdt von PspF zu inhibieren [71].
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Abbildung 3 Schematischer Aufbau und Struktur PspAs oben: Domanenstruktur PspA nach Osadnik et al.
(2105): Fur PspA werden in silico drei coiled-coil-bildende Bereiche vorhergesagt (CC1, CC2 und CC2), wobei CC1
und CC2 durch die sogenannte tip region miteinander verbunden sind [70]. Unten: Réntgenstruktur der PspA-
Domane PspA(1-144) (PDB: 4WHE). PspA(1-144) bildet eine langgezogene coiled-coil-Struktur mit einem zum
coiled-coil zuriickgefalteten vornehmlich unstrukturierten N-terminalen Bereich [70].

PspA interagiert jedoch nicht nur mit PspF, sondern akkumuliert bei
Stressbedingungen sowie bei rekombinanter Uberproduktion zu grolen membran-
assoziierten, homooligomeren und netzwerkartigen Strukturen [15,72]. Nach
Behandlung mit Detergens konnte fur diese Membran-assoziierten PspA-Komplexe
eine neunfach symmetrische homooligomere Ringstruktur mittels Kryo-
Elektronenmikroskopie nachgewiesen werden, die aus bis zu 36 PspA-Protomeren
besteht [72] und einer weiteren Schadigung der Membran entgegenwirken soll
[17,73,74]. FUr das Erreichen dieser postulierten Effektorfunktion ist die bis heute
strukturell noch nicht aufgeldste C-terminale PspA-Domane essentiell, da PspA ohne
diesen Bereich nicht in der Lage ist zu oligomerisieren [69,70]. Auch flir diese PspA-
Domane wird in silico eine coil-Domane vorgeschlagen, welche ein fur Trimere
typisches Sequenzmotiv enthalt [70,75]. Das PspA-Homolog Vipp1 ist ebenfalls in der
Lage oligomere Ringstrukturen auszubilden, welche direkt mit Membranen

interagieren und ahnliche Membranbindungseigenschaften wie PspA aufweisen

16



1 Einleitung

[71,76—79]. Auch fir LiaH konnte die Bildung von oligomeren Ringstrukturen

nachgewiesen werden [50].

1.1.3.3 Die Psp-Komponenten PspB und PspC und ihre Rolle als positive

Regulatoren des Psp-Systems
PspB und PspC stellen die membranstandigen Komponenten des Psp-Systems dar
[16]. Das kleine Membranprotein PspB besitzt einen kurzen periplasmatischen N-
Terminus und eine Transmembrandomane, auf die eine im Cytoplasma lokalisierte C-
terminale Domane folgt [16,80,17]. Fur PspC wurde zunachst eine bitopische
Topologie mit einer Transmembranhelix und einem im Cytoplasma lokalisierten N- und
einem im Periplasma lokalisierten C-Terminus vorgeschlagen [16]. Diese Topologie
wurde jedoch kurz darauf in Frage gestellt, da die C-terminale Domane von PspC in
der Lage ist, stabil mit PspA zu interagieren, welches ausschlielich im Cytoplasma
oder mit der Innenseite der Cytoplasmamembran assoziiert vorliegt [4,81]. Da mittels
in-silico-Analysen eine ahnliche Wahrscheinlichkeit fir eine periplasmatische und
cytoplasmatische Lokalisation der C-terminalen PspC-Doméane vorhergesagt wurde,
wurde spekuliert, dass es zu einer Stress-induzierten Anderung der PspC-
Konformation kommt, wobei sich der C-Terminus von PspC im uninduzierten Zustand
im Peri- und im induzierten Zustand im Cytoplasma befinden sollte [81]. Auf Grund von
diversen Interaktionsstudien geht man heute jedoch von einer dauerhaften
cytoplasmatischen Lokalisation beider PspC-Termini und zwei ungewdhnlich kurzen
Membran-durchspannenden Helices aus, welche durch ein konserviertes Glycin

voneinander getrennt werden [34,35,81,82].

Bereits 1991 beschrieben Brissette et al. sowie Weiner et al. eine Abhangigkeit der
durch f1-Phagen, Ethanolbehandlung oder osmotischen Schock ausgelosten Psp-
Antwort von den Membrankomponenten PspB und PspC und sprachen aufgrund
dessen PspB und PspC eine positive regulatorische Wirkung zu [17,18]. Auch fur die
Induktion des Psp-Systems durch die Uberproduktion von zelleigenen Sekretinen in Y.
enterocolitica konnte eine PspB- und PspC-Abhangigkeit zweifelsfrei gezeigt werden
[39]. Auf Grund dessen, dass es sich bei PspB und PspC um die membranstandigen
Komponenten des Psp-Systems handelt und die Induktion der Psp-Antwort durch viele

verschiedene Stressoren von der Prasenz dieser beiden Komponenten abhangt, geht
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man davon aus, dass es sich bei PspB und PspC um die Sensorkomponenten des
Psp-Systems handelt (z. B. [18,39,72,81,83,84]).

Die positive Regulatorfunktion von PspB und PspC zeigt sich jedoch nicht nur in der
Abhangigkeit der Induktion des Psp-Systems von diesen membranstandigen Psp-
Komponenten. So fuhrt die rekombinante Produktion von PspC in E. coli zu einer stark
erhohten Expression des psp-Operons und subsequent zu hohen PspA-Leveln in der
Zelle [18]. Die Induzierbarkeit der Expression der psp-Gene durch rekombinante
PspC-Level konnte sowohl in E. coli als auch in Y. enterocolitica auf die direkte
Interaktion der C-terminalen PspC-Domane mit PspA zurickgefuhrt werden [81]. Die
rekombinante Produktion von PspB hat hingegen keinen direkten Effekt auf die
Expression des psp-Operons. Darauf basierend wurde spekuliert, dass PspB
moglicherweise katalytisch auf die fir PspC beobachtete Aktivatorfunktion wirken
konnte [18]. Es konnte ebenfalls gezeigt werden, dass es zu einer FtsH-abhangigen
Degradation von PspC kommt, welcher PspB entgegenwirken kann, weshalb postuliert
wurde, dass die Funktion von PspB madglicherweise auch in der Stabilisierung von
PspC begrindet liegt [85].

1.1.4 Aktuelle Modelle der Signalwahrnehmung und Regulation des Psp-

Systems

Der genaue Mechanismus der Signalwahrnehmung sowie der Signalkaskade, welche
unter Stressbedingungen zum Ausldsen der Psp-Antwort flhrt, ist nach wie vor noch
nicht vollstandig aufgeklart. Aktuelle Modelle der Signalwahrnehmung und -kaskade
des Psp-Systems in Enterobakterien beruhen vor allem auf Lokalisations- und
Interaktionsstudien zwischen den Psp-Komponenten PspF, PspA, PspB und PspC
unter Normal- bzw. Membranstressbedingungen in E. coli und Y. enterocolitica, wobei
auch hier die Aktivierung der Psp-Antwort auf eine Anderung der Interaktionspartner

der C-terminalen PspC-Domane zurlickgefuhrt wird (Abbildung 4):

Im uninduzierten Zustand liegt PspA im Cytoplasma gebunden an PspF vor [72,33,83],
wodurch auf Grund des negativen Feedback-Mechanismus dessen Aktivitat negativ
reguliert wird [67,18]. Auf Grund der basalen Aktivitdt des pspA-Promotors werden
geringe Mengen an PspB und PspC auch unter nicht-induzierenden Bedingungen
gebildet, welche in der Cytoplasmamembran vorliegen [33], wobei die

cytoplasmatischen Domanen von PspB und PspC miteinander interagieren [35,36,41].
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Abbildung 4 Schematische Darstellung des aktuellen Modells der Regulation der PspBC-abhéangigen Psp-
Antwort unter Normal- sowie Stress-Bedingungen Die Darstellung der einzelnen Komponenten ist nicht
malstabsgetreu. Links: PspA ist im uninduzierten Zustand des Psp-Systems an PspF gebunden und inhibiert
dessen Aktivitat in einem negativen Feedback-Mechanismus, wodurch die 54-abhangige abhangige Induktion des
pSpABCDE-Operons sowie von pspG nicht stattfinden kann. PspB und PspC liegen mobil in der
Cytoplasmamembran vor, wobei die C-terminale PspC-Doméne sowohl von dessen N-terminaler als auch von der
C-terminalen Doméne von PspB gebunden wird. Rechts: 1) Kommt es zu Psp-System induzierendem
Membranstress wird dieser wahrscheinlich durch PspB und PspC wahrgenommen, was zu einer Freisetzung der
C-terminalen Doméane von PspC fiihrt, die nun mit PspA interagieren kann (2). Dies fihrt zu einer Aufhebung der
negativen Regulation von PspF durch PspA, wobei nicht klar ist, ob PspA von PspF dissoziieren muss (3a), oder
im gebundenen Zustand seine Aktivitat reguliert (3b). Das aktive PspF-Hexamer bindet nun an den pspA- bzw.
pspG-P romotor, wodurch die o%*-abhéngige Transkription initiiert wird (4). Dies fiihrt zu groRen PspA-
Assemblierungen an der Innenseite der Cytoplasmamembran, fiir die eine Lokalisation mit PspB und PspC
nachgewiesen werden konnte (5).
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Bei Membranstress wurde eine Konformationsanderung von PspC beschreiben,
welche zu einer Freisetzung der C-terminalen Domane fuhrt, welche nun in der Lage
ist, PspA zu binden [33]. Es wird davon ausgegangen, dass der PspFA-Komplex in der
Zelle frei diffundieren kann und ebenfalls transient an der Cytoplasmamembran
vorliegt, wodurch die Interaktion von PspF-gebundenen PspA mit der C-terminalen
PspC-Domane unter induzierenden Bedingungen ermoglicht wird [33,86,87]. Die
Interaktion von PspA mit dem C-Terminus von PspC fuhrt zur Aufhebung der PspA-
abhangigen Inhibition von PspF, womdglich auf Grund einer Dissoziation des PspFA-
Komplexes [33,72,88]. Es konnte jedoch ebenfalls gezeigt werden, dass PspA PspF
im gebundenen Zustand zu regulieren vermag, weshalb eine Dissoziation des PspFA-
Komplexes zur Induktion der o®#-abhangigen Transkription moglicherweise nicht
notwendig ist [70]. PspF ist nun in der Lage, die o°*-abhangigen Transkription des
pSPABCDE-Operons sowie die von pspG zu induzieren, was die Bildung von grolien
oligomeren PspA-Strukturen an der Cytoplasmamembran zur Folge hat [4,15,72,83],

welche teilweise mit PspBC assoziiert vorliegen [33].

Schon frih wurde jedoch auch eine PspBC-unabhangige Induktion des Psp-Systems
beschrieben [18]. In E. coli ist die durch das Phagen-Sekretin plV induzierte
Aktivierung von PspF nur unter aeroben Bedingungen PspBC-abhangig, nicht jedoch
unter anaeroben Bedingungen [24]. Neueste in-vitro-Studien zeigen, dass PspA
PspBC-unabhangig mit Membranvesikeln interagieren und die inhibitorische Wirkung
von PspA auf PspF in vitro durch Zugabe von Membranvesikeln teilweise aufgehoben
werden kann [77]. Jovanovic et al. (2104) postulierten bereits zuvor, dass der in der
coiled-coil Struktur zurickgefaltete N-terminale Bereich von PspA, PspA(2-24), eine
Stress-induzierte Membran-interagierende Helix ausbildet [88], die Einfluss auf die
Psp-Inhibition haben kénnte, wodurch PspA, gebunden im PspF/PspA-Komplex,
moglicherweise direkt an der Cytoplasmamembran ein Psp-System induzierendes
Signal wahrnehmen kann [87]. Kurz darauf wurde mittels Circulardichroismus-
spektroskopischen Analysen von kurzen N-terminalen PspA-Peptiden gezeigt, dass
das PspA-Peptid, PspA(2-24), in einer Lipidumgebung eine a-helicale Struktur
annimmt, die sich in der Prasenz von negativ geladenen Phospholipiden noch
verstarkte [71]. Gleichzeitig war dieses Peptid ohne Lipidzugabe in der Lage, die
ATPase-Aktivitat von PspF zu inhibieren, weshalb postuliert wurde, dass die Bildung

einer Stress-induzierten N-terminalen amphipatischen Helix als mdglicher Sensor fir
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Membranstress in PspA selbst in einem von PspB und PspC unabhangigen

Mechanismus fungieren konnte [71].

1.1.5 Die Induktoren, das induzierende Signal und die physiologische

Funktion des Psp-Systems

Allen Induktoren ist gemein, dass sie die Integritat der Cytoplasmamembran oder den
Energiestatus der Zelle beeinflussen. So wurde bereits frihzeitig eine Schadigung der
Cytoplasmamembran mit drauffolgender Beeintrachtigung der PMF als gemeinsames
Psp-induzierendes Signal postuliert. Kleerebezem et al. (1996) zeigten, dass es bei
Sekretinstress in  einem pspA-Deletionsstamm zu einer Schwachung des
Protonengradienten kommt [16]. Die Idee, dass die Schwachung der PMF das Psp-
induzierende Signal darstellt, manifestierte sich weiter, nachdem ein starker Anstieg
der PspA-Proteinbiosynthese nach Behandlung von E. coli mit dem Protonophor
CCCP beobachtet wurde [80,89]. Jedoch zeigte sich in spateren Analysen, dass weder
eine Zerstorung des Protonengradienten (ApH) noch des Membranpotentials (Ay),
aus welchen sich die PMF zusammensetzt, ausreichend fur eine Induktion des Psp-
Systems ist [90]. Die Induktion der Psp-Antwort durch die Deletion von YidC ist
ebenfalls unabhangig von einer Beeintrachtigung der PMF [91]. Es wurde daraufhin
spekuliert, dass der Redoxzustand des Chinonpools der Zelle das Psp-induzierende
Signal darstellen konnte und dieses durch die Sensorkinase ArcB des ArcAB-Systems
zu membranstandigen Psp-Komponenten weitergeleitet wird [92]. Im Gegensatz dazu
zeigte eine spatere Studie, dass das ArcAB-System nicht notwendig fur die Sekretin-
abhangige Induktion des Psp-Systems ist und eine ArcAB-Abhangigkeit nur unter
mikroanaeroben Wachstumsbedingungen besteht [93,89]. Kirzlich wurde eine
Verstarkung des an der Lipiddoppelschicht anliegenden Krimmungsstresses
(membrane-stored curvature elastic (SCE)-Stress) als vereinigendes Signal aller Psp-

Induktoren vorgeschlagen [77].

Auch die physiologische Funktion des Psp-Systems in E. coli ist bis heute nicht
vollstandig aufgeklart, was vor allem auf das Fehlen eines gemeingultigen Phanotyps
der verschiedenen Induktoren in psp-Deletionsstammen zurickzufihren ist. Allein
Kobayashi et al. (2007) gelang es mittels in-vitro-Experimenten zu zeigen, dass als
Oligomer vorliegendes PspA in der Lage ist, dem Protonenverlust von mit Ethanol

behandelten Vesikeln entgegenzuwirken [73]. Es liegen bislang jedoch keine Daten
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basierend auf in-vivo-Experimenten vor, die die beschriebene Effektorfunktion von
PspA direkt in E. coli zeigen, stattdessen beruht die Beschreibung von PspA als
mogliches Effektorprotein in vivo hauptsachlich auf der Untersuchung von pspA-
Deletionsstammen. Da diese polare Effekte auf die Transkription der im pspABCDE-
Operon nachfolgenden Gene aufweisen kénnen, kann ebenfalls eine Effektorfunktion
von PspB und PspC in E. coli nicht ausgeschlossen werden (z.B. [16,94,15,24]).
Interessant ist, dass PspC, jedoch nicht PspA, einen direkten Einfluss auf die Virulenz
und Viabilitat von Y. enterocolitica unter Psp-induzierenden Bedingungen zeigt
[31,5,32,37]. PspB und PspC hatten zudem einen direkten Einfluss auf die Indol-
induzierte Bildung von persistenten Zellen von E. coli [95]. Jedoch beruhen auch diese
Beobachtungen ebenfalls auf Untersuchungen in pspBC-Deletionsstammen, in
welchen auf Grund der Regulation des Psp-Systems direkt die Menge an gebildeten
PspA beeinflusst wird. Auf Grund dessen ist es bis heute vollig unklar, welche

Komponente des Psp-Systems in E. coli eine Effektorfunktion Gbernimmit.

1.2 Die durch TatA ausgeldste Psp-Antwort

Ein Zusammenhang zwischen bakteriellen Sekretionssystemen und der Induktion des
Psp-Systems wurde bereits vor einigen Jahren gezeigt. So fuhrte unter anderem die
Depletion der Membranprotein-Insertase YidC sowie Mutationen in Komponenten des
Sec-Translokons zur Induktion des Psp-Systems [11,80]. In E. coli konnte eine erhdhte
PspA-Proteinbiosynthese nachgewiesen werden, wenn die Tat-Translokase, welche
gefaltete Proteine Uber die Cytoplasmamembran transportiert, durch heterolog
produzierte Substrate blockierte wurde [12]. Gleichzeitig konnte rekombinant
produziertes PspA dieser Blockade entgegenwirken. Ferner wurde in gleicher Studie
eine Induktion des Psp-Systems durch tat-Deletionsmutanten beschrieben. Zusatzlich
wurde gezeigt, dass die Tat-Komponente TatA das Psp-System bei rekombinanter
Uberproduktion abhangig von PspB und PspC induziert [94]. In gleicher Studie konnte
eine PspBC-abhangige aber PspF-unabhangige Interaktion von TatA mit PspA
nachgewiesen werden. Da TatA in dieser Arbeit als Modellinduktor der Psp-Antwort
eingesetzt wurde, soll im Folgenden die Struktur und Funktion TatAs wahrend der Tat-

abhangigen Proteintranslokation kurz umrissen werden.
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1.2.1 Das Tat-System

Das Tat-System kommt &hnlich zum Psp-System in Bakterien, Archaeen aber auch in
den Thylakoidmembranen von Chloroplasten und somit auch in Eukaryoten vor [96—
99]. Das Tat-System transportiert bereits im Cytoplasma gefaltete Proteine Uber die
Cytoplasmamembran in das Periplasma, wobei Grinde fir eine im Cytoplasma
notwendige Proteinfaltung unter anderem die notige Assemblierung von Kofaktoren,
schnelle Faltungskinetiken oder die Bildung eines heterodimeren Proteinkomplexes,
bei welchem nur eine Untereinheit das Signalpeptid besitzt, darstellen kdnnen
[96,100-102].

TatA Ubernimmt eine entscheidende Rolle innerhalb des Tat-Transports und gehort
der TatA/E/B-Proteinfamilie an, welche zusammen mit TatC die essentiellen
Komponenten der Tat-Translokase in E. coli bilden [103,104]. TatA, TatB und TatE
sind kleine Membranproteine, die sich durch eine hohe strukturelle Ahnlichkeit

auszeichnen [105,98].

AuRere Membran

Periplasma
TatA/E TatB TatC
N N
Cytoplasmamembran
Cytoplasma
C N C
C

Abbildung 5 Schematischer Aufbau und Lokalisation der Tat-Komponenten in der Cytoplasmamembran
von E. coli TatA und TatE (rot) sowie TatB (blau) besitzen einen sehr dhnlichen Aufbau mit einem im Periplasma
lokalisierten N-Terminus und einer kurzen Transmembrandomane, welche Uber eine kurze Linker-Region mit
einer amphipathischen Helix verbunden ist. Im Vergleich zu TatA und TatE besitzt TatB einen verlangerten
unstrukturieren C-terminalen bereich. TatC (griin) besitzt sechs Transmembrandomanen. N- und C-Terminus sind
im Cytoplasma lokalisiert.
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Bei allen drei Tat-Komponenten befindet sich der N-Terminus im Periplasma, worauf
eine kurze a-helikale Transmembrandomane folgt, die Uber eine flexible hinge-Region
mit der darauffolgenden amphipathischen Helix verbunden ist. Der im Cytoplasma
lokalisierte C-Terminus ist unstrukturiert und variiert je nach Tat-Komponente in seiner
Lange [103,106—108]. Mittels diverser NMR-Analysen konnte die flr diese
Proteinfamilie postulierte Struktur bestatigt werden [109-112]. TatC ist mit einem
Molekulargewicht von 28,9 kDa die grote und am starksten konservierte Tat-
Komponente [97]. Bei TatC handelt es sich um ein polytopisches Membranprotein mit
sechs helikalen Transmembrandomanen und im Cytoplasma lokalisierten

unstrukturierten N- und C-terminalen Bereichen [113,114].

Alle Tat-Komponenten bilden transportrelevante homo- und/oder heterooligomere
Strukturen [115-121]. TatC und TatB bilden in der Cytoplasmamembran einen stabilen
Komplex [115,122-126], der das Tat-Signalpeptid, welches das namensgebende
Zwillingsarginin-Motiv enthalt, als initialen Schritt des Transports erkennt und bindet
[99,113,127-135]. TatA ist ebenfalls in der Lage direkt und unabhangig vom TatBC-
Komplex mit Substraten zu interagieren, interagiert jedoch vornehmlich mit den
maturen Bereichen von unprozessierten Tat-Substraten [127,136,137]. Die Bindung
des Signalpeptids an den TatBC-Komplex initiiert die PMF-abhangige Assemblierung
von TatA-Protomeren an den TatBC-Substrat-Komplex, wodurch der transportaktive
Tat(A)BC-Komplex gebildet wird [99,138]. In einem darauffolgenden PMF- und TatA-
abhangigen Schritt erfolgt die Translokation des Substrats Uber die
Cytoplasmamembran [138]. Nach der Membranpassage des Substrats erfolgt die
Prozessierung des Signalpeptids durch die membranstandige Signalpeptidase |, LepB
[139], die Entlassung des maturen Substrats in das Periplasma, sowie die Dissoziation
von TatA vom TatBC-Komplex [99,140]. Bislang bekannte Schritte des Tat-
abhangigen Transports sind schematisch in Abbildung 6 dargestellt.
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TatA TatBC-Komplex TatBC-Substrat-
Komplex
Periplasma
Bindungdes Signalpeptids
Cytoplasma- am TatBC-Komplex
membran —
Cytoplasma
Unprozessiertes
Substrat
PMF-abhangige
Rekrutierungvon
TatA-Protomeren
Matures
Substrat

v

TatABC-Substrat-

Komplex
Periplasma
Cytoplasma-
PMF-abhéngiger Transport des membran
Substratsin einer TatA-Umgebung
Cytoplasma

Prozessierung des Signalpeptids,
Entlassung des maturen Substrats
in das Periplasma sowie
Disassemblierungvon TatA

Abbildung 6 Schematische Darstellung des Mechanismus des Tat-abhdngigen Transports in E. coli Das
unprozessierte Substrat bindet mit seinem Signalpeptid an den TatBC-Komplex. In einem PMF-abhangigen Schritt
wird TatA an den TatBC-Substrat-Komplex rekrutiert. Der Transport des Substrats geschieht nun PMF-abhangig
in einer TatA-Umgebung, wobei das Signalpeptid am TatBC-Komplex gebunden verbleibt. Nach der
Membranpassage wird das Signalpeptid an der Erkennungssequenz durch die Signalpeptidase LepB abgespalten
und in das Periplasma als matures Substrat entlassen.

Der genaue mechanistische Ablauf des PMF- und TatA-abhangigen Transportschritts
ist bis heute ungeklart. Es existieren zwei konkurrierende Modelle bezuglich der Form
der TatA-Assemblierungen, die direkt mit der Funktion TatAs wahrend der
Membranpassage des Substrats zusammenhangen. Rekombinant produziertes TatA
bildet nach Reinigung ringformige Strukturen unterschiedlicher Grofde [116,141],
weshalb eine wassergefullte TatA-Pore vorgeschlagen wurde, die Substrat-abhangig
zum TatBC-Komplex rekrutiert wird und durch welche das Substrat durch die
Cytoplasmamembran transloziert werden soll [116,142,143]. Im alternativen
membrane-weakening and pulling-Modell schwachen oligomere TatA-
Assemblierungen die Cytoplasmamembran in Nahe des TatBC-Substrat-Komplexes

punktuell (weakening) und TatC zieht durch eine Konformationsanderung das Tat-
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Substrat durch die Cytoplasmamembran (pulling) [140]. Fur beide Modelle fehlt bislang
der abschlieRende experimentelle Beweis, jedoch ist ihnen gemein, dass der
Transport in einer TatA-Umgebung im direkten Kontakt zum TatBC-Komplex und PMF-
abhangig geschieht [110,140,137,144-149]. Rodriguez et al. (2013) lieferten kirzlich
mittels molecular dynamics (MD)-Simulationen weitere Einblicke in die
Oligomerisierung und Funktion TatAs und verbanden auf Grund ihrer in-silico-
Analysen die Bildung einer TatA-Pore mit der im membrane-weakening and pulling-
Modell postulierten TatA-induzierten Membranschwachung im Zuge des

Proteintransports [110].

1.2.2 TatA als Modellinduktor der Psp-Antwort in E. coli

In Mehner et al. (2012) wurde bereits spekuliert, dass die Induktion des Psp-Systems
durch TatA mdglicherweise in der postulierten Funktion TatAs, die
Cytoplasmamembran zu schwachen, begrindet liegt [94]. Der ungewdhnlich kurze
Membrananker von TatA konnte dabei als minimale TatA-Domaéane identifiziert werden,
welche sowohl das Psp-System induzierte als auch mit PspA zu interagieren
vermochte [94,150]. Mittels Mutagenesestudien und Austausch ganzer Regionen im
N-terminalen Bereich und im Membrananker von TatA wurde der flexible dem
Periplasma hingewandte N-terminale Bereich von TatA und insbesondere Isoleucin®
als essentiell fur die TatA-induzierte Psp-Antwort beschrieben [150]. Dieser Austausch
in TatA verhinderte auch den Tat-Transport, jedoch nicht die Interaktion mit PspA. Des
Weiteren wurde gezeigt, dass TatA auch dann in der Lage ist mit PspA zu interagieren,
wenn es in nativen Leveln in der Cytoplasmamembran vorliegt und keine messbare
Psp-Antwort auslost. Es wurde daraufhin spekuliert, dass TatA das Psp-System nicht
nur auf Grund der rekombinanter Uberproduktion induziert [150]. Da keine fir die
PspA-Interaktion essentielle Aminosaure innerhalb TatAs identifiziert werden konnte,
in gleicher Studie jedoch die nicht-ionischen Detergenzien C12E9 und N-Dodecyl-B-
D-maltosid verschieden starke Einflusse auf das Elutionsverhalten der beiden Proteine
zeigten, wurde spekuliert, dass die TatA/PspA-Interaktion mdglicherweise auf
hydrophoben Wechselwirkungen beruht [150]. Es blieb an dieser Stelle jedoch unklar,
ob ausschlieBlich die Interaktion zwischen PspA und TatA zu einer Induktion der PspA-
Antwort fihrt oder ob TatA in der Lage ist ein Interaktion-unabhangiges Psp-

induzierenden Signal auszuldésen.
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Ziel der im Rahmen der vorliegenden Dissertation durchgefuhrten Arbeiten war, die
TatA-induzierte Psp-Antwort sowie die TatA/PspA-Interaktion weitergehend zu
untersuchen. Durch die Anwendung verschiedener molekularbiologischer,
mikroskopischer,  proteinbiochemischer = Methoden  sowie  durch  pspA-
Promotoraktivitatsstudien sollte geklart werden, ob TatA die Psp-Antwort durch die
Rekrutierung PspAs aktiviert, oder ob TatA in der Lage ist, ein definiertes Psp-
induzierendes Signal in der Cytoplasmamembran auszulésen. Darauf aufbauend
sollte die von TatA-ausgeloste Signalkaskade identifiziert und TatA als Modellinduktor

der Psp-Antwort in E. coli etabliert werden.

Da die TatA/PspA-Interaktion von den membranstandigen Psp-Komponenten PspB
und PspC abhangig war und diese moglicherweise als Sensoren eines TatA-
abhangigen Psp-System-induzierenden Signals dienen, war es Ziel, mittels
Fragmentierungsstudien und anschlieRenden Pull-Down-Analysen zu bestimmen, ob
die TatA/PspA-Interaktion von bestimmten PspB oder PspC-Domanen vermittelt wird,

oder eine Abhangigkeit nur auf Grund ihrer positiven Regulatorfunktion besteht.

Auf Grund der Instabilitdt C-terminaler PspA-Fragmente in vivo sollte im Rahmen
dieser Arbeit das C-terminale PspA-Fragment PspA(145-222) durch eine Proteinfusion
in vivo stabilisiert werden. Darauf aufbauend sollte die Funktion von PspA(145-222)
bezuglich der Regulation von PspF und seinen Einfluss auf die Induzierbarkeit des
Psp-Systems mittels verschiedener Methoden untersucht werden. Damit
einhergehend sollte untersucht werden, ob die bereits gut charakterisierte PspA-
Domane, PspA(1-144), sowie PspA(145-222) in der Lage sind, mit TatA zu

interagieren, um so weitere Einblicke in die TatA-induzierte Psp-Antwort zu erhalten.

Da basierend auf in-vitro-Analysen postuliert wurde, dass negativ geladene
Phospholipide mdglicherweise ausschlaggebend flr eine Signalwahrnehmung durch
PspA sind und sogenannter SCE-Stress moglicherweise in einem PspBC-
unabhangigen Mechanismus zu einer Induktion des Psp-Systems flhrt, sollte mittels
Lipid-defizienten E.-coli-Stammen geklart werden, ob das Psp-System ebenfalls in vivo

PspBC-unabhangig durch SCE-Stress induziert wird.
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Wissenschaftliche Einordnung

Der genaue Mechanismus des Tat-abhangigen Transports gefalteter Proteine Gber die
Cytoplasmamembran ist bis heute unklar. Neben dem TatBC-Komplex spielt TatA
wahrend des Transports eine entscheidende Rolle, denn erst durch die Rekrutierung
TatAs an den TatBC-Substrat-Komplex erfolgt die PMF-abhangige Translokation des
Substrats. Es ist jedoch nach wie vor ungeklart, welche Aufgabe TatA in diesem
entscheidenden Transportschritt Ubernimmt. Der stark konservierte Membrananker
von TatA ist ungewohnlich kurz und mit einer Lange von 13 Aminosauren (Glutamat’-
Phenylalanin?®) nicht in der Lage die Cytoplasmamembran vollstandig zu
durchspannen. Es wurde daher bereits schon im Zuge des sogenannten membrane
weakening-Modells des Tat-abhangigen Proteintransports postuliert, dass TatA die
Cytoplasmamembran in Umgebung des TatBC-Komplexes schwachen konnte, was
eine Translokation des Substrats durch TatBC in einem unbekannten Schritt moglich
macht [140]. Im Artikel ,The TatA component of the twin-arginine translocation system
locally weakens the cytoplasmic membrane of Escherichia coli upon protein substrate
binding“ konnte erstmals eine direkte Membrandestabilisierung durch den
ungewodhnlich kurzen Membrananker von TatA in vivo und in vitro gezeigt werden,
wobei ein starker negativer Einfluss auf des Membranpotential nachgewiesen werden
konnte. Die TatA-induzierte Membrandestabilisierung wurde im Zuge der publizierten
Ergebnisse erstmals mit einer Substrat-abhangigen Reorientierung TatAs in
Verbindung gebracht und lieferten dabei einen entscheidenden Beitrag zum
Verstandnis der Funktion von TatA im Zuge des Transportmechanismus der Tat-
Translokase. Die hier gezeigten Ergebnisse geben ebenfalls Hinweise auf die Ursache

der Aktivierung des Psp-Systems durch die rekombinante Uberproduktion von TatA.
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The twin-arginine translocation (Tat) system that comprises
the TatA, TatB, and TatC components transports folded pro-
teins across energized membranes of prokaryotes and plant
plastids. It is not known, however, how the transport of this
protein cargo is achieved. Favored models suggest that the TatA
component supports transport by weakening the membrane
upon full translocon assembly. Using Escherichia coli as a model
organism, we now demonstrate iz vivo that the N terminus of
TatA can indeed destabilize the membrane, resulting in a lowered
membrane energization in growing cells. We found that in full-
length TatA, this effect is counterbalanced by its amphipathic
helix. Consistent with these observations, the TatA N terminus
induced proton leakage in vitro, indicating membrane destabi-
lization. Fluorescence quenching data revealed that substrate
binding causes the TatA hinge region and the N-terminal part of
the TatA amphipathic helix to move toward the membrane sur-
face. In the presence of TatBC, substrate binding also reduced
the exposure of a specific region in the amphipathic helix, indi-
cating a participation of TatBC. Of note, the substrate-induced
reorientation of the TatA amphipathic helix correlated with
detectable membrane weakening. We therefore propose a two-
state model in which membrane-destabilizing effects of the
short TatA membrane anchor are compensated by the mem-
brane-immersed N-terminal part of the amphipathic helix in a
resting state. We conclude that substrate binding to TatABC
complexes switches the position of the amphipathic helix, which
locally weakens the membrane on demand to allow substrate
translocation across the membrane.

The Tat® system serves to transport folded proteins in bac-
teria, archaea, plant plastids, and possibly plant mitochondria
(1-4). In Escherichia coli, the Tat system consists of TatA, TatB,
and TatC components. TatA and TatB are similar, and two-
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component “minimal” Tat systems exist in which TatA exerts
functions of TatA and TatB (5). TatA/B components are N-ter-
minally membrane-anchored by a very short hydrophobic
transmembrane domain, which is followed by a short hinge
region, an amphipathic helix (APH), and a variable C-terminal
domain (6). TatC is a polytopic membrane protein with six
transmembrane domains (7, 8). TatB tightly interacts with
TatC (9, 10). TatA associates with these TatBC complexes and
is thought to permeabilize the membrane for protein transport
(11-14). TatBC complexes recognize and tightly bind the signal
peptides of the cargo proteins throughout the translocation pro-
cess (15, 16).

The mechanism by which this translocation is achieved must
be unusual and is not understood (17). A currently favored
model suggests that the N termini of multiple TatA molecules
at the translocon site weaken the membrane upon substrate
binding, thereby permitting a TatC-mediated pulling of the
substrate through the destabilized membrane (“membrane-
weakening and pulling mechanism”; see Ref. 18). Molecular
dynamics simulations support this view and suggest that mul-
tiple TatA N termini can cause a local thinning of the mem-
brane (6). However, direct experimental evidence for a thinning
stress imposed by the N terminus of TatA is lacking.

Here we demonstrate that the N terminus of TatA alone can
indeed destabilize the membrane. This membrane stress relates
to the short length of the TatA membrane anchor. In full-length
TatA, the N-terminal half of the APH immerses into the mem-
brane and counterbalances the effects of its own N-terminal
membrane anchor. Importantly, substrate association with
TatA induces a reorientation of the APH and TatA and thereby
destabilizes the membrane to a measurable extent. In the absence
of TatBC, the same substrate-induced changes occur in the N-ter-
minal half of the APH, but the C-terminal part of the APH is not
influenced. The data suggest that local membrane destabilization
is indeed part of TatABC-catalyzed transport, and substrate asso-
ciation triggers this destabilization on demand.

Results

A cell-growth effect of the TatA membrane anchor that is
compensated by the TatA amphipathic helix

TatA is a key component of the Tat system and considered to
locally weaken the membrane, thereby, in conjunction with the
other Tat system components, allowing the passage of folded
proteins (18, 19). TatA is anchored by its N terminus in the
cytoplasmic membrane (20). The N-terminal 6 residues are in
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Control of membrane weakening by TatA
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Figure 1. Inhibition of growth after production of TatA-NT-Hip. A, scheme of TatA, indicating the positions of the TMH, the hinge, the APH, the highly
charged patch behind the APH, and the unstructured C-terminal domain. Numbered are positions to which the C-terminally Strep-tagged mature domain of
HiPIP (experiments in Fig. 1) or only the Strep-tag (experiments in Fig. 2) have been fused to create truncated TatA variants (see “Experimental procedures”).
Residues in capital letters have been structurally solved. B, growth curves of the tatAE-deletion strain JARV16 with recombinant rhamnose-induced production
of either TatA-Hip, TatA-49-Hip, TatA-42-Hip, TatA-33-Hip, or TatA-NT-Hip. Induction of the pBW expression vectors was done with 0.1% rhamnose at the
indicated time point. S.D. values (error bars) were calculated from three independent cultures. C, SDS-PAGE/Western blot analysis of subcellular fractions of the
cultures analyzed in B. S, soluble fraction; M, membrane fraction. unspecific, a cross-reaction of the antibody. D, carbonate washes of the membrane-targeted
constructs described above. M, membranes; S, supernatant after carbonate wash; P, pellet fraction after carbonate wash. Western blots were developed using

specific HiPIP antibodies and ECL reaction.

the periplasmic surface of the membrane (6). The transmem-
brane helix (TMH) starts at Trp’/GIn® on the periplasmic side
and ends at Phe® on the cytoplasmic side (see Fig. S1). The
hydrophobic residues Leu®~Phe?® actually cross the lipid bilayer
(21, 6). As the extremely short membrane-spanning region of
TatA has been suggested to have the membrane-weakening effect,
we tested whether production of the TatA membrane anchor
(TatA-NT, residues 1-21) affects membrane stability. In earlier
studies, we had already fused TatA-NT to a small, extremely stable
soluble protein (the mature domain of the Tat substrate HiPIP
from Allochromatium vinosum) (22), which stabilizes the pep-
tide in vivo and renders it readily detectable by SDS-PAGE/
Western blotting (23). In that earlier study, we had recognized
that the TatA-NT-Hip construct induces the phage shock pro-
tein membrane stress response, indirectly indicating a mem-
brane destabilization (23).

