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Summary

Ribonuclease E (RNase E) is likely the most important endoribonuclease in Gram-negative bacteria. As a
frequently essential enzyme, RNase E is involved in the processing of numerous RNA species. In order to
investigate the transcriptome-wide activity of RNase E, mutants with thermosensitive RNase E enzymes have
been analysed through TIER-seq in recent years. Thereby, >20,000 RNase E-dependent RNA 5'-ends were de-
tected in the transcriptomes of Salmonella enterica, Vibrio cholerae and Rhodobacter sphaeroides. Interestingly,
in R. sphaeroides the reduction of RNase E activity led to a severe growth deficit under phototrophic conditions
in addition to an altered stress resistance. A recent follow-up study of this phenotype revealed that important
transcriptional activators of photosynthesis-related genes of R. sphaeroides are regulated in an RNase E-de-
pendent manner. Furthermore, the data show that RNase E has a function in the growth condition-dependent
control of RNA degradation rates. While the mRNA stabilities of three important transcriptional regulators
were not significantly affected under microaerobic conditions, the reduced enzyme activity led to a significant

change in RNA half-lives under phototrophic conditions.

As one of the few known double-strand-specific endoribonucleases, RNase III, like RNase E, plays an im-
portant role in bacterial gene regulation. However, compared to RNase E, RNase III is much higher conserved
and can be found in all known bacteria and eukaryotes. RNase III has long been known to be involved in the
maturation of bacterial rRNAs. Especially since the discovery of numerous new sRNAs in the last 15 years,
which can form RNA-RNA hybrids with cellular target mRNAs, RNase III has again become a focus of research
as a global regulator of gene expression. Recent RNA-seq studies have identified numerous substrates of
RNase III, particularly among the SRNA-mRNA hybrids, and thus revealed important functions of the enzyme,
for example in the production of antibiotics, regulation of virulence, maturation of CRISPR-RNAs or regula-
tion of toxin/anti-toxin systems. A recent study on RNase III in R. sphaeroides demonstrated for the first time
an involvement of the enzyme in the bacterial quorum sensing system in addition to functions in stress re-

sistance and the formation of the photosynthetic apparatus.

RNA-binding proteins regulate gene expression by interacting with cellular transcripts and thus influence
intramolecular RNA folding, intermolecular base pairing or the accessibility of RNase cleavage sites. The
small DUF1127-protein CcaF1 was recently identified as a novel RNA-binding protein in R. sphaeroides. A
comparison of the CcaF1 binding partners identified by RIP-seq revealed an partially overlapping binding
spectrum between microaerobic and phototrophic growth conditions. An interaction with the pigment bind-
ing protein-encoding pufBA mRNA was detected under both microaerobic and phototrophic conditions by
RIP-seq analysis. Interestingly, overexpression of CcaF1 had an opposite effect on the stability of pufBA under
the two conditions: While destabilization of pufBA was observed under microaerobic conditions, the overex-

pression of CcaF1 had a stabilizing effect on pufBA under phototrophic conditions.

This work examines the present state of research on posttranscriptional gene regulation in bacteria by
discussing step-by-step current research results on the function of RNase E, RNase III as well as the novel
RNA binding protein CcaF1 from R. sphaeroides in the context of the latest state of knowledge. In addition,
this work provides an important scientific contribution by investigating the effects of different environmental
conditions on posttranscriptional gene regulation and revealing new functions of RNase E, RNase III and
CcaF1.