In continuation of that study, we systematically analyzed
possible membrane-destabilizing effects of the TatA mem-
brane anchor and included TatA-NT extensions to Gly**
(TatA-33), Ala** (TatA-42), Lys® (TatA-49), and full-length
TatA to assess a possible influence of the adjacent amphipathic
helix and further C-terminal regions (Fig. 14). TatA-33 pos-
sesses the hinge region and the residues of the amphipathic
helix up to the conserved flexible position Gly*®. TatA-42
extends the construct to Ala** near the end of the amphipathic
helix, and TatA-49 further includes a highly charged stretch of
residues (Asp-Asp-Glu-Pro-Lys) that is proposed to be impor-
tant for function (24, 25). As TatA-NT was stabilized by a fusion
to HiPIP, we also fused the other constructs C-terminally to

SASBMB

HiPIP. Their production had differential effects on growth (Fig.
1B). Growth readily ceased upon induction of TatA-NT-Hip
production. This effect was gradually reduced in longer con-
structs, in the order TatA-NT-Hip > TatA-33-Hip > TatA-42-
Hip > TatA-49-Hip > full-length TatA-Hip. The differential
effects of the various constructs were not caused by variation of
protein abundances, as the two constructs with the strongest
effects were even less abundant than the others (Fig. 1C).
The two longest constructs showed heterogeneous migration
behavior that might relate to distinct stable conformations. All
constructs were stably integrated into membranes, as evi-
denced by carbonate washes (Fig. 1D).

To control whether the HiPIP fusion might have had effects
that influenced the outcome, we also generated all constructs
without fused HiPIP, although we knew that TatA-NT alone
was unstable in vivo (Fig. 2A). TatA-NT still had some inhibi-
tory effect. The extended TatA-NT constructs showed the
same order with respect to their growth-inhibitory effect as the
HiPIP-fused constructs, with TatA-33 > TatA-42 > TatA-
49 > TatA (Fig. 24). Again, the abundance and membrane-
targeting of the proteins was assessed by SDS-PAGE/Western
blotting (Fig. 2B). As expected, TatA-NT was extremely low
abundant. The three extended constructs TatA-33, TatA-42,
and TatA-49 were more stable than TatA-NT. Full-length TatA
was more abundant than any other construct and had to be
4-fold diluted to achieve a comparable concentration that per-
mitted a good ECL detection of the less abundant constructs.
All constructs were membrane-targeted. Membrane integra-
tion was verified by carbonate washes (Fig. 2C). It is known that
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Figure 2. Effect on growth after production of TatA and truncated TatA variants without HiPIP fusion. A, growth curves of the tatAE-deletion strain
JARV16 with recombinant rhamnose-induced production of either TatA, TatA-49, TatA-42, TatA-33, or TatA-NT. All constructs were Strep-tagged. Induction of
the pBW expression vectors was done with 0.1% rhamnose at the indicated time point. S.D. values (error bars) were calculated from three independent cultures.
B, Tricine-SDS-PAGE/Western blot analysis of fractioned cells of JARV16 producing the indicated TatA-NT variants or TatA. S, soluble fraction; M, membrane
fraction. C, carbonate washes of TatA and the truncated TatA variants. M, membranes; S, supernatant after carbonate wash; P, pellet fraction after carbonate

wash. Western blots were developed using Strep-Tactin-AP conjugate.

a portion of TatA can be extracted from membranes (26), and
we observed this also for TatA-49. Together, the in vivo data
indicated that the membrane anchor of TatA can strongly affect
growth, and such effects are counterbalanced in full-length
TatA and TatA-49. All characteristics that counterbalance the
toxic effect of the TatA membrane anchor in these longer TatA
constructs can be attributed to the region from Thr** to Lys*’,
which is the amphipathic helix and the adjacent charged patch.

The short length, not the sequence, of the hydrophobic TatA
anchor region contributes to the growth phenotype

The above-described effect of the TatA membrane anchor
raised the question whether the short membrane-spanning
region in that anchor (Leu’~Phe®°) was causing membrane
damage. We assessed this aspect with further constructs. A
TatA-NT(STGG),-Hip construct was generated in which the
12 hydrophobic residues were substituted by a (STGG), linker.
This substitution removes the hydrophobicity, which should
result in a soluble protein. In addition, a TatA-NT(LA),-Hip
construct was generated in which Leu’~Phe®° were substituted
by the artificial transmembrane domain LALALALALALA,
which has been used in the past for analyses of artificial trans-
membrane helices (27). This construct should address ques-
tions of potential sequence specificity of observed effects. In
construct TatA-NT(+6L)-Hip, we extended the hydrophobic
transmembrane region by six leucine residues. This insertion
was done behind the WQ motif that defines the beginning of
the TMH (6). This third construct addressed the question of
whether the short length of the TatA transmembrane region is
responsible for the growth inhibition.

The growth was not influenced by TatA-NT(STGG),-Hip,
indicating that neither the unaltered 8 residues at the extreme
N terminus nor the fused HiPIP domain had any negative effect
(Fig. 3A). The construct was stable and fully soluble and tended
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to dimerize (Fig. 3B). Apparently, the growth defects depended
on membrane targeting or the sequence of the transmembrane
helix. In addition, this result confirmed that the fused HiPIP
domain did not cause any toxic effect. The TatA-NT(LA),-Hip
construct demonstrated that the specific sequence of the mem-
brane-spanning region was not relevant for the effect, as this con-
struct showed the same strong effect on growth as TatA-NT-Hip
(Fig. 3A). The TatA-NT(LA)4-Hip construct exerted this strong
inhibition, albeit it was much less abundant than TatA-NT-Hip
(Fig. 3B). The membrane-targeted TatA-NT(LA),-Hip was
stably membrane-integrated (Fig. 3C). Finally, the analysis of
the TatA-NT(+6L)-Hip construct showed that the exten-
sion of the membrane-spanning hydrophobic stretch by 1%
helical turns already reduced the inhibitory effect (Fig. 3A4),
albeit the construct was more abundant than all the others (Fig.
3B). The membrane-targeted TatA-NT(+6L)-Hip was likewise
stably membrane-integrated (Fig. 3C).

The energization of the cytoplasmic membrane can be
compromised by the membrane anchor of TatA

The growth defect was a first experimental hint of the previ-
ously postulated membrane-destabilizing effect of the TatA
membrane anchor, as membrane destabilization can diminish
transmembrane ion gradients and consequently ATP synthesis,
transport processes, and metabolism, ultimately resulting in
growth inhibition. To address potential effects on membrane
energization more directly in vivo, we stained cells with JC-1, a
green fluorescent dye that forms red aggregates in cells with
energized membranes (28). Cells containing TatA-Hip, TatA-
NT-Hip, TatA-NT(LA).-Hip, and TatA-NT(STGG),-Hip were
examined JC1 fluorescence microscopy. Compared with TatA-
Hip and TatA-NT(STGG),-Hip, the TatA-NT-Hip and TatA-
NT(LA)4-Hip constructs led to a clear reduction in red JC-1
fluorescence (Fig. 4A). The strains containing the TatA-NT-
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(error bars) were calculated from three independent cultures. B, SDS-PAGE/Western blot analysis of membrane (M) and soluble (S) fractions of JARV16
producing the indicated TatA-NT-Hip variants, using HiPIP-specific antibodies and ECL detection. *, TatA-NT(STGG);-Hip dimer. C, carbonate washes of
membrane-targeted TatA-NT-Hip variants. Western blots were developed as described in B. M, membranes; S, supernatant after carbonate wash; P, mem-

branes after carbonate wash.

Hip, TatA-NT(LA)s-Hip, and TatA-NT(STGG);-Hip con-
structs all formed cell chains, which is due to the nonfunctional
Tat system in these strains (29). Due to the chain formation,
counting of red fluorescent cells was not feasible. Nevertheless,
we achieved a quantitative measure for cell energization by
determining the green/red JC1-fluorescence ratio using fluo-
rescence spectroscopy (Fig. 4B). Although this method gave
quite large error bars, the results demonstrated a significant
de-energization by TatA-NT-Hip, and the data also agree with
the microscopically observed effect of TatA-NT(LA),-Hip. As
the (STGG), substitution abolished the effects on membrane
energization seen by TatA-NT-Hip, any observed reductions in
membrane energization were unrelated to Tat system nonfunc-
tionality (Fig. 4B).

Demonstration of proton leakage in vitro

The in vivo data indicated a negative influence of the TatA
membrane anchor on cytoplasmic membrane energization. To
overcome protein stability and growth effect issues that impeded
experimental approaches in vivo, we decided to switch to a
more defined experimental in vitro setup to study effects of the
different TatA-NT constructs. In a first approach, we analyzed
the membrane destabilization directly by acridine orange fluo-
rescence quenching (Fig. 5). This approach monitors proton
leakage as a measure for membrane destabilization. In this
method, inverted cytoplasmic membrane vesicles (IMVs) are
prepared and energized by the addition of ATP, which triggers
the proton-pumping activity of ATP synthase (30). In the case
of intact membranes, acridine orange that is present in the
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assay becomes protonated inside the acidified vesicles, which
causes a fluorescence quenching. When the membranes show
proton leakage, the proton gradient is less pronounced, result-
ing in a reduced acridine orange fluorescence quenching (23).
First, we used TatBC-containing vesicles in which TatA was
functionally inserted by in vitro translation. The identical in
vitro translation conditions were then used for all TatA-NT
constructs. Note that HiPIP was not fused in these experiments,
as in vitro translated HiPIP does not assemble its iron-sulfur
cofactor and thus cannot fold. This was irrelevant, as HiPIP was
not required for TatA-NT stabilization under the in vitro con-
ditions (Fig. 5, Band D). After optimization of the in vitro trans-
lations for the individual constructs, we could obtain quantita-
tively comparable amounts of all constructs inserted with
surface-exposed C termini in the IMVs (Fig. 5, B and D). The
constructs were quantified by the fluorescence of the Strep-
Tactin Chromeo 488-conjugate. All constructs were stably
integrated into the membrane (Fig. 5F). In the acridine orange
assay, full-length TatA had only a slight effect on membrane
stability (Fig. 5, A and E), which has been reported before (23).
Quenching efficiency was determined as the percentage of
quenching relative to the fluorescence level after carbonyl cya-
nide m-chlorophenyl hydrazone (CCCP)-induced fluorescence
recovery. The effect of TatA-49 was comparable with TatA.
Strikingly, TatA-NT strongly reduced the proton gradient that
could be generated. TatA-33 and TatA-42 also showed a strong
decrease in quenching efficiency that was slightly reduced
but in the same range as TatA-NT. To assess whether the
short length of the hydrophobic region in the TatA membrane
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Figure 4. TatA-NT-Hip reduces the membrane potential. A, fluorescence microscopy of JC1 staining of JARV16 producing either TatA-Hip, TatA-NT-Hip,
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NT(LA)4-Hip—producing cells. B, ratio of J-aggregates to JC1 monomers (590 nm/530 nm) of JARV16 producing the indicated TatA-NT-variant or TatA-Hip.
Emission spectra were recorded with an excitation of 485 nm and emission from 500 to 650 nm. Ratios of peak maxima at 590 and 530 nm were calculated. Error

bars, S.D.

anchor was responsible for this phenotype as it was in the in
vivo assays, we tested also the TatA-NT(+6L) construct and
found that the elongation of the hydrophobic helix by about 1.5
turns already resulted in clearly reduced membrane damage.
We also checked whether the effect depended on the sequence
of the TatA TMH using our TatA-NT(LA), construct. Again in
agreement with the in vivo data, we could observe a strong
effect of the TatA-NT(LA), on the acridine orange fluorescence
quenching that was comparable with TatA-NT. We than asked
the question of whether TatBC somehow contribute to the
above described effects and performed the acridine orange
quenching in IMVs derived from the tat-deficient E. coli strain
DADE (31). As expected from the in vivo data, we found that
TatBC did not play a role for the above described effects
because the quenching efficiencies were comparable with the
TatBC IMV data (Fig. 5, C and E). Again, the stable membrane
insertion was confirmed (Fig. 5F). Together, these data demon-
strate that the membrane anchor of TatA indeed can cause a
TatBC-independent membrane defect that most likely relates
to its very short length and not to its sequence, but in the longer
TatA constructs, this defect is largely counterbalanced by the
presence of the amphipathic helix and its neighboring charged
region up to Lys®.

A conformational switch of the APH in response to substrate
binding

As full-length TatA as well as TatA-NT-49 clearly masked
the membrane defects generated by its own membrane anchor,
we considered a direct role of the APH in membrane stabiliza-
tion during a resting state. NMR studies (32) and biochemical
accessibility studies (33) already indicated that the APH of TatA
can adopt a tilted orientation at the membrane surface. The
APH could directly contribute to membrane thickness at the
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membrane-anchor sites. To address this aspect, we introduced
rhodamine modifications into single-cysteine variants of TatA
and checked their position relative to the membrane. Depend-
ing on the degree of exposure, the fluorescence of rhodamine
can be quenched by added potassium iodide (KI). Titration of
KI into the sample can be used to calculate the Stern—Vollmer
constant (Kg,) for the individual rhodamine positions (see
“Experimental procedures”). The higher this constant, the
more solvent-exposed is the respective position. This method is
a valuable and well-established tool to analyze protein accessi-
bility in soluble and membrane-integral proteins (34, 35).

The positions for the rhodamine dye were chosen to address
various aspects (Fig. 6A); position 2 faces the lumen of the IMVs
and thus served as negative control. Within the TMH, we
labeled positions 13, 16, 17, 18, and 19, the latter four covering
a whole helical turn at the end of the hydrophobic transmem-
brane segment. Accessibility of this segment in any orientation
to the aqueous surface in the course of substrate-induced con-
formational changes should thus become detectable. Dyes at
positions 22, 23, 26, 27, 28, 32, 33, 34, 35, 42, and 45 cover the
region from the hinge to the APH and an adjacent conserved
negatively charged stretch. Position 51 served as positive con-
trol for quenching, as it is already positioned in an exposed
region that is not required for functionality (25). Before carry-
ing out the quenching experiments, we analyzed the function-
ality and membrane insertion of the selected single-cysteine
variants in our iz vitro translocation system with the model Tat
substrate HiPIP (Fig. 6B). HiPIP is Tat exclusively transported
due to the presence of a [4Fe-4S]**/3" cluster (22). In vitro
translated TatA completes the active translocon in TatB/TatC-
containing membrane vesicles. Notably, although transport
with reconstituted TatA was generally less efficient than trans-
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Figure 5. The short membrane anchor of TatA can cause membrane defects. A and C, acridine orange quenching of TatBC IMVs (A) or DADE IMVs (C) with
the indicated reconstituted in vitro translated TatA variants. B and D, comparison of relative abundance of the membrane-inserted TatA constructs in the
vesicles used for the quenching experiments in A and C via Strep-Tactin Chromeo 488 labeling and fluorescence spectroscopy. E, quantification of the data
shown in the traces below A and C, as derived from the recovery of fluorescence after CCCP addition. F, Tricine-SDS-PAGE/Western blot analysis of carbonate
washes of membrane inserted TatA variants in TatBC IMVs (top) or DADE IMVs (bottom). All constructs were Strep-tagged. Western blots were developed using
Strep-Tactin-HRP and ECL detection. M, vesicle membranes; P, pellet after carbonate wash; S, supernatant after carbonate wash. AU, arbitrary units.

port with TatABC-containing membranes, most TatA single
cysteine variants were active to a detectable extent and trans-
ported the model Tat substrate HiPIP. Only TatA-K23C, TatA-
L32C, and TatA-G33C constructs were inactive. In agreement
with this, these variants were already described to inactivate
TatA function in vivo (37). The transport mediated by TatA-
T22C was strongly affected, which similarly agrees with this in
vivo study. For TatA-A42C, we noted transport of HiPIP in
vitro, although we could confirm the reported block of TorA
transport for that variant (37). The inability to support TorA
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transport may thus relate to the size or other specific properties
of TorA. All cysteine variants of TatA were integrated into the
membrane and thus resistant to carbonate wash treatment
(Fig. 6C).

The KI-quenching data for these TatABC membrane vesicles
with rhodamine-labeled TatA variants generated by in vitro
translation supported the reported tilted position of the APH
relative to the membrane surface (32) and indicated clear dif-
ferences in solvent exposure along the APH (Fig. 6D, dark col-
umpns). In the resting state (i.e. in the absence of Tat substrates),
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the APH intrudes into the membrane with its N-terminal half,
asreflected by the low K, values. This N-terminal region of the
APH therefore appears to contribute to the thickness of the
membrane at the position of the membrane anchor, thereby
counterbalancing the membrane stress of the short membrane
anchor. As expected for a transmembrane domain, the posi-
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tions in the TMH of the membrane anchor were highly protected,
indicating little or no access of the quencher KI. Beginning with the
flexible and highly conserved Gly*” position (1), the APH was more
surface-exposed with the exception of Ala**,

We then assessed potential effects of substrate binding by
adding fully folded HiPIP precursor (Fig. 6D, gray columns).
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The most striking effect was a switch of the N-terminal half of
the APH to a highly accessible, surface-exposed orientation.
Also, the hinge region that connects the membrane-anchor
with the APH moved to a surface-exposed position. In contrast,
the rhodamine at positions 33, 34, and 35 became protected
from quencher, and at positions 42, 45, and 51 the substrate
addition had no effect. Together, the data thus indicate that the
environment of the APH switches upon substrate interaction
with the TatABC system. It is interesting that we did not detect
any quencher accessibility to the transmembrane domain after
substrate binding, although we have placed rhodamine dyes at
four succeeding positions (positions 16 —19) that cover a com-
plete turn and thus all orientations of the membrane-spanning
a-helix. Substrate binding thus does not seem to influence sol-
vent accessibility of the TMH of TatA. It is also interesting that
the region close to the very C terminus of the APH was not
influenced by substrate binding.

Because it is known that TatA per se can interact with Tat
substrates (26), we considered that TatA alone might already be
able to make this switch. We thus carried out the same assays in
the absence of other Tat components (IMVs prepared from the
tatABCD-tatE deletion strain DADE). Again, all constructs
were carbonate-resistantly membrane-integrated (Fig. 6E). The
result was partially very similar (Fig. 6F); as in the case of mem-
branes with complete TatABC systems, TatA alone showed a
clear protection of the N-terminal half of the APH, suggesting a
contribution to membrane thickness at the site of the TatA
membrane anchor. Also as in the case of complete Tat systems,
substrate binding resulted in a reorientation of the hinge and
N-terminal half of the APH to a more surface-exposed position.
However, in contrast to the observations in the complete
TatABC system, positions 33—35 of the APH did not change
their accessibility significantly when TatB and TatC were
absent. It thus appears that from Gly*? on, there are no TatBC-
independent changes in response to substrate binding, and
therefore (i) there is probably flexibility at or near Gly-33, and
(ii) the protection of Gly*>*-Ser®® upon substrate binding to
TatABC systems depends on TatBC (see “Discussion”). Inter-
estingly, in the absence of substrate, position 34 is somewhat
less exposed with TatA alone than in the presence of TatBC,
which might relate to a pre-existing TatBC interaction around
Ala®*%, which is the region where we see the only TatBC effects.
With respect to the method, it can be concluded that the use of
single rhodamine dyes for fluorescence labeling did not inter-
fere with a substrate-induced switch in the region from position
22 to 28, and it also permitted TatBC-dependent changes at
positions 33—-35.

Substrate-induced membrane destabilization by TatA

As TatA alone already showed the switch with respect to the
N-terminal half of the APH, it was possible that some substrate-
induced membrane weakening could be already detectable in
the absence of TatBC. We thus carried out acridine orange
fluorescence quenching with TatA IMVs that were either pre-
incubated with Tat substrate precursor or mock-treated (Fig.
7). The results showed a reduced fluorescence quenching when
Tat substrate was present, suggesting that indeed the above
described reorientation of the APH in response to substrate
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Figure 7. Substrate association with TatA alone can already affect mem-
brane stability. Acridine orange fluorescence quenching with TatA IMVs
without or with preincubation with 2 um HiPIP precursor was performed. As
control, the same experiment has been also carried out with IMVs from strain
DADE (no Tat component), which demonstrates that HiPIP precursor has only
a very weak effect in the absence of TatA. Time points of ATP and CCCP addi-
tions are indicated. All constructs were Strep-tagged. AU, arbitrary units.

interactions results in a measurable destabilization of IMVs. As
it was in principle possible that Tat substrates alone already
destabilized the membranes due to their reported lipid bilayer
interaction (38 —40), we carried out the same experiments with
IMVs prepared from the Tat-deficient strain DADE. Notably,
the preincubation of DADE IMVs with HiPIP precursor had no
effect on the degree of fluorescence quenching in the assay,
demonstrating that the effects were only due to substrate-TatA
interactions and not due to a Tat-independent membrane
interaction of Tat substrate.

Discussion

Substrate-induced reorientation of TatA amphipathic helices
coincides with the induction of membrane defects at Tat
translocation sites

We herein report a possible mechanism to induce local
membrane stress on demand for Tat-dependent protein trans-
location. The N-terminal transmembrane domain of TatA can
in principle generate membrane defects, but full-length TatA
counterbalances these deleterious effects in the absence of Tat
substrates. These conclusions are based on in vivo and in vitro
approaches that demonstrate energization deficiencies of cells
and membrane vesicles in response to the TatA constructs that
are shorter than TatA-49. It thus is clear that the APH (~Lys**—
Met*®) and most likely also the highly charged adjacent region
(Asp**~Lys*®) are counterbalancing detrimental effects of the
TMH. This fully agrees with the minimally required length for
TatA functionality as determined by in vivo studies (25).

The short length of the TMH is probably the reason for the
destabilization, as this domain alone can reduce membrane
energization, and this effect depends on the short length (Figs.
1, 2, 4, and 5). An elongation by 1% helical turns markedly
reduces the inhibitory effect (Figs. 3 and 5). The exact sequence
of the TMH is not relevant, as an artificial TMH in TatA-NT-
(LA)s had the same effect (Figs. 3-5). This fits to the recent
observation that the exact sequence of that region is not a deter-
minant for function, as it can be exchanged between E. coli and
thylakoid systems (41). Our data now experimentally show the
postulated membrane weakening by the unusual TMH of TatA
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(18), which was so far supported by molecular dynamics simu-
lations (6). In this TMH, only 12 hydrophobic residues cross the
lipid bilayer. Notably, a stretch of 12 hydrophobic residues,
although very short, is sufficiently long for a complete mem-
brane integration of a peptide by the Sec61 translocon in
eukaryotes (42).

A membrane-weakening as the basis for Tat transport would
need to be transient and local. The Tat system needs to mini-
mize constitutive membrane stress under “resting” conditions
(i.e. when no substrate is present to be transported). According
to our data, this can be in principle achieved by the influence
of the substrate-dependent orientational switch of the APH.
TatA alone is able to achieve the counterbalancing of mem-
brane weakening (Fig. 7). The N-terminal part of its APH can
immerge into the lipid bilayer in the absence of substrate, and it
becomes surface-exposed in response to added substrate. TatA
can thus sense and respond to substrate already in the absence
of TatBC.

What drives the conformational switch?

One important question is the understanding of the driving
force for the reorientation of the APH in response to substrate.
We have recently demonstrated that TatA can interact with
Tat substrates in a signal peptide— dependent, RR-independent
manner (26). In that study, also molecular dynamics simulations
were carried out that indicated intensive contacts between the
APH of TatA and mainly the C-domain of the signal peptide. This
fully agrees with the fact that the RR motif is not recognized by
TatA (26).

Molecular dynamics simulations of TatA in membranes sug-
gest that only oligomeric TatA assemblies can destabilize the
membrane (6). As we see a membrane destabilization, substrate
binding therefore probably induces the conformational switch
of TatA that is organized in clusters. These clusters may tran-
siently form or pre-exist at TatBC. TatA alone can also desta-
bilize membranes, and it is therefore likely that the known
TatBC-independent TatA clusters (43) can already associate
with substrate. The group of Ken Cline (12, 44, 45) demon-
strated in seminal studies substrate-induced TatA-TatBC and
TatA-TatA cross-links that can be explained by TatA recruit-
ments, rearrangements, or conformational transitions. Later, a
substrate-induced conformational transition of the APH that is
similar to the one that we now show for the E. coli system had
been clearly demonstrated for the thylakoid system by Aldridge
et al. (33). The data of that study are largely consistent with our
data, and in this study, it was already hypothesized that a moved
APH could induce a membrane weakening. We now provide
experimental evidence for such a membrane destabilization
and relate this to a substrate-induced conformational change
that restricts the membrane thickness to the short length of
the TMH, which is probably the physiological function. As the
switch of the APH conformation is a consequence of a substrate
interaction, the APH itself is the most likely interaction site. An
APH interaction with mature domains of Tat substrates had
been for the first time experimentally demonstrated by the
group of Carole Dabney-Smith (46) for the thylakoidal system.
Also, in the E. coli system, mature domains of Tat substrates
have been shown to interact with TatA (16, 47—49), and it has
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been demonstrated that TatA has the capacity to interact with
Tat substrates in a TatBC-independent manner (26). For the
thylakoid system, it has been suggested that the APH interac-
tions relate to nonspecific passive contacts before or during the
membrane passage of mature domains, as a cross-link to a posi-
tion at the end of the APH (Phe*®) was TatB- and proton-mo-
tive force-dependent (46). In agreement with the thylakoidal
system data, we also found no substrate effects at the C-termi-
nal end of the APH in the absence of TatBC (Fig. 6F). The APH
thus most likely binds Tat substrates around the N terminus of
the APH, as evidenced by large changes in response to substrate
addition in that region (Thr**~Ile®) in the presence as well as in
the absence of TatBC (Fig. 6, D and F). Three of all analyzed
positions were inactivated by their exchange to cysteine. The
accessibility assays with these positions were nevertheless sim-
ilar to neighboring positions, and effects were detected in
response to substrate (K23C) or TatBC (G33C). Most likely, the
absence of unexpected effects for these positions can be
explained by the fact that the accessibility assays are end point
measurements that do not monitor transport kinetics or overall
functionality. If, for example, an exchange slows an important
movement by 3 orders of magnitude from a millisecond to a
second range, which would be a virtual block of transport, the
assay would not differentiate this and recognize the movement.
It also could be that the reversibility of a movement can be
affected by inactivating mutations. We consider both options
but favor the kinetic argumentation. The data thus can be care-
fully taken, and they agree with the overall conclusions.

In conclusion, we propose that the interaction of Tat sub-
strates with the APH induces the conformational switch most
likely by rearranging the APH-APH interactions in TatA clus-
ters. Future studies will hopefully clarify this aspect.

The involvement of TatBC-independent steps in Tat transport
is not unexpected

It has been believed for a long time that all Tat transport is
initiated by an interaction of the signal peptide twin-arginine
motif with TatBC and that TatA is recruited thereafter. This
view is currently challenged by the observation that TatA has
binding sites at “resting” TatBC complexes (50, 51) and that
TatA can be co-purified with TatBC equally well when the sub-
strate-binding site of TatC is inactivated (52). The initial exper-
imental evidence for a transient recruitment of TatA to TatBC
upon substrate binding to TatBC is based on cross-link data
that may also have resulted from rearrangements of TatA at
TatBC upon substrate binding (12, 44, 45). Other lines of evi-
dence come from TatA that has been labeled with fluorescent
protein (XFP) tags (53, 54). The problem of these approaches is
that the dissociation of such TatA-XFP fusions from TatBC
could be triggered by the ~26-kDa XFP tag attached to the
9.6-kDa TatA. In agreement with this, it has been observed that
TatA-YFP was functionally inactive, and activity could be only
re-established by co-production of nontagged TatA or TatE
(54). Substrate binding might influence the affinity of TatBC for
TatA, as mutations that enhance the affinity of TatBC to Tat
substrates show a constitutive TatA-YFP/TatBC interaction
(55). An increased affinity of TatBC for TatA could therefore
compensate for XFP-tag effects. The transient recruitment of
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nontagged TatA to TatBC thus remains to be shown. Based on
the substrate-independent TatA/TatBC interactions, we cur-
rently favor the view that TatA and TatBC always function hand
in hand and remain in close proximity.

The RR motif of Tat signal peptides can remain associated
with TatC during translocation (15), and Tat substrates are
contacting TatA during transport with their mature domains
(26, 46, 49). TatA recognizes the transported domains to initi-
ate the conformational switch, but TatBC recognizes the RR
motif, and transport is only achieved when both activities coop-
erate. As TatA and TatBC act synergistically on distinct regions
of the transported substrate, it is not surprising that the indi-
vidual TatA/Tat substrate interaction does not require an RR
recognition. It would be delusive to neglect the TatBC-indepen-
dent TatA interactions; the membrane destabilization appears
to rely on them.

TatBC alters the accessibility of a specific region of the APH in
the presence of Tat substrate

As TatA and TatBC cooperate for Tat transport, it is impor-
tant to recognize that we could detect an influence of TatBC on
the accessibility of TatA regions. The main difference between
the observations with TatA vesicles versus TatABC vesicles is
related to the Gly**/Ala®*/Ser® region of the APH. Whereas
the accessibility of this region is essentially unaltered upon sub-
strate interaction in the absence of TatBC, this region becomes
protected upon substrate interaction in the presence of TatBC,
suggestive of a TatBC “footprint” on the TatA APH that indi-
cates a steric hindrance of solvent accessibility by a TatBC-de-
pendent environment. This may be (i) TatBC itself, which
changes conformation upon substrate binding, or it may be (ii)
the substrate, which might tightly associate with this region of
the TatA-APH. Both scenarios are conceivable, and a direct
substrate interaction with the APH has been already demon-
strated (46). Also, the substrate-induced accessibility differ-
ences that have been detected in the thylakoid system were
considered to potentially indicate a steric hindrance by sub-
strate (33). In this context, one significant difference of our data
from the data reported by Aldridge et al. (33) may be highly
important; the movement of the hinge region preceding the
APH was not detected in that study. We think that this differ-
ence is caused by the much larger size of the modifying agent
(methyl-PEG,,);-PEG,-maleimide (2360 Da) that had to be
used to detect modifications by shifts in SDS-PAGE analyses.
We used iodide ions (127 Da), which can access positions that
are sterically inaccessible for larger molecules. It is tempting to
speculate that the substrate is positioned on top of the hinge
region, ready to be transported, and thereby reduces the acces-
sibility for larger agents.

In summary, we propose the following mechanism of mem-
brane destabilization and counterbalancing (Fig. 8). The hydro-
phobic region of the TatA membrane-anchor is very short and
destabilizes the membrane if the N-terminal region of the APH
does notimmerse into the membrane and thereby elongates the
membrane-spanning section. Full-length TatA controls this
membrane destabilization with its APH, whose N-terminal
region is able to switch its orientation in response to substrate
association. This switch restricts membrane thickness to the
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Figure 8. A model for the generation of substrate-induced membrane
stress at Tat translocons. Whereas the APH of TatA contributes to mem-
brane thickness in a resting state (left), substrate binding causes a conforma-
tional switch that reduces membrane thickness (middle). The N-terminal
transmembrane domain of TatA alone (TatA-NT) destabilizes membranes by
membrane thinning (right). See “Discussion” for details.

TatA + substrate

length of the TMH, which results in a membrane destabiliza-
tion on demand that can be demonstrated by substrate-induced
proton leakage in vitro. The essential role of TatBC as translo-
con core and motor is not called into question by the mem-
brane-weakening role of TatA. Future experiments will surely
clarify these aspects, leading to a deeper understanding of the
translocation mechanism.

Experimental procedures
Strains and growth conditions

E. coli strain MC4100 and indicated derivatives thereof were
used for growth experiments and in vitro studies, and E. coli
XL1-blue was used for cloning. Strains were grown aerobically
at 37°C in LB medium (1% tryptone, 1% NaCl, 0.5% yeast
extract) in the presence of 100 ug/ml ampicillin. For growth
curves, 25-ml cultures were inoculated with ODg, of 0.1 and
grown aerobically. The OD,, was determined in 30-min inter-
vals. For induction of gene expression, 0.1% rhamnose was
added after 90 min.

Genetic methods and plasmids

All constructs used in this study were Strep-tagged for their
detection. Construction of pBW-tatA-strep and pBW-tatA-
NT-mhip-strep were described elsewhere (23). pPBW-tatA-33-
strep, pBW-tatA-42-strep, and pBW-tatA-49-strep were cloned
via standard methods with forward primer tatA-Ndel-F (5'-
TCT TCT CAT ATG GGT GGT ATC AGT ATT TGG C-3')
and the corresponding reverse primer tatA(G33)-BamHI-R
(5'-TTA AAG GAT CCA CCA AGA TCG GAA CCG ATG
G-3'), tatA(A42)-BamHI-R (5'-TTA AAG GAT CCT GCT
TTTTTAAAGCCTTTG ATC G-3'), or BamHI-tatA(K49)-R
(5"-GAC GGA TCC CTT TGG TTC ATC ATC GCT C-3),
respectively. mhip fusions were cloned via Bglll/BamHI, and
pBW-tatA-NT-strep were cloned using pBW-tatA-strep with an
additional BamHI site after G21 (23), cut with BamHI, and
religated. pBW-tatA-NT(STGQ);-mhip-strep, pBW-tatA-
NT(LA)4-mhip-strep, and pPBW-tatA(9 + 6L)-mhip-strep were
constructed using pBW-tatA-NT-mhip-strep as template and
forward primers Ndel-tatA-NT-(LA)s-mhip-F (5'-TAG CCA
TAT GGG TGG TAT CAG TAT TTG GCA GTT AGC GCT
TGC ATT GGC ACT GGC TCT CGC GCT TGC AGG CAC
CAA AAA GCT CGG CTC CAT CGG-3'), Ndel-tatA-NT-
(STGG);-mhip-F (5'-ATA TAC ATA TGG GTG GTA TCA
GTATTT CGA CGG GTG GGG GCA GTA CGG GTG GCG
GGA GTA CGG GTG GGG GCT CCG CTC CCG CCA ATG
CCG TGG CC-3'), and Ndel-tatA-NT(+6L)-F (5'-AAG TAC
ATA TGG GTG GTA TCA GTA TTT GGC AGC TGC TCT
TACTGT TGCTGT TAT TGATTATTG CCG TCA TC-3')
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together with reverse primer 4ip-BamHI-R (5'-ATA TAT AGG
ATC CGC CGG CCT TCA GGG TC-3') for amplification. PCR
products were cut with Ndel/BamHI and cloned in the corre-
sponding sites of pPBW-tatA-NT-mhip-strep, thereby exchang-
ing the fragment. All constructs were verified via restriction
analysis and sequencing.

For in vitro transcription and translation, the tatA gene
or the Strep-tagged N-terminal membrane anchor—encoding
sequence of TatA were cloned into pGEM-5Zf (Promega) using
the forward primer tatA-Ndel-F (5'-TCT TCT CAT ATG
GGT GGT ATC AGT ATT TGG C-3’) in combination with
tatA-Pstl-R (5'- GGA CTG CAG TTA CAC CTG CTC TTT
ATC GTG-3') and tatA-NTstrep-Pstl-R (5'-GAC TGC AGT
TAT TTT TCG AAC TGC GGG TGG CTC CAG GTG CCA
AAA AGC AGT ACA AC-3'), resulting in pGEM-tatA or
PGEM-tatA-NTstrep. For the construction of the pGEM-5Zf-
based in vitro transcription system for tatA-NT(+6L), primers
Ndel-tatA-NT(+6L)-F and tatA-NTstrep-Pstl-R were com-
bined for PCR, and the product was cloned into the corre-
sponding sites of pGEM-5Zf. For the construction of tatA-33-
strep, tatA-42-strep and tatA-49-strep in vitro transcription
vectors, the corresponding pBW-tatA-33-strep, pBW-tatA-42-
strep and pBW -tatA-49-strep vectors were digested with Ndel/
Sall, and the fragments were cloned into the corresponding
sites of pGEM-5Zf. The indicated codon mutations in tatA
were introduced into pGEM-zatA by QuikChange mutagenesis
(Stratagene). All constructs were confirmed by sequencing.

General biochemical methods

SDS-PAGE and subsequent Western blotting were carried
out by standard procedures (56, 57). For small proteins, Schég-
ger gels (16% T, 6 M urea) were performed as described else-
where (58). Western blots were developed employing specific
HiPIP antibodies, Strep-Tactin-AP, or Strep-Tactin-HRP con-
jugate as indicated according to the manufacturer’s instruc-
tions (IBA, Gottingen, Germany). Images of Western blots were
acquired utilizing the Intas Advanced Imager (INTAS Science
Imaging Instruments GmbH, Goéttingen, Germany).

For all in vivo experiments, Strep-tagged TatA constructs
were produced using pBW22-based plasmids (23, 59). For prep-
aration of proteins, cell fractionation experiments, and carbon-
ate washes, 100-ml cultures of E. coli JARV16 were inoculated
with an ODg,, of 0.1, and pBW22-based protein production
was induced after 90 min when cell densities reached an ODyy,
of ~0.6. After 3 h, cells were harvested, and cell densities were
normalized to an ODg, of 1 before centrifugation of a 100-ml
culture at 4500 X gfor 10 min at 4 °C. Cells were resuspended in
2 ml of homogenization buffer (50 mm Tris-HCI, pH 8, 250 mm
NaCl). 1 mm PMSF and DNase I were added, and cells were
homogenized via French press (2 passages, 800 p.s.i.). After
homogenization, cell debris was removed by centrifugation for
10 min at 20,000 X gat 4 °C. For cell fractionation, membranes
were sedimented by ultracentrifugation at 130,000 X g for 30
min at 4 °C of one-half of the crude extract. Supernatant (solu-
ble fraction) and membranes (resuspended in 1 volume of
homogenization buffer) were analyzed by SDS-PAGE/Western
blotting. For carbonate washes, the second half of the crude
extract was used and also centrifuged at 4 °C for 30 min at
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130,000 X g. The supernatant was carefully discarded, and
crude membranes were resuspended with ice-cold 100 mm
Na,CO;. After a second centrifugation step at 4 °C for 30 min at
130,000 X g, the supernatant was removed, and washed mem-
branes were resuspended in 1 volume of 100 mm Na,CO, again.
All fractions were analyzed with SDS-PAGE/Western blotting.
For JC1 staining, E. coli strain JARV16 was used. 25-ml cultures
were inoculated with an OD, of 0.05, and protein production
was induced by adding 0.2% rhamnose directly after inocula-
tion. When the maximum expression level was reached after
3 h, cells were harvested, and the density was normalized to 1 ml
of ODg,, = 1. After centrifugation at 3000 X g for 10 min, cell
pellets were resuspended in 0.5 ml of TEG staining buffer (10
mMm Tris-HCI, pH 7.5, 1 mm EDTA, 10 mMm glucose) comple-
mented with 0.1% (v/v) JC1 (5 mg/ml JC1 stock solution) and
incubated for 30 min in the dark on a roller. Cells were sedi-
mented again by centrifugation and washed in 2 volumes of
TEG buffer without dye. After centrifugation, cells were resus-
pended in 1 volume of TEG buffer, and 2 ul of the cell suspen-
sion were spotted on an agar slide for fluorescence microscopy.
Cells were imaged by fluorescence microscopy, using a Zeiss
Axiolmager M2 microscope equipped with an AxioCam MRm
camera and a Zeiss X100/numeric aperture 1.3 EC Plan-Neo-
fluar objective. For quantification of JC1 fluorescence, 100 ul of
the washed cell suspension were added to 1.4 ml of TEG buffer
and transferred into a cuvette. Fluorescence emission spectra
were recorded from 500 to 650 nm with an excitation at 485 nm,
using the JASCO FP-6500 spectrofluorometer (Jasco Interna-
tional Co., Ltd., Tokyo, Japan). Spectra were analyzed, and 590
nm/530 nm ratios were calculated using JASCO Spectra Man-
ager software.

In vitro translocation assays were carried out as described
previously (60). As translocation substrate, we used a T61C
variant of the HiPIP precursor, which was fluorescence-labeled
by modification of the cysteine with fluorescein-5-maleimide
using standard protocols for maleimide coupling (61). HiPIP
precursor was refolded from inclusion bodies and purified as
described previously (36). For in vitro transcription, the tatA or
tatA-NTstrep regions in the corresponding pGEM constructs
were amplified using the pGEM-recognizing primers pGEM-
5-F (5'-CCC AGT CAC GAC GTT GTA AAA CG-3') and
pGEM-5-R (5'-CTT CCG GCT CGT ATG TTG TG-3'), and
the purified PCR product was used as template for SP6 RNA
polymerase according to the supplier’s protocol (New England
Biolabs). Translation was done according to standard protocols
(62).

In vitro reconstitution of cysteine-labeled TatA into inverted
membrane vesicles

Fluorescence-labeled TatA variants were inserted into IMVs
prepared from E. coli strain DADE/pBW-tatBC (52) by employing
wheat germ extract—based in vitro translation according to
the protocol of Lin et al. (62), but in the presence of IMVs
(A,g0 = 4) and with 600 pmol/ml tetramethylrhodamine
(TMR)-cysteine-tRNACys.

For preparation of TMR-cysteine-tRNA<YS, uncharged
tRNA"® was partially purified from bakers’ yeast tRNA (Sigma)
using a Mono Q 5/50 GL (GE Healthcare) strong anion
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exchanger. 5 mg of bakers” yeast tRNA dissolved in 1 ml of
Buffer A (20 mm HEPES, 0.26 M NaCl) was applied on the col-
umn equilibrated with the same buffer, and tRNAs were eluted
by a linear 0.26 —1 M NaCl gradient over 40 ml, and 1-ml frac-
tions were collected. The tRNA“"® was predominately eluted at
0.5 M NaCl with a yield of ~250 ug/ml (~10 um). Ethanol-
precipitated tRNA“Y* was then subjected to aminoacylation
with cysteine. A 2-ml aminoacylation reaction contained 250
g of tRNAS, 1 mm L-cysteine, 100 mm HEPES, pH 8.0, 10 mm
MgSO,, 10 mm KCl, 2 mm DTT, 4 mm ATP, 100 mm CTP, and
200 wl of E. coli S-100 fraction (36), and the reaction was incu-
bated at 37 °C for 90 min. After phenolization and ethanol pre-
cipitation, the charged Cys-tRNA“"* was rechromatographed
as before. Aminoacylation caused almost no difference on the
elution of tRNA”*, To reduce the possibly oxidized thiol group
of Cys, 10 mMm DTT was added to the elution fractions. The
fraction containing Cys-tRNA® was dialyzed twice against 1
liter of degassed 50 mm KH,PO,/K,HPO,, pH 7.3, 100 mm
NaCl for 1 h in a cold room, and the recovered Cys-tRNA"*
was labeled with TMR by the addition of 1 mm TMR-5-maleim-
ide (Sigma) for 30 min at 20 °C. Afterward, the unreacted TMR-
5-maleimide was quenched by 2 mm DTT and dialyzed against
Buffer A at 4 °C. The TMR-Cys-tRNA“"* was purified by chro-
matography as before, and the elution fractions containing flu-
orescent TMR-Cys-tRNA<* were combined and ethanol-pre-
cipitated. TMR-Cys- tRNA* was stored at —80 °C.

IMVs with fluorescence-labeled TatA were applied onto a
500-ul 0.5 M sucrose cushion and sedimented for 30 min at
130,000 X g and 4 °C to remove soluble compounds. After
washing with IMV buffer (0.25 M sucrose, 20 mm HEPES, pH
7.5,1 mM DTT), the IMVs were suspended in 200 ul of buffer.

Rhodamine collisional fluorescence-quenching assay

To examine collisional quenching of rhodamine fluores-
cence at specific TatA positions, IMVs containing TMR-la-
beled TatA were suspended in 1.5 ml of IMV bulffer to a final
concentration of A,g, = 2. TMR emission intensity was mea-
sured at A,, = 543 nMm and A, = 575 nm on a JASCO FP-6500
spectrofluorometer with constant stirring. Fluorescence inten-
sity was averaged from five successive 5-s integrations. The
quencher KI was then added from a 4 M stock solution to final
concentrations of 10, 20, or 40 mm, and the respective emission
intensities were continually recorded. Data were analyzed using
the Stern—Volmer equation, (F,/F) — 1 = Kg, [Q], where F, is
the net emission intensity in the absence of quencher, [Q] is the
concentration of quencher, F is the net emission intensity at
[Q], and Ky, is the Stern—Volmer constant. A linear depen-
dence of quenching ((F,/F) — 1) on [Q] indicates direct propor-
tionality as expected for collisional quenching. K, corre-
sponds to the slope of a linear least-squares best fit to the data
points in which the line is constrained to go through the origin.

Acridine orange fluorescence-quenching assays

Acridine orange fluorescence-quenching assays were per-
formed on the JASCO spectrofluorometer. A 1.5-ml reaction
mixture contained IMVs (A,g, = 2) in SHM buffer (250 mm
sucrose, 10 mm HEPES, pH 7.5, 5 mm MgSO,), 25 mM creatine
phosphate, 50 ug/ml creatine phosphate kinase, and 2 um acri-
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dine orange. The mixture was incubated in a cuvette at 20 °C in
the dark with constant stirring, and acridine orange fluores-
cence was measured in a time-course manner at A, = 494 nm
and A,,,, = 540 nm. After 100 s, acridine orange quenching was
induced by the addition of 1.25 mm ATP, and the measurement
was continued for another 600 s. 3 wl of 5 mm CCCP was then
added to the cuvette to abolish the proton gradient, and
the change of the acridine orange fluorescence intensity was
recorded for another 300 s.

Fluorospectrometric estimation of relative recombinant
protein concentration in membranes

TatA and its variants used in acridine orange assays possess a
C-terminal Strep-tag that is exposed to the outside of the IMVs.
Relative amounts of membrane-targeted Strep-tagged protein
could therefore be estimated by use of fluorescence-labeled
Strep-Tactin. 3 ul of 0.5 mg/ml Strep-Tactin Chromeo 488
(IBA Lifesciences) was added to 50 ul of IMVs (A,g, = 20)
harboring in vitro—translated TatA-strep and its variants. After
incubation at room temperature for 30 min with shaking, the
IMVs were purified by sedimentation at 130,000 X g for 30 min
through a 0.5 M sucrose cushion. IMVs were washed once with
SHM buffer and resuspended in 1.5 ml of SHM buffer. Using an
excitation wavelength at 488 nm, the relative fluorescence
of IMV-bound Strep-Tactin Chromeo 488 was determined at
520 nm.
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Figure S1: The TMH of TatA begins at Trp-7 (Ref 6) and therefore
is very short. (A) Kyte & Doolittle hydropathy plot of TatA(i-60),
(B) NMR structure (PDB 2MN7)
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Wissenschaftliche Einordnung

Obwonhl PspA bereits vor Uber drei Jahrzenten als erste Komponente des Psp-Systems
in E. coli entdeckt wurde, bestehen bis heute viele offene Fragen Uber die genaue
Funktionsweise dieser Psp-Komponente. Kurzlich konnte die Struktur der PspF-
interagierenden und -regulierenden PspA-Domane, PspA(1-144), geldst werden [70].
Im Artikel ,Evidence for a second regulatory binding site on PspF that is occupied by
the C-terminal domain of PspA“ konnte zum ersten Mal eine regulatorische Funktion
der C-terminalen Domane von PspA, PspA(145-222), in vivo gezeigt werden. Durch
eine Fusion von PspA(145-222) an ein kleines, monomeres und l6sliches Protein
gelang es erstmals PspA(145-222) in vivo zu stabilisieren und seine regulatorischen
Eigenschaften in vivo zu untersuchen, was zu einem grélkeren Verstandnis der

Funktion dieser Domane und der regulatorischen Funktion PspAs fuhrte.

PspA(145-222) ist in der Lage PspF in einem pspA-Deletionsstamm zu inhibieren,
wahrend seine Uberproduktion in einem psp-Wildtyp-Hintergrund zu einer Induktion
des Psp-Systems fuhrt. Mittels Pull-Down- und bacterial-2-hybrid-Analysen gelang es
erstmals zu zeigen, dass eine Interaktion zwischen zwei PspA-Molekulen durch die C-
terminale Domane von PspA in vivo vermittelt wird. Gleichzeitig konnte gezeigt
werden, dass durch die rekombinante Uberproduktion von TatA ausgeldster
Membranstress die Inhibition von PspF durch PspA(145-222) — jedoch nicht die durch
PspA(1-144) — teilweise aufhebt, was einen entscheidenden Einblick in die Stress-
sensorischen Eigenschaften dieser PspA-Domane darstellt. Des Weiteren wurde
gezeigt, dass eine Fragmentierung von PspA in zwei |6sliche Domanen zu einem
Verlust der TatA-Interaktion fuhrt, woraus geschlossen wurde, dass N- und C-
terminale PspA-Domanen zur Membraninteraktion als auch zur Interaktion mit TatA

kooperieren mussen.
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Abstract

PspA is a key component of the bacterial Psp membrane-stress response system. The bio-
chemical and functional characterization of PspA is impeded by its oligomerization and
aggregation properties. It was recently possible to solve the coiled coil structure of a
completely soluble PspA fragment, PspA(1-144), that associates with the 6°* enhancer
binding protein PspF at its W56-loop and thereby down-regulates the Psp response. We
now found that the C-terminal part of PspA, PspA(145-222), also interacts with PspF and
inhibits its activity in the absence of full-length PspA. Surprisingly, PspA(145-222) effects
changed completely in the presence of full-length PspA, as promoter activity was triggered
instead of being inhibited under this condition. PspA(145—222) thus interfered with the inhibi-
tory effect of full-length PspA on PspF, most likely by interacting with full-length PspA that
remained bound to PspF. In support of this view, a comprehensive bacterial-2-hybrid screen
as well as co-purification analyses indicated a self-interaction of PspA(145-222) and an
interaction with full-length PspA. This is the first direct demonstration of PspA/PspA and
PspA/PspF interactions in vivo that are mediated by the C-terminus of PspA. The data indi-
cate that regulatory binding sites on PspF do not only exist for the N-terminal coiled coil
domain but also for the C-terminal domain of PspA. The inhibition of PspF by PspA-(145—
222) was reduced upon membrane stress, whereas the inhibition of PspF by PspA(1-144)
did not respond to membrane stress. We therefore propose that the C-terminal domain of
PspA is crucial for the regulation of PspF in response to Psp system stimuli.

Introduction

Many proteobacteria possess the phage shock protein (Psp) system that is upregulated under
various stress conditions that can harm the cytoplasmic membrane [1,2]. In Escherichia coli
and other enterobacteria, the Psp components are encoded by the pspABCDE operon and the
monocistronic pspG gene. The expression of these genes depends on ¢°* that is regulated by
the PspF component, an enhancer binding protein divergently encoded upstream of the
pspABCDE operon [3,4]. PspF in turn is regulated by PspA, the first product of the pspABCDE
operon [5,6]. It is believed that PspA is not only a key regulator but also a membrane-
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Dual function of the PspA C-terminal domain
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stabilizing effector of the system [2,7]. Also PspB and PspC, two membrane proteins encoded
within the pspABCDE operon, play an important role in signaling [8], and just like PspA, also
PspB and PspC can have effector functions [9,10]. It is still unknown how exactly a stress signal
is sensed and transmitted to PspF. Clear is that PspB and PspC interact in the membrane, and
that the C-terminus of PspC in turn interacts with PspA upon a stress signal and thereby
recruits PspA to the membrane [8]. The current opinion is that this membrane-recruitment
leads to a dissociation of PspA from PspF, which activates PspF and thereby induces the Psp
response [11]. The membrane interaction of an N-terminal amphipathic helix (AH1) of PspA
is reported to be involved in stress sensing [12]. In the reported X-ray structure, this helix folds
back to a coiled-coiled domain, which likely represents the resting state [13]. The interaction
of this helix with membrane surfaces in response to membrane stored curvature elastic stress
could be a membrane stress sensing mechanism [14,12]. Clearly, PspA is one of the key players
in the regulation of the Psp response. Due to the auto-regulatory circuit, experimental
approaches to study the native Psp regulatory cascade have limitations in vivo. Experimental
work on PspA is further challenged by its tendency to aggregate and by the complexity of its
numerous interactions. Fragmentation approaches proved useful to overcome some of these
problems. Such approaches identified (i) determinants for PspA oligomerization in the C-ter-
minal domain [15,5], (ii) the PspF-regulatory function of a coiled coil formed in PspA(1-144)
[12,13], and (iii) the involvement of the N-terminal amphipathic helix AH1 in membrane sur-
face interaction [16,12]. While a strong recombinant overproduction of full-length PspA leads
to membrane localization of the recombinant protein and induction of the Psp system in vivo
[17], PspA variants that lack the C-terminal region do not associate with membranes, nor do
they induce the Psp response [13]. It was therefore proposed that membrane recruitment and
oligomerization of PspA are linked processes that are required for the upregulation in response
to membrane stress [16]. Based on these aspects, PspA has been dissected into distinct func-
tional domains, with PspA(1-144) as the PspF interacting and regulating domain, and PspA
(145-222) as the domain required for oligomerization and membrane interaction [15]. So far
only negative evidence implied a role of the C terminal domain PspA(145-222) in oligomeri-
zation and membrane association [13], and its interactions have not been demonstrated. In
this study, we analyzed the effects of PspA domains on the regulation of the key Psp response
promoter, P, 4, we determined the localization of the respective domains under non-stress
and stress conditions, and addressed the interactions of the domains with other PspA-domains
as well as with PspF and with a Psp response inducing protein. The data indicate a novel func-
tion of C-terminal PspA fragment PspA(145-222) in PspF regulation, which relies on PspA/
PspA interactions and PspA/PspF interactions that are mediated by this domain.

Materials and methods
Strains and growth conditions

E. coli strain MC3 [18] and its derivatives were used for all fractionation and co-elution experi-
ments, as well as for P,y,4 promoter activity quantifications. E. coli strain XL1-Blue Mrf Tet
(Stratagene) was used for cloning. Cells were grown aerobically in LB medium (1% tryptone,
0.5% yeast extract, 0.5% NaCl) at 37°C with the appropriate antibiotics (100 pg/ml ampicillin,
25 ug/ml chloramphenicol, 50 pg/ml kanamycin). 0.5 mM IPTG or 0.1% rhamnose were used
to induce Pj,z- or P,;,,p-dependent protein production at indicated time points. E. coli strain
BTH101 (Euromedex, Souffelweyersheim, France) was used for bacterial-2-hybrid studies and
0.1% (w/v) maltose-containing MacConkey agar plates supplemented with ampicillin and
kanamycin were used for screening. Cells were grown for 72 h at 30°C.
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Construction of psp deletion strains

The Keio-collection strains BW25113 pspA::kan and BW25113 pspF::kan [19] were used to
construct the strains MC3 pspA::kan and MC3 pspF::kan by phage transduction using P1,,,
according to standard protocols [20]. After the initial selection on LB agar plates containing
kanamycin (50 pg/ml), recipient clones were purified and the position of the kanamycin cas-
sette was confirmed via colony PCR. The kanamycin cassette was removed using not nesseari-
lypCP20-endcoded flippase according to the standard protocol of Datsenko and Wanner [21].
The loss of the kanamycin cassette was confirmed via colony PCR. For construction of the E.
coli strain MC3 pspFABCDE::kan strain BW25113 pspFABCDE::kan was first constructed
using the parental strain of the Keio-collection BW25113 [19] and the A red recombinase sys-
tem described by Datsenko and Wanner [21] using pKD4 as template and pspF-P1-F (CAC
GCC GCA TCC GGC AAG TTG TAT TGC TCA ACT TCG GTG TAG GCT GGA GCT
GCT TC) and pspE-P2-R (AAA ACG GCG CAT AAG CGC CGC TCA TGG TGA ATT CTT
ATG GGA ATT AGC CAT GGT CC) as primer for amplification of the kanamycin cassette
with flanking homologous regions that correspond to the flanking region of pspF and pspE.
After transformation kanamycin-resistant clones were checked for loss of the pKD46 helper
plasmid and positon of the kanamycin cassette were confirmed by colony PCR/sequencing.
BW25113 pspFABCDE::kan were then used as donor for phage transduction of MC3 and the
resulting kanamycin-resistant strain was checked again via PCR/sequencing.

Plasmids

The construction of pPBW-tatA-strep and pBW-tatA-NT-mbhip-strep that are derivatives of the
rhamnose inducible vector pBW22 [22], has been described previously [23]. To achieve a con-
stitutive production of the C-terminal domain of PspA, we constructed the plasmid pABS-P-
tat-H10mhip-pspA(CT) which encodes an N-terminal fusion of the C-terminal region of PspA
to the mature domain of HiPIP, a tightly folded 9.6 kDa protein that we used to stabilize pro-
tein fragments [23]. An N-terminal decahistidine-tag (H10) was added via amplification of
mhip with the primers Ndel-H10-mhip-F (ATA TAT CAT ATG CAT CAT CAC CAC CAC
CAC CAC CAC CAC CAC TCC GCT CCC GCC AAT G)and hip-BamHI-R (ATA TAT
AGG ATC CGC CGG CCT TCA GGG TC), using the plasmid pEXH5-tac as template [24].
The PCR product was cloned in the Ndel/BamHI sites of pABS-Ptat-pspC-H6 [23], resulting
in pABS-Ptat-H10mhip-H6. The pspA C-terminal region was amplified using the primers
pspA145-BgllI-F (ATA TAT AGA TCT GCA AAC TCG TCG CGC G)and pspA-BamHI-R
(ATA TAT GGA TCC TTA TTG ATT GTC TTG CTT C). The PCR product was restricted
with BglII/BamHI and cloned into the BamHI site of pABS-Ptat-H10mhip-H6. pABS-Ptat-
pspA-H6 and pABS-Ptat-pspA(1-144)-H6 were constructed using Ndel-pspA-F (ACA ACC
ATA TGG GTA TTT TTT CTC GCT TTG C) as forward primer and pspA-BamHI-R or
pspA(144)-BamHI as reverse primer, respectively, and cloned in the Ndel/BamHI sites of the
above described pABS-Ptat-pspC-H6. All constructs were confirmed by sequencing. Plasmids
and primers used for the bacterial-2-hybrid screen are listed in S1 Table. For a fast cloning pro-
cedure, plasmids pUT18C-pspA(25-144)-strep and pKT25-pspA(25-144)-strep were con-
structed first, using primers XbalgBAmHI-pspA(25)-F (TAT AAT CTA GAG GGA TCC

CCA CAG AAA CTG GTT CG)and pspA(144)ggKpnlstrepTAAEcOoRI-R (TTA ATG AAT
TCT TAT TTT TCG AAC TGC GGG TGG CTC CAG GGT ACC CCC TGA TGA CGT
AAC ATC AA TG) to amplify pspA(25-144) encoding PspA(25-144) with a C-terminal Strep-
Tag. Xbal and EcoRI were used for cloning of the PCR products into pKT25 and pUT18C.
Plasmids pKN-strep-T25 and pU-strep-T18 were designed by amplifying pKNT25 and pUT18
with primers Ndel-strep-BamHI-pKTN25/pUT18-F (TTA ATC ATA TGT GGA GCC ACC
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CGC AGT TCG AAA AAG GAT CCA CCA TGA TTA CGC CAA G)and pKNT/pUT-
Ndel-R (ATA TAC ATA TGT GTT TCC TGT GTG AAA TTG TTA TC).PCR products
were cleaved with Ndel and religated. By using these plasmids, all fragments could be cloned
and interchanged using the Kpnl/BamHI sites.

For complementation of the minimal signaling cascade comprising PspF, PspA, PspB, and
PspC, the pspFpspABC region was amplified using the primers PstI-strep-pspF-F (ATT ATC
TGC AGC TAT TTT TCG AAC TGC GGG TGG CTC CAA ATC TGG TGC TTT TTC
AAC) and pspC-BamHI-H6-Pvul-R (ATA TAT CGA TCG CTA GTIG GTG GTG GTG GTG
GTG GGA TCC CAG TTG ACG GAA ACG GC).The PCR product was cleaved with PstI/
Pvul and ligated in the PstI/Pvul cleaved backbone of pUL-Ptat [13] resulting in pUL-
pspFstrep-pspABC-H6. To construct pUL-pspFstrep-pspA(1-144)BC-H6 the stop codon TAA
was introduced at position PspA(A145) and the W56A mutation of PspF as well as the V105D
mutation of PspC were introduced via QuikChange (Stratagene), using the primers listed in
S2 Table. All constructs were confirmed by sequencing.

Cell fractionation

For cell fractionation experiments, cells were aerobically grown at 37 °C in the presence of the
appropriate antibiotics. If protein production was rhamnose-dependent, rhamnose was added
to a final concentration of 0.1% (v/v) and cultivation proceeded for 3 h. IPTG was added to a
final concentration of 0.5 mM for detection of T25 fusion proteins in the middle of the expo-
nential phase, and cultivation was continued for 2 h. Cells were harvested via centrifugation at
4.500 x g for 10 min at 4°C. Cell densities of corresponding cultures were normalized prior to
the centrifugation step. Cell pellets were suspended in 50 mM Tris HCI pH 8.0, 250 mM NaCl,
and after adding DNasel and 1 mM PMSF, cells were homogenized by ultrasonication. Cell
debris was removed by centrifugation at 14.000 x g for 10 min at 4°C, and membrane and solu-
ble fractions were prepared from the supernatant by ultracentrifugation at 130,000 x g for 30
min at 4°C. Fractions were analyzed by SDS-PAGE and Western blotting as described
elsewhere.

Co-elution assays

To analyze interactions between Strep-tagged TatA and PspA variants, co-elution experiments
were carried out as described previously [23], with the exception that cell debris was removed
prior to TatA-strep purification. For co-elution assays with His-tagged proteins, cells were
resuspended in 100 mM Tris-HCI pH 8.0, 150 mM NaCl, 20 mM Imidazol, and disrupted via
French Press, and affinity chromatography was carried out using the Protino Ni-NTA resin
(Macherey-Nagel, Diiren, Germany) with the above buffer system. After loading and 6 wash-
ing steps (each 1 column volume), His-tagged proteins were eluted by increasing the imidazole
concentration to 250 mM. Elution fractions were analyzed via SDS-Page and Western
blotting.

B-Galactosidase assays

For the determination of the pspA promoter activity, LacZ assays were performed as described
previously with strain MC3 and derivatives thereof [13]. All assays were done in triplicates.
Some variability was observed with respect to absolute promoter activity levels between assays
that were not carried out in parallel, and all data and error bars that are combined in diagrams
are therefore from parallel assays. For induction of rhamnose- of IPTG-dependent expression
systems, 0.1% rhamnose or 0.5 mM IPTG were added directly after inoculation, respectively.
For determination of the reconstitution of the adenylate cyclase activity in BTH101, three
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independent clones were picked from the MacConkey agar plates and cultivated overnight in
LB medium supplemented with 0.5 mM IPTG. LacZ activities of the overnight cultures were
determined as described above.

Results

PspA(1-144) and PspA(145-222) can independently inhibit the AAA+
family enhancer binding protein PspF in the absence of full-length PspA

PspA is known to have dual functions in distinct oligomerization states. It can multimerize
and interact with membranes, and six PspA protomers can interact with hexameric PspF to
regulate this 0°* activating enhancer binding protein [15]. The N-terminal domain of PspA,
PspA(1-144), folds tightly to a coiled coil that is able to interact with PspF [13]. The N-termi-
nal 22 residues of this domain fold back to the coiled-coil surface, and upon membrane surface
interaction this region forms an amphipathic helix that is proposed to sense membrane stored
curvature elastic stress [14,12]. The C-terminal domain, PspA(145-222), is required for oligo-
merization and thus likely mediates PspA-PspA interactions [15]. So far, no direct regulatory
function has been attributed to the C-terminal domain. To assess the potential role of PspA
(145-222) within the Psp regulatory cascade, we recombinantly produced this domain in a
reporter strain that monitors the P,,4 promoter activity by a promoter lacZ reporter fusion.
For comparison, we included also full-length PspA and PspA(1-144) that both are known to
regulate PspF (Fig 1). To stabilize PspA(145-222) to a detectable level, we fused it to the C-ter-
minus of HiPIP, an unrelated small globular protein that is used to stabilize fused protein frag-
ments [23,25]. The resulting fusion protein, termed Hip-PspA(145-222), was stable and
completely soluble (Fig 1B). As negative control, we also analyzed HiPIP alone in these experi-
ments. All proteins were produced in comparable amounts (Fig 1B). As expected, recombinant
full-length PspA could be detected in the soluble and the membrane fractions, whereas PspA
(1-144) as well as HiPIP were only detectable in the soluble fraction (Fig 1B). We first carried
out pspA promoter activity assays in a Pp,,4 lacZ reporter strain that had the chromosomal
pspA gene deleted to avoid an interference of wt-PspA (Fig 1A). In the negative control, the
strain that produced only HiPIP showed no reduction in LacZ activities, confirming that
HiPIP has no influence on the regulatory cascade. In contrast, pspA promoter activity was
almost completely downregulated by constitutive expression of full-length PspA or PspA(1-
144). Full-length PspA suppressed PspF activity and thus complemented the PspA regulatory
function in the mutant strain. With this expression system, PspA(1-144) silenced PspF to at
least the extent of full-length PspA. To our surprise, we found a complete downregulation of
PspF activity by Hip-PspA(145-222), which indicated that PspA(145-222) can silence PspF.

These findings suggested that not only the PspA(1-144) domain but also the PspA(145-
222) domain can interact with PspF, and both domains contribute to its regulation.

Several regions of PspA interact with PspF and silence its transcriptional
activation

Knowing that PspA(145-222) is able to silence the Psp system in a pspA deletion strain, we
performed a comprehensive bacterial-2-hybrid (B2H) screen to identify PspA fragments that
interact with PspF. In this screen, inactive adenylate cyclase fragments (T18 and T25) can
reconstitute adenylate cyclase activity when they are fused to peptides that interact. The cAMP
production enables a fermentation of lactose in the medium. When grown on MacConkey
agar, the acidification that results from lactose fermentation causes a deep red color of colonies
and their surroundings and a precipitation of bile salts in the agar. If probed protein domains
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Fig 1. PspA(1-144) as well as Hip-PspA (145-222) can independently down-regulate PspF-dependent promoter activity. (A) LacZ activity assays
with a ApspA reporter strain (MC3 pspA::kan), in which the PspF regulated pspA promoter is fused the reporter gene lacZ. The strain was transformed
with vectors for constitutive production of either HiPIP, PspA, PspA(1-144), or Hip-PspA(145-222). (B) Detection of the indicated hexahistdine-tagged
proteins in crude extract and the soluble or membrane fractions of the strains used in (A) by SDS-PAGE/Western blotting. The optical density of all
cultures was normalized pior to cell harvest. Blots were developed using specific His-Tag antibodies and ECL reaction.

https://doi.org/10.1371/journal.pone.0198564.g001

are not interacting, adenylate cyclase activity cannot be reconstituted and colonies do not
metabolize the lactose of the medium, leading to small, beige colonies and a color shift to yel-
low that is caused by a basic pH. Based on the coiled-coil structure and further in silico predic-
tions by the COILS algorithm of PspA secondary structure [26], we constructed 15 different
PspA fragments that were C- or N-terminally fused to the T18 or T25 adenylate cyclase
domains (Fig 2). Also PspF was fused C- or N-terminally as full-length protein to both protein
domains. As only T25-fused PspF showed transcriptional activity in a ApspF reporter strain
(Fig 2B), we used the functional T25-PspF and PspF-T25 constructs as bait in the B2H screen.
We named the PspA fragments according to their known or predicted domain structure (Fig
2C): NT (N-terminal region) = Gly2—Pro25; HR1 (helical region 1, the first helix of the coiled
coil that has been structurally solved) = Pro25—Glu85; HR2 (helical region 2, the second helix
of the coiled coil that has been structurally solved) = Leu86—GIn144; HR3 (region including
the predicted third helical region) = Ala-145—Ser-186; CT (C-terminal region) = Ser186—
GIn222. The NT and CT regions may in principle also form helices with coiled coil tendency
that are predicted by the COILS program when smaller window sizes are used (Fig 2C). The
resulting names of the analyzed fragments are outlined in Table 1. We could only detect PspF/
PspA fragment interactions with PspF-T25, which was also the only PspF fusion detectable by
Western blotting (see Fig 2A). While the NT, HR1, HR3 and CT fragments did not exhibit any
interaction with PspF-T25, the other fragments did interact (Fig 2D, 2E and 2F). The position
of the T18 fusion (N- or C-terminal) was not relevant for the interactions of constructs that
included the first two helical regions, i.e. the complete coiled coil domain of PspA. In contrast,
the fusions to the single HR2 preferentially interacted as HR2-T18 fusion, and more clearly the
HR3-T18 and especially the HR3-CT-T18 constructs interacted, whereas the N-terminal
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hitps://doi.org/10.1371/journal.pone.0198564.002

Table 1. Abbreviations used for the bacterial-2-hybrid screen constructs.

Abbreviation Start-End Abbreviation Start-End Abbreviation Start-End

NT Gly2-Pro25 HR1 Pro25-Glu85 HR2-HR3 Leu86-Ser186
NT-HR1 Gly2-Glu85 HR1-HR2 Pro25-Gln144 HR2-CT Leu86-GIn222
NT-HR2 Gly2-Gln144 HR1-HR3 Pro25-Ser186 HR3 Ala145-Ser186
NT-HR3 Gly2-Ser186 HR1-CT Pro25-GIn222 HR3-CT Alal45-GIn222
NT-CT Gly2-GIn222 HR2 Leu86-GlIn144 CT Ser186-Gln222

https://doi.org/10.1371/journal.pone.0198564.t001
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Fig 3. Not only N-terminal regions of PspA, but also Hip-PspA (145-222) inhibit PspF in a ApspA reporter strain.
(A) LacZ activities of a pspA-deleted pspA promoter reporter strain (MC3 pspA::kanS) producing indicated PspA
fragments N- (light grey) or C-terminally (dark grey) fused to the T25 domain. Protein production was induced by
addition of 0.5 mM IPTG at the inoculation time. Inhibition of PspF activity could be observed for six fragments,
namely T25-PspA(NT), T25-PspA(NT-HR1), PspA(NT-HR2)-T25, T25-PspA(NT-HR3), T25-PspA(HR1), and
T25-PspA(HR3-CT). (B) Detection of T25-PspA-variants used in (A) in subcellular fractions by SDS-PAGE/Western-
blotting. Among the N-terminal fusions to T25, only PspA(NT-CT)-T25 was detectable.

https://doi.org/10.1371/journal.pone.0198564.9003

fusions showed no interaction (Fig 2D and 2F). All negative controls showed very low pro-

moter activity (Fig 2F), but the T18zip construct resulted in reddish colonies, indicating a very
high sensitivity of the growth phenotype on solid media. The interaction of the HR3-CT-T18
construct suggests that the observed regulation of PspF-dependent promoter activity (Fig 1)
has been caused by a direct interaction.
We then analyzed potential regulatory effects of all PspA fragments (Fig 3). As T18 fusions
strongly affected growth of the promoter-lacZ reporter strain, we used the T25 fusions for
these analyses. To ensure that an altered PspF activity only originated from an interaction of

the recombinant proteins, we again used a pspA promoter activity reporter strain in which the
chromosomal pspA gene was deleted. In this strain, high LacZ activities indicate that PspF

activity is not affected by PspA fragments, whereas low LacZ activities indicate that PspA frag-
ments inhibit PspF (Fig 3A). We could identify six PspA fragments that inhibited PspF activity
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(NT, NT-HR1, NT-HR2, NT-HR3, HR1, and HR3-CT). It was highly relevant whether the
T25 domain was fused to the N- or the C-terminus of the respective fragment: The NT,
NT-HR1, NT-HR3, HR1, and HR3-CT interacted only as N-terminal fusions, whereas the
NT-HR?2 construct interacted only as C-terminal fusion. Despite their strong interaction with
PspF, fusions to full-length PspA (= the NT-CT construct) did not inhibit PspF activity, indi-
cating that such fusions abolish the regulatory PspA function. We then examined whether the
observed effects were due to a differential abundance of PspA fragments (Fig 3B). This was not
the case, as protein levels did not correlate with inhibition of PspF activity. On one hand there
were non-detectable constructs that showed a strong PspF inhibition and on the other hand
fusions of T25 to full length PspA were highly abundant without having an inhibitory effect on
PspF. It was recently shown by the Buck group that peptides of PspA;_,, and PspA,s_,; inhibit
AAA+ ATPase activity of PspF(1-275) [12]. In agreement with this study, the strong inhibition
of the promoter activity by the PspA fragments containing the corresponding NT and HR1
regions now demonstrates that these fragments can indeed downregulate the pspA promotor
in vivo (Fig 3). The inhibitory effect of T25-HR3-CT on PspF activity agrees with the same
effect that had been already observed with the corresponding HiPIP fusion used for the initial
analysis (Fig 1).