Zusammenfassung

Ribonuklease E (RNase E) ist die wohl einflussreichste Endoribonuklease in Gram-negativen Bakterien. Als
haufig essentielles Enzym, ist RNase E an der Prozessierung zahlreicher RNA-Spezies beteiligt. Um das tran-
skriptomweite Wirkspektrum der RNase E zu untersuchen, wurden in den letzten Jahren Mutanten mit ther-
mosensitiven RNase E Enzymen mittels TIER-seq analysiert. Dabei wurden >20.000 RNase E-abhingige RNA
5‘-Enden in den Transkriptomen von Salmonella enterica, Vibrio cholerae und Rhodobacter sphaeroides detek-
tiert. In R. sphaeroides fiihrte die Reduktion der RNase E Aktivitit interessanterweise neben einer verdnderten
Stressresistenz zu einem schwerwiegenden Wachstumsdefizit unter phototrophen Bedingungen. Eine aktu-
elle Folgeuntersuchung dieses Phinotyps ergab, dass wichtige Transkriptionsaktivatoren der Photosynthese-
Gene in R. sphaeroides RNase E-abhingig reguliert werden. Weiterhin zeigen die Daten, dass RNase E eine
Funktion in der Umweltbedingungs-abhidngigen Kontrolle der RNA-Abbauraten besitzt. Wahrend die mRNA-
Stabilitdaten dreier wichtiger Transkriptionsregulatoren unter mikroaeroben Bedingungen nicht signifikant
beeinflusst wurden, fiihrte die verminderte Enzymaktivitat unter phototrophen Bedingungen zu einer signi-

fikanten Veranderung der RNA-Halbwertszeiten.

Als eine der wenigen bekannten Doppelstrang-spezifischen Endoribonukleasen besitzt RNase III ebenso wie
RNase E eine wichtige Bedeutung in der bakteriellen Genregulation. Im Vergleich zur RNase E ist RNase III
jedoch deutlich stdrker konserviert und kommt in allen bekannten Bakterien und Eukaryonten vor. Dabei ist
RNase III schon seit ldngerer Zeit fiir ihre Beteiligung an der Reifung bakterieller rRNAs bekannt. Spatestens
mit der Entdeckung zahlreicher neuer SRNAs in den letzten 15 Jahren, welche RNA-RNA Hybride mit zellula-
ren Ziel-mRNAs bilden konnen, ist RNase III als globaler Regulator der Genexpression wieder in den Fokus
der Forschung geriickt. Neuere RNA-seq Studien konnten insbesondere unter den SRNA-mRNA-Hybriden
zahlreiche Substrate der RNase III identifizieren und somit wichtige Funktionen des Enzyms zum Beispiel in
der Antibiotikaproduktion, Virulenz, Reifung von CRISPR-RNAs oder Regulation von Toxin/Anti-Toxin-Sys-
temen aufzeigen. Eine kiirzlich durchgefiihrte Studie zur RNase III in R. sphaeroides demonstrierte hierbei
neben interessanten Funktionen in der Stressresistenz und der Ausbildung des Photosynthese-Apparates

erstmals eine Beteiligung des Enzyms im bakteriellen Quorum sensing System.

RNA-Bindeproteine regulieren die Genexpression indem sie mit zelluldren Transkripten interagieren und so
die intramolekulare RNA-Faltung, intermolekulare Basenpaarungen oder die Zugédnglichkeit von RNase-
Schnittstellen beeinflussen. Das kleine DUF1127-Protein CcaF1 wurde kiirzlich als neuartiges RNA-Bindepro-
teinin R. sphaeroides identifiziert. Ein Vergleich der mittels RIP-seq identifizierten CcaF1 Bindepartner ergab
ein nur teilweise tiberlappendes Bindespektrum unter mikroaeroben und phototrophen Wachstumsbedingun-
gen. Eine Interaktion mit der Pigmentbindeprotein-kodierenden pufBA mRNA wurde sowohl unter mikroae-
roben als auch unter phototrophen Bedingungen mittels RIP-seq Analyse nachgewiesen. Interessanterweise
hatte die Uberexpression von CcaF1 einen gegensitzlichen Effekt auf die Stabilitat von pufBA unter den bei-
den Bedingungen: Wahrend unter mikroaeroben Bedingungen eine Destabilisierung von pufBA beobachtet

wurde, wirkte die Uberexpression von CcaF1 unter phototrophen Bedingungen stabilisierend auf pufBA.