PspA(1-144) and PspA(145-222) act differently in a PspA WT background

After having established that PspA(145-222) and PspA(1-144) both inhibited PspF in a
ApspA reporter strain, we analyzed the regulatory effects in a WT pspA background, i.e. in a
reporter strain that is not mutated in pspA and thus contains the wild type pspABCDE operon
(Fig 4A). We used the unrelated HiPIP as negative control and found that, as expected, HiPIP
had no influence on the pspA promoter activity, as the basal activity level of the pspA promoter
was not altered by HiPIP (~100 MU). Full-length PspA and PspA(1-144) resulted in silencing
of the pspA promoter activity, indicating that these recombinantly produced proteins inhib-
ited PspF very efficiently. Surprisingly, Hip-PspA(145-222) did not behave like full-length
PspA or PspA(1-144) in this genetic background, and instead slightly induced the Psp
response about 1.5-fold. As it could have been that the production of Hip-PspA(145-222) had
triggered a degradation of full-length PspA, we examined the abundances of the respective
recombinant constructs in subcellular fractions and assessed also the abundance of the non-
recombinant wt-PspA (Fig 4B). As expected from previous studies [23], wt-PspA was detected
in the soluble and in the membrane fraction in low amounts when the Psp system was not
induced. Recombinantly produced His-tagged full-length PspA was also present in both frac-
tions, whereas the well-characterized PspA(1-144) was almost completely soluble. In agree-
ment with the promoter activity data (Fig 4A), both constructs repressed the production of
wt-PspA to a hardly detectable level. Importantly, the production of Hip-PspA(145-222) did
not trigger a membrane recruitment of wt-PspA in comparison to the negative control, nor
did it cause a degradation of full-length PspA. Instead, we observed slightly higher levels of
wt-PspA in the soluble fraction, indicating that the increased PspA levels were not targeted to
the membrane under these conditions, i.e. in the absence of membrane stress. The upregula-
tion could be explained by an interaction of His-tagged Hip-PspA(145-222) with wt-PspA,
which was already indicated by the results of the two-hybrid assays (Fig 2), and we confirmed
this interaction by affinity chromatography and co-elution analyses (Fig 4C). Although a large
fraction of wt-PspA was not associated with Hip-PspA(145-222), some wt-PspA clearly co-
eluted with Hip-PspA(145-222), indicating that PspA(145-222) can interact with full-length
PspA, which supports the view that it may modulate the effect of full-length PspA on PspF
activity.
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https://doi.org/10.1371/journal.pone.0198564.9004

PspA(145-222) interacts with full-length PspA most likely by formation of
antiparallel coiled coils

After having shown that PspA(145-222) can downregulate PspF activity as consequence of a
direct interaction in the absence of full-length PspA (Figs 1-3), and after having shown that
PspA(145-222) stimulates PspF activity in the presence of full-length PspA (Fig 4), we identi-
fied the region of PspA that interacts with PspA(145-222) by bacterial 2-hybrid analyses (Fig
5). We used the HR3-CT-T18 or T18-HR3-CT constructs as baits and systematically examined
their interaction with all PspA fragments based on the above defined regions (NT/HR1/HR2/
HR3/CT). While HR3-CT-T18 exhibited multiple interactions with full-length or truncated
T25-PspA constructs (Fig 5, left panels), the T18-HR3-CT construct did not show strong
interactions with any of the T25-PspA derivatives (Fig 5, right panels), indicating that an anti-
parallel setup (T18 fused to the C-terminus of PspA(145-222) as bait in combination with
T25-fusions at the N-terminus of the prey) might be important for the interaction. N-terminal
parts of PspA were not necessary for this interaction with PspA(145-222) (Fig 5, left panels).
The adenylate cyclase activity could be reconstituted with HR3-CT-T18 in combination with
T25 fusions to all fragments that included the HR3- or CT-regions. While the interaction with
T25-HR3-CT was quite strong, the T25-HR3 or T25-CT constructs showed detectable but less
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https://doi.org/10.1371/journal.pone.0198564.g005

interaction with HR3-CT-T18, suggesting that the HR3 and CT regions of PspA might interact
together rather than individually with C-terminal regions of other PspA proteins. Little inter-
action was also obtained with the NT-HR2 fragment, which might add a level of complexity to
the interactions if these weak interactions are physiologically relevant. However, the physiolog-
ical function of the HR2/HR3-CT interaction has to be questioned, as the coiled coil of HR2
with HR1 is disrupted in that construct. In summary, the data support the view that PspA-P-
spA interactions are mediated via their C termini, and these interactions are likely antiparallel.
As the C-terminal domain includes HR3, and as also the CT region might be able to form
coiled coils, we suggest that this region possibly forms an antiparallel intermolecular coiled
coil, which explains why the truncation of this domain results in soluble monomeric proteins
[13,15].

PspA(145-222) enhances a Psp response in a psp WT strain

As PspA(145-222) stimulated the pspA-promoter activity in the presence of wt-PspA (Fig 4),
we examined, whether membrane stress could induce the pspA-promoter activity on top of
this stimulation. To induce a “complete” membrane stress Psp response involving all signaling
components (i.e. PspA and the membrane components PspB and PspC), we produced the
small membrane-anchored protein TatA [23]. TatA is part of the Tat translocase in E. coli and
facilitates the translocation of folded proteins most likely by local destabilization of the lipid
bilayer [25]. We thus produced TatA-Strep in the pspA promoter reporter strain in a psp wild
type genetic background and in the presence of either PspA, PspA(1-144), or Hip-PspA(145-
222), respectively. In a positive control, HiPIP was produced instead of any of the PspA con-
structs, which should not affect the Psp response induction by TatA. As expected, TatA
induced the Psp response in the control strain (Fig 6A). In contrast, the promoter activity
remained suppressed by recombinant PspA and PspA(1-144) when TatA-strep was produced,
indicating that an increased abundance of these PspF-regulating proteins suppresses the Psp
response. However, in the presence of Hip-PspA(145-222), which per se already increased the
pspA promoter activity, TatA-Strep still induced a Psp response on top of this elevated level,
indicating that the triggering of promoter activity by Hip-PspA(145-222) is unrelated to mem-
brane stress and does not compromise the ability to respond to membrane stress.
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https://doi.org/10.1371/journal.pone.0198564.9006

When we examined the presence of the constructs in subcellular fractions, we found that
wt-PspA could not be detected when full-length PspA or PspA(1-144) was recombinantly pro-
duced, confirming that the pspA promoter activity remains downregulated by highly abundant
PspA or PspA(1-144) under membrane stress. This agrees with the data obtained in the
absence of membrane stress (Fig 4) and with the promoter activity results (Fig 6A).
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Apparently, membrane stress sensing does not work when the PspF-inhibitory full-length
PspA or PspA(1-144) are highly abundant.

It was shown in earlier studies that PspA interacts directly with the membrane protein
TatA-Strep, which indicates a membrane interaction of PspA upon stress [23,25]. As TatA was
Strep-tagged, we carried out co-elution experiments to address the question which fragments
of PspA interact with TatA (Fig 6C). Notably, while full-length PspA co-eluted with TatA, nei-
ther the N- nor the C-terminal fragment of PspA could be detected in the elution fractions,
possibly because these domains were not membrane-interacting (Fig 6B). The amount of full-
length PspA that co-eluted with TatA-Strep appeared to be reduced in the presence of PspA
(1-144) or Hip-PspA(145-222), but these domains obviously did not completely abolish the
interaction of TatA-Strep with full-length PspA.

We then did the same experiments in a pspA deletion background (Fig 7). The production
of HiPIP, PspA or PspA(1-144) had the same effect on LacZ activity, no matter if TatA-Strep
was present or not, as they silenced PspF transcriptional activity in both cases to the same
extent. Again, PspA(1-144) was a stronger inhibitor than full-length PspA. In contrast, when
TatA-Strep was produced in a strain that also produced Hip-PspA(145-222), the inhibitory
effect of Hip-PspA(145-222) could be partially released, as evidenced by an increase of the
pspA promoter activity from almost 3.5 Miller Units to an average of 80 Miller Units (Fig 7A).
Compared to the negative control, the observed effect was not large in terms of absolute values,
but it was significant and large in terms of relative increase. This finding was very interesting,
as the effect could only be observed for Hip-PspA(145-222) and not for full-length PspA and
PspA(1-144). Based on this, it may be speculated that PspA(145-222) is able to interact with
TatA-Strep when wt-PspA is missing, but this interaction could so far not be demonstrated by
co-elution analyses (Fig 7C), possibly indicating that PspA(145-222) is able to sense TatA
induced membrane stress without the need of a direct interaction.

PspF activity is PspC-independently upregulated in a system that lacks the
C-terminal PspA domain

We then addressed the question what happens in a system producing pspFpspA(1-144)BCin a
natural regulatory cascade context. A pspFpspABCDE deletion mutant of the pspA promoter
reporter strain MC3 was constructed and the unaltered pspFpspABC genomic region as well as
the same region with a translational stop at codon 145 of PspA (= pspFpspA(1-144)BC) were
introduced on an pSC101-based very low copy complementation vector [13] (Fig 8). The plas-
mid-encoded system had a lower basal activity than wild type but was fully functional, as PspF
activity could be induced by production of the membrane anchor of TatA (Fig 8A), an estab-
lished trigger of the Psp response [25]. However, despite PspA(1-144) was fully soluble and
more abundant than full-length PspA, PspF activity was higher in the presence of PspA(1-144)
than with full-length PspA (Fig 8B). It therefore appeared that the PspA(145-222) domain was
needed for keeping PspF activity down in this system. Also the higher PspC levels in the strain
producing PspA(1-144) reflect the increased promoter activity (Fig 8B). Importantly, the
pspFpspA(1-144)BC system was not inducible by membrane stress (Fig 8A). In line with these
observations, we found that the increased promoter activity in the PspA(1-144) system did not
depend on a PspA/PspC interaction (Fig 8C), which is a key interaction for signaling of mem-
brane stress [8,27]. As the Darwin group has shown recently that a V125C mutation of PspC
from Yersinia enterocolitica abolishes the PspC/PspA interaction [8,27], we used the corre-
sponding mutation in the E. coli system, PspC(V105D), to address the importance of the PspC/
PspA interaction and found that it had no influence on PspF activity (Fig 8C). In the course of
another project (manuscript in preparation), we had confirmed that, like in Y. enterocolitica,
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https://doi.org/10.1371/journal.pone.0198564.g007

this mutation abolished PspC dependent signal transduction also in E. coli. A W56A mutation
in PspF that is known to abolish PspA binding to PspF [5] resulted in an induction of the Psp
response, and in case of the system with full-length PspA, PspA was recruited to the mem-
branes (Fig 8D). As expected, in the system comprising PspA(1-144) instead of full-length
PspA, the PspF(W56A) mutation compromized inhibitory functions of PspA(1-144) but did
not result in any detectable membrane recruitment that appears to require the PspA(145-222)
domain. Protein level corresponded to the observed promoter activities and hence it can be
excluded that a lowered PspA or PspA(1-144) abundance caused the observed effects (Fig 8D).
Together, these data indicate (i) that the PspA(145-222) domain in full-length PspA contrib-
utes to the inhibition of PspF by PspA at physiological abundances (Fig 8A and 8D), (ii) that
PspA(1-144) alone cannot respond to known triggers of the Psp response (Fig 8A), (iii) that
PspA(1-144) inhibits but does not silence PspF at physiological levels (Fig 8A), (iv) that the
W56A mutation in PspF reduces the inhibition by full-length PspA and PspA(1-144), and

(v) that the PspA(145-222) domain is required for membrane targeting (Fig 8D).

Discussion

The C-terminal domain of PspA can regulate PspF in a stress-responsive
manner

The regulatory interactions of the Psp components PspA, PspB, PspC, and PspF in response to
membrane stress are in the focus of most current research that is done in the Psp field. For

PLOS ONE | https://doi.org/10.1371/journal.pone.0198564 June 15,2018 14/20

60



@PLOS | oxe

3 Ergebnisse

Dual function of the PspA C-terminal domain

A 160 MC3 pspFABCDE::kan B

- N3 N N
awlo v. v-“' v v‘*’ v. v“'
o Q & Q8 QR
4 {7HA5 iy [kba] € @ L L
— - - " -PspA
120 4 25 a-Psp
[72]
£ 100 1 i W -
§ 80 i 25_ N n G-HIS
= 60 - 15— - ]
25— 7 7
40 1 —— — BCCP
20 - 15— 1 1
0 crude soluble membrane
PSpA PspA1_144 extract
C MC3 D MC3
. spFABCDE::kan
350 _pspFABCDE..kan 500 _bsp
3001 400 A
" 250 - "
= =300 -
g 200 - g
= 150 - = 200 -
= =
100 -
100 -
50 -
0 oo 0 -
8 crude extract
Q?Q Q?Q o §' soluble
S a
Q S — membrane
PSPA,.1u $ §8 5
- s s @, L
q ;Qk q ;QL
Q Q
PspA PspA

Fig 8. PspA(145-222) is necessary for keeping PspF activity at the basal level in a natively regulated Psp system.
(A) LacZ activities of a pspFABCDE deletion P4 reporter strain MC3 pspFABCDE::kan with an in trans
complemented minimal regulatory cascade using vector pUL-pspFstrep-pspABC-H6 or pUL-pspFstrep-pspA(1-144)
BC-H6. Membrane stress was induced by rhamnose-dependent production of TatA(NT)-Hip. As negative controls,
strains with the empty pBW22 vector and without the pBW22 vector (w/o) were used. (B) SDS-PAGE/Western blot
analysis of crude extract, soluble and membrane fractions of the control strains (w/0) used in (A). PspA fragments
were detected using PspA-specific antibodies (* = cross reaction of the PspA antibody). His-tagged PspC was detected
via His-tag specific antibodies, and BCCP was detected as fractionation control with the Strep-tactin-AP conjugate. (C)
LacZ activites of MC3 pspFABCDE::kan transformed with either pUL-pspFstrep-pspABC-H6, pUL-pspFstrep-pspA(1-
144)BC-H6, or pUL-pspFstrep-pspA(1-144)BC(V105D)-H6 for determination of PspC dependence of the results
obtained in (B). (D) LacZ activites and detection of protein levels of MC3 pspFABCDE::kan transformed with either
pUL-pspFstrep-pspABC-H6, pUL-pspF(W56A)strep-pspABC-H6, pUL-pspFstrep-pspA(1-144)BC-H6, pUL-pspF
(W56A)strep-pspA(1-144)BC-H6. PspA detection in cellular fractions by SDS-PAGE/Western blot analysis, using

PspA-specific antibodies.
https://doi.org/10.1371/journal.pone.0198564.9008
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E. coli, it was recently shown that six PspA(1-144) domains stably associate with hexameric
PspF, exhibiting a slow dissociation kinetics [13], and that PspF can be regulated by PspA and
PspA(1-144) in vivo and in vitro when it is bound to it [13]. It was therefore proposed that
PspA may not need to dissociate from PspF to modulate its activity in response to stress sig-
nals. The ability to respond to membrane stress was not examined so far with the complex con-
sisting of PspF and the C-terminally truncated PspA(1-144), and it was therefore unclear
whether PspA(145-222) plays an active role in the regulatory cascade in vivo. However, it was
known that the C-terminal domain of PspA is required for PspA oligomerization [15,5,13],
and based on this evidence it has been postulated that it predominantly mediates oligomeriza-
tion [15]. It was also clear from experiments with PspA(1-186) that the absence of the CT
region abolishes the activation of PspF by PspA in the presence of membrane vesicles [14], and
this domain was reported to be capable of inhibiting PspF ATPase activity [15]. However, the
C-terminal domain is quite unstable per se and—albeit the data with truncated constructs sug-
gested a role in regulation—positive data demonstrating a functionality directly were missing.
We compared effects of recombinantely produced PspA(1-144), Hip-PspA(145-222), in
which this domain is stabilized by an N-terminally fused protein, and full-length PspA on
PspF regulation in an uninduced and induced state as well as in the presence or absence of
native PspA. The stabilization by HiPIP or 2-hybrid domains was crucial for obtaining the in
vivo data with PspA(145-222). Our observation of PspF inhibition by recombinant Hip-PspA
(145-222) in the absence of full-length PspA now indicates a direct regulatory function of this
domain in vivo (Figs 1, 4, 6, 7 and 8). The PspA(145-222) domain silences the pspA promoter
in a mode that permits a significant activation by membrane stress as induced by TatA (Fig 7).
This differs from the inhibitory effect of the recombinantly produced PspA(1-144) domain, as
the PspA(1-144) regulated system does not respond to membrane stress anymore (Fig 7).
Even the inhibition of PspF by recombinant full-length PspA was not affected when TatA-
Strep was over-produced, indicating that the negative regulation was dominant under these
conditions. Importantly, the PspA(1-144) construct includes an N-terminal amphipathic helix
(residues 2-24) that is known to sense membrane stored curvature elastic stress [12], and
therefore our data now indicate that this helix alone in conjunction with the regulatory coiled
coil domain does not suffice for signaling of membrane stress to PspF. In agreement with this,
it was reported that in a strain lacking genome-encoded PspA the Psp system is inducible by
the pIV secretin when PspA(20-222), which lacks its N-terminal helix, is produced at low lev-
els [16], indicating that this helix cannot constitute the only pathway for PspF activation. A
crucial role of the distal C-terminus of PspA for the activation of the system was already postu-
lated based on in vitro results that showed a requirement of the C-terminus for PspF activation
[14]. As that study used truncated PspA, it remained unclear whether the absence of the C-ter-
minus disabled stress sensing, or whether its lack only caused a dominant inhibition by the N-
terminal PspA regions that are known to inhibit PspF [15,12,13,16]. The C-terminal region
that starts behind the structurally solved N-terminal coiled coil, i.e. position 145, has not been
analyzed so far and C-terminal fragments included regions of this N-terminal coiled coil,
which are known to have effects on their own and thus compromise the interpretability of the
data. Earlier in vitro and in vivo studies convincingly showed the contribution of the C termi-
nal domain to oligomerization of PspA, but a direct influence on PspF activity by C terminal
domains of PspA could not be determined as the used PspA fragments did neither inhibit nor
interact with PspF in vivo and in vitro [15,5]. Our data are therefore first direct evidence for
the involvement of C terminal domain of PspA in regulation and stress-sensing, and they sup-
port the proposed role of this domain [14].

It is intriguing that neither PspA(1-144) nor PspA(145-222) interact with TatA-Strep,
albeit a Psp system down-regulated by PspA(145-222) is able to respond to the presence of
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this Psp response-inducing membrane protein. TatA-Strep causes this effect on PspF activity
although it does not detectably interact with the PspA domains, which are not membrane asso-
ciated. PspA(145-222) must be bound to the PspF hexamer to keep its activity at the observed
very low level, and the activation suggests that there are transient interactions with the mem-
brane that are below any detection limit, as the signal must be somehow transferred to PspFA.
Such transient membrane interactions have been already postulated for the native PspFA com-
plex [28,16]. It may be hypothesized that the TatA-generated stress signal induces interactions
between PspA C-termini or other Psp system components that are responsible for the observed
reduction of PspF inhibition. The nature of the membrane stress signal generated by TatA is
so far unknown. On one hand, TatA is known to destabilize membranes, on the other hand it
has been shown to interact with the Psp system [25,23]. It could be that TatA clusters can
induce SCE stress, and this might be sensed by the system without direct TatA interactions
[14]. As full-length PspA interacts with TatA, it is likely that this interaction can also contrib-
ute to sensing [23].

Intermolecular interactions as mediated by PspA(145-222) may explain
the enhancement of PspF activity in the presence of full-length PspA

Despite a clear downregulation of PspF by PspA(1-144) and PspA(145-222) in a ApspA back-
ground, the responsiveness of the PspA(145-222) inhibited system to the membrane stressor
TatA already suggested that the interactions of PspA(1-144) and PspA(145-222) with PspF
have distinct functions. Strikingly, PspA(145-222) weakly induced the promoter activity in the
presence of wt-PspA, whereas PspA(1-144) still silenced the promoter under these experimen-
tal conditions (Figs 1 and 4). As the C-terminus is known to mediate oligomerization of PspA,
we expected that the observed upregulation was due to an induction of wt-PspA oligomeriza-
tion and a concomitant membrane localization. However, although more PspA was present in
the cells as consequence of the upregulation, a shift to a membrane associated state did not
occur and there was rather more soluble PspA (Fig 4). The increased levels of soluble PspA in
response to PspA(145-222) did not lower the transcriptional activity of PspF. This contrasts
the effect of increased levels of recombinant PspA or PspA(1-144), which result in a down-reg-
ulation of the pspA promoter activity (Fig 4). As PspA(145-222) interacts with itself and thus
also with full-length PspA (Figs 4 and 5), we propose that the interaction of PspA(145-222)
with PspF-bound wt-PspA affects the interaction of this PspA domain in wt-PspA with PspF,
resulting in conformational changes of PspF-bound PspA and an increased PspF activity. We
do not think that PspA(145-222) can induce a dissociation of wt-PspA from PspF, as this
would consequently allow excess PspA(145-222) to associate with the liberated PspF, which
would inhibit its activity, considering that PspA(145-222) silences PspF in the absence of
PspA (Figs 1 and 3). PspA(145-222) might interact via formations of antiparallel coiled coils,
as evidenced by the two-hybrid data (Fig 5), but this is certainly speculative, and the helical
structure of this PspA domain remains to be experimentally confirmed.

PspA(145-222) can mediate oligomerizations that may contribute to
membrane interactions and Psp system inducibility

We noted that PspA(145-222) is completely soluble, although it can mediate PspA/PspA
interactions (Figs 4 and 5). One explanation for this observation could be, that PspA can
only interact with membranes when it contains its N-terminal region that can form an
amphipathic helix [12]. Importantly, the monomeric PspA(1-144) is also soluble, indicating
that single amphipathic helices are not stably membrane interacting per se. Under non-stress
conditions, the monomeric PspA(1-144) proteins have their N-terminus folded back onto
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the surface of the coiled coil, which is proposed to be the “parking position” of that sensor
region [13]. In vitro, PspA(2-24) turned into a helical structure in the presence of negatively
charged phospholipids and it was able to inhibit the ATPase activity of PspF [12]. The

same was reported for PspA(25-47). This stretch of residues includes residues whose PspF-
regulatory function has been established [13]. Although it must be noted that in these studies
this fragment was taken out of its stable coiled coil environment, it appears that already the
single helix of that coiled coil can regulate PspF with its known regulatory functionalities.
However, only the N-terminal amphipathic helix is an obvious candidate for a region that is
mediating membrane interaction. It is therefore likely that the oligomerization as mediated
by the C-terminus of PspA promotes efficient membrane interactions of the N-termini

that can sense stress, as multiple weak membrane interactions are additive in the oligomer,
which strengthens the membrane interaction of oligomeric full-length PspA. Another contri-
bution to this interaction will certainly be the reported binding of PspA to the C-terminus of
PspC [8].

PspA(145-222) is necessary to keep PspF activity on its basal level in a
native regulatory system

The Psp system and especially its upregulation currently becomes more complex than thought
initially. The hypothesis that PspA and more specifically the PspA(1-144) fragment dissoci-
ates from PspF was challenged by the dissociation constant of a PspA(1-144)/PspF(1-265)
complex of ~1 uM and a half-life time of the complex of ~43 minutes [13]. It has been pro-
posed that a fast regulatory response might be possible without a dissociation of PspA from
PspF. We observed that, at physiological levels, full-length PspA is much more inhibitory to
PspF that the soluble PspA(1-144) domain, suggesting that the PspA(145-222) domain con-
tributes to PspF inhibition by PspA (Fig 8), which agrees with interaction and regulation data
(Figs 1-5).

Induction of the system by the N-terminal membrane anchor of TatA leads to an activation
of PspF in the same range as observed for the activation by PspA(1-144). This could be a coin-
cidence, but the reason might be that induction of the system leads to a release of the C-termi-
nal part of PspA from its binding site on PspF. The induced state of the PspAF complex might
be mimicked by the PspA(1-144)/PspF complex lacking the C-terminus of PspA. In agree-
ment with this view would be that PspA(145-222), which alone is able to bind and silence
PspF activity (Fig 1), can (i) enhance the activity of PspF in the presence of full-length PspA
(Fig 4), (ii) bind to other PspA(145-222) domains (Fig 5), and (iii) respond to membrane
stress (Fig 7). The mechanism by which the PspA(145-222) domain inhibits PspF is not neces-
sarily the same as the inhibitory mechanism of the PspA(1-144) domain, which affects the
ATPase activity [13]. In a nutshell, the regulation by the PspA(145-222) domain agrees with
all current models of PspF regulation [16,8,13]. Future studies will hopefully clarify the exact
role of the different PspA domains for signaling and activation of PspF in response to mem-
brane stress.

Supporting information

S1 Table. Plasmids and primers used in the bacterial-2-hybrid assay.
(DOCX)

$2 Table. Primers used for QuikChange of pUL-pspFstrep-pspABC-H6.
(DOCX)
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Supporting Information

Evidence for a second regulatory binding site on PspF that is
occupied by the C-terminal domain of PspA

Eyleen S. Heidrich and Thomas Briiser

S1 Table: Plasmids and primers used in the bacterial-2-hybrid assay.

Plasmid Primers used for cloning Reference
pUT18 - Euromedex
pUT18C - Euromedex
pUT18C-zip - Euromedex
pKNT25 - Euromedex
pKT25 - Euromedex
pKT25-zip - Euromedex
Ndel-strep-BamHI-pKTN25/pUT18-F: TTA ATC ATA TGT GGA GCC ACC
pKN-strep-T25 CGC AGT TCG AAA AAG GAT CCA CCA TGA TTA CGC CAA G This work
pU-strep-T18 pKNT/pUT-Ndel-R: ATA TAC ATA TGT GTT TCC TGT GTG AAA TTG Swo
TTA TC
XbalgBAmHI-pspA(25)-F: TAT AAT CTA GAG GGA TCC CCA CAG AAA
CTG GTT CG
pg%g_cfszé(g_sz';;)z_;i?ep pspA(144)ggKpnlstrepTAAECORI-R: TTA ATG AAT TCT TAT TTT TCG This work
p Psp P AAC TGC GGG TGG CTC CAG GGT ACC CCC TGA TGA CGT AAC ATC
AA TG
pggff?sspi((zz-_zzss))-_sﬁgp BamHI-pspA(2)-F: TTT AAG GAT CCG GTA TTT TTT CTC GCT TTG CCG
EKTz 5_5 5{1’, :(2-2 Systrep pspA(25)ggKpnL:R: TAT AAG GTA CCC CTG GAT CTT CCG CTT TCT This work
pKN-strep-pspA(2-25)-T25 CTA AC
pUT18C-pspA(2-85)-strep
pU-strep-pspA(2-85)-T18 BamHI-pspA(2)-F: TTT AAG GAT CCG GTA TTT TTT CTC GCT TTG CCG | gy
PKT25-pspA(2-85)-strep pspA85)ggKpnI-R: TAT AAG GTA CCC CAT CCT CTC TCT CTT TCA GC
pKN-strep-pspA(2-85)-T25
BamHI-pspA(2)-F: TTT AAG GAT CCG GTA TTT TTT CTC GCT TTG CCG
pU-strep-pspA(2-144)-T18 .
pspA(144)ggKpnI-R: TTA ATG GTA CCC CCT GAT GAC GTA ACATCA | This work
pKN-strep-pspA(2-144)-T25 ATG
pggfff’ss”fl((zz'_llss?)'_sﬁ;p BamHI-pspA(2)-F: TTT AAG GAT CCG GTA TTT TTT CTC GCT TTG CCG
EKTZ 5_5 5{1’, 5(2-1 86)-strep pspA(186)ggKpnI-R: TTA TAG GTA CCC CGC TGT GGC TTT CTG CTT This work
pKN-strep-pspA(2-186)-T25 CeGC
pgi:ff?’?’fl((zzfzzz))'_sﬁgp BamHI-pspA(2)-F: TTT AAG GAT CCG GTA TTT TTT CTC GCT TTG CCG
EKTZ 5_2 sI;) :(2_222)_8 rep pspA(222)ggKpnI-R: AAT TTG GTA CCC CTT GAT TGT CTT GCT TCA This work
pKN-strep-pspA(2-222)-T25 TTITTG
pUT18C-pspA(25-85)-strep
pU-strep-pspA(25-85)-T18 BamHI-pspA(25)-F: TTT AAG GAT CCC CAC AGA AAC TGG TTC G This work
PKT25-pspA(25-85)-strep pspA(85)ggKpnI-R: TAT AAG GTA CCC CAT CCT CTC TCT CTT TCA GC
pKN-strep-pspA(25-85)-T25
pggfff’ss”i((zzss'_ll‘:?)'_s;rlgp BamHI-pspA(25)-F: TTT AAG GAT CCC CAC AGA AAC TGG TTC G
EKTZ s-g sI;) : 25 144)strep pspA(144)ggKpnI-R: TTA ATG GTA CCC CCT GAT GAC GTA ACA TCA This work
pKN-strep-pspA(25-144)-T25 ATG
pg_Ts:feC?’SPj((zzss'_llss?)'jﬁgp BamHI-pspA(25)-F: TTT AAG GAT CCC CAC AGA AAC TGG TTC G
EKTZ 5_2 S’I’fj"a 5.186)-strep pspA(186)ggKpnI-R: TTA TAG GTA CCC CGC TGT GGC TTT CTG CTT This work
pKN-strep-pspA(25-186)-T25 ceG e
pgT:SC-pspi((ZZSS-ZZZZZZ))-Eﬁgp BamHI-pspA(25)-F: TTT AAG GAT CCC CAC AGA AAC TGG TTC G
P oostrep-pspAtas-ass)- pspA(222)ggKpnI-R: AAT TTG GTA CCC CTT GAT TGT CTT GCT TCA This work

pKT25-pspA(25-222)-strep
pKN-strep-pspA(25-222)-T25

TTT TG



pUT18C-pspA(86-144)-strep
pU-strep-pspA(86-144)-T18
pKT25-pspA(86-144)-strep
pKN-strep-pspA(86-144)-T25
pUT18C-pspA(86-186)-strep
pU-strep-pspA(86-186)-T18
pKT25-pspA(86-186)-strep
pKN-strep-pspA(86-186)-T25
pUT18C-pspA(86-222)-strep
pU-strep-pspA(86-222)-T18
pKT25-pspA(86-222)-strep
pKN-strep-pspA(86-222)-T25
pUT18C-pspA(145-186)-strep
pU-strep-pspA(145-186)-T18
pKT25-pspA(145-186)-strep
pKN-strep-pspA(145-186)-T25
pUT18C-pspA(145-222)-strep
pU-strep-pspA(145-222)-T18
pKT25-pspA(145-222)-strep
pKN-strep-pspA(145-222)-T25
pUT18C-pspA(145-222)-strep
pU-strep-pspA(145-222)-T18
pKT25-pspA(145-222)-strep
pKN-strep-pspA(145-222)-T25
pUT18C-pspA(186-222)-strep
pU-strep-pspA(186-222)-T18
pKT25-pspA(186-222)-strep
pKN-strep-pspA(186-222)-T25
pUT18C-pspF strep
pU-strep-pspF-T18
pKT2S-pspF-strep
pKN-strep-pspF-T25

3 Ergebnisse

BamHI-pspA(86)-F: TTT AAG GAT CCC TGG CAC GTG CAG CGT TAA
gsTpi(lM)gngnI-R: TTA ATG GTA CCC CCT GAT GAC GTA ACA TCA
g;rliHI-pspA(S())-F: TTT AAG GAT CCC TGG CAC GTG CAG CGT TAA
;;;3(186)gngnI-R: TTA TAG GTA CCC CGC TGT GGC TTT CTG CTT
gaCSI-(I:I-pspA(%)-F: TTT AAG GAT CCC TGG CAC GTG CAG CGT TAA
;;i(ZZZ)gngnI-R: AAT TTG GTA CCC CTT GAT TGT CTT GCT TCA
;ZrTn}TIipspA(MS)-F: TTT AAG GAT CCG CGG CAA ACT CGT CGC GCG
;;3(186)gngnI-R: TTA TAG GTA CCC CGC TGT GGC TTT CTG CTT
ggglgl-pspA(l45)—F: TTT AAG GAT CCG CGG CAA ACT CGT CGC GCG
ﬁslp;i(ZZZ)gngnI-R: AAT TTG GTA CCC CTT GAT TGT CTT GCT TCA
;Z;glipspA(MS)-F: TTT AAG GAT CCAGC TTC GGT AAA CAA AAA
Zs(;i(ZZZ)gngnI-R: AAT TTG GTA CCC CTT GAT TGT CTT GCT TCA
TTT TG

BamHI-pspA(186)-F: TTA AGG ATC CAG CTT CGG TAA ACA AAA ATC
G

pspA(222)ggKpnl-R: AAT TTG GTA CCC CTT GATT GTC TTG CTT CAT
TITG

BamHI-pspF(2)-F: TTT AAG GAT CCG CAG AAT ACA AAG ATA ATT
TAC

pspF(325)ggKpnl-R: TAT AAG GTA CCC CAA TCT GGT GCT TTT TCA
ACA ACG C

This work

This work

This work

This work

This work

This work

This work

This work
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Wissenschaftliche Einordnung

McDonald et al. (2015) postulierten basierend auf in-vitro-Analysen, dass eine
Veranderung des an der Cytoplasmamembran anliegenden Krimmungsstresses
moglicherweise das Psp-System induzierende Signal darstellen konnte [77]. Sie
postulierten weiterhin, dass die Wahrnehmung von SCE-Stress durch das Psp-System
in einem PspBC-unabhangigen Mechanismus erfolgt. Da die Lipid-defizienten E.-coli-
Stamme UE54 (ApgsA, [151]) und GN10 (ApssA, [152]) im Labor vorlagen, sollte diese

Hypothese in vivo getestet werden.

Da die Cytoplasmamembran aufgrund der pgsA-Deletion in UE54 vornehmlich aus PE
besteht, kann in diesem Fall angenommen werden, dass erhohter Krummungsstress
an der Cytoplasmamembran in diesem Stamm anliegt. Es zeigte sich, dass es im E.-
coli-Stamm UES54, im Vergleich zum korrespondierenden Wildtypstamm UES53 [153],
zu einer Membranrekrutierung PspAs kommt, was den Schluss zulie3, dass eine
Erhéhung des SCE-Stresses tatsachlich zu einer Membranrekrutierung PspAs flhrt.
Im Gegensatz zu der von McDonald et al. (2015) aufgestellten Hypothese war in vivo
die Membraninteraktion PspAs eindeutig PspC-abhangig [77]. Interessanterweise
fuhrte zusatzlicher Membranstress, ausgelost durch die rekombinante Produktion
TatAs, in diesem Stammbhintergrund nicht zu einer weiteren nachweisbaren Induktion

des Psp-Systems.

Auch die erhohte Abundanz von negativ geladenen Phospholipiden im pssA-
Deletionsstamm fuhrte im Gegensatz zum korrespondieren Wildtyp zu einer

Membraninteraktion PspAs und zu einer Induktion des Psp-Systems.
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ABSTRACT

In Escherichia coli and other enterobacteria, the phage shock protein (Psp) response is
induced by diverse membrane stresses. The components PspA, PspB, and PspC somehow
sense these different Psp stimuli. While PspB and PspC are integral membrane proteins,
PspA transiently associates with membranes via lipid and/or PspC interactions, which is
believed to trigger the Psp response. Here we show that, in Escherichia coli, the lack of
cardiolipin and phosphatidylglycerol induces membrane-association of PspA. This
membrane association also depended on PspC. Phosphatidylethanolamine deficiency
promoted an even stronger membrane recruitment, indicating that negatively charged
phospholipids indeed enhance the interaction. The data thus indicate a tight cooperation

of lipid interactions and PspC for sensing of membrane stress by the Psp system in vivo.
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INTRODUCTION

Prokaryotes developed a range of stress response systems. The phage shock protein (Psp)
system of Escherichia coli is one of these systems and its stress-related signaling is in the focus
of current Psp research [1, 2]. The Psp system is stimulated by a wide range of stresses that
have a negative impact on the integrity of the cytoplasmic membrane, such as infection with
filamentous phages, organic solvents, osmotic shock, mislocalization of secretins, or production
of membrane-destabilizing proteins [3—7]. The Psp system of E. coli consists of seven
components, four of which are part of the regulatory cascade, namely PspA, PspB, PspC, and
PspF. PspA is the most abundant component of these and homologs of PspA are believed to
associate with membranes in a wide range of organisms [8]. In E. coli, PspA, PspB and PspC
are encoded in a polycistronic operon together with PspD and PspE. The pspABCDE operon
and the monocistronic pspG are 6>*-dependently expressed and regulated by the constitutively
produced bacterial enhancer binding protein PspF [9]. PspF is an AAA+ family ATPase whose
activity is regulated by PspA in a negative feed-back loop. PspF and PspA assemble to a soluble
PspFA complex [10]. PspB and PspC are interacting small membrane proteins that can transmit
stress signals to the PspFA complex [11, 12]. Besides interacting with PspF, PspA can also
interact with the C terminus of PspC upon a stimulus. After Psp system induction, PspA
becomes highly abundant in the cell and forms large associations at cytoplasmic membrane
surface that possibly protect the membrane from further damage [13—15]. Although it seems
clear that stress signals can be transmitted via the PspC C-terminus, it is still unresolved which
component of the Psp system is actually the sensor. There is evidence that a conformational
change of PspC in response to stress disrupts an interaction of the PspC C-terminus with PspB,
which enables PspA interactions that trigger the response [11]. In this model, the PspFA
complex is expected to be at least transiently present at membranes to receive a Psp signal

transmitted by PspBC. This was supported by Mehta ef al. who showed that the PspFA complex
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transiently associates with the cytoplasmic membrane [12]. Recently, PspA/lipid interactions
came into focus as membrane stored curvature elastic (SCE) stress was found to result in
membrane recruitment of PspA [16], and sensing of SCE stress could integrate many different
stress signals. SCE stress-dependent membrane interactions and regulatory effects were so far
only addressed in vitro [16]. Lipid vesicle interaction of purified PspA was enhanced by SCE
stress and anionic lipid content [14, 16, 17]. This interaction was initially described to be
phosphatidylglycerol (PG)-dependent, as  oligomeric  PspA  co-sediment  with
phosphatidylcholine (PC)-liposomes only if they contained PG [14]. Also the pathway
intermediate anionic phosphatidylserine (PS), but not the abundant E. coli lipids
phosphatidylethanolamine (PE) or cardiolipin (CL) could promote liposome association of
oligomeric PspA [14]. In contrast to these results, it was later observed that PspA binds to
liposomes with PE-induced SCE stress [16], and the same was found with increasing contents
of anionic lipids [17, 16]. The latter was described to be due to the induction of an amphipathic
helix formation of the N-terminal peptide of PspA [17]. In soluble PspA, the N-terminal helix
folds back to a coiled-coil [10]. It was therefore proposed that the N-terminal peptide of PspA
forms the amphipathic membrane-interacting helix in response to SCE stress, bypassing the
PspBC-dependence of other Psp stimuli [17, 16]. However, these aspects have not yet been

addressed in vivo.