Die vorliegende Arbeit befasst sich mit dem gegenwartigen Stand der Forschung zur posttranskriptionellen
Genregulation in Bakterien, indem schrittweise aktuelle Forschungsergebnisse zur Funktion der RNase E und
RNase III sowie des neuartigen RNA-Bindeproteins CcaF1 aus R. sphaeroides im Kontext des aktuellen Wis-
sensstandes diskutiert werden. Dariiber hinaus leistet diese Arbeit einen wichtigen wissenschaftlichen Bei-
trag, da sie die Auswirkungen unterschiedlicher Umweltbedingungen auf die posttranskriptionelle Genregu-

lation untersucht und anhand dessen neue Funktionen von RNase E, RNase III und CcaF1 aufdeckt.



Kapitel 1: Riboregulation als Schlisselelement der bakteriellen Anpassungsfahigkeit

Meister der Anpassung

Bakterien gehoren zu den &dltesten Bewohnern un-
seres Planeten. Durch ihre besonders lange evolu-
tiondre Entwicklungshistorie konnte eine grofie Ar-
tenvielfalt entstehen. Von der Spitze des Mount
Everests bis in die Tiefen des Marianengrabens, un-
sere Welt ist voller Bakterien. Dabei besiedeln sie
nicht nur nahezu alle erdenklichen Habitate um
uns herum, sondern begleiten uns auch auf und so-
gar in uns. Wihrend die meisten der uns bekannten
Bakterienarten in einer iiberschaubaren Auswahl
an standardisierten Wachstumsbedingungen kulti-
viert werden kénnen, bendétigen einige starker spe-
zialisierte und viele bisher unerforschte Arten teil-
weise komplexe Wachstumsvoraussetzungen, wel-

che oft nur an besonderen Standorten existieren.

Obwohl sich die heutige bakterielle Artenvielfalt im
Laufe der Evolution an verschiedenste Standorte
anpassen konnte, sind die umweltbedingten
Standortgegebenheiten in der Natur nicht immer
gleichbleibend, sondern verdndern sich dynamisch.
Schwankende abiotische Parameter, wie Feuchtig-
keit, Temperatur, Osmolaritdt, pH-Wert, Strah-
lung, Sauerstoffverfiigbarkeit und Nahrstoffange-
bot beeinflussen die Wachstumsbedingungen eines
jeden Individuums. Gleichzeitig wirken biotische
Faktoren, wie die Zusammensetzung mikrobieller
Lebensgemeinschaften sowie Interaktionen mit
Artgenossen und fremden Spezies, auf das Leben
bakterieller Zellen ein. Um sich stetig wechselnden
Umweltbedingungen anpassen zu kénnen und so-
mit die evolutiondre Fitness zu steigern, haben
Bakterien diverse Mechanismen zur Regulation ih-

rer Genexpression entwickelt.

Das von Francis Crick am 19. September 1957 auf
einem Symposium der Society of Experimental Bio-
logy prasentierte und 1958 schriftlich veroffent-
lichte ,Zentrale Dogma der Molekularbiologie®!
stellt bis heute einen Meilenstein im Verstindnis

des Mechanismus der Genexpression dar. Als erste

Publikation beschrieb dieser Aufsatz die Linearitit
der Genexpression und den Fluss der genetischen
Information von der DNA iiber die Transkription in
die RNA, welche schliefSlich durch die Translation
in ein funktionelles Protein tibersetzt werden kann.
Darauffolgend konnte durch zahlreiche Experi-
mente ein grofSer Wissensschatz angesammelt wer-
den, welcher fiir unser heutiges Verstandnis der

Genexpression in Lebewesen essentiell ist.