Here, we show that, in vivo, PspA is membrane-recruited under SCE stress conditions in an
E. coli strain lacking CL and PG, indicating that the most abundant negatively charged
phospholipids are not required for an SCE-induced membrane interaction. Membrane
association was absolutely PspC dependent in that strain. Membrane association was much
enhanced in a PE deficient strain that contains increased levels of anionic phospholipids.
Therefore, in vivo, PspC and lipid interactions apparently cooperate to achieve membrane

association of PspA, which is important for stress sensing.
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EXPERIMENTAL PROCEDURES

Strains, growth conditions and plasmids All E. coli strains and plasmids used in this study
are listed in Tablel. Strains were cultivated in LB-medium (1 % tryptone, 1 % NaCl, 0.5 %
yeast extract) aerobically at 37°C, except in experiments that included strains harbouring the
temperature-sensitive plasmid pMS5 (30°C). Ampicillin (100 pg/ml), chloramphenicol
(25pug/ml) and kanamycin (25 pg/ml) were used for selection as needed. Strain UE54 kan® was
generated from UES54 by removal of the kanamycin resistance gene and used to create UES4
ApspC by phage transduction using the Keio collection strain BW25113 ApspC as donor [18].
The position of the kanamycin cassette was confirmed by PCR. GN10 was cured from pMS5

as described in [19].

For construction of all pBAD30 derivatives, clsB was removed from pBAD30-c/sB with
Ndel/HindIII cleavage, and fragments were cloned into these sites. For construction of
pBAD30-pspC-H6, pABS-pspC-H6 [7] was cleaved with Ndel/HindIII to generate the pspC-
H6 insert. pPBAD30-tatA-strep was constructed by cloning the Ndel/HindIII tat4-strep fragment
from pBW-tatA-strep [7]. pPBAD30-H10mhip was generated by amplifying mhip from pEXHS-
tac with primers Ndel-H10-mhip-F (ATA TAT CAT ATG CAT CAT CAC CAC CAC CAC
CAC CAC CACCACTCCGCT CCC GCC AAT G) and hip-BamHI-R (ATA TAT AGG ATC
CGC CGG CCT TCA GGG TC), cleavage with Ndel/BamHI and ligation into Ndel/BamHI
sites of the pABS-pspC-H6 backbone, resulting in pABS-H10mhip. pABS-h10mhip was then
cleaved with Ndel/HindIIl and H10mhip was ligated as the other described fragments into

pBAD30.

Biochemical methods 100 ml cultures were used for cell fractionation assays. For arabinose-
dependent protein production, 0.2 % arabinose was added at OD 0.5 — 0.6 and cultivation was
continued for 3 hours. Cells were harvested by centrifugation at 4,500 x g for 10 min and 4°C.

100 ml with cultures, normalized to an optical density of 1, were harvested. Cell pellets were
4

74



3 Ergebnisse

resuspended in homogenization puffer (50 mM Tris-HCI pH 8.0, 250 mM NaCl), DNasel and
1 mM PMSF were added, and cells were homogenized by ultrasonication on ice (micro-tip,
60% output, intensity 2-3, 3 x 30 sec pulse). Cell debris was removed by high-speed
centrifugation at 20,000 x g for 10 min at 4°C. Soluble and membrane fractions were separated
by ultra-centrifugation at 130,000 x g for 30 min at 4°C. The soluble fraction was carefully
removed, and the membrane pellet was resuspended in 1 vol homogenization buffer. SDS-
PAGE and Western-blotting were performed according to standard protocols [20, 21].

Antibodies specific for His-Tag, PspA or DnaK were used for ECL detections.

Lipid extraction and thin-layer chromatography

Lipid extraction was performed as described by Bligh and Dyer [22] and Ames [23] using 15 ml
of cultures grown to late exponential phase. Cells were harvested by centrifugation and
resuspended with 0.2 mL of 0.9 % NaCl. 0.25 ml chloroform and 0.5 ml methanol were added
subsequently and vortexed vigorously. 0.95 mL chloroform and methanol were added and the
suspension was mixed. For phase separation, samples were centrifuged at 500 x g for 5 min,
the chloroform phase was transferred in a glass tube, and chloroform was evaporated overnight.
Dried lipids were resolved in 100 pl chloroform and thin-layer chromatography (TLC) was

performed using 30 pl of the lipid extract according to previous methods [24].

RESULTS

In a recent study, it could be shown that the N terminal peptide of PspA can form an alpha helix
in the presence of anionic phospholipids [17], and it was proposed that SCE stress and the
binding to anionic phospholipids triggers the upregulation of the Psp response, possibly
bypassing a PspBC-dependent signaling. As the lipid interaction of PspA and its effect on the
Psp regulatory cascade were so far only investigated in vitro, it was an open question whether

SCE stress sensing can bypass PspBC also in vivo.
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Negatively charged phospholipids enhance the membrane interaction of PspA in vivo,
but no specific phospholipid is strictly required

In order to check in vivo whether PspA localization is influenced by specific phospholipids, we
performed cell fractionation assays of E. coli strains with deletions in specific phospholipid
biogenesis genes. Chosen strains were either deficient in pgsA4 and therefore lacked CL or PG
(UE54), or were pssA deficient (GN10) and therefore did not produce PE. The pgs4 mutant is
viable due to additional deletions in /pp and resF that suppress lethal lipoprotein mis-targeting
and stress signaling phenotypes. GN10 grows only in the presence of divalent cations (MgClz)
[25]. It is propagated with a vector (pMS5) that complements pssA in trans, and this plasmid
must be cured from the strain to do experiments in the pssA-deficient background [26]. A
scheme of the lipid biosynthesis of the E. coli strain used in this study is provided in Figure 1A.
For comparison, the corresponding lipid wild type strains were fractionated in parallel, which
is UES3 for the pgs4 mutant strain, and the pMS5-containing GN10 for the pss4 knock-out
strain. While PspA was predominantly detectable in the soluble fractions of the lipid wild type
strains UES3 and GN10/pMSS5, significant amounts of PspA fractionated with the membranes
in the pgsA mutant strain UE54 and in the pssA4 mutant strain GN10 (Figure 1B). As PspA was
soluble in UE53, we could exclude that the deletion of /pp and rcsF in strain UES3 had any
effect on the Psp system. More importantly, PG and CL were not strictly required for the
membrane localization of PspA, which was distributed in an approx. 1:1 ratio between the
soluble and the membrane fractions in the pgs4 mutant. In contrast, in GN10 that lacks PE,
PspA expression was clearly upregulated, indicating an induction of the Psp response, and the
major portion of detectable PspA was membrane localized (Figure 1B). The high abundance of
negatively charged lipids in these membranes thus likely caused a membrane association of
PspA, and PE itself is clearly dispensable for this membrane interaction. For all strains, lipid

extraction was performed and lipid deficiency could be confirmed by thin-layer
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chromatography (Figure 1C). Together, these data indicated that neither the anionic
phospholipids PG and CL nor the zwitterionic PE are specifically necessary for PspA
membrane interaction, but the higher abundance of negatively charged lipids in the PE deficient
strain apparently promoted a membrane association of PspA. Further, the higher levels of the
Psp system component PspA in GN10 indicated that PE deficiency results in increased steady

state activity of PspF in vivo, which liklely is a result of the membrane recruitment of PspA.

The transmission of a Psp stress signal does not depend on CL or PG

We now asked the question whether the absence of specific phospholipids effects sensing of
membrane stress signaling. First, we examined potential effects on transmission of a stress
signal to the PspFA complex. In the signaling cascade that has been established with protein
induced membrane stress, the interaction of the C-terminus of PspC is responsible for
transmission of stress signals to PspA [11], which is why PspC it is a positive regulator of the
Psp response [4]. We thus determined whether the inducibility of the Psp system by
recombinant levels of PspC depends on the membrane lipid composition in E. coli. Strain UE53
and its pgsA-deletion mutant UE54 were therefore transformed with a pBAD30 derivative for
arabinose-induced production of hexahistidine-tagged PspC. As negative control, the His-
tagged mature domain of HiPIP was used, a completely soluble unrelated protein whose
production does not induce the Psp response [27]. When PspC-H6 was present in the WT or in
the pgsA-deletion mutant, the production of PspA was markedly upregulated and PspA
predominantly fractionated with the membranes, indicating membrane recruitment (Figure 2).
With both strains, an SDS-resistant PspA oligomer was detected in the membrane fraction
(Figure 2), indicating that PspA forms its typical membrane associated oligomers. Neither PG
nor CL were important for signal transmission of PspC to PspA. In contrast to the above
described experiments (Figure 1B) in which cells were harvested in the late exponential phase

(at an optical density at 600 nm of ~1), some membrane recruitment of PspA was detectable,
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possibly due to a later harvest time point that was necessary for PspC production. An observed
interaction with membranes might relate to the the known role of PspA during stationary phase
[28]. Since the PE deficient mutant GN10 could not be transformed, a PE dependence on
inducibility by PspC could not be examined. Nevertheless, as PspA production was enhanced
in the PE deletion mutant (Figure 1), the membrane stress as generated by the lack of the usually

highly abundant phospholipid PE is probably sensed.

Membrane association of PspA in the PG and CL deficient strain depends on PspC

To determine whether PspA can sense high SCE stress PspC-independently in vivo, we
introduced a pspC deletion in the pgs4 mutant strain UE54. Clearly, PspA was not anymore
membrane-localized in this strain and instead was found in low abundance in the soluble
fraction (Figure 3A). This indicated that membrane localization of PspA and its potential SCE
stress-sensing depends on PspC in vivo. To check whether PspA is PspC-dependently
membrane-recruited and to exclude that the observed effect was caused by polar effects of the
replacement of pspC in the genome by the kanamycin cassette, we produced His-tagged PspC.
Notably, recombinant PspC restored PspA membrane association and induced the Psp response
as described before (Figure 3B). The previously found shifted SDS-resistant species of PspA in
the membrane fraction that is possibly derived from membrane-associated PspA was again
detected. PspC itself migrated as dimer and monomer forms in an approx. 1:1 ratio, indicating

a strong PspC-PspC interaction, which agrees with previous interaction analyses [12].

Stress sensing of the Psp system may depend on negatively charged phospholipids

As signal transmission did not depend on negatively charged phospholipids, and as signal
sensing was PspC-dependent in a CL/PG deficient strain, we then asked the question whether
the Psp system can be induced in a CL/PG deficient strain by a Psp response-triggering protein.
We used TatA as stimulus, a membrane-destabilizing protein that has been shown to interact

with PspA and that induces a PspABC-dependent Psp response [7]. TatA possesses an unusual
8
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short membrane anchor which is able to weaken to cytoplasmic membrane during transport of
folded proteins by the twin-arginine translocase [29]. TatA was produced in the CL/PG mutant
strain UE54 as well as in the corresponding wild type strain UES53. Only a p15A origin low-
copy vector for arabinose-dependent expression worked reproducible in UE54, which must
somehow relate to the lipid defects. This expression system gave not the high expression levels
of tat4 that are known to strongly induce the Psp response, but already with this system we
found that PspA levels were significantly increased in the lipid wild type strain in response to
TatA-Strep production (Figure 4, WT lanes). Membrane recruitment of PspA was obviously
enhanced in the wild type strain in response to TatA-Strep. In contrast, PspA levels did not
significantly change in a strain lacking PG and CL, and there was no clear change in PspA
abundance in the membrane fraction, suggesting that negatively charged phospholipids might
be involved in sensing of protein-induced membrane stress (Figure 4, PG/CL" lanes). However,
TatA-induced changes in abundance and membrane recruitment of PspA in the PG/CL deficient

strain might have been subtle due to strain specific indirect effects.

DISCUSSION

The most abundant phospholipids in the cytoplasmic membrane of E. coli are
phosphatidylethanolamine (PE, ~75-80 %), phosphatidylglycerol (PG, ~10-15 %), and
cardiolipin (CL, ~5-10%) [26]. It is reasonable to expect that mutant strains that cannot produce
either of these abundant phospholipids should experience membrane stress, which would result
for example from destabilization of the subset of membrane proteins that require specific lipid
interactions for stability, or simply from SCE stress that can be imposed by altered lipid
compositions. Accordingly, it was not unexpected to observe a membrane recruitment of PspA
to membranes that either lack the negatively charged phospholipids PG and CL or the usually
most abundant phospholipid PE (Figure 1). In case of the pgs4 mutant that lacks PG and CL

under exponential growth phase conditions, the data reveal that — although these negatively

9
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charged lipids are known to enhance membrane interactions of PspA in vitro [16] — they are
clearly not essential for the membrane interaction (Figure 1). It is known that some other
negatively charged lipids, i.e. N-acyl-PE, as well as phosphatidic acid (PA) and CDP-
diacylglycerol, compensate for PG and CL deficiency in this strain [30], and it therefore can be
that also the observed membrane interaction of PspA is enabled by these substitutes. However,
the pgsA4 mutant strain lost its ability to respond to TatA-induced membrane destabilization,
and it therefore can be concluded that PG and/or CL are highly important for the sensing of
protein-induced membrane stress despite not being essential for the PspA membrane
interaction. The membrane interaction of PspA was even much more triggered by the absence
of PE in the pss4 mutant strain. It must therefore be noted that the membrane interaction is
likely enhanced by the highly abundant negatively charged phospholipids in the PE deficient
strain, although PG/CL are not absolutely required for the interaction. This strain also showed
a higher PspA abundance, indicating an increased PspF activity. The very strong membrane
interaction in the PE deficient strain is in full agreement with the previous in vitro experiments
that suggested a role of negatively charged phospholipids in membrane interaction of PspA [16,
17]. As the sensing of protein-generated membrane stress may be hampered in the absence of
negatively charged phospholipids (Figure 4), it could be that the presence of abundant PG/CL
in the PE deficient strain contributes to stress sensing or PspA recruitment to the membrane.
The upregulation of the Psp system in that strain likely results from effects of PE depletion or
increased charge density on membrane protein stability or membrane integrity. Sensing of TatA
induced stress and sensing of PE deficiency may thus occur via the same mechanism. In
contrast, there is no real induction of the Psp response by PG/CL deficiency (Figure 1), although
some PspA is recruited to the membrane and although the not very high level of PspA is further
reduced when PspC is absent (Figure 3). Most importantly, the membrane interaction in the
PG/CL deficient strain completely depended on PspC, indicating that PspC can compensate

partially for the absence of the negatively charged PG/CL lipids. As the PG/CL deficient strain
10
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contains increased levels of PE and likely suffers from SCE stress, the data indicate that SCE
stress alone does not really induce the Psp response, nor does SCE stress suffice to enable a
membrane interaction of PspA in the absence of PspC. Therefore, our data demonstrate that
PspC is not bypassed by lipid interactions of PspA in vivo. PspC clearly plays a crucial role for
the membrane interaction of PspA, as it does — together with negatively charged phospholipids

— for the sensing of membrane stress.

In summary, our data integrate the two proposed mechanisms for membrane stress sensing by
the Psp system, which is the lipid interaction of PspA and the PspBC-dependent pathway.
Apparently both mechanisms cooperate to achieve efficient membrane interaction of PspA and
stress sensing. Future studies will surely reveal the molecular details of how these interactions

are integrated to a common output of this interesting regulatory stress response pathway.
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Table 1. Strains and plasmids unsed in this study.

Strains/Plasmids Characteristics Reference

JWK1299 F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A", ApspC742::kan,  [18]
rph-1, A(rhaD-rhaB)568, hsdR514

UES3 MG1655 Ipp-2 Aara714 rcsF::mini-Tn10 cam [30]

UES54 MG1655 Ipp-2 Aara714 rcsF::mini-Tn10 cam ApgsA::FRT- [31]
kan-FRT

UE54 kan® MG1655 Ipp-2 Aara714 rcsF::mini-Tn10 cam ApgsA [19]

UES54 ApspC MG1655 Ipp-2 Aara714 rcsF::mini-Tn10 cam ApgsA This work
ApspC::FRT-kan-FRT

GN10 W3110 ApssA10::cam [26]

pMS5 AmpQ, pssA*, derivative of pMANO35 [26]

pBAD30-c/sB AmpR, clsB, derivative of pBAD30 [32]

pBAD30-H10-mhip AmpR,h10mhip, derivative of pBAD30 This work

pBAD30-pspC-H6 Amp® pspC-h6, derivative of pBAD30 This work

pBAD30-tatA-strep AmpR tatA-strep, derivative of pBAD30 This work
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Figure 1 PspA associates with membranes in lipid deficient E. coli strains. (A) Scheme of
the phospholipids biosynthesis pathways in E. coli. (B) Subcellular localization of PspA in
UES54 lacking CL and PG and its corresponding parental strain UES53 (left panel), or PE in strain
GNI10 or its correspnding wild type strain GN10/pMS5 (right panel). Western blots were
developed using specific PspA or DnaK (fractionation control) antibodies and the ECL system.
(C) Thin-layer chromatography analysis of lipids from the strains used in (B).
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Figure 2 Signal transmission from PspC to PspA does not depend on PG/CL. Subcellular
localization of PspA in UE54 lacking CL and PG, and in its corresponding parental strain UE53,
producing as indicated either the His-tagged mature domain of HiPIP as vector control (vc) or
His-tagged PspC (+PspC). Western blots were developed using specific His-tag, PspA or DnaK
(fractionation control) antibodies and the ECL system .
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Figure 3. Constitutive levels of PspA and its membrane interaction in the PG/CL deficient
strain are PspC dependent. (A) Subcellular localization of PspA in UE54 lacking CL and PG,
and the effect of an additional pspC deletion in that strain. (B) Complementation of pspC
deletion effects in trans. Subcellular localization of PspA in the pspC deleted derivative of
UES54, producing either the His-tagged mature domain of HiPIP as control or His-tagged PspC.
Western blots were developed using specific His-tag, PspA or DnaK (fractionation control)
antibodies and the ECL system. (C) Thin-layer chromatography control of lipid composition of
strains used in (A). UE53 is shown for comparison.
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Figure 4 PspA membrane recruitment and Psp response induction by TatA-Strep is
PG/CL-dependent. Subcellular localization of PspA in UE54 lacking CL and PG and its
corresponding lipid wild type strain (UE53) with membrane stress as induced by production of
TatA-Strep. Note the increased relative abundance of PspA in the WT strain in response to
TatA-Strep, which is not observed in the PG/CL deficient strain. Western Blots were developed
using specific antibodies for PspA or DnaK (fractionation control) and ECL detection.
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Wissenschaftliche Einordnung

Die rekombinante Uberproduktion der Tat-Komponente TatA fiihrt zu einer Induktion
des Psp-Systems [94]. TatA ist der einzige Induktor der Psp-Antwort in E. coli fur
welchen eine PspBC-abhangige Interaktion mit PspA nachgewiesen werden konnte
[94]. Es war daher Ziel festzustellen, ob TatA das Psp-System Uber die gleiche
Signalkaskade induziert, welche bereits flir andere Induktoren identifiziert werden
konnte. Des Weiteren sollte getestet werden, welche Doméanen von PspB und PspC
zur Induktion des Psp-Systems durch TatA und zur Interaktion von TatA mit PspA

beitragen.

Es gelang im Folgenden zur Publikation vorbereiteten Artikel nachzuweisen, dass TatA
das Psp-System uber die gleiche Signalkaskade aktiviert, wie es bereits fur Sekretine
in Y. enterocolitica gezeigt wurde [41]. Es konnte zudem gezeigt werden, dass die
Transmembrandomane von PspC fur die Wahrnehmung von durch TatA ausgeldsten
Membranstress nicht notwendig ist. Stattdessen stellte sich die Prasenz von PspB als
entscheidend fur die Signalwahrnehmung und die Membraninteraktion PspA als

entscheidend flr die Signalkaskade heraus.
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SUMMARY

The enterobacterial phage shock protein
(Psp) response is induced by a wide range of
membrane stresses to support membrane
integrity. The components PspA, PspB, and
PspC together regulate PspF, the activator of
c>*-dependent transcription of the pspABCDE
and pspG genes. PspA binds PspF and inhibits
its activity. The membrane proteins PspB and
PspC can interact with each other and recruit
PspA via the C-terminus of PspC, which is of key
importance for the signaling. Here we show that
the production of a soluble C-terminal domain
of PspC, PspC-CT, can per se trigger the Psp
response in the absence of membrane stress.
Surprisingly, this signaling required PspB.
Accordingly, a fraction of PspC-CT interacted
with the cytoplasmic membrane in a PspB-
dependent manner. When the Psp response was
induced by full-length PspC, PspB was not
anymore required but still clearly enhanced the
induction. Therefore, the membrane localization
of the C-terminal domain is most likely needed
for the induction of the Psp system, and this can
be mediated by PspB interactions or the PspC
membrane integral domain. PspA interacted
with PspC-CT at the membrane surface. The
PspC-PspA interaction was required for signal
transmission. Sensing of membrane stress as
generated by TatA required PspB, but not the
membrane-integral domain of PspC. In
conclusion, our data indicate that a complex of
PspA, PspB, and PspC is formed at membranes
under stress conditions, in which PspB, possibly

together with PspA, senses membrane stress,
while the C-terminal domain of PspC needs to
interact with PspA for signal transmission.

INTRODUCTION

Since almost 30 years it is known that
membrane stress somehow elicits an up-regulation
of a set of proteins in enteric bacteria (1-3). Initially
this stress response was discovered in Escherichia
coli in studies with non-lytic phage infections,
which is why the first compound of this system was
named phage shock protein A, PspA (1). Psp
proteins are believed to contribute somehow to
membrane integrity (4, 5). Importantly, the Psp
system contributes to the virulence of pathogenic
bacteria and its understanding is therefore highly
relevant for medical aspects (6, 7). Current research
focuses on the mechanism of membrane stress
sensing and the signal transduction to the principal
regulator PspF that is a AAA+ family enhancer
binding protein required for o *-dependent
expression of the pspABCDE operon and the
monocistronic pspG (8—10). So far, it is known that
the components PspA, PspB, and PspC constitute
this signaling pathway (11, 12). PspA is an
important negative regulator of PspF function (13).
It binds PspF tightly with an N-terminal coiled coil
whose structure has been solved recently (14), and
with its C-terminal region (15). PspA lacks a trans-
membrane domain but contains a potential N-
terminal amphipathic helix that can interact with
the membrane surface upon stress and otherwise is
back-folded to the N-terminal coiled coil (14, 16).
Recent studies have demonstrated that PspA
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interacts also with a region in the C-terminus of
PspC, which becomes accessible to PspA in
response to a stress signal (9). This C-terminal
domain is therefore a positive regulator of the Psp
response (17, 18).

We aimed to use the production of the C-
terminal domain of PspC alone (PspC-CT) to study
the signal transduction and induction of the Psp
system independent of membrane stress and
sensing. To examine the sensing of membrane
stress, we used the membrane destabilizing TatA
protein (19). By this approach, we found that the
induction of the Psp response by PspC-CT required
a membrane association. Therefore, not only stress
sensing but also the signal transmission to PspA
requires the membrane surface. Signal transmission
as triggered by PspC-CT could be further elicited
by membrane stress, indicating that the membrane-
integral domain of PspC is not required for stress
sensing. PspB was found to be a component
required for stress sensing, possibly in conjunction
with PspA. This study thus increases our
knowledge about the specific functions of the
PspABC components in signal sensing and
transmission.

RESULTS

Membrane stress generated by TatA-NT is
sensed and transmitted by the same pathway that
has been described for stress as induced by mis-
localized  secretins — The twin-arginine
translocation system component TatA is a Psp-
inducing and PspA-interacting protein (20). We
could recently show that the unusual short N-
terminal membrane anchor of TatA is able to
weaken the cytoplasmic membrane of E. coli (19).
The interaction of TatA with PspA and the
induction of the Psp response by TatA are clearly
PspBC dependent (20). We investigated the signal
sensing and transmission cascade of the Psp system
as induced by TatA further, using a reporter strain
with a chromosomal P,g4 promoter lacZ fusion
(21). For these assays, the genes encoding
pspABCDE and pspF were deleted in that strain,
and a fully functional recombinant pspF/pspABC
system was reconstituted on a very low-copy vector
(pSC101 origin) using the natural promoters. Based
on studies of the Darwin and Buck groups in Y.
enterocolitica (22) and E. coli (17), we selected
conserved positions in PspC for mutagenesis, and

the effect on Psp system inducibility was
determined (Figure 1). None of the mutations in the
membrane-domain of PspC affected stress-sensing,
as the corresponding PspC variants still supported
the Psp response. Interestingly, the G48A exchange
in PspC, which was found to be important for Psp
system induction by pIV secretin induced
membrane stress (17), had no influence on the Psp
response as induced by TatA-NT-Hip. We
exchanged this glycine to valine to further reduce
flexibility, and found that the Psp system could be
still induced to the same level by TatA-NT-Hip
(Figure 1). The uninduced steady state expression
level was increased by that mutation, which likely
relates to a limited orientational flexibility of the N-
and C-terminal regions of PspC. The membrane
integral region of PspC thus clearly played no direct
role in sensing, but may be important for reducing
the basal activity of the Psp system. We would like
to note that an earlier studied PspC-G48A construct
had no ability to induce the Psp system when
overproduced alone (17), whereas our PspC-G48A
construct induced the Psp response when
constitutively overproduced in a Psp wild-type as
well as in a pspC deletion P, reporter strain,
confirming that G48 is not required for Psp
response induction (Supplementary Figure S1). In
our screen, five mutations in the C-terminal domain
(E102A, E102Q, V105D, S107P, L112D)
completely abolished or strongly affected the
inducibility of the Psp response by TatA-NT-Hip
(Figure 1). Among these exchanges, V105D and
S107P correspond to the V125D and S127P
mutations that had been identified in the Y.
enterocolitica Psp system to be important for the
PspA interaction in response to phage secretin
induced membrane stress (22, 9). The mutagenesis
approach thus identified a region in the PspC C-
terminus that is essential for the generation of a
stress-induced Psp response by TatA. Several
exchanges in the N-teminal domain of PspC
resulted in the induction of the Psp response, which
fully agrees with the view that this domain acts as
negative regulator of the Psp response, most likely
by recruiting the C-terminal domain of PspC. This
function has been suggested by the group of Darwin
based on their experiments with secretins as
membrane stress inducers (23, 22). Together, the
data indicate that the small membrane anchor of
TatA initiates the identical Psp response signaling
cascade as mis-localized secretins do.

2
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Using the soluble isolated C-terminal domain
of PspC for studying signal transmission — It is
known that the production of PspC-CT induces the
Psp response, indicating an involvement of this
domain in signaling (17). In E. coli, PspC-CT
constructs were so far never analyzed in the absence
of PspB. The soluble PspC-CT domain should be
the best artificial inducer of the Psp response as it
could bind to and activate soluble PspFA
complexes. For stability and detectability reasons,
we fused the N-terminus of PspC-CT (residues Ser-
61 to Leu-119) to the C-terminus of the N-
terminally His-tagged mature domain of HiPIP
(H10-Hip-PspC-CT). To examine whether the
identified critical region (E102-L112D) is
important for signaling or rather involved in
sensing of membrane stress, we produced variants
of HI10-Hip-PspC-CT with the mentioned
mutations and addressed whether the Psp response
was induced (Figure 2). The L112D exchange could
not be introduced by site-directed-mutagenesis,
neither in the C terminal fragment of PspC-CT nor
in the full-length protein. The non-mutated
construct induced the Psp response in a ApspC
background, confirming the reported signaling
function of the C-terminus (9). The introduction of
the individual mutations abolished this signaling, as
no Psp response was induced (Figure 2A). Western
blot analyses could exclude that a degradation of
the mutated PspC-CT variants had caused this
effect, as the all constructs were made at
comparable levels, with only one exception,
L112A, which was undetectable (Figure 2B). In
agreement with the LacZ data, PspA production
was strongly enhanced when the non-mutated
C-terminus of PspC was produced, whereas PspA
production was not induced by the variants carrying
the mutations in PspC-CT .

To analyze the role of the PspA-PspC
interaction in signaling, we carried out affinity
chromatography co-elution analyses with the non-
mutated or mutated PspC-CT constructs (Figure 3).
The non-mutated C-terminus of PspC clearly
interacted with PspA and — interestingly — also with
PspB, whereas no interaction with PspA or PspB
could be detected in case of PspC-CT-E102A and
PspC-CT-V105D. For PspC-CT-E102Q a very
weak co-elution of PspA was detectable, but
obviously this interaction did not suffice to induce
the Psp response, which could be later confirmed by
an independent experiment (Figure 7). Importantly,

PspB did not co-elute with PspC-CT-E102Q.
Together, these data showed that the same region in
PspC-CT that is important for signaling is also
required for the interaction with PspA and PspB.

The role of the C-terminal domain of PspC as
a PspA- and PspB-recruiting entity — As PspB is a
second interaction partner of the soluble PspC-CT
in E. coli, we tested the potential requirement for
PspB in the PspC-CT/PspA interaction (Figure 4A).
To our surprise, PspC-CT hardly pulled down any
PspA with a strain that lacked PspB despite being
completely soluble. As a very weak interaction
might suffice to induce the Psp response, we
examined whether the presence of PspB was also
relevant for the Psp response induction by PspC-CT
(Figure 4B). Importantly, the induction by PspC-
CT was very weak in a reporter strain deleted in
pspBC, and the presence of PspB strongly enhanced
the Psp response induction by PspC-CT, indicating
an important role of PspB for the signaling
mediated by PspC-CT. In a strain still containing
PspB and PspC, the production of PspC-CT
induced the Psp response not as strong as in a strain
containing only PspB (Figure 4B), which can be
explained by the presence of vacant binding sites
for PspC-CT in the strain lacking PspC. An
explanation could be that recombinant PspC-CT
saturates the PspC binding sites on the PspFA
complex, and only those PspFA complexes can be
activated by PspC-CT that can be recruited to the
membrane via interactions with PspB.

As PspB is a membrane protein, the
enhancement by PspB suggested that a membrane
environment could be required for signaling. This
was unexpected as PspC-CT was produced as an
entirely soluble protein without its membrane
domain. We thus analyzed whether PspC-CT was
recruited somehow to the membrane in a PspB-
dependent manner (Figure 4C). In agreement with
our hypothesis, these data clearly demonstrated that
indeed some soluble PspC-CT was recruited to the
cytoplasmic membrane, and this membrane
recruitment depended on PspB, as PspC-CT could
hardly be detected in the membrane fraction in the
absence of PspB. Interestingly, in a psp wild-type
background, the membrane recruitment of PspC-
CT was not as strong as in the pspC deletion strain,
which agrees with the idea that the induction of the
Psp response by PspC-CT in a wild-type
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background correlates with the recruitment of
PspC-CT to free binding sites at PspB (Figure 4B).

We then considered the possibility that PspB
might either be required specifically for the signal
transfer from PspC-CT to PspA, or that simply the
membrane-attachment of PspC-CT is important,
and PspB thus might have only contributed to the
signaling by targeting PspC-CT to the membrane
surface. We addressed this point by examining the
PspB-dependence of the Psp response triggered by
full-length PspC that contains its own membrane
domain. First, we analyzed whether full-length
PspC pulls down any PspA in the absence of PspB
(Figure 4BD). The data clearly showed that the Psp
response was induced by production of full-length
PspC, and this induction was in principle
independent from the presence of PspB, albeit PspB
enhanced strongly the induction. Accordingly,
PspA interacted PspB-independently with PspC
(Figure 4D). In full agreement with these data, we
found that only the non-mutated PspC-CT recruited
PspA to the membrane, whereas membrane
recruitment was fully abolished with mutated PspC-
CT domains (Figure 5).

A very important additional aspect of the
signaling results is that the membrane-integral
domain of PspC appeared not to have any impact
on signaling from PspC downstream to PspA.
Previous studies had examined effects of PspC
constructs that contained the original membrane-
integral region (17). Our data now show that
signaling and membrane recruitment both do not
require the membrane-integral domain of PspC
(Figures 4 and 5).

Membrane recruitment of PspC-CT is
necessary for the TatA PspA interaction — As we
could show that the transmembrane domain of
PspC is potentially not necessary for perception of
a Psp system inducing signal, we asked the question
whether the transmembrane domain of PspC is
necessary for the reported TatA-Strep/PspA
interaction (20). In those experiments, co-elution of
PspA with TatA-Strep was found to depend on
PspC and PspB, and PspB and PspC were clearly
co-eluting with TatA-Strep when produced
recombinantly. To clarify this aspect, we performed
again co-elution experiments with a strain lacking
its genomic pspC copy, and produced TatA-Strep
and PspC-CT as described above. We thereby could
detect a clear interaction of PspA with TatA-Strep

in the presence of PspC-CT, indicating that the
TatA-Strep/PspA interaction is independent of the
transmembrane domain of PspC (Figure 6).
Subsequently, we checked whether the above
described mutations in PspC-CT that abolish the
PspA interaction influence the TatA/PspA
interaction. Strikingly, no co-elution of PspA with
TatA was detectable when these variants were
produced together with TatA-Strep, demonstrating
that the PspC C-terminus contributes to the TatA-
PspA interaction (Figure 6). As we could show that
PspC-CT is PspB-dependently = membrane-
recruited, we addressed the question whether this is
a prerequisite for the TatA/PspA interaction.
Strikingly, we could not detect a clear co-elution
between TatA-Strep and PspA in a pspBC deletion
mutant producing PspC-CT, indicating that the
TatA-Strep/PspA interaction indeed depends on the
membrane recruitment of PspA (Figure 7A), which
is not surprising, as TatA is a membrane protein. In
agreement with the above described data, the co-
elution could be restored in the pspBC deletion
mutant when full-length PspC was produced,
confirming the view that membrane interaction of
PspA is crucial for the direct interaction with Psp
response-inducing proteins (Figure 7B, upper
panels). This membrane recruitment seems to be
more relevant for the TatA/PspA interaction than
PspB or the trans-membrane domain of PspC. In
agreement with this interpretation, we observed that
recombinantly produced PspA can in principle also
interact with recombinantly produced TatA-Strep
in the absence of PspB and PspC (Figure 7B,
middle panels), which most likely reflects the well-
known ability of abundant PspA to interact with
membranes per se (24-27). As an interaction is not
direct evidence for an induction of the Psp response
by TatA-Strep, P,p4 promoter activities were
determined using the LacZ reporter system.
Strikingly, TatA-Strep further induced the Psp
response in a pspC deletion reporter strain
producing PspC-CT (Figure 7C). However, TatA
did not induce the Psp system further in a pspBC
deletion reporter strain producing PspC-CT or PspC
(Figure 7D), indicating that PspB is required for
sensing of TatA induced membrane stress.

Identification of a region in PspA that
interacts with the C terminal domain of PspC —In
our efforts to characterize the PspC-PspA-related
step in the signal transduction pathway, which

4
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results in the Psp response, we screened for
interactions by a bacterial two-hybrid (B2H)
system. The interaction of PspC-CT with fragments
covering all regions of PspA were examined by the
adenylate-cyclase based B2H system, in which
active adenylate cyclase (CyaA) is reconstituted
from N-terminal and C-terminal domains when
fused protein domains interact (28). Interactions
that result in active adenylate cyclase promote the
fermentation of lactose and maltose, resulting in
pink color on MacConkey agar due to acid
formation. As summarized in Figure 8, this screen
indicated interactions between the C-terminal
domain of PspC with the recently structurally
characterized first coiled coil domain of PspA (14).
The orientation of the fusions was highly important,
as CyaA activity could only be reconstituted in a
strain with the T18 domain fused N-terminally to
PspC-CT. Interestingly, the first 24 residues of
PspA were dispensable for the PspC interaction
except for the fragment (25-222) which was
obviously not able to interact with PspC for
unknown reasons. However, these N-terminal
residues are known to have an independent
function, folding back onto the first coiled coil in a
“parking position” and forming a membrane-
interacting amphipathic helix under stress
conditions (14, 16). The C-terminal part of PspA
did not exhibit any interaction with the tested PspC
domain in this initial screen. All observed
interactions could be reproduced by the
measurement of the LacZ activity of the tested
strain in LB media. When the E102Q or V105D
substitutions were introduced in the T18-PspC-CT
proteins, the interaction with PspA was still
detectable with the E102Q exchange and abolished
by the V105D mutation, as already evidenced by
the above described co-elution experiments. We
now can make the conclusion that the PspC
interacting domain of PspA is most likely within the
1-144 fragment of PspA.