Erstmals 15 Jahre nach Francis Cricks Hypothesen-
formulierung diskutierte David Apirion, dass sich
der damals aktuelle Wissenstand besonders aus-
fiihrlich mit der de novo Synthese von RNA (Tran-
skription) befasste, wobei ein vergleichsweises
sparliches Verstindnis zum Abbau von RNA
herrschte. Wahrend seine relativ simple Arbeitshy-
pothese darin bestand, dass der RNA-Abbau in
Escherichia coli eine Art einfacher Recycling-Pro-
zess zur Freigabe von Nukleotiden sein muss,
diente diese Annahme als Grundlage fiir eine Band-
breite nachfolgender Untersuchungen?. Heute, 50
Jahre spéter, ist klar, dass die bakterielle Genex-
pression ein hochkomplexer Prozess ist, welcher
zahlreiche Mechanismen beinhaltet und gleicher-
maflen durch RNA-Syntheserate und -Abbaurate

definiert wird.

Die RNA-Polymerase

Damit die Genexpression effizient gesteuert wer-
den kann, besitzen Bakterien die Moglichkeit, auf
mehreren Ebenen der Genexpression regulierend
eingreifen zu konnen. Auf Ebene der Transkription
spielt die Zusammensetzung der DNA-abhédngigen
RNA-Polymerase (im Folgenden verkiirzt als RNA-

Polymerase bezeichnet) eine wichtige Rolle.

Da hohere Lebewesen, wie die meisten Eukaryon-
ten, ein sehr dicht durch Histone kondensiertes Ge-
nom besitzen, konnen eukaryontische RNA-Poly-
merasen im Gegensatz zu bakteriellen RNA-Poly-

merasen zumeist nicht unmittelbar an die
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chromosomale DNA binden. Haufig miissen sie zu-
erst in einem Pra-Initiationskomplex assembliert
werden®. Dabei steuern Eukaryonten ihre Genex-
pression bereits durch eine sehr komplexe Regula-
tion auf Chromatin-Ebene, indem sie die Zuging-
lichkeit der DNA stark variieren konnen, zum Bei-
spiel mittels einer verdnderten Zusammensetzung
der Histon-DNA-Komplexe (Nukleosomen). Inte-
ressanterweise besitzen Archaeen, welche spites-
tens seit 1990 als eigenstdndige prokaryontische
Domine des Lebens gelten?, ebenfalls Histone.
Diese dahneln zwar in ihrer Tertidrstruktur den eu-
karyontischen Histonen, bilden allerdings Quar-
tarstrukturen aus, welche sich deutlich von den eu-

karyontischen Nukleosomen unterscheiden®®.

Weiterhin besitzen Eukaryonten drei verschiedene
RNA-Polymerase Enzyme, welche {iber unter-
schiedliche DNA-Bindespezifititen verfiigen. Im
Gegensatz dazu besitzen Prokaryonten nur eine
einzige RNA-Polymerase’, wobei die archaelle
RNA-Polymerase der eukaryontischen RNA-Poly-
merase II dhnelt und mit 12-14 Untereinheiten re-
lativ komplex aufgebaut ist?. Die bakterielle RNA-
Polymerase ist deutlich einfacher aufgebaut und
besteht im Kern aus den beiden grofsen Unterein-
heiten B und B’, zwei a-Untereinheiten und einer
w-Untereinheit’. Als zusdtzliche Untereinheit,
kann ein o-Faktor an den bakteriellen RNA-Poly-
merase-Kernkomplex binden, wodurch das so ge-
nannte RNA-Polymerase-Holoenzym entsteht.
Aufgrund der Affinitdt des o-Faktors zu spezifi-
schen -10 und -35 lokalisierten Erkennungsmoti-
ven an den DNA-Promotoregionen, kann das RNA-
Polymerase-Holoenzym gezielt an bestimmte Pro-
motorregionen gefiihrt werden, um die Transkrip-
tion zu initiieren!®!!. Durch den Einsatz verschie-
dener o-Faktoren kdnnen Bakterien die DNA-Bin-

despezifitdt der RNA-Polymerase modulieren.