DISCUSSION

TatA as a model inducer of the Psp system —
We found that TatA induces the same signaling
cascade as secretins do in Y. enterocolitica.
Therefore, TatA can be used as a simpler model
inducer of the Psp system in E. coli. Secretins are
large oligomeric complexes that - when mistargeted
to the cytoplasmic membrane - can interact with the
membrane components PspB and PspC (29). TatA

not only interacts with PspB and PspC, but also
with PspA (20, Figure 7B). Being a constituent of a
protein translocation system, TatA destabilizes
membranes in response to protein substrate binding
(19). The membrane anchor of TatA has an unusual
short length, which is causing this destabilization
(19). The oligomerization of TatA is a prerequisite
for membrane destabilization (30), and most likely
multiple interacting membrane anchors cause the
effects that are sensed by the Psp system. TatA or
TatA-NT-Hip are the only inducers of the Psp
system that are shown to directly interact with
PspA, and this study was conceived originally to
clarify whether a specific mechanism exists that
senses TatA derived membrane stress, depending
on the direct Psp system interaction. As the TatA-
induced Psp response depended on the PspC-PspA
interaction that required the same interaction site as
known  for  secretin  induced  signaling
(Figures 1,3,6), and as the N-terminal domain of
PspC had the same negative regulatory role
(Figure 1), the mechanism of signaling to the
PspFA complex appears to be the same for TatA-
and secretin induced membrane stress. PspC-CT
already induces the Psp response in the presence of
PspB (Figures 2,4), and TatA-Strep was able to
induce the Psp system further (Figure 7). Therefore,
stress sensing as induced by TatA does not require
the trans-membrane domain of PspC, and the
presence of the PspC-CT does not suffice to induce
the Psp response to its maximum level. As there
was no quantitative difference between the Psp
response as induced by recombinant full-length
PspC or PspC-CT in a ApspC strain, it appears that
no regions of PspC other than its C-terminal domain
function as positive regulator. In full agreement
with this, Flores-Kim et al. showed that the N-
terminal domain of PspC negatively regulates the
C-terminal domain of PspC by binding to it (23),
and therefore the complex of PspB and PspC
regulates the interaction of PspC with the PspFA
complex.

The PspC C-terminus can only induce the Psp
response in a membrane-bound state — The
membrane component PspC is known to be a
positive regulator of the Psp system (17, 18). We
found that the C-terminal domain of PspC must be
in close contact to the inner side of the cytoplasmic
membrane to function as positive regulator for the
activation of PspF (Figure 4). Recently it was

5
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reported that PspC undergoes a conformational
change in the course of Psp system induction,
which liberates the C-terminus of PspC that
otherwise interacts with the N-terminal part of
PspC and PspB (23, 9). In the suggested model, the
liberation of the C terminus enables PspC to interact
with PspA, thereby transmitting the signal to the
PspFA complex (9). We thus predicted that the
soluble PspC-CT domain should be a perfect
inducer independent of membrane interactions. To
our surprise, this was not the case, as PspC-CT
could not induce the transcriptional activity of the
PspFA complex in the absence of PspB. Only
PspC-CT that was membrane-recruited by PspB
could induce the Psp response - possibly together
with PspB, which is in full agreement with the data
provided by Flores-Kim et al. (23). However, PspB
was only required to associate PspC-CT with the
membrane. Accordingly, when the per se
membrane anchored full-length PspC was used for
the induction, PspB became dispensable. It thus
seems that the membrane environment of the C-
terminal domain of PspC is the prerequisite for
signaling to PspFA. Nevertheless, PspB strongly
enhanced the Psp response induction by PspC
(Figure 4B).

As there is no Psp response in a pspBC
deletion mutant producing PspC-CT (Figure 4B), it
can be assumed that PspA binds to and inhibits
PspF under this condition, and PspC-CT has no
effect. This changes in the presence of PspB, when
some PspC-CT binds to the membrane and PspFA
thus can be recruited to the membrane, resulting in
an activation of PspF. It might be that some PspC-
CT already interacts with PspFA in the cytoplasm,
as traces of PspA were found to co-elute with PspC-
CT in the absence of PspB and PspC (Figure 4A).
However, in the natural case, PspB and PspC are
present as full-length proteins in the membrane, and
therefore PspFA must contact PspC at the
membrane surface. Taken together, the data clearly
indicate that the signaling to PspFA requires the
interaction with the membrane surface. This agrees
with the current view that PspA itself undergoes
important conformational changes upon membrane
interaction that may be essential for the activation
of PspF (16)

Recombinant PspA can interact with TatA-
Strep in the absence of PspB and PspC — As
mentioned above, PspA is known to interact with

the membrane-stress inducing protein TatA (20).
Recently, we could show that TatA also interacts
with recombinantly produced PspA that completely
silenced the psp response (16), which was a first
hint that PspB and PspC per se may not be strictly
required for the TatA/PspA interaction. However,
in that study, we could not exclude that very low
levels of PspB and PspC were contributing to the
interaction. Without overproduction, PspA requires
PspB and PspC to interact with the membranes
(26), and these components thereby most likely
indirectly mediate the TatA/PspA interaction.
Recombinantly produced PspA clearly interacted
with TatA even in the absence of PspB and PspC
(Figure 7B), which agrees with the observation that
some recombinant PspA can associate with
membranes autonomously (26, 25, 10), possibly by
its N-terminal amphipathic helix (27). We thus
think that PspA can in principle interact directly
with stressor proteins in the membrane, albeit
normally PspB and PspC enhance this interaction.
In this context, it is important to recognize that
PspC-CT could stimulate the interaction of PspA
with TatA without becoming a detectable
constituent of the association (Figure 6). Either,
PspC-CT is only weakly bound and washed off
during affinity purification, or it only recruites
PspA to the membranes where it can interact with
TatA. In conclusion, PspA seems to require PspB
and PspC to associate with membranes and hence
with TatA under physiological conditions, and high
abundance of PspA promotes a PspBC independent
membrane association that permits the TatA contact
in the absence of PspB and PspC. It may be that
PspB and PspC can directly interact with TatA as
well, as — when recombinantly produced - these
components co-eluted abundantly with TatA-Strep
similar to PspA (Figure 7B). However, PspA was
present in these strains and might have mediated
this interaction.

An integrative update for the model of stress-
sensing and transmission by the Psp system — We
propose that the two existing models for the stress
sensing and signaling by the Psp system, which
attribute key functions to either PsBC or PspA (9,
23, 31), can be unified at least for the Psp response
to protein-induced membrane stress: PspB is
required for TatA induced membrane stress sensing
and strongly enhances the transmitted signal
(Figure 7). It interacts with the C-terminus of PspC,
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as the isolated C-terminal domain PspC-CT is
PspB-dependently recruited to the membrane
(Figure 4C). The N- and C-terminal domains of
PspC interact in the absence of membrane stress,
and a stress signal results in accessibility of the C-
terminal domain, which binds to PspA (23, 9). It is
very likely that the previously reported
rearrangement of interactions of the C-terminus of
PspC are supported by the structure of the
membrane-integral region of PspC. The central
glycine residue in the middle of the transmembrane
domain of PspC surely can support this flexibility,
as mutation of that position results in increased
steady state activity. PspC is predicted to form a
coiled coil with its C-terminal domain, which
includes residues that are essential for the PspA
interaction, and leucine heptades even continue to
the very end of PspC (Supplement Figure S2). As
we identified the coiled coil domain of PspA
(position 25-144) as interaction partner (Figure 8),
we suggest that the C-terminus of PspA most likely
can form a triple coiled coil with this domain to
transduce the signal. This would require the
displacement of the N-terminal PspA region
(position 2-24), which is bound to the coiled coil of
PspA when PspA is not membrane-interacting (14).
The displacement of the N-terminal PspA region
would be triggered by the reported formation of the
amphipathic helix at the membrane surface (27,
16). This explains why the membrane interaction of
PspA appears to be a prerequisite for the strong
interaction with PspC (Figure 4C). This model,
summarized in Figure 9, explains how membrane
association of the amphipathic helix of PspA and
the PspA/PspC interaction can be coupled
processes that both must occur to achieve the stress
signal transmission. Accordingly, we could detect
only a very weak co-elution of PspC-CT with PspA
in the absence of PspB (Figure 4A), and even if this
interaction occurs in the cytoplasm, there is no
induction without membrane recruitment (Figure
4BC). While it is clear that PspBC must be present
for the Psp response to protein induced membrane
stress in vivo, the membrane interaction as
mediated by the amphipathic helix at the N-
terminus of PspA has been shown to suffice to
induce the Psp response with lipid induced
membrane stress in specific in vitro assays (10). In
fact, the PspFA regulatory complex is more
conserved than the associated components PspB
and PspC (32), and it is tempting to speculate that

the more simple PspFA regulatory system can in
principle function per se or in conjunction with
other associated proteins as stress sensor in some
systems, especially in response to stored curvature
elastic membrane stress (10).

It is not clear yet what happens to the PspFA
complex. The PspFA complex can potentially be
found at membrane surfaces, as evidenced by
Mehta et al. (31) and it can respond to the addition
of phospholipids in a defined in vitro system
without PspBC, as demonstrated by the same group
some years later (10). It is therefore reasonable that
the regulatory complex directly receives the
inducing signal at the cytoplasmic membrane, but
in vivo PspB and PspC-CT must be involved. It is
not really clear whether or not PspA dissociates
upon activation, as PspA may regulate PspF in a
PspF-bound state by its first coiled coil domain (14,
16). As this coiled coil possibly interacts with
PspC-CT directly (Figure 8), it is tempting to
speculate that the first coiled-coil receives a signal
from PspC by a direct interaction that modulates
its binding to PspF. Based on our finding that an
already by PspC-CT upregulated Psp system can be
further induced by TatA, we believe that the PspFA
complex is able to sense the Psp signal
synergistically, possibly by a more -efficient
formation of the PspA amphipathic helix. Future
studies will hopefully unravel the structure of the
PspABC(F) regulatory complex at the cytoplasmic
membrane, which would help to understand the
molecular details of this unusual stress signaling
pathway.

EXPERIMENTAL PROCEDURES

Strains and growth conditions — E. coli MC3
(21) and its derivatives were used for all
fractionation and co-elution experiments. E. coli
XL1-Blue Mrf* Tet (Stratagene) was used for
cloning. Cells were grown aerobically in LB
medium at 37°C with the appropriate antibiotics
(100 pg/ml ampicillin, 25 pg/ml chloramphenicol,
50 pg/ml kanamycin). Bacterial-2-hybrid analyses
were performed with E. coli BTH101 according to
the manufacturer’s protocol (Euromedex, France),
with cultures grown at 30°C. All strains and
plasmids used in this study are listed in
Supplementary Table S1.

Genetic methods and plasmids — The pspBC
double knock-out was initially introduced in the
strain BW25113 with the Datsenko & Wanner
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method (33) and the position of the kanamycin
cassette was checked by colony PCR. The strain
BW25113 pspBC::kan as well as the Keio-
collection derived strain BW25113 pspC::kan were
used as donor strains to construct by phage
transduction with Pl,i; (34) the strains MC3
pspC::kan or MC3 pspBC:. :kan, respectively. After
the initial selection on kanamycin (50 pg/ml)
containing LB agar plates, colonies were purified
two times and the position of the kanamycin
cassette was confirmed via colony PCR.

To constitutively produce the C-terminal
domain of PspC in a stable and detectable way, it
was fused to the C-terminus of the small and tightly
folded mature HiPIP (mHip, 35), and the gene was
expressed using the P4 promoter. For cloning, the
pspC C-terminal region was amplified using the
primers pspC61-Bglll-F (TAT ATA TAG ATC
TTC ATT TGC GCT TGA TC) and pspC-BamHI-
R (TAT ATA TGG ATC CTT ACA GTT GAC
GGA AAC) with pABS-Prat-pspC-H6 as template,
restricted with Bglll/BamHI and ligated into
BamHI-restricted  pABS-H10mhip-H6 (15),
resulting in pABS-Ptat-H10mhip-pspC(CT). Site
specific mutations of pABS-Ptat-H10mhip-
pspC(CT) and pUL-pspFstrep-pspABC-H6 (15)
were generated by QuikChange (Stratagene)
mutagenesis. Primers are listed in Supplementary
Table S2.

For bacterial-2-hybrid analysis pUT18C-
pspC(61-119)-strep was constructed by amplifiying
the pspC fragment with primers BamHI-
pspC(S61)-F (AAT TAG GAT CCT CAT TTG
CGC TTG ATC CAA TG) and pspC(119)-ggKpnl-
R (TTA AAG GTA CCC CCA GTT GAC GGA
AAC GGC TAC GTA ACG TG) using pABS-Ptat-
pspC-H6 as template. The PCR product was cut
with Kpnl/BamHI and cloned into the Kpnl/BamHI
restricted plasmid pUT18C-pspA(145-222)-strep
(15). All pspA fragment-containing plasmids used
in the bacterial-2-hybrid assays are listed in
Supplementary Table S1.

Biochemical  methods —  For  cell
fractionations, cells were aerobically grown at 37°C
in the presence of appropriate antibiotics. For

rhamnose induction, rhamnose was added to a final
concentration of 0.1 % (v/v) at an optical density of
~0.6 and cultivation was continued for at least 3 h.
For cell fractionations, OD-normalized cells were
harvested by centrifugation at 4500 x g for 10 min
at 4°C. Cell pellets were suspended in 50 mM Tris-
HCI pH 8.0/ 250 mM NaCl. DNasel (~0.5 mg/ml)
and 1 mM PMSF cells were added prior to cell
disruption. After removal of cell debris, membrane
and soluble fractions were separated by
ultracentrifugation at 130,000 x g for 30 min at 4°C.
SDS-PAGE sample buffer was immediately added
after separation and samples were analysed by
SDS-PAGE/Western  blotting as  described
previously (36, 37).

For co-elution experiments TatA-Strep was
affinity-purified as described previously (20) with
the exception that purification was performed from
crude cell extracts after separation of the cell debris.
For co-elution assays with His-tagged proteins,
cells were resuspended in 100 mM Tris-HCI
pH 8.0, 150 mM NaCl, 20 mM imidazole and
homogenized via French Press. Protino Ni-NTA
resin (Macherey-Nagel) was used for purifications
of His-tagged proteins. After 6 washing steps with
homogenization buffer, bound proteins were eluted
by increasing the imidazole concentration to 250
mM. Elution fractions were analyzed via SDS-
PAGE/Western blotting. His-tagged proteins were
detected by specific monoclonal antibodies
(Qiagen). For detection of TatA-Strep, PspA or
PspB TatA-, PspA- or PspB-specific polyclonal
rabbit antibodies were used. Bound primary
antibodies were detected using secondary
antibodies coupled to horse raddish peroxidase or
alkaline phosphatase.

PspA promoter activity was determined in
pspA  promoter lacZ-reporter strains by [-
Galactosidase assays performed in triplicate as
described in (14). LacZ activity that correlates with
adenylate cyclase reconstitution in BTH101 was
measured as described above with three
independent clones after overnight cultivation in
LB medium supplemented with 0.5 mM IPTG.
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Figure 1: Effect of PspC point mutations on steady state and induced P, expression levels. LacZ
activity in the P,gpu-lacZ reporter strain MC3 ApspFABCDE, with a functionally reconstituted pspFABC
signaling pathway (left, labeled PspC) was compared to systems with the indicated amino acid exchanges
in PspC. Values were normalized to the activity of the not induced and not mutated system. Light gray,
activities of the uninduced systems; dark gray, activities of the system as induced by TatA-NT-Hip.
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Figure 2: The C-terminus of PspC can induce the Psp response. (A) LacZ activity in the P,gpu-lacZ
reporter strain MC3 deleted in pspC, with recombinantly produced PspC (PspC), PspC-CT (CT), or CT
carrying indicated point muations that were shown to abolish the TatA-inducible Psp response. (B) SDS-
PAGE/Western blot detection of His-tagged PspC-CT variants (upper blot) and PspA (lower blot), using
specific antibodies against His-tags and PspA. Note that, with the exception of PspC-CT(L112A), all PspC-
CT variants are produced at comparable levels, but only the unmutated protein induces the overproduction
of PspA. Masses of marker proteins are indicated on the left.
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Figure 3: Analyis of the interaction of PspC-CT and its derivatives with PspA and PspB. (A) Affinity
purification of His-tagged HiPIP alone (negative control) or HiPIP-fused PspC-CT (positive control), and
co-clution of PspA and PspB with PspC-CT (lower blots). (B) The same analyses as in A, but with indicated
point mutations in PspC-CT. Note that the mutations abolish the co-elution of PspA and PspB, and only in
case of E102Q there is a faintly detectable PspA- and no PspB co-elution. CE, crude extract; FT, flow
through; W, last wash fraction; E1-4, elution fractions 1-4. Apparent masses of the detected proteins: H10-
HiPIP, ~12 kDa; PspA, ~23 kDa; PspB, ~11 kDa; PspC-CT variants, ~18 kDa.
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Figure 4: PspB promotes the interaction of PspC-CT with PspA. (A) Affinity purification of H10-
tagged Hip-PspC-CT, and detection of Hip-PspC-CT (upper blot) and PspA (lower blot) in the fractions.
Note that PspA is hardly detectable in the elution fractions. (B) LacZ activity in P4 reporter strains in the
presence of an empty expression vector (vector control, vc), recombinant Hip-PspC-CT (CT), or full-length
PspC, each with indicated genetic backgrounds, which were in the presence of pspB and pspC (left set of
columns), in the absence of PspC (middle set of columns), or in the absence of PspB and PspC (right set of
columns). (C) Detection of H10-tagged HiPIP (Hip) or Hip-PspC-CT (CT) (upper blot), and PspA (middle
blot) in subcellular fractions. S, soluble fraction; M, membrane fraction. YidC was detected as membrane
protein control (lower blot). The asterisk indicates a cross-reaction with a soluble protein, confirming the
quality of the fractionation. Note that PspC-CT recruites most PspA to the membrane in a strain containing
PspB and lacking PspC. (D) Interaction of PspA with His-tagged PspC does not require PspB. Affinity
purification of His-tagged PspC, and detection of His-tagged PspC (upper blots) and PspA (lower blots) in
strains lacking either PspC alone or PspC and PspB, as indicated. Fractions in A and D are labeled as
described in Fig. 3. Masses of marker proteins are indicated on the left.
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Figure 5: The residues in the C-terminus of PspC that are essential for signaling are responsible for
the recruitment of PspC-CT and PspA to the cytoplasmic membrane. Soluble and membrane fractions
were analyzed by SDS-PAGE/Western blotting for the presence of PspC-CT variants (upper blot) and PspA
(middle blot). A YidC detection served as fractionation control (lower blot). Note the detection of wild type
PspC-CT and PspA in the membrane fraction (wt lanes), whereas PspA cannot be recruited to membranes
when PspC-CT carries the indicated point mutations. Masses of marker proteins are indicated on the left.
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Figure 6: The residues in the C-terminus of PspC that are essential for signaling are required for the
TatA interaction with PspA and PspB. Purification of Strep-tagged TatA in strains lacking PspC and
producing instead the H10-Hip-PspC-CT construct without mutation in PspC-CT (upper left panels), or the
same construct with mutations in PspC-CT as indicated on the left of the panels. Fractions are labeled as
described in Fig. 3. Apparent masses of the detected proteins: TatA-Strep, ~14 kDa; PspB, ~11 kDa; PspA,
~23 kDa; H10-Hip-PspC-CT, ~18 kDa; H10-HiPIP, ~12 kDa.
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Figure 7: Requirements for the TatA interaction with Psp system components. (A) PspC-CT does not
mediate the interaction of PspA with TatA in a ApspBC background. (B) Recombinantly produced PspC,
PspA, or PspB can interact with TatA in a ApspBC background. (C) The trans-membrane domain of PspC
is not necessary to induce a Psp response by TatA production. (D) In a strain lacking PspB, TatA cannot
induce a Psp response, even in the presence of high levels of PspC-CT of PspC, which induces the Psp
response per se to some extent. Fractions are labeled as described in Fig. 3. Apparent masses of the detected
proteins: TatA-Strep, ~15 kDa; PspC-H6, ~16 kDa; PspB-H6, ~12 kDa; PspA, ~23 kDa; PspA-H6, ~24
kDa; H10-HiPIP, ~12 kDa; BCCP, biotin carboxyl carrier protein, ~22 kDa.
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Figure 8: PspC-CT interacts with the first coiled coil domain of PspA. (A) B2H screen using T18-PspC-
CT as bait and indicated PspA fragments fused to the C-terminus of the T25 domain as prey. Red colony
and background color indicates an interaction. (B) Quantification of LacZ activities of the B2H strains that
stained positively in A, and the analysis of potential effects of indicated mutations in PspC-CT (E102Q and
V105D). The degree of LacZ activity correlates with the strength of the interaction.
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Figure 9: Coordination of the PspC/PspA interaction and the PspA amphipathic helix formation for
membrane stress signal transmission in the Psp system. In the absence of stress, most PspA interacts
with PspF in the cytoplasm and inhibits its activity. The N-terminus of PspA is back-folded onto the PspA
coiled coil domain. The C-terminal domain of PspC is recruited by the N-terminal domain of PspC in a way
that suppresses contacts with PspA. Upon membrane stress, PspA forms with its N-terminus (red) an
amphipathic helix (red, APH), thereby allowing the C-terminal domain of PspC to interact with PspA,
resulting in signal transduction. Whether PspF dissociates from PspA to induce the system is not clear yet.
Note that we did not include the C-terminal domain of PspA in this scheme, which also interacts with PspF,
for clarity reasons.
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Table S1: Strains and plasmids used in this study

3 Ergebnisse

pKN-strep-pspA(145-222)-T25

Strains and Plasmids used for Reference
XL1 cloning Stratagene
BW25113 strain construction @)
BW25113 pspC::kan strain construction @)
BW25113 pspBC::kan strain construction This work
MC3 P4 activity reporter strain, co-elution analysis 2
MC3 pspC::kan P,y activity reporter strain, co-elution analysis 3
MC3 pspBC::kan P,sp4 activity reporter strain, co-elution analysis This work
BTHI101 B2H analysis Euromedex
MC3 pspFABCDE::kan P, activity activity assays, PspC mutagenesis screen | (4)
pABS-pspC-H6 P4 activity activity assays, co-elution analysis 3)
pABS-H10mhip-H6 P,sp4 activity activity assays, co-elution analysis 4)
pABS-H10mhip-pspC(CT) and P4 activity activity assays, co-elution analysis This work
indicated derivatives theirof
pBW-tatA-strep P4 activity activity assays, co-elution analysis 3
pBW-tatA-NT-mat-hip-strep P,y activity activity assays, PspC mutagenesis 3)

screen
pUL-pspFstrep-pspABC-H6 and P4 activity activity assays, PspC mutagenesis @)
indicated derivatives theirof screen
pUT18 B2H analysis Euromedex
pUT18C B2H analysis Euromedex
pUT18C-zip B2H analysis Euromedex
pKNT25 B2H analysis Euromedex
pKT25 B2H analysis Euromedex
pKT25-zip B2H analysis Euromedex
pKT25-pspA(2-25)-strep B2H analysis 4)
pKN-strep-pspA(2-25)-T25
pKT25-pspA(2-85)-strep B2H analysis “
pKN-strep-pspA(2-85)-T25
pKT25-pspA(2-144)-strep B2H analysis “)
pKN-strep-pspA(2-144)-T25
pKT25-pspA(2-186)-strep B2H analysis “)
pKN-strep-pspA(2-186)-T25
pKT25-pspA(2-222)-strep B2H analysis 4)
pKN-strep-pspA(2-222)-T25
pKT25-pspA(25-85)-strep B2H analysis “
pKN-strep-pspA(25-85)-T25
pKT25-pspA(25-144)-strep B2H analysis “
pKN-strep-pspA(25-144)-T25
pKT25-pspA(25-186)-strep B2H analysis “
pKN-strep-pspA(25-186)-T25
pKT25-pspA(25-222)-strep B2H analysis “)
pKN-strep-pspA(25-222)-T25
pKT25-pspA(86-144)-strep B2H analysis 4)
pKN-strep-pspA(86-144)-T25
pKT25-pspA(86-186)-strep B2H analysis “)
pKN-strep-pspA(86-186)-T25
pKT25-pspA(86-222)-strep B2H analysis “
pKN-strep-pspA(86-222)-T25
pKT25-pspA(145-186)-strep B2H analysis “
pKN-strep-pspA(145-186)-T25
pKT25-pspA(145-222)-strep B2H analysis 4)
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pKT25-pspA(186-222)-strep B2H analysis @)
pKN-strep-pspA(186-222)-T25
pUT18C-pspC(61-119)-strep B2H analysis This work

Table S2: Primers used for mutagenesis of PspC

Substitution Primer Sequence

in PspC

G21A PspC(G21A)-F 5' CATGGTCCGCGCGGTCTGCGCCGGG 3'
PspC(G21A)-F 5' CCCGGCGCAGACCGCGCGGACCATG 3'

G21V PspC(G21V)-F 5' CATGGTCCGCGTGGTCTGCGCCGGG 3!
PspC(G21V)-R 5' CCCGGCGCAGACCACGCGGACCATG 3'

V22A PspC(V22A)-F 5' CATGGTCCGCGGCGCGTGCGCCGGGATTG 3'
PspC(V22A)-R 5' CAATCCCGGCGCACGCGCCGCGGACCATG 3

C23A PspC(C23A)-F 5' CATGGTCCGCGGCGTCGCGGCCGGGATTGCCAAC 3'
PspC(C23A)-R 5' GTTGGCAATCCCGGCCGCGACGCCGCGGACCATG 3'

G25A PspC(G25A)-F 5" CCGCGGCGTCTGCGCCGCGATTGCCAACTATTTTG 3’
PspC(G25A)-R 5" CAAAATAGTTGGCAATCGCGGCGCAGACGCCGCGG ¥

G5V PspC(G25V)-F 5' CGCGGCGTCTGCGCCGTGATTGCCAACTATTTTG 3'
PspC(G25V)-R 5' CAAAATAGTTGGCAATCACGGCGCAGACGCCGCG 3!

R38A PspC(R38A)-F 5' CGGTAAAACTGGTGGCGATCCTGGTGGTGCTG 3'
PspC(R38A)-R 5' CAGCACCACCAGGATCGCCACCAGTTTTACCG 3'

R38K PspC(R38K)-F 5' GTACCGGTAAAACTGGTGAAAATCCTGGTGGTGCTGTC 3'
PspC(R38K)-R 5' GACAGCACCACCAGGATTTTCACCAGTTTTACCGGTAC 3'

R38D PspC(R38D)-F 5' CCGGTAAAACTGGTGGATATCCTGGTGGTGC 3'
PspC(R38D)-R 5' GCACCACCAGGATATCCACCAGTTTTACCGG 3'

F46A PspC(F46A)-F 5' CCTGGTGGTGCTGTCGATTGCGTTCGGTCTGGCGCTGTTTAC 3'
PspC(F46A)-R 5' GTAAACAGCGCCAGACCGAACGCAATCGACAGCACCACCAGG 3

FATA PspC(F47A)-F 5' GGTGGTGCTGTCGATTTTCGCGGGTCTGGCGCTGTTTACC 3'
PspC(F47A)-R 5' GGTAAACAGCGCCAGACCCGCGAAAATCGACAGCACCACC 3!

G48A PspC(G48A)-F 5' GTCGATTTTCTTCGCGCTGGCGCTGTTTACC 3'
PspC(G48A)-R 5' GGTAAACAGCGCCAGCGCGAAGAAAATCGAC 3'

G4’V PspC(G48V)-F 5' GTCGATTTTCTTCGTGCTGGCGCTGTTTACC 3'
PspC(G48V)-R 5' GGTAAACAGCGCCAGCACGAAGAAAATCGAC 3'

F50A PspC(F52A)-F 5' CTTCGGTCTGGCGCTGGCGACCCTGGTTGCTTAC 3'
PspC(F52A)-R 5' GTAAGCAACCAGGGTCGCCAGCGCCAGACCGAAG 3'

Y57A PspC(Y57A)-F 5' CTGTTTACCCTGGTTGCTGCGATCATTTTGTCATTTGCG 3'
PspC(Y57A)-R 5' CGCAAATGACAAAATGATCGCAGCAACCAGGGTAAACAG 3'

Y57F PspC(Y57F)—F 5' CTGTTTACCCTGGTTGCTTTTATCATTTTGTCATTTGCGC 3'
PspC(Y57F)-R 5' GCGCAAATGACAAAATGATAAAAGCAACCAGGGTAAACAG'

F62A PspC(F62A)-F 5' GTTGCTTACATCATTTTGTCAGCGGCGCTTGATCCAATGCCGGAC 3'
PspC(F62A)-R 5' GTCCGGCATTGGATCAAGCGCCGCTGACAAAATGATGTAAGCAAC 3'

L64A PspC(L64A)-F 5'-GTTGTCCGGCATTGGATCAGCCGCAAATGACAAAATGATG-3'
PSpC(L64A)-R 5'-CATCATTTTGTCATTTGCGGCTGATCCAATGCCGGACAAC-3'

L64D PspC(L64D)-F 5'-GTTGTCCGGCATTGGATCATCCGCAAATGACAAAATGATG-3'
PspC(L64D)-R 5'-CATCATTTTGTCATTTGCGGATGATCCAATGCCGGACAAC-3'

D65A PspC(D65A)-F 5' GTCATTTGCGCTTGCGCCAATGCCGGACAAC 3'
PspC(D65A)-R 5' GTTGTCCGGCATTGGCGCAAGCGCAAATGAC 3'

D65N PSpC(D65N)—F 5" CATTTTGTCATTTGCGCTTAATCCAATGCCGGACAACATG 3'
PspC(D65N)-R 5' CATGTTGTCCGGCATTGGATTAAGCGCAAATGACAAAATG 3'

S7T9A PspC(S79A)-F 5'-TTCGCTGCTGGCAGGTAGCTGCTCACCAAAGG-3'
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PspC(S79A)-R

5'-CCTTTGGTGAGCAGCTACCTGCCAGCAGCGAA-3'

PspC(E102A)-F

5' GTTTACGCGAGATGGCGCGTTATGTCACTTC 3'

E1024 PspC(E102A)-R 5' GAAGTGACATAACGCGCCATCTCGCGTAAAC 3'

E102Q PspC(E102Q)-F 5' GCGTTTACGCGAGATGCAGCGTTATGTCACTTCCG 3'
PspC(E102Q)-R 5' CGGAAGTGACATAACGCTGCATCTCGCGTAAACGC 3'

VI105A PspC(V105A)-F 5' GAGATGGAACGTTATGCGACTTCCGATACTTTCAC 3'
PspC(V105A)-R 5' GTGAAAGTATCGGAAGTCGCATAACGTTCCATCTC 3'

V105D PspC(V105D)-F 5' CGAGATGGAACGTTATGATACTTCCGATACTTTCACG
PspC(V105D)-R 5' CGTGAAAGTATCGGAAGTATCATAACGTTCCATCTCG

S107A PspC(S107A)-F 5' GATGGAACGTTATGTCACTGCGGATACTTTCACGTTACGTAG 3'
PspC(S107A)-R 5' CTACGTAACGTGAAAGTATCCGCAGTGACATAACGTTCCATC 3'

S107P PspC(S107P)-F 5' GATGGAACGTTATGTCACTCCGGATACTTTCACGTTACGTAG 3'
PspC(S107P)-R 5' CTACGTAACGTGAAAGTATCCGGAGTGACATAACGTTCCATC 3'

L112A PspC(L112A)-F 5' CTTCCGATACTTTCACGGCGCGTAGCCGTTTCCGTC 3'
PspC(L112A)-R 5' GACGGAAACGGCTACGCGCCGTGAAAGTATCGGAAG 3'

L112D PspC(L112D)-F 5' CTTCCGATACTTTCACGGATCGTAGCCGTTTCCGTC 3'
PspC(L112D)-R 5' GACGGAAACGGCTACGATCCGTGAAAGTATCGGAAG 3'

L119A PspC(L119A)-F 5' CCGTTTCCGTCAAGCGGGATCCCATCATC 3'
PspC(L119A)-R 5' GATGATGGGATCCCGCTTGACGGAAACGG 3'

L119S PspC(L119S)-F 5' GTAGCCGTTTCCGTCAAAGCGGATCCCATCATCATC 3'
PspC(L119S)-R 5' GATGATGATGGGATCCGCTTTGACGGAAACGGCTAC 3'

L119D PspC(L119D)-F 5' GTAGCCGTTTCCGTCAAGATGGATCCCATCATCATC 3'

PspC(L119D)-R

5' GATGATGATGGGATCCATCTTGACGGAAACGGCTAC 3'
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Figure S1: Substitution of Gly-48 by Ala had no influence on the Psp system induction by PspC in a
pspC deletion mutant.

25

117



3 Ergebnisse

The TatA-induced signaling cascade of the Psp response

>

=

coiled coil probability
[=) o [=) o o o o o
v W R U Y ® b

©
g

20 40 . 60 80 100 120
residue number

o

o

70 80 90 100 110

1 | | | |
.. .SFALDPMPDNMAFGEQLPSSSELLDEVDRELAASETRLREMERYVTSDTFTLRSRFROT,
L—————- L—————- L—————- L—————- e L-————- L

Figure S2: Prediction of coiled coil probability for PspC. (A) The probability to form a coiled coil was
predicted using the program COILS (5). The window size for the sequence scan was 14 (green), 21 (red),
and 28 (blue). A coiled coil of intermediate size is likely formed from position L84 to Y104. (B) A
leucine heptad repeat continues behind Y104 up to the very C-terminus of PspC if V105 is tolerated.
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3.5 Weitere Untersuchungen zur Induktion des Psp-Systems
durch den ungewdhnlich kurzen Membrananker von TatA
Bereits einleitend wurde beschrieben, dass durch die rekombinante Uberproduktion
des ungewohnlich kurzen TatA-Membranankers, welcher zur Stabilisierung N-terminal
an die mature Doméane des kleinen, vollkommen lIoslichen Tat-Substrats HiPIP
fusioniert wurde, die Psp-Antwort induziert wird [150,94]. In Abschnitt 3.1 konnte
gezeigt werden, dass die rekombinante Uberproduktion dieses Fusionsproteins,
fortfolgend TatA-NT-Hip genannt, zu einer Inhibition des Zellwachstums fuhrte. Dies
konnte auf eine Destabilisierung der Cytoplasmamembran durch den TatA-
Membrananker zurickgefihrt werden. Die durch TatA-NT-Hip ausgeldsten Effekte auf
Zellwachstum, das Membranpotential sowie auf die PMF waren dabei unabhangig von
der Sequenz des hydrophoben Bereichs des TatA-Membranankers und konnten durch
die Verlangerung des hydrophoben Bereichs um sechs Leucine in ihrer Starke
reduziert werden (vgl. Abschnitt 3.1.2). Auf Grund dieser Beobachtungen lag es nahe
zu untersuchen, ob die Induktion des Psp-Systems durch TatA-NT-Hip in

Zusammenhang mit den oben beschriebenen Effekten steht.

3.5.1 Lange und Sequenz des hydrophoben Bereichs des TatA-
Membranankers sind fir die Induktion des Psp-Systems nicht

ausschlaggebend

Um festzustellen, ob die Induktion des Psp-Systems direkt von der Sequenz und
Lange des hydrophoben Bereichs des TatA-Membranankers abhangt, wurde
untersucht, ob die verschiedenen Varianten des TatA-Membranankers TatA-NT(LA)s-
Hip, TatA-NT(STGG)s-Hip sowie TatA-NT(9+6L)-Hip das Psp-System unterschiedlich
stark induzieren. Dazu wurde der Ppspa-Reporterstamm MC3, welcher eine
chromosomale Ppspa-lacZ-Fusion besitzt [154], genutzt. Durch die Bestimmung der
Aktivitat der B-Galaktosidase konnte auf die Aktivierung der Expression des psp-
Operons und somit des Psp-Systems durch die rekombinante Produktion der
verschiedenen Varianten des TatA-Membranankers geschlossen werden [155]. Die
Induktion der Expression des psp-Operons durch rekombinant produziertes TatA
konnte bereits durch Mehner et al. (2012) gezeigt werden [94], weshalb die Produktion
von TatA als Positivkontrolle in den hier durchgeflihrten Analysen der pspA-

Promotoraktivitat eingesetzt wurde. Als Negativkontrolle diente der durch den
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entsprechenden Leervektor transformierte Reporterstamm. Die rekombinante
Produktion von TatA sowie die rekombinante Produktion derjeniger TatA-NT-Hip-
Varianten, fur welche eine Membranintergration in Abschnitt 3.2.2 nachgewiesen
werden konnte, flhrte in allen Fallen zu einer verstarkten Aktivitat des pspA-Promotors
im Vergleich zur Negativkontrolle (Abbildung 7). Die Produktion von TatA-NT-Hip
fuhrte im Vergleich zur Produktion von TatA zu einer deutlich starken Induktion der
pspA-Promotoraktivitat. Ahnliche Effekte wurden bereits in der von Denise Mehner
angefertigten Dissertation beobachtetet, in welcher die Analyse der Induktion der
pspA-Expression jedoch auf der Bestimmung von PspA-Proteinleveln beruhte [150].
Beide experimentelle Ansatze lieferten das gleiche Ergebnis: Sowohl Proteinlevel von
PspA als auch die Aktivitat des pspA-Promotors werden durch TatA-NT-Hip im
Vergleich zu TatA erhoht.
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Abbildung 7 Der TatA-Membrananker induziert die Aktivitat des pspA-Promotors unabhidngig von der
Sequenz und Lénge seines hydrophoben Bereichs Die Bestimmung der B-Galaktosidaseaktivitat des Ppspa-
Reporterstammes MC3, welcher entweder den Leervektor pBW22 (Vektorkontrolle), pBW-tatA-strep (TatA), pBW-
tatA-NT-mat-hip-strep (TatA-NT-Hip), pBW-tatA-NT(STGG)s-mat-hip-strep (TatA-NT(STGG)s-Hip), pBW-tatA-
NT(LA)s-mat-hip-strep (TatA-NT(LA)s-Hip) oder pBW-tatA-NT(9+6L)-mat-hip-strep (TatA-NT(9+6L)-Hip) enthielt.
Die Bestimmung erfolgte in technischen Triplikaten. Zur rekombinanten Produktion von TatA, TatA-NT-Hip, TatA-
NT(STGG)s-Hip, TatA-NT(LA)s-Hip und TatA-NT(9+6L)-Hip wurde zum Zeitpunkt der Inokulation final 0,1% (w/v)
Rhamnose hinzufiigt. Die Bestimmung der B-Galaktosidaseaktivitat erfolgte nach dreistiindiger Kultivierung wie in
Abschnitt 3.2.2 beschrieben. Die rekombinante pBW-abhangigen Produktion von TatA, TatA-NT-Hip, TatA-
NT(LA)s-Hip und TatA-NT(9+6L)-Hip fuhrte zu einer unterschiedlich starken Induktion der pspA-Promotoraktivitat.
Die rekombinante Produktion von TatA-NT(STGG)s-Hip fuhrte nicht zu einer Induktion des pspA-Promotors im
Vergleich zur Vektorkontrolle (pBW22-Leervektor).
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3 Ergebnisse

Die Produktion von TatA-NT(STGG)s-Hip beeinflusste die Aktivitat des pspA-
Promotors nicht. Dies wurde erwartet, da fur TatA-NT(STGG)s-Hip keine
Membraninteraktion in den in Abschnitt 3.1 durchgefihrten Experimenten festgestellt
werden konnte, noch die rekombinante Produktion dieses Fragments einen Einfluss
auf das Zellwachstum oder auf das Membranpotential besal3. In der Dissertation von
Denise Mehner wurde zudem ein sehr ahnliches HiPIP-Konstrukt mit einem N-
terminalen flexiblen (STGGG)s-Linker untersucht, welches ebenfalls vollkommen
I6slich vorlag und dessen Produktion ebenfalls nicht zu erhdhten PspA-Leveln in der
Zellen fuhrte [150]. Die rekombinante Produktion von TatA-NT(LA)s-Hip fUhrte zu einer
deutlich schwacheren Induktion der Aktivitat des pspA-Promotors als die rekombinante
Produktion von Tat-NT-Hip, wahrend TatA-NT(9+6L)-Hip den pspA-Promotor ahnlich
stark induzierte wie Tat-NT-Hip (Abbildung 7).
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3 Ergebnisse

3.5.2 Die Interaktion des TatA-Membranankers mit PspA hangt

wahrscheinlich von der Sequenz des hydrophoben Bereichs TatAs ab

Es wurde bereits gezeigt, dass TatA direkt mit PspA interagieren kann und diese
Interaktion durch den TatA-Membrananker vermittelt wird [94]. Es sollte deshalb
geklart werden, ob auch hier die Sequenz und Lange des hydrophoben Bereichs des
Membranankers ausschlaggebend fur die Interaktion mit PspA ist. Dazu wurden die
verschiedenen TatA-NT-Hip-Varianten mittels Strep-Tactin-Affinitatschromato-
graphie, wie in Mehner et al. (2012) beschrieben, direkt aus der Membranfraktion ohne

vorangegangene Solubilisierung angereichert und auf ihre Fahigkeit mit PspA
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Abbildung 8: Analyse der Interaktion von PspA mit TatA-NT-Hip, TatA-NT(9+6L)-Hip und TatA-NT(LA)e-Hip

SDS-PAGE/Western-Blot-Analyse der affinitatschromatischen Anreicherung von A) TatA-NT-Hip, B) TatA-
NT(9+6L)-Hip, C) TatA-NT(LA)s-Hip, rekombinant produziert im E.-coli-Stamm JARV16 mittels Strep-Tactin®-
Affinitdtschromatographie. Es wurden 15%igen SDS-Polyacrylamid-Gele verwendet. Das aufgetragene
Probenvolumen betrug jeweils 10 ul. Die Detektion der verschiedenen TatA-NT-Hip-Varianten erfolgte mittels

spezifischer HiPIP-Antikdrper (jeweils oberer Blot). Zur Detektion von PspA wurden spezifische PspA-Antikérper

verwendet (jeweils unterer Blot). Die Detektion der Proteinbanden erfolgte mittels ECL-Reaktion. Das apparente

Molekulargewicht der Markerproteine ist links angegeben. M = Membranfraktion, D = Durchlauf, W = letzte

Waschfraktion, E1-E7 = Elutionsfraktionen 1 bis 7.
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3 Ergebnisse

interagieren zu konnen getestet [94]. Da PspA auch dann zusammen mit TatA von der
Saule eluierte, wenn dieses in nativen Leveln in der Zelle vorhanden war und ebenfalls
mit TatE interagierte, wurde der tatAE-defiziente E.-coli-Stamm JARV16 zur
Proteinproduktion verwendet [94,150]. Die rekombinante Produktion von TatA-NT-Hip
fungierte auch hier als Positivkontrolle und die Interaktion mit PspA wurde erfolgreich
reproduziert (Abbildung 8A). PspA elutiere klar mit affinitatschromatographisch
angereichertem TatA-NT(9+6L)-Hip (Abbildung 8B), jedoch nicht eindeutig mit TatA-
NT(LA)e-Hip (Abbildung 8C). Um TatA-NT(LA)s-Hip in den Elutionfraktionen
detektieren zu kénnen, musste das zur Zellanzucht eingesetzte Kulturvolumen
verdoppelt werden. Das Elutionsprofil von TatA-NT(LA)s-Hip entsprach jedoch nicht
dem typischen Elutionsprofil einer Strep-Tactin-Affinitatssaule und eluierte erst in den
Fraktionen vier bis sechs. Da sowohl in der Wasch- als auch in allen Elutionsfraktionen
PspA vergleichbar stark nachgewiesen wurde, kann hier nicht von einer eindeutigen
Interaktion von PspA mit TatA-NT(LA)s-Hip gesprochen werden. Daher lasst sich an
dieser Stelle zusammenfassen, dass die Interaktion des TatA-Membranankers mit
PspA von der Sequenz des hydrophoben Bereichs jedoch nicht von seiner Lange

abhangt.

3.5.3 Material und Methoden

Die in diesem Abschnitt aufgefuhrten Methoden, Stdmme und Plasmide beziehen

ausschlieBlich auf die in Abschnitt 3.5 durchgefuhrten Experimente.

3.5.1.1 Verwendete Stdmme und Plasmide
In den in Abschnitt 3.5 gezeigten Experimenten wurden die E.-coli-Stamme MC3 [154]
und JARV16 [98] genutzt. Als Plasmide wurden pBW22 [156], pBW-tatA-strep [94],
pBW-tatA-NT-mat-hip-strep [94], pBW-tatA-NT(LA)s-mat-hip-strep (Abschnitt 3.1),
pBW-tatA-NT(STGG)s-mat-hip-strep (Abschnitt 3.1) und pBW-tatA-NT(9+6L)-mat-hip-
strep (Abschnitt 3.1) eingesetzt.

3.5.1.2 Medien und Zusétze
Die Zellanzucht als Suspensionskultur erfolgte stets aerob und schuttelnd (180 U/min)
bei 37°C in sterilem lysogeny broth (LB-) Medium (1 % Trypton (w/v), 1 % NaCl (w/v),
0,5 % Hefeextrakt (w/v) in H20bigest) in den bendtigten Volumina (5 ml, 100 ml oder
250 ml). Sollte die Kultivierung auf festem LB-Medium erfolgen, wurden final 1,5%

(w/v) Europaischer Agar hinzufugt. Zur Sterilisation wurden alle Medien vor ihrer
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Verwendung autoklaviert. Wenn noétig, wurde dem Medium nach Abkuhlen zur

Selektion Ampicillin mit einer Endkonzentration von 100 pg/ml hinzugegeben.

Von hitzelabilen Substanzen wurden zunachst Stammlosungen erstellt (Ampicillin:
100 mg/ml in H2Opbidest, Rhamnose: 20 % (w/v) in H20bigest, Glucose: 20 % (w/v) in
H20bidest) und steril filtriert (Rotilabo-Spritzenfilter, PVDF, 0,22 ym, Roth, Karlsruhe).

Antibiotika-Stammlésungen wurden bei -20°C gelagert.

3.5.1.3 Bestimmung der B-Galaktosidase-Aktivitat

Zur Bestimmung der (B-Galaktosidase-Aktivitat wurde stets der E.-coli-Stamm MC3,
welcher zuvor mit verschiedenen Derivaten des Plasmids pBW22 transformiert wurde,
eingesetzt. Die Bestimmung in drei technischen Replikaten. Dazu wurde pro Stamm
dreimal 5 ml Ampicillin-haltiges LB-Medium mit 100 pl einer Uber Nacht gewachsenen
Kultur inokuliert. Zur Induktion der Genexpression wurden zum Zeitpunkt der
Inokulation final 0,1% (v/v) Rhamnose hinzugeben. Die Kultivierung erfolgte aerob und
schuittelnd bei 37°C fur drei Stunden. Die Bestimmung der B-Galaktosidase-Aktivitat
wurde wie in Osadnik et al. (2015) und Abschnitt 3.2 beschrieben durchgefihrt
[155,70].

3.5.1.4 Rekombinante Produktion, Prédparation und affinitatschromato-

graphische Anreicherung der verschiedenen TatA-NT-Hip-Varianten
Zur Proteinproduktion wurde der E.-coli-Stamm JARV16, welcher zuvor mit den fur die
verschiedenen TatA-NT-Hip codierenden Plasmiden nach der Methode von Chung et
al. (1989) transformiert wurde [157], genutzt. Dazu wurde die Kultivierung aerob in
Schikanekolben in Ampicillin-haltigen LB-Medium flir drei Stunden schiuttelnd bei 37°C
durchgefuhrt. Die Kulturen wurden 4%-ig mit einer uber Nacht gewachsenen Kultur
inokuliert und das Zellwachstum tber die Bestimmung der optischen Dichte (ODeoonm)
im Photometer (Biochrom Libra S11 UV/Vis Spectrophotometer, Biochrom, Berlin)
uberwacht. Bei Erreichen einer ODsoonm von 0,6 wurden zur Induktion der
Genexpression final 0,1 % Rhamnose hinzugegeben und die Kultivierung fur drei
Stunden fortgesetzt. Mittels eines Zentrifugationsschritts bei 4500 x g fur 10 min bei
4°C wurden die Zellen sedimentiert und anschlieRend der Uberstand verworfen. Das
Zellpellet wurde in 3 ml Aufschlusspuffer (60 mM Tris-HCI pH 8, 250 mM NaCl)
resuspendiert. Darauffolgend wurden eine Spatelspitze DNasel und final 1 mM PMSF
hinzugegeben. Der Zellaufschluss erfolgte in zwei Passagen a 620 kPa in der French

Pressure Cell Press mini (Simoamico®, SCM Instruments Inc.). Nach Entfernung der
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Zelltrimmer mittels eines Zentrifugationsschritts (4500 x g, 10 min, 4°C), erfolgte die
Praparation der Membranfraktion. Dazu wurde nach der Abtrennung der Zelltrummer
der Uberstand in eine UltrazentrifugationsgefaR Uberfihrt. Es folgte ein weiterer
Zentrifugationsschritt flir 30 min bei 170 000 x g und 4 °C (Sorvall Discovery M120SE,
Thermo Scientific). Nach Entfernen des Uberstandes wurden die sedimentierten

Membranen in 3 ml Aufschlusspuffer resuspendiert.

Da alle TatA-NT-Hip-Varianten einen C-terminal fusionierten Strep-tag® (IBA,
Gottingen) besallen wurde zur Anreicherung eine Strep-Tactin®-Affinitats-
chromatographie wie in Mehner et al. (2012) beschrieben durchgefuhrt [94]. Alle weiter
zu analysierenden Fraktionen wurden aufgefangen und sofort mit 1:2 mit SDS-PAGE-
Probenpuffer (80 mM Tris-HCI pH 8,8, 20 % (v/v) Glycerin, 4 % (w/v) SDS, 20 mM
DTT, 0,024 % (w/v) Bromphenol-blau) versetzt und 10 min bei 95 °C aufgekocht.

3.5.1.5 SDS-PAGE, semi-dry Western Blot und Proteindetektion
Die nach der affinitatschromatischen Reinigung erhaltenen SDS-Proben wurde mittels
SDS-PAGE und Western-Blot mit anschlielendem Proteinnachweis mittels

Immunprazipitation analysiert.

Die SDS-PAGE wurde nach Laemmli et al. (1970) durchgeflihrt [158]. Es wurden
jeweils 10 yl einer Probe auf das Gel appliziert. Als GroRenstandard wurden 3 pl des
Proteinmarkers PageRuler Prestained Protein Ladder (Fermentas) verwendet.
Darauffolgend wurden die Proteine mittels eines semi-dry Western-Blots (Biometra
Fastblot B33/B34 oder B43/44, Biometra) auf eine Nitrocellulosemembran (Amersham
Protran 0.45 NC Nitrocellulose, GE Healthcare) nach Herstellerangaben, angelehnt an
Towbin et al. (1979) [159], Ubertragen. Um eine unspezifische Bindungen von
Antikérpern zu vermeiden, wurde die Nitrozellulosemembran nach Durchflihrung des
Western Blots Uber Nacht in Magermilchlésung (5 % (w/v) Magermilchpulver in PBS
(13,7 mM NaCl, 3 mM KCI, 4 mM NazHPO4, 2 mM KH2PO4, pH 7,4)) inkubiert.

Zur Immunprazipitation wurden die Nitrocellulosemembranen dreimal in PBS
gewaschen. Darauf folgte eine Inkubation mit spezifischen polyklonalen
Primarantikorpern gegen HiPIP (0,02% (v/v) Antikorperlosung, 0,5 % (w/v) BSA,
0,02 % (w/v) Azid in 1 x PBS-Puffer; Antigen: HiPIP,Typ: IgG (Kaninchen), [160]) oder
PspA (0,01% (v/v) Antikdrperldsung, 0,5 % (w/v) BSA, 0,02 % (w/v) Azid in 1 x PBS-
Puffer; Antigen: PspA, Typ: IgG (Kaninchen)) fur eine Stunde bei Raumtemperatur.
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Nach dreimaligem Waschen in PBS erfolgte die Inkubation mit dem
Sekundarantikorper, welcher mit der horseradish peroxidase (HRP) konjugiert war
(Anti-Kanin-HRP, Roth, Karlsruhe) fur eine Stunde nach Herstellerangaben. Die
Detektion erfolgte Uber enhanced chemiluminescence (ECL)-Reaktion mit Luminol
und Coumarinsaure als Substrat nach Ogata et al. (1983) [161]. Zur Detektion der
Chemilumineszenz wurde der Intas Advanced Imager (INTAS Science, Imaging

Instruments GmbH) verwendet.
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4 AbschlieBRende Diskussion und Ausblick

Die in Abschnitt 3 vorgestellten Ergebnisse lieferten tiefere Einblicke in die Funktionen
der einzelnen Komponenten des Psp-Systems. In der folgenden Diskussion werden
die in Abschnitt 3 prasentierten Ergebnisse rekapituliert und publikationsibergreifend
in die bestehenden Modelle der Stresswahrnehmung und Signalkaskade des Psp-
Systems eingeordnet. Dadurch kann ein Modell der Stresswahrnehmung und
Signalkaskade der durch TatA-induzierten Psp-Antwort entwickelt werden, welches
die Funktionen von PspB und PspC als Sensoren und Aktivatoren der Psp-Antwort mit

der direkten Sensorfunktion von PspA vereint.

4.1 Die TatA-induzierte Psp-Antwort — Ein integratives Modell

der PspABC-abhangigen Signalwahrnehmung und —kaskade
Die Integration der verschiedenen Modelle der Stresswahrnehmung und
Signalkaskade der durch TatA induzierten Psp-Antwort gelingt auf Grund folgender
Schlussfolgerungen, welche basierend auf der in Abschnitt 3 gezeigten Ergebnisse

getroffen werden kénnen:

) Die Interaktion zwischen PspA und PspC fluhrt nur an der
Cytoplasmamembran zu einer Aktivierung von PspF (Abschnitt 3.4).

) Die PspA-Domane PspA(145-222) tragt entscheidend zur PspF-Inhibition
bei, wobei im Gegensatz zu anderen PspA-Domanen, die PspA(145-222)-
abhangige Inhibition von PspF durch TatA-induzierten Membranstress
aufgehoben werden kann (Abschnitt 3.2).

[lI)  TatA-induzierter Membranstress fuhrt nur dann zu einer Induktion des Psp-

Systems, wenn PspB in der Zelle vorhanden ist (Abschnitt 3.4).

Vereint man nun das bereits in Abschnitt 3.4 vorgeschlagene Modell mit den
regulatorischen und sensorischen Funktionen der in Abschnitt 3.2 untersuchten PspA-
Doméne PspA(145-222) konnte sich die Wahrnehmung von TatA-induziertem

Membranstress durch das Psp-System folgendermalen darstellen (Abbildung 9):

Im uninduzierten Zustand werden auf Grund der basalen Aktivitat des pspA-Promotors
neben PspA auch geringe Mengen an PspB und PspC gebildet. PspB und PspC
bilden, wie vorgeschlagen, einen Komplex in der Cytoplasmamembran, in welchem

die cytoplasmatischen Doméanen PspBs und PspCs miteinander interagieren, wodurch
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eine Interaktion der C-terminalen Domane von PspC mit PspA verhindert wird
[35,36,72]. PspA und PspF bilden einen stabilen Komplex im Cytoplasma, in welchem
die PspF-Aktivitat durch das synergistische Zusammenwirken der verschiedenen
PspA-Domanen PspA(1-24), dem coiled-coil, sowie der C-terminalen PspA-Domane
PspA(145-222) inhibiert wird (vgl. Abschnitt 3.2 und Abschnitt 3.4). Der PspF/PspA-
Komplex ist im Cytoplasma mobil und befindet sich dadurch in einem transienten
Kontakt mit der Cytoplasmamembran [87]. Da kein induzierendes Signal an der
Cytoplasmamembran anliegt, finden keine strukturellen Veranderungen von PspB,
PspC oder PspA statt, welche zu einer Aktvierung PspFs fihren kénnten und der

PspF/PspA-Komplex dissoziiert von der Cytoplasmamembran.

Liegt nun Membranstress an der Cytoplasmamembran an, wird dieser sowohl durch
PspB und PspC als auch durch PspA wahrgenommen. Zum einen kommt es zu einer
stabilen strukturellen Veranderung PspAs an der Cytoplasmamembran. Dabei kommt
es zur Ausbildung der amphipathischen Helix am N-Terminus PspAs (vgl. Abschnitt
3.4, Abbildung 9) und gleichzeitig, wie in Abschnitt 3.2 vorgeschlagen, zu einer
Oligomerisierung der C-terminalen PspA-Domanen, wodurch diese ihre PspF-
inhibitorische Wirkung verlieren. Die coiled-coil-Domane PspAs verbleibt am PspF-
Hexamer gebunden. Trotz des Verlustes der inhibitorischen Wirkung der N- und C-
terminalen PspA-Domanen, welcher sicherlich mit den strukturellen Veranderungen
einhergeht, scheint dies in vivo nicht fir eine messbare Induktion des Psp-Systems
durch TatA auszureichend zu sein. Daher muss ebenfalls eine Aktivierung der PspF-
Aktivitat ausgehend von der Stresswahrnehmung und —weiterleitung durch PspC und
PspB erfolgen. Membranstress fihrt im folgenden Schritt zu einer Veranderung der
Interaktion der cytoplasmatischen Domanen von PspB und PspC. Die C-terminale
Domane von PspC kann nun zusammen mit PspB, wie in Abschnitt 3.4 bereits
diskutiert, mit der coiled-coil-Domane PspAs interagieren, wodurch deren
inhibitorische Wirkung auf die PspF-Aktivitat aufgehoben wird. Wie sich das
Zusammenspiel der PspF-regulatorisch wirkenden PspA-Domanen nun mechanistisch
in Bezug auf die Inhibition und Aktivierung PspFs darstellt, lasst sich auf Grund der
heutigen Datenlage nicht ableiten. Es ist jedoch auf Grund dessen, dass erhdhte Level
an PspA im Zuge der Psp-Antwort nicht zu einer erneuten sofortigen Inhibition PspFs
fuhren, wahrscheinlich, dass wie von Osadnik et al. (2015) vorgeschlagen, PspA PspF

im gebundenen Zustand regulieren muss [70].
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Abbildung 9 Schematische Darstellung des integrativen Modells des Zusammenwirkens von PspB, PspC
und dem PspF/PspA-Komplex an der Cytoplasmamembran von E. coli unter Normal-
und  Stressbedingungen A) Das PspF-Hexamer (grin) wird im Cytoplasma durch die zwei PspA-Doménen
(gelb), PspA(1-24) und PspA(25-144), sowie der C-terminalen PspA-Domane (145-222) (weiR) inhibiert. Fur eine
bessere Ubersichtlichkeit wurde auf die Darstellung der einzelnen PspF-Protomere sowie der DNA-Bindedoméane
von PspF verzichtet und nur zwei PspA-Molekile pro PspF-Hexamer dargestellt. B) Der PspF/PspA-Komplex ist
in der Zelle mobil und diffundiert zur Cytoplasmamembran, wobei es womdglich auch ohne Membranstress zu
einer Lipid-induzierten Anderung der Konformation der PspA-Domane PspA(1-24) kommt, wodurch diese
nicht langer mit PspF, sondern als amphipathische Helix (rot) mit der Cytoplasmamembran interagiert. Liegt kein
Membranstress an der Cytoplasmamembran an, interagieren die cytoplasmatischen Doméanen von PspB (grau)
und PspC (violett), sodass die C-terminale Domé&ne von PspC nicht mit PspA interagieren kann und der
PspF/PspA-Komplex dissoziiert von der Cytoplasmamembran. C) Kommt es zu Membranstress wird dieser
von PspB und PspC wahrgenommen, worauf es zu einer Anderung der PspB-PspC-Interaktion kommt. Die C-
terminalen Domane von PspC ist auf Grund dessen nun in der Lage mit der coiled-coil-Struktur der PspA-
Domane PspA(25-144) zu interagieren. Gleichzeitig kommt es neben der Lipid-induzierten Ausbildung der
amphipathischen Helix (rot) zu einem Verlust der PspF-Inhibition durch PspA(145-222), wobei zwei oder
mehrere PspA(145-222)-Domanen miteinander interagieren (hier beispielhaft weil schattiert dargestellt) und
PspF liegt nun aktiviert in der Zelle vor.

Im Folgenden werden die in dieser Arbeit erhaltenen Ergebnisse, welche entscheidend
zur Entwicklung des hier vorgeschlagenen Modells zur Aktivierung des Psp-Systems

durch TatA-induzierten Membranstress betrugen, eingehender betrachtet.
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4.1.1 Die Membraninteraktion PspAs ist fiir die Signalkaskade des Psp-

Systems essentiell

Es wurde in Abschnitt 3.4 eindeutig klar, dass die Membraninteraktion PspAs eine
entscheidende Rolle fur die PspC-PspA-Interaktion und somit fur die PspBC-
abhangige Aktivierung der Psp-Antwort spielt. Bereits in Abschnitt 3.4 wurde diskutiert,
dass die Abhangigkeit der PspC-PspA-Interaktion auf einer fur die Signalkaskade
notwendigen Konformationsanderung PspAs beruht, welche auf die Ausbildung einer
Membran-assoziierten Helix des in der in der Kiristallstruktur zum coiled-coil
zuruckgefalteten N-terminalen Bereichs PspAs, PspA(1-24), zurickzufuhren ist. In
Einklang mit McDonald et al. (2017) und Jovanovic et al. (2014) wurde in Abschnitt 3.4
vorgeschlagen, dass die Strukturveranderung dieses PspA-Bereichs durch
Membranstress induziert wird und PspA(1-24) die Sensordomane innerhalb PspAs
darstellt [71,88]. Es ist jedoch ebenso denkbar, dass die strukturelle Veranderung von
PspA(1-24) nicht nur bei Membranstress geschieht, sondern immer, wie in Abbildung
9 bereits angedeutet, wenn sich der PspF/PspA-Komplex in der Lipidumgebung der
Cytoplasmamembran befindet, wodurch die Bindestelle der C-terminalen Domane
PspCs an der coiled-coil-Domane PspAs freigegeben wird. Dies wirde erklaren,
warum es auch ohne Membranstress nur dann zu einer starken Aktivierung von PspF
kommt, wenn die C-terminale PspC-Domane rekombinant in der Zelle produziert und

zusammen mit PspA an die Membran rekrutiert wurde (Abschnitt 3.4, Abbildung 4).

Neben der sterischen Hinderung waren auch andere Mechanismen denkbar, welche
die Abhangigkeit der Signalkaskade des Psp-Systems von der Membraninteraktion
PspAs erklaren konnten. So konnte in der von McDonald et al. (2017) publizierten
Studie nicht nur gezeigt werden, dass PspA(1-24) in einer Lipidumgebung eine helikale
Struktur ausbildet, sondern auch, dass PspA(1-24) als unstrukturiertes in Losung
vorliegendes Peptid in der Lage ist, die ATPase-Aktivitat PspFs zu inhibieren [71].
Dass PspA(1-24) mit PspF interagieren und dessen Funktion als bEBP inhibiert,
konnte in den hier durchgefuhrten Arbeiten in vivo mittels bacterial-2-hybrid-Analysen
und pspA-Promotoraktivitatsstudien in einem pspA-Deletionsstamm bestatigt werden
(Abschnitt 3.2, Abbildungen 2D, 2F und 3A). So ware es ebenfalls moglich, dass die
Interaktion der C-terminalen Domane von PspC mit der coiled-coil-Domane PspAs
allein nicht ausreicht, um die inhibitorische Wirkung auf PspF aufzuheben, sondern die
Anderung der Struktur von PspA(1-24) eine Konformationsénderung innerhalb PspAs

darstellt, welche zum Verlust der PspF-inhibitorischen Wirkung von PspA(1-24) fuhrt
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und zur Aktivierung von PspF zusatzlich im Rahmen der Signalkaskade erforderlich

ist.

4.1.2 PspA(145-222) als PspF-regulatorisch wirkende PspA-Doméane

Es wurde in dieser Arbeit jedoch auch klar, dass die Induktion des Psp-Systems durch
TatA-induzierten Membranstress nicht nur von den im vorherigen Abschnitt
beschriebenen Schritten abhangt, sondern, dass die C-terminale PspA-Domane
PspA(145-222) ebenfalls eine entscheidende Rolle sowohl in Bezug auf die Inhibition
von PspF als auch in der Aktivierung der Psp-Antwort bei TatA-induziertem

Membranstress spielt:

So fuhrte die Deletion der C-terminalen Domane von PspA in einem naturlich
regulierten System zu einer Induktion der pspA-Promotoraktivitat. Dies zeigte, dass
die in Bezug auf ihre PspF-inhibitorischen Eigenschaften sehr gut charakterisierte
PspA-Domane PspA(1-144) in einem naturlich regulierten System nicht ausreicht, um
PspF in dem Male inhibieren zu kdnnen, wie es fur PspA der Fall ist (Abschnitt 3.2,
Abbildung 8, [70]). Auch Brissette et al. beobachteten bereits 1991, dass eine Deletion
ausgehend vom 3‘-Ende des pspABCDE-Operons, welche sowohl pspBCDE sowie
das 3'-Ende von pspA umfasste, zu einer Induktion der Proteinbiosynthese einer
verkurzten PspA-Variante, hier PspA(1-178), fuhrte [17]. Schon damals wurde
spekuliert, ohne PspF und die o°*-abhangige Regulation der Expression des
pspABCDE-Operons zu kennen, dass es sich bei dem deletierten Abschnitt um einen
Bereich innerhalb des pspABCDE-Operons handelt, welcher repressorisch auf dessen
Transkription wirkt. Der direkte Nachweis der PspF-Inhibition durch die C-terminale
PspA-Domane gelang hier erstmals durch die Konstruktion eines Fusionsproteins, in
welchem PspA(145-222) C-terminal an die mature Domane des kleinen, globularen
Tat-Substrats HiPIP fusioniert wurde und so ein in vivo stabiles Fusionsprotein in der
Zelle synthetisiert werden konnte, welches zudem vollkommen |6slich war (Abschnitt
3.2, Abbildung 1). Warum es jedoch erst im Rahmen dieser Arbeit, und nicht in
friheren Studien gelang, die regulatorischen Eigenschaften der C-terminalen PspA-
Domane nachzuweisen, kann auf verschiedene Ursachen zurlickgeflihrt werden. Zum
einen konnte dies in der Wahl der untersuchten PspA-Fragmente begrindet sein. So
wurden auf Grund von Strukturvorhersagen fur Interaktionsanalysen vor der
Aufklarung der coiled-coil-Struktur der PspA-Domane PspA(1-144) haufig PspA-
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Fragmente eingesetzt, in welchen die Helices des coiled-coils unterbrochen wurden
[162,69]. Dies konnte sowohl zu Proteininstabilitat, als auch zu einer Fehlfaltung
und/oder Aggregation der untersuchten PspA-Fragmente gefuhrt haben. Des Weiteren
wurden fur in-vitro-Interaktionsanalysen PspA-Fragmente ausschlielich aus der nicht-
I6slichen Fraktion mit Hilfe des Detergens CHAPS gereinigt [68,69,162]. Es ist daher
maglich, dass die Zugabe des Detergens nicht ausreichend war, um Proteinaggregate
aufzul6sen und die getesteten Fragmente nicht in ihrer nativen Konformation vorlagen,

was eine Interaktion mit PspF und dessen Inhibition verhinderte.

Dass PspA(1-144) bei rekombinanter Uberproduktion als starker PspF-Inhibitor wirkt,
jedoch in einem naturlich regulierten System nicht in der Lage ist, die PspF-Aktivitat
zu inhibieren, war zunachst Uberraschend, spricht jedoch prinzipiell nicht gegen die
von Osadnik et al. (2015) beschriebene regulatorische Funktion dieser PspA-Doméane
[70]. Die im Vergleich zu PspA erhohten Mengen an PspA(1-144) im Cytoplasma
scheinen jedoch in Rahmen der naturlichen Regulationskaskade nicht ausreichend zu
sein, um die PspF-Aktivitat in dem Malde zu inhibieren, wie es bei rekombinanter
Uberproduktion der Fall ist (Abschnitt 3.2, Abbildung 8). Dies lasst den Schluss zu,
dass in einem naturlich regulierten System eine Erh6hung der Abundanz dieser PspA-
Domane nicht zu einer Verstarkung ihrer inhibitorischen Wirkung fuhrt und unterstutzt
die Hypothese, dass der PspF/PspA-Komplex ebenfalls in vivo standig als gesattigter
Komplex in der Zelle vorliegt, da im gegenteiligen Fall eine Inhibition von PspF zu
erwarten gewesen ware. Ob PspA(145-222) nun ebenfalls inhibitorisch auf die
ATPase-Aktivitat wirken kann, wie es fur PspA(1-144) gezeigt wurde [70], oder ob die
Inhibition der Transkriptionsaktivitat PspFs durch PspA(145-222) auf einem vollig

anderen Mechanismus beruht, missen zukiinftige Untersuchungen zeigen.

PspA(145-222) tragt jedoch nicht nur zur Inhibition PspFs bei, sondern ebenfalls zur
Aktivierung des Psp-Systems bei Membranstress. So konnte keine Aktivierung des
Psp-Systems durch TatA-induzierten Membranstress beobachtet werden, wenn die C-
terminale PspA-Domane fehlte (Abschnitt 3.2, Abbildung 7 und 8). Im Gegenzug war
nur ein durch PspA(145-222) inhibiertes Psp-System durch TatA ausgeldsten
Membranstress induzierbar (Abschnitt 3.2, Abbildung 7). Zusatzlich konnten auch
Yamaguchi et al. (2010) in Y. enterocolitica eine Aminosaure in der C-terminalen
Domane von PspA identifizieren, deren Substitution zu einem Verlust der
Induzierbarkeit des Psp-System durch das kleine Membranprotein YE0566 fuhrte [83].

Da PspA ohne die C-terminale Domane weder in der Lage ist zu oligomerisieren, noch
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mit Membranen zu interagieren [70] und die TatA-abhangige Aktivierung des Psp-
Systems ohne diese PspA-Domane nicht stattfindet, wurde in Abschnitt 3.2
vorgeschlagen, dass Membranstress die Oligomerisierung der C-terminalen Domanen
von PspF-gebundenen PspA-Protomeren direkt auslost, wodurch diese ihre PspF-
inhibitorische Wirkung verlieren. Dies stellt in dem in Abbildung 9 vorgeschlagenen
Modell, neben der Strukturveranderung von PspA(1-24) und der Interaktion der coiled-
coil-Domane mit der C-terminalen Domane von PspC, einen mafRgeblichen Schritt in
der Stresswahrnehmung durch das Psp-System und in der Aufhebung der PspF-

Inhibition dar.

Auch McDonald et al. (2015) beobachteten in in-vitro-Studien, dass C-terminale
Bereiche PspAs, in diesem Fall PspA(187-222), eine entscheidende Funktion in der
Aufhebung der PspF-inhibitorischen Wirkung PspAs besitzen. Sie zeigten, dass die
Inhibition von PspF durch PspA in vitro aufgehoben werden kann, wenn einem
Reaktionsansatz, in welchem PspF und PspA in einem Komplex vorliegen,
Membranvesikel hinzugeben wurden [77]. Eine Aktivierung PspFs durch die Zugabe
von Lipiden gelang jedoch nicht, wenn PspF durch das PspA-Fragment PspA(1-186)
inhibiert wurde. Sie schlossen daraus, dass zum einen die Regulatorfunktion von PspA
durch Lipide direkt beeinflusst wird und zum anderen, dass PspA(187-222) wichtig fur
die Aufhebung der inhibitorischen Wirkung PspAs ist. In dieser Studie wurde jedoch
nicht nur untersucht, ob es auch bei einer Verkirzung PspAs zu einer Aufhebung der
inhibitorischen Wirkung durch Membranvesikel kommt, sondern auch wie sich
verschiedene Lipidzusammensetzungen der Membranvesikel auf die Starke der
Aufhebung der negativen Regulatorfunktion PspAs auswirken [77]. Es gelang zu
zeigen, dass die PspF-Aktivitat mit einem Anstieg des SCE-Stresses der
Membranvesikel zunahm, was in der Umkehrung heif’t, dass die Fahigkeit PspAs
PspF inhibieren zu kdnnen mit Zunahme des SCE-Stresses abnahm. Die Autoren
schlossen daraus, dass eine Zunahme des an der Cytoplasmamembran anliegenden
SCE-Stresses zu einer PspBC-unabhangigen Induktion der Psp-Antwort flhrt, welche
allein auf strukturelle Veranderungen PspAs zurlckzufiuhren ist. Wie spater
eingehender diskutiert, ist es ebenfalls sehr wahrscheinlich, dass auch die
rekombinante  Produktion von TatA punktuell den SCE-Stress der

Cytoplasmamembran erhoht.
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4.1.3 PspB ist fur die Wahrnehmung von Membranstress in einem artifiziell

induzierten Psp-System entscheidend

Eine weitere entscheidende Beobachtung im Rahmen dieser Arbeit war, dass die
rekombinante Produktion von TatA nur dann zu einer zusatzlichen Aktivierung eines
bereits artifiziell induzierten Psp-Systems fuhrte, wenn PspB in der Zelle vorhanden
war (Abschnitt 3.4, Abbildung 7D). Dies zeigte, dass PspB eine entscheidende Rolle
in der Signalwahrnehmung und -kaskade des Psp-Systems spielen muss und PspB
madglicherweise den primaren Sensor innerhalb des PspBC-Komplexes darstellt. Die
Abhangigkeit der Psp-Antwort von PspB ist in der Vergangenheit schon haufig
beobachtet worden, es ist jedoch vollig unklar auf welchen Mechanismus diese
zuruckzufuhren ist [18,39,81]. Generell erscheinen die Beschreibungen der Funktion
PspBs im Kontext der Stresswahrnehmung und Signalkaskade des Psp-Systems
widerspruchlich: Zum einen ist PspB notig zur Induktion der Psp-Antwort bei
Membranstress [18], zum anderen wurde mittels diverser Interaktionsstudien gezeigt,
dass die C-terminalen Domanen von PspB und PspC im uninduzierten Zustand des
Psp-Systems interagieren, jedoch im Zuge von Membranstress dissoziieren, wodurch
eine Signalweiterleitung an PspA erst ermoglicht werden soll [35,36,72]. Da in
vorhergegangenen Studien keine direkte Interaktion zwischen PspB und PspA
nachgewiesen werden konnte [81,84], stellt sich die Frage, wie sich die in Abschnitt
3.4 gemachten Beobachtungen Uber die PspB-Abhangigkeit der Induktion des Psp-

Systems durch Membranstress einordnen lassen.

Sowohl in E. coli als auch in Y. enterocolitica konnte gezeigt werden, dass PspB dem
FtsH-abhangigen Abbau von PspC entgegenwirkt. Aufgrund dessen wurde postuliert,
dass PspB PspC womdglich in einem Komplex stabilisieren kann [85]. Dies kdnnte die
reduzierte Induktion durch PspC in einem pspBC-Deletionsstamm im Vergleich zu
einem Wildtypstamm erklaren (Abschnitt 3.4, Abbildung 4B), jedoch nicht die positive
regulatorische Funktion von PspB im Zuge der Psp-Antwort. Im Gegensatz zu einer
von Jovanovic et al. (2010) durchgefuhrten Studie war in den hier durchgefihrten
Arbeiten die Interaktion der C-terminalen PspC-Domane mit PspA nicht PspB
abhangig (Abschnitt 3.4, Abbildung 4A, [81]). Ein weiterer Unterschied zur von
Jovanovic et al. (2010) durchgefuhrten Studie ist, dass dort beschrieben wurde, dass
fur die artifizielle Induktion des Psp-Systems die C-terminale Domane von PspC
zusammen mit PspB in stochiometrischen Mengen produziert werden muss. Auch dies

war hier nicht der Fall, was den Schluss zulasst, dass wie von Weiner et al. bereits
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1991 postuliert, zur initialen Induktion des Psp-Systems nur katalytische Mengen an

PspB notwendig sind [18].

Besonders interessant ist in diesem Zusammenhang die Beobachtung, dass PspA
zusammen mit TatA eluierte, wenn TatA affinitdtschromatographisch aus einem
pspBC-Deletionsstamm angereichert wurde, welcher PspB rekombinant produzierte.
PspB konnte in diesem Fall ebenfalls in den Elutionsfraktionen nachgewiesen werden
(Abschnitt 3.4, Abbildung 7B). Da die TatA-PspA-Interaktion in einem naturlich
regulierten System eindeutig von PspB und PspC abhangig war [94], ware es moglich,
dass durch die rekombinante Uberproduktion von PspB eine Interaktion von TatA und
PspA beobachtet wurde, welche in einem natirlich regulierten System nur transient
stattfindet und somit mit der gewahlten Methodik nicht nachweisbar war. PspB selbst
muss daher, unabhangig von PspC, einen direkten Einfluss auf PspA besitzen, sodass
PspA unabhangig von PspC mit TatA interagieren konnte. Dies verstarkt nochmal die
Annahme, dass sich Membranstress direkt auf PspB und dessen Struktur und
Eigenschaften auswirkt. So wére es denkbar, dass Membranstress zu einer Anderung
der Eigenschaften der Transmembrandomane PspBs flhrt, welche sich auf dessen
cytoplasmatische Domane Ubertragt. Dies kdnnte eine durch Stress induzierte und
katalytisch wirkende Interaktion der C-terminalen PspB-Domane mit PspA erlauben,
welche ausschlaggend fur die Induktion des Psp-Systems ist und hier auf Grund der
starken Uberproduktion PspBs beobachtet werden konnte. Eine weitere Hypothese
ware, dass in einem naturlich regulierten Psp-System PspB nicht direkt mit PspA
interagiert, sondern eine raumliche Nahe zwischen PspB und PspA Uber die C-
terminale PspC-Domane erreicht wird. So konnte PspB die Bindung der C-terminalen
Domane von PspC an die coiled-coil-Struktur PspAs stabilisieren oder ausschliel3lich
bei Membranstress in einer Weise verandern, dass es zu einer Aufhebung der PspF-
Inhibition kommt (Abschnitt 3.4, Abbildung 7). Unterstitzt wird diese Annahme durch
Untersuchungen von Adams et al. (2003), welche zeigten, dass eine PspB-PspA-
Interaktion von PspC abhangig ist [84]. Interessant ist in diesem Zusammenhang auch,
dass sowohl fur die cytoplasmatische Domane PspBs als auch fiur den C-terminale
PspC-Domane mit sehr hohen Wahrscheinlichkeiten coiled-coil-Strukturen
vorhergesagt werden (Abschnitt 3.4 und [84]). Dies wurde bedeuten, dass es unter
Stressbindungen zu einer Interaktion von vier coiled-coil-bildenden Helices und PspF
kommt. Es ist in diesem Zusammenhang vorstellbar, dass die coiled-coil-bildenden

Helices von PspB und PspC den PspF-regulierenden coiled-coil PspAs durch dessen
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Bindung strukturell in einer Weise verandern, dass dieser seine Eigenschaft verliert,

PspF inhibieren zu kdnnen.

Zusatzlich wird auf Grund der in Abschnitt 3.4 gemachten Beobachtungen in Frage
gestellt, dass Membranstress durch die Transmembrandomane von PspC
wahrgenommen werden kann. So konnte gezeigt werden, dass die rekombinante
Produktion von TatA in einem pspC-Deletionsstamm, in welchem das Psp-System
artifiziell durch die C-terminale PspC-Domane induziert wurde, zu einer weiteren
Steigerung der Aktivitat des pspA-Promotors um circa 1000 MU flhrte (Abschnitt 3.4,
Abbildung 7C). Des Weiteren zeigten in einem natlrlich regulierten Psp-System
Aminosauresubstitutionen innerhalb der Transmembrandomane von PspC keinen
Einfluss auf die Induzierbarkeit der Psp-Antwort durch Membranstress (Abschnitt 3.4,
Abbildung 1). Zudem flhrte TatA-induzierter Membranstress nicht zu einer starkeren
Aktivitat PspFs, wenn TatA in einem pspBC-Deletionsstamm rekombinant produziert
wurde, welcher ebenfalls PspC rekombinant produzierte (Abschnitt 3.4, Abbildung 7D),
was nochmals die Funktion von PspB als Sensorkomponente des Psp-Systems
unterstutzt. Dennoch ist es vorstellbar, dass PspB und PspC in einem Komplex
zusammenwirken, wobei womaoglich PspB die primare Sensorkomponente darstellt

und zusammen mit PspC die inhibitorische Wirkung von PspA auf PspF reguliert.

An dieser Stelle lasst sich zusammenfassen, dass die Regulation des bEBP PspFs
durch PspA im Zuge der Psp-Antwort auf einem sehr viel komplexeren Mechanismus
zurlckzufuhren ist als zunachst angenommen. Wahrend anfanglich davon
ausgegangen wurde, dass die Aktivierung PspFs bei Membranstress allein auf der
Dissoziation PspAs bei Membranstress beruht, scheint es heute eher wahrscheinlich,
dass dieses Modell zu trivial ist, um die Regulation des Psp-Systems und das
Verhalten der verschiedenen Komponenten unter Normal- als auch
Stressbedingungen zu erklaren. So konnte das von Osadnik et al. (2015)
vorgeschlagene Modell der Modulation der PspF-Aktivitat durch PspA unter
Stressbedingungen mit weiteren Daten untermauert und weiterentwickelt werden.
Schlussendlich ist die Aufklarung der Struktur des PspF/PspA-Komplexes notig, um
zu verstehen, wie die Regulation der ATPase-Aktivitat als auch der
Transkriptionsaktivitat PspFs durch die einzelnen PspA-Domanen unter

verschiedenen Bedingungen geschieht.
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Es wurde ebenfalls klar, dass PspA, PspB und PspC im Zuge der Stresswahrnehmung
und Signalkaskade an der Cytoplasmamembran zusammenwirken mussen, und die
Interaktion zwischen der C-terminalen Domane von PspC und PspA allein nicht

ausreichend fur das Auslésen der Signalkaskade des Psp-Systems ist.

4.2 SCE-Stress als Ausloser der Psp-Antwort

4.2.1 SCE-Stress fiihrt in vivo zu einer verstarkten Membranassoziation

von PspA

Dass SCE-Stress das induzierende Signal der Psp-Antwort darstellt, ist ein sehr
attraktives Modell, welches prinzipiell auf alle Induktoren des Psp-Systems angewandt
werden kann. Es war jedoch zu Beginn dieser Arbeit vollig unklar, ob erhdhter SCE-
Stress der Cytoplasmamembran in vivo zu einer Aktivierung des Psp-Systems flhrt
und dies, wie von McDonald et al. (2015) postuliert, Uber eine von PspB und PspC
unabhangige Regulationskaskade geschieht, in welcher PspA den alleinigen Sensor
und Regulator des Psp-Systems darstellt [77]. In dieser Arbeit gelang es erstmals in
vivo zu zeigen, dass es zu einer verstarkten Membranassoziation von PspA kommt,
wenn die negativ geladenen Phospholipide PG und CL nicht in der
Cytoplasmamembran vorhanden sind (Abschnitt 3.3). Dazu wurde der E.-coli-Stamm
UE54 genutzt, welcher eine pgsA-Deletion besitzt, wodurch dieser die negativ
geladenen Phospholipide PG und CL nicht mehr synthetisieren kann [151]. Aus
diesem Grund besteht die Cytoplasmamembran in UE54 vornehmlich aus PE. PE liegt
auf Grund seines molekularen Aufbaus in wassriger Umgebung bevorzugt in der
inversen hexagonalen Phase vor und bildet keine lamellaren Strukturen aus [163].
SCE-Stress ist in vivo bislang nicht messbar, es kann dennoch angenommen werden,
dass es in UE54, dessen Cytoplasmamembran vornehmlich aus PE besteht, im
Vergleich zum hier verwendeten korrespondieren Lipidwildtypstamm UES3 zu
erhbhtem an der Cytoplasmamembran anliegenden SCE-Stress kommt
[153,164,165]. In Ubereinstimmung mit den von McDonald et al. (2015) publizierten
Daten [77], konnte in diesem pgsA-Deletionsstamm eine verstarkte
Membranassoziation von PspA im Vergleich zum Wildtypstamm UE53 nachgewiesen
werden (Abschnitt 3.3, Abbildung 1). Dies bestatigt die im in-vitro-System beobachtete
erhdhte Membranaffinitait von PspA unter SCE-Stress-Bedingungen und die

Annahme, dass eine Veranderung des an der Cytoplasmamembran anliegenden SCE-
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Stresses ein Signal darstellt, welches die Psp-Antwort auslésen konnte. Ob SCE-
Stress unter den hier getesteten Bedingungen zu einer verstarkten pspA-Expression
fuhrt, oder lediglich ein Teil des in der Zelle vorliegenden PspAs an die Membran
rekrutiert wurde, lasst sich jedoch mittels der hier gewahlten Methodik nur schwer
bestimmen und sollte in zukinftigen Analysen z.B. mittels quantitativer PCR oder
anderer Methoden, welche direkten Aufschluss Uber die Aktivitat des pspA-Promotors

geben kdnnen, Uberprift werden.

4.2.2 Die verstarkte Membranassoziation von PspA bei SCE-Stress ist in

vivo PspC-abhéangig

Um erste Hinweise zu erhalten, ob SCE-Stress auch in vivo, wie in in-vitro-Analysen
gezeigt, zu einer PspBC-unabhangigen Aktivierung des Psp-Systems fuhrt, wurde
zusatzlich zur pgsA-Deletion pspC in UE54 deletiert. Die Deletion von pspC fuhrte zu
stark reduzierten PspA-Leveln in der Zelle, welche ausschliel3lich in der I6slichen
Fraktion detektierbar waren (Abschnitt 3.3, Abbildung 3). Dies zeigte, dass sowohl die
Membranassoziation von PspA, sowie eine mdgliche Aktivierung der Expression des
psp-Operons in einem pgsA-Deletionsstamm von PspC abhangig sein muss. Dies
l&sst den Schluss zu, dass die Psp-Antwort in vivo auch unter SCE-Stressbedingungen
uber eine PspBC-abhangigen Signalkaskade aktiviert wird und nicht, wie von
McDonald et al. (2015) basierend auf in-vitro-Analysen postuliert, in einem von PspBC-

unabhangigen Mechanismus [77].

4.2.3 Eine erhohte Abundanz der negativ geladenen Phospholipide PG
und CL fiihren zur Membranassoziation von PspA und zur Induktion der

pPSpA-Expression

Um die im vorherigen Abschnitt geauRerte Vermutung experimentell zu untermauern
und um einen ersten Eindruck zu erlangen, in wie weit sich die Abundanz negativ
geladener Phospholipide in der Cytoplasmamembran von E. coli auf das Psp-System
auswirkt, wurde ebenfalls untersucht, ob es zu einer Veranderung der Lokalisation und
Menge PspAs in der Zelle kommt, wenn erhohte Mengen an negativ geladenen
Phospholipiden in der Cytoplasmamembran vorhanden sind (Abschnitt 3.3, Abbildung

1). Zur Durchfuhrung wurde der E.-coli-Stamm GN10 genutzt, welcher auf Grund einer
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pssA-Deletion nicht mehr in der Lage ist, PE zu synthetisieren und somit die
Cytoplasmamembran hauptsachlich aus den negativ geladenen Phospholipiden PG
und CL aufgebaut ist [152]. Es konnte beobachtet werden, dass in diesem pssA-
defizienten E.-coli-Stamm im Vergleich zum korrespondierenden Wildtyp mehr PspA
vorhanden ist und PspA vornehmlich mit Membranen sedimentierte (Abschnitt 3.3,
Abbildung 1). Jedoch kann auch hier nur indirekt Gber die Proteinmenge auf eine
erhdhte PspF-Aktivitat geschlossen werden. Auf Grund der signifikanten Anderung der
Menge und Lokalisation von PspA kann jedoch angenommen werden, dass es in
GN10 zu einer Aktivierung der Psp-Antwort kommt. Die Cytoplasmamembran in GN10
besteht wie bereits beschrieben hauptsachlich aus PG und CL, welche in wassriger
Losung bevorzugt lamellare Strukturen ausbilden [163]. Die Lebensfahigkeit des PE-
defizienten E.-coli-Stammes GN10 hangt von der Prasenz divalenter Kationen ab
[166]. Dies wird dadurch begriindet, dass CL in einem pssA-Deletionsstamm durch die
Zugabe von erhéhten Mengen divalenter Kationen eine konische Struktur annimmt und
so die nicht-lamellaren Eigenschaften von PE Ubernimmt, welche entscheidend fur
die Lebensfahigkeit der Zelle sind [163,166—170]. Es ist daher naheliegend, dass es
im Vergleich zum korrespondierenden Wildtyp zu einer Verstarkung des an der
Cytoplasmamembran anliegenden SCE-Stresses kommt, was die Induktion der
Psp-Antwort in diesem Stamm erklaren konnte. Es ist ebenfalls vorstellbar, dass
die erhdhte Prasenz von negativ geladenen Phospholipiden in GN10, wie von
McDonald et al. (2017) beschrieben [71], die helikale Struktur von PspA(1-24)

an der Cytoplasmembran stabilisiert und so die Psp-Antwort verstarkt wird.
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4.3 Das durch TatA ausgeloste Psp-System-induzierende

Signal — Eine Naherung
Ein weiteres Ziel dieser Arbeit war, das durch den Membrananker von TatA in der
Cytoplasmamembran verursachte Signal, welches zu einer Psp-Antwort fuhrt, naher
zu charakterisieren und TatA als Modellinduktor der Psp-Antwort in E. coli zu
etablieren. Auf Grund seines simplen Aufbaus stellte der TatA-Membrananker einen
experimentell leicht zuganglichen Induktor der Psp-Antwort in E. coli dar. Der N-
terminale Bereich von TatA ist stark konserviert und wird vom sogenannten WQ-Motiv,
welches das fur den Transport essentielle Glutamin an Position acht enthalt [120] und
der sogenannten hinge-Region auf eine Lange von 13 Aminosauren begrenzt, und ist
daher nicht in der Lage, eine Membran normaler Dicke vollstandig zu durchspannen?.
Schon im Vorfeld dieser Arbeit gelang es in vitro zu zeigen, dass die rekombinante
Produktion von TatA mit einer Destabilisierung der Cytoplasmamembran von E. coli
einhergeht, welche eine Schwachung des an der Membran anliegenden
Protonengradienten von invertierten Membranvesikeln zur Folge hatte [94]. Basierend
auf MD-Simulationen wurde eine Verdunnung der Cytoplasmamembran durch die
Assemblierung von TatA-Protomeren bei Substratbindung vorhergesagt. Es wurde
daher spekuliert, dass die Verdiinnung und die daraus resultierende Schwachung der
Cytoplasmamembran und der PMF durch die rekombinante Produktion von TatA der

Grund fur die Induktion des Psp-Systems sein konnte.

4.3.1 Die durch die verschiedenen TatA-NT-Hip-Varianten erhdohte pspA-

Promotoraktivitat korreliert nicht mit der Schwachung der PMF

Da die rekombinante Uberproduktion des TatA-Membranankers ausreichte, um die
Psp-Antwort zu induzieren und dieser ebenfalls in der Lage war mit PspA interagieren
zu kénnen, wurden dessen Membran-destabilisierende Eigenschaften weitergehend
charakterisiert (Abschnitt 3.1). Es gelang in dem in Abschnitt 3.1 vorgestellten Artikel
erstmals eine direkte Membrandestabilisierung durch den ungewodhnlich kurzen
Membrananker von TatA in vivo und in vitro zu zeigen. Der beobachtete Effekt auf das

Membranpotential war unabhangig von der Sequenz des TatA-Membranankers und

2 Fur membrandurchspannende a-Helices konnte eine durchschnittliche Lange von circa 18
Aminosauren mittels bioinformatischen Analysen ermittelt werden [171].
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konnte teilweise durch die Verlangerung des hydrophoben Bereichs um sechs Leucine

aufgehoben werden.

Um herauszufinden, ob die durch die Membrandestabilisierung ausgeloste
Schwachung der PMF durch die TatA-NT-Hip-Varianten den durch TatA ausgeldsten
,Membranstress® darstellt, welcher zu einer Induktion der Psp-Antwort fuhrt, wurden
die entsprechenden TatA-NT-Hip-Varianten auf ihre Fahigkeit hin getestet, die Aktivitat
des pspA-Promotors zu verstarken (Abschnitt 3.5). Prinzipiell fiUhrte die rekombinante
Uberproduktion aller membranstandiger TatA-NT-Hip-Varianten zu einer Erhdhung
der pspA-Promotoraktivitat. Ware die Schwachung der PMF das durch die
verschiedenen TatA-NT-Hip-Varianten ausgeloste Signal, welches zu einer Psp-
Antwort in E. coli fihrt, hatte erwartet werden kénnen, dass die Aktivitat des pspA-
Promotors tendenziell mit der Schwachung der PMF durch die verschiedenen TatA-
NT-Hip-Varianten Ubereinstimmt. Dies war jedoch nur fur TatA und TatA-NT-Hip der
Fall, wahrend fur die TatA-NT-Hip-Varianten TatA-NT(LA)s-Hip und TatA-NT(9+6L)-

Hip der genau gegensatzliche Effekt beobachtet werden konnte (Tabelle 1).

Tabelle 1 Zusammenfassung der Effekte von TatA und der verschiedenen TatA-NT-Hip-Varianten auf die
PMF und das Psp-System

TatA-NT-Variante Effekt auf PMF Starke der Psp-Antwort
TatA + +

TatA-NT-Hip +++ +++

TatA-NT(LA)e-Hip +++ +

TatA-NT(9+6L)-Hip + +++

Dies lasst den Schluss zu, dass die von Engl et al. (2011) sowie von Wang et al. (2010)
gemachten Beobachtungen, dass die Schwachung der PMF nicht ausschlaggebend
ist, um die Psp-Antwort auszuldsen [90,91] auch fur TatA und dessen Derivate gilt.
Dies tragt neben den in Abschnitt 3.4 gezeigten Daten zu einer Etablierung
TatAs als Modellinduktor des Psp-Systems bei, zeigt jedoch, dass die Induktion
der pspA-Promotoraktivitat durch TatA bzw. durch die hier getesteten verschiedenen
TatA-NT-Hip-Varianten auf andere in der Cytoplasmamembran ausgeldste

Signale zurtickgefuhrt werden muss.
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4.3.2 Hat die Interaktion von TatA mit PspA einen Einfluss auf die
Induktion der Psp-Antwort?

Bei TatA bzw. TatA-NT-Hip handelt es sich um besondere Induktoren der Psp-Antwort
in E. coli, da sie die einzig bekannten Induktoren der Psp-Antwort darstellen, fur welche
eine Interaktion mit PspA nachgewiesen werden konnte [94]. Es wurde deshalb bereits
im Vorfeld dieser Arbeit spekuliert, dass die Psp-Antwort moglicherweise zusatzlich
zur ausgelosten Membrandestabilisierung durch die direkte Rekrutierung von PspA an
TatA bzw. TatA-NT-Hip in einem durch PspB und PspC vermittelten Mechanismus
induziert werden konnte [94,150]. Betrachtet man die Effekte der TatA-NT-Hip-
Varianten TatA-NT-Hip, TatA-NT(LA)s-Hip und TatA-NT(9+6L)-Hip kdnnte ein
Zusammenhang zwischen der Interaktion und Induktion bestehen. Die rekombinante
Produktion von TatA-NT-Hip und TatA-NT(9+6L)-Hip fuhrte zu einer vergleichbar
starken Erh6hung der pspA-Promotoraktivitat und PspA zeigte ein korrespondierendes
Elutionsverhalten zu diesen TatA-NT-Hip-Varianten in der Affinitatschromatographie
(Abschnitt 3.5). PspA zeigte indes kein zu TatA-NT(LA)e-Hip vergleichbares
Elutionsprofil, wenn TatA-NT(LA)s-Hip affinitatschromatographisch angereichert
wurde, was mdglicherweise ein weiterer Grund fur die reduzierte Starke der Induktion
des Psp-Systems durch TatA-NT(LA)s-Hip im Vergleich zu TatA-NT-Hip sein kdnnte.

Ein Vergleich der Induktion des Psp-Systems durch die direkte Interaktion von
Induktoren mit PspA gestaltet sich jedoch als schwierig, da fur keinen weiteren
Induktor eine direkte Interaktion mit PspA bislang gezeigt werden konnte. Einzig flr
das Sekretin YsaC aus Y. enterocolitica wurde eine Interaktion mit den
membranstandigen Komponenten des Psp-Systems PspB und PspC nachgewiesen
[40]. Ein Nachweis der PspA-Interaktion gelang jedoch auf Grund des experimentellen
Aufbaus nicht.

4.3.2.1 PspB und PspC vermitteln die Interaktion zwischen TatA und PspA
nur indirekt
Da die Interaktion von TatA und PspA maoglicherweise direkt zur Induktion des Psp-
Systems betragt und eine einzigartige Eigenschaft TatAs in Bezug auf die Aktivierung
des Psp-Systems darstellen konnte, war es Ziel dieser Arbeit, diese eingehender zu
untersuchen. Bereits Mehner et al. (2012) wiesen nach, dass die Interaktion zwischen

PspA und TatA abhangig von PspB und PspC ist [94]. Da es sich sowohl bei TatA als
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auch bei PspB und PspC um Membranproteine handelt und bekannt war, dass PspC
direkt mit PspA interagieren kann, wurde spekuliert, dass die Interaktion von TatA mit
PspA Uber eine Interaktion der Transmembranbereiche von TatA und PspBC vermittelt
wird [94]. Dies konnte im Zuge dieser Arbeit nicht bestatigt werden (Abschnitt 3.4).
Stattdessen zeigte sich, dass die Abhangigkeit der TatA/PspA-Interaktion von PspB
und PspC in der Vermittlung einer stabilen Membranassoziation von PspA bestand
und die einzelnen Transmembrandomanen nicht spezifisch notwendig fur die
TatA/PspA-Interaktion sind.

4.3.2.2 Die Interaktion zwischen TatA und PspA hédngt von der Kooperation

N- und C-terminaler PspA-Domanen ab
Da die Interaktion von TatA nur indirekt von PspB und PspC vermittelt wurde, war es
Ziel, die TatA-interagierende Domane innerhalb PspAs zu bestimmen (Abschnitt 3.2).
Dazu wurde PspA in die PspA-Domanen PspA(1-144) und PspA(145-222) geteilt.
Jedoch konnte weder flr PspA(1-144) noch flr PspA(145-222) eine Interaktion mit
TatA nachgewiesen werden (Abschnitt 3.2, Abbildung 6). Dies wurde darauf
zuruckgefuhrt, dass es bei PspA(1-144) und PspA(145-222) um vollkommen I6sliche
Proteinfragmente handelte, welche offensichtlich per se nicht in der Lage sind, mit der
Cytoplasmamembran zu interagieren. Auch in vorangegangenen Studien wurde
beobachtet, dass N- und C-terminale PspA-Domanen in Bezug auf die
Membraninteraktion und -assoziation PspAs zusammenwirken mussen [71,77,88,75].
In Osadnik et al. (2015) wurde eindeutig gezeigt, dass die hier untersuchte PspA-
Domane PspA(145-222) notig fur die Oligomerisierung und Membraninteraktion von
PspA ist [70]. Es lasst sich daher an dieser Stelle zusammenfassen, dass auch in
Bezug auf die TatA-Interaktion beide PspA-Domanen in vivo kooperieren mussen, was
direkt mit der Fahigkeit PspAs in oligomeren Strukturen mit Membranen zu

interagieren in Zusammenhang steht.

Da PspA ebenfalls auf Grund von rekombinanter Uberproduktion auch ohne
Membranstress mit Membranen assoziiert vorliegt [83], warf dies die Frage auf, ob
TatA und PspA wirklich direkt miteinander interagieren oder PspA nur deshalb ein zu
TatA korrespondierendes Elutionsprofil aufwies, weil es in der Lage ist in oligomeren
Strukturen mit Membranvesikeln zu interagieren, welche bei der affinitatschromato-

graphischen Anreicherung TatAs ohne vorhergegangene Solubilisierung ebenfalls
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retardiert wurden. Es konnte jedoch bereits gezeigt werden, dass die TatA-PspA-
Interaktion nicht von der Komplexbildung beider Proteine abhangt [150], was
ausschlaggebend fur die Membraninteraktion PspAs ist. Interessant ist jedoch, dass
es nicht gelang, die Interaktion von TatA und PspA in vitro zu rekonstituieren, wenn
beide Proteine zuvor getrennt voneinander gereinigt wurden (unpublizierte Daten,
Denise Mehner-Breitfeld). Es ware daher moglich, dass die Bildung der N-terminalen
amphipathischen Helix von PspA, welche von der Prasenz von Lipiden abhangig ist
[71], sowie die Fahigkeit zur Oligomerisierung notwendige Determinanten der
Interaktion von PspA mit TatA darstellen. In zuklnftigen Studien kénnte deshalb
untersucht werden, ob die TatA-PspA-Interaktion in vitro rekonstituierbar ist, wenn dem
Reaktionsansatz Lipide hinzugegeben wurden. Dies konnte auch zur endgultigen
Klarung beitragen, ob es sich bei dem nachgewiesenen korrespondieren
Elutionsverhalten von PspA und TatA um eine ,echte“ Interaktion beider Proteine
handelt, welche zur Induktion des Psp-System beitragt, oder ob PspA nur aus dem
Grund in den Elutionsfraktionen der TatA-Anreichung detektierbar war, weil es nach
Induktion des Psp-Systems oder durch rekombinante Uberproduktion mit

Membranvesikeln interagierte.

4.4.3 Ist SCE-Stress das durch den TatA-Membrananker ausgeloste Psp-

Antwort-induzierende Signal?

Wie bereits in den vorhergegangenen Abschnitten diskutiert, ist es moglich, dass eine
Veranderung des an der Cytoplasmamembran anliegenden SCE-Stresses das Psp-
Antwort auslésende Signal darstellen kann. Dieses Modell kann auch auf TatA und die
hier getesteten Varianten des TatA-Membranankers angewendet werden. Die Dicke
der Cytoplasmamembran in Umgebung eines membranintegralen Proteins wird direkt
von der Lange der hydrophoben Bereiche des Proteins bestimmt. So kommt es zu
einer Verdickung der Cytoplasmamembran, wenn der hydrophobe Bereich des
Proteins den Durchmesser der Membran ubersteigt und dementsprechend zu einer
Membranverdinnung, wenn die Lange des hydrophoben Bereichs nicht ausreichend
fur die Durchspannung der Cytoplasmamembran ist [172]. Auf diese Weise wird der
biophysikalisch ungunstige Kontakt sowohl zwischen hydrophilen Bereichen des
Proteins mit dem hydrophoben Kern der Cytoplasmamembran als auch zwischen

hydrophoben Bereichen des Proteins mit der hydrophilen Umgebung der
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Cytoplasmamembran auf ein Minimum reduziert. Als entscheidend fur die
beschriebene Membranverdunnung durch ein zu kurzes hydrophobes Peptid wurde
das Vorhandensein von Tryptophanen an den Enden der hydrophoben Bereiche
beschrieben [173]. Auch TatA besitzt ein solches Tryptophan im stark konservierten
und fur den Transport essentiellen WQ-Motiv [120], welches den hydrophoben Bereich
des TatA-Membranankers zum Periplasma hin begrenzt. Bei dem hier verwendeten
TatA-NT-Hip-Konstrukt wurde zudem ein globulares Protein mit nur einem sehr kurzen
Glycin-Serin-Linker an das C-terminale Ende des hydrophoben Bereichs fusioniert,
was ein tiefes Eintauchen des Membranankers von TatA in die Membran verhindert.
Es ist daher sehr wahrscheinlich, dass es durch das hier verwendete TatA-NT-Hip-
Konstrukt zu einer standigen starken Verdlinnung der Cytoplasmamembran kommt,
was zu einer Verstarkung des an der Cytoplasmamembran anliegenden
Krimmungsstresses zur Folge hat. Auch die Starke der Oligomerisierung von TatA-
Protomoren koénnte direkt einen Einfluss auf den Krimmungsstress der
Cytoplasmamembran haben, da durch Einlagerung groRRer oligomerer Strukturen in
die Cytoplasmamembran ein verstarkter lateraler Druck auf die Lipiddoppelschicht
ausgeubt wird, welcher ebenfalls zu einer Verstarkung des SCE-Stresses und einer
Veranderung der Membrankrimmung fuhren kénnte (Abbildung 10). Mittels MD-

Simulationen und Crosslinking-Studien wurde gezeigt, dass die Interaktion zwischen
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Abbildung 10 Schematische Darstellung der Effekte von TatA und TatA-NT auf die Cytoplasmamembran
von E. coli oben: grole TatA-Assemblierungen flhren zu verstarktem lateralem Druck in der
Cytoplasmamembran. unten: TatA-NT-Assemblierungen fihren zusatzlich zu einer punktuellen Verdiinnung der
Cytoplasmamembran, was eine zusatzliche Verstarkung des Effekts auf den an der Cytoplasmamembran
anliegenden Krimmungsstress im Vergleich zu TatA darstellt.
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TatA-Protomeren unter anderem durch die Membrandomane TatAs vermittelt wird
[110,120,121]. Durch den Austausch der hydrophoben Region des Membranankers
gegen eine repetitive Leucin-Alanin-Sequenz konnte die Interaktion der
Membrandomanen gestort sein, was eine schwachere Oligomerisierung zur Folge
hatte, was zu einer Verringerung des Membranstresses im Vergleich zu TatA-NT-Hip
fuhren widrde, obwohl sich die Konstrukte in ihrer Lange entsprechen. Zudem war
dieses Konstrukt von allen getesteten das instabilste, was ebenfalls erklaren konnte,
warum TatA-NT(LA)s-Hipdas Psp-System weniger stark aktivierte als TatA-NT-Hip.
TatA-NT(9+6L)-Hip hingegen war in vivo stabiler als TatA-NT(LA)s-Hip und TatA-NT-
Hip, was erklaren konnte, warum dieses Konstrukt die Psp-Antwort starker induzierte
als TatA-NT(LA)s-Hip, obwohl TatA-NT(9+6L)-Hip einen weniger starken Effekt auf die
Stabilitdt der Cytoplasmamembran zeigte. Zusatzlich konnte sich die Verlangerung
des hydrophoben Bereiches in diesem Konstrukt durch jeweils sechs Leucine positiv
auf den Oligomerisierungsgrad auswirken, was ebenfalls zu einer Erhdhung des SCE-

Stresses an der Cytoplasmamembran fihren wirde.

Wie bereits von Flores-Kim & Darwin (2016) diskutiert, sind prinzipiell alle Induktoren
des Psp-Systems auf verschiedene Art und Weise in der Lage, zu einer Verstarkung
des an der Cytoplasmamembran anliegenden SCE-Stresses zu fuhren [174]. So
konnte auch die Induktion des Psp-Systems durch grof3e in die Cytoplasmamembran
fehllokalisierte multimere Sekretine zu einer punktuellen Verstarkung des
Krimmungsstresses in der Cytoplasmamembran fiihren. Fir Ethanol-behandelte
Zellen wurde eine reduzierte Elastizitat der Cytoplasmamembran beschrieben [175],
was ebenfalls eine Verstarkung des SCE-Stresses zur Folge hat. Auch die von Bergler
et al. (1994) beschriebene Induktion des Psp-Systems durch die Inhibition der
Lipidbiosynthese [154] und die Induktion des Psp-Systems durch die Depletion von
YidC [91], welche die Fehlfaltung und Mislokalisation vieler Membranproteine zur
Folge hat, konnten zu einer Verstarkung des Krimmungsstresses der
Cytoplasmamembran flihren, um einige Beispiele an dieser Stelle zu nennen. Die im
Rahmen dieser Arbeit nachgewiesene PspC-Abhangigkeit der Induktion des Psp-
Systems durch SCE-Stress in vivo (Abschnitt 3.3), gibt einen deutlichen Hinweis
darauf, dass die durch TatA und dessen Membrananker ausgelOste Veranderung des
SCE-Stresses der Cytoplasmamembran das Signal darstellen kann, welches die Psp-

Antwort auslost.
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Dass sich SCE-Stress nicht nur wie von McDonald et al. (2105) vorgeschlagen auf
PspA auswirkt [77], sondern ebenfalls Einflisse auf die Konformation von PspB und
PspC haben kann, ist ebenfalls sehr wahrscheinlich und fugt sich leicht in das in
Abschnitt 4.1 vorgeschlagene Modell ein. So ist es durchaus vorstellbar, dass eine
Veranderung des Krimmungsstresses und der Elastizitat der Cytoplasmamembran
direkt auf die membranintegralen Domanen von PspB und PspC wirken kann und zu
einem strukturellen Rearrangement der cytoplasmatischen Domanen von PspB und
PspC fuhrt. Ein sehr passendes und prominentes Beispiel mit einigen Analogien zu
PspB und PspC stellt in diesem Fall die Thermosensor-Histidinkinase DesK aus B.
subtilis dar. DesK wirkt als Sensorkinase des DesKR-Zweikomponentensystems
zusammen mit dem Antwortregulator DesR [176]. DesK besitzt eine membranintegrale
Sensordomane, welche aus funf antiparallel verlaufenden Transmembranhelices
(TMH1-TMH5) besteht, wobei TMH5 eine Verlangerung der helikalen Struktur in das
Cytoplasma hinein besitzt, welche den membranintegralen Bereich DesKs mit der
cytoplasmatischen Kinasedomane verbindet. Zudem bildet DesK die fur
Sensorkinasen typischen homodimeren Strukturen, wobei die im Cytoplasma
verlangerte Helixstruktur zweier TMHS5 eine coiled-coil Struktur ausbilden (2-helix
coiled-coil (2-HCC)) [176-178]. Die membranintegralen Helices DesKs sind in der
Lage, die Dicke und Fluiditat der Cytoplasmamembran wahrzunehmen und wirken so
als Kaltesensor. In Bezug auf das Psp-System ist besonders interessant, dass die
sensorische Funktion DesKs auf eine aus Teilen der TMH1 und TMH5 bestehende
,chimare“ Transmembranhelix (minimal sensor (MS)-DesK) zurlickgeflihrt werden
kann [177,179]. Eine Verdickung und Verringerung der Elastizitdt der
Cytoplasmamembran als Signal fuhrt zu einer Veranderung der Interaktion zweier
chimarer Transmembranhelices, wodurch die 2-HCC-Struktur destabilisiert wird und
die Kinasefunktion der cytoplasmatischen Doméanen eines DesK-Homodimers erreicht
und stabilisiert wird [180,178]. Dies ist insbesondere auch unter dem Aspekt
interessant, dass sich in TMH1 und TMH5 sowie in der chimaren Transmembranhelix
von MS-DesK Proline befinden, fur welche basierend auf MD-Simulationen eine
wichtige Funktion in der Signalwahrnehmung und —weiterleitung beschrieben wurde
[180]. Auch in der Transmembranhelix von PspB liegen Proline vor, welchen einen
ahnlichen Abstand wie in den Transmembranbereichen DesKs oder MS-DesKs
aufweisen. Es ware daher mdglich, dass die Plastizitdt der Proline in der

Transmembranhelix PspB ebenfalls eine wichtige Rolle wahrend der
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Signalwahrnehmung und -weiterleitung von SCE-Stress des Psp-Systems spielen, wie

es fur DesK postuliert wurde.

In zuklnftigen Untersuchungen zur Stresswahrnehmung und Signalkaskade des Psp-
Systems sollte daher PspB und speziell dessen Transmembrandomane im Fokus

stehen.
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