Viele Bakterienarten besitzen einen house keeping

o-Faktor, welcher zur RNA-Synthese wihrend des

exponentiellen Wachstums verwendet wird. Um auf
Umweltverdnderungen reagieren und zum Beispiel
eine Stoffwechselanpassung einleiten zu konnen,
werden oft alternative o-Faktoren aktiv, welche den
house keeping o-Faktor ersetzen und somit die
DNA-Bindespezifitit der RNA-Polymerase verdn-
dern!?, Dies fiihrt dazu, dass die genetische Infor-
mation des Stoffwechselprogramms auf RNA-
Ebene umgestellt werden kann. Haufig leiten prag-
nante Verdnderungen abiotischer Umweltfaktoren,
wie zum Beispiel eine starke Abweichung von der
optimalen Wachstumstemperatur'>-*, die Anwe-
senheit reaktiver Sauerstoffspezies'®!” oder Nihr-
stoffmangelsituationen'® die Synthese oder Akti-
vierung alternativer o-Faktoren ein. Dabei kann ein
o-Faktor direkt die Transkription von mehr als 100
Genen kontrollieren!>%?, Um die Transkription ein-
zelner Gene feiner regulieren zu kdnnen, verwen-
den Bakterien zusitzlich eine Vielzahl weiterer
Transkriptionsfaktoren, welche entweder als Tran-

skriptionsaktivator oder -repressor wirken konnen.

Transkriptionsregulation am Beispiel der Rhodobacter

sphaeroides Photosynthese-Gene

Das fakultativ-phototrophe o-Proteobakterium
Rhodobacter sphaeroides®>** (mittlerweile phyloge-
netisch dem neu entstandenen Genus Cereibacter
zugeordnet?) ist fiir seinen vielfaltigen Metabolis-
mus bekannt und dient in zahlreichen Studien als
Modellorganismus zur Erforschung der transkripti-
onellen Regulation der Photosynthese-Genexpres-
sion?*-2, Auch durch die friihe Sequenzierung des
R. sphaeroides Genoms?’ und dessen Zugéanglichkeit
fiir genetische Modifikationen, erhielt das Bakte-
rium als metabolisches Multitalent grofse Aufmerk-
samkeit bei der Entwicklung interessanter Anwen-
dungen in der Biotechnologie. Dabei wird R. sphae-
roides zum Beispiel in der griinen Wasserstoffpro-
duktion?®?°) der Produktion von Polyhydroxyalka-

noaten (Ressource zur Herstellung biologisch
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abbaubaren Plastiks)®**-32, der Bioremediation von
kontaminierten Boden und Gewdssern®-3° oder der

in vitro CO,-Fixierung verwendet®¢-3,

Die Expression Photosynthese-relevanter Gene ist
in R. sphaeroides eng an den Sauerstoffgehalt und
die Lichtverfiigbarkeit am Wachstumsstandort ge-
koppelt. Wiahrend bei Vorherrschen eines hohen
Sauerstoffpartialdrucks Energie durch aerobe Re-
spiration konserviert wird, bildet das Bakterium bei
einem sinkenden Sauerstoffgehalt photosynthe-
tisch-aktive Pigment-Proteinkomplexe in Membr-
aneinstiilpungen der inneren Zellmembran aus

(siehe Abbildung 1).

B DL atp
A U7 synthase
U y

Abbildung 1: Schematische Darstellung der
photosynthetischen Membran von R. sphaeroi-
des. Der Photosynthese-Apparat von R. sphaeroides
befindet sich in intrazytoplasmatischen Membra-
ninvaginationen und besteht unter anderem aus
dem Lichtsammelkomplex I (LH I: light harvesting
complex I), welcher ein Dimer mit dem photochemi-
schen Reaktionszentrum (RC: reaction center) bildet
und von mehreren Lichtsammelkomplexen II (LH
II: light harvesting complex II) umgeben ist. In rium-
licher Ndhe befindet sich ein Cytochromkomplex
(bc; Komplex). Dieser kann einen Protonengradien-
ten durch zyklischen Elektronentransport entlang
der Membran generieren, welcher durch eine ATP-
Synthase zum Aufbau von ATP und somit zur Ener-
giekonservierung genutzt wird. (Grafik modifiziert
nach: 4.

Bei der simultanen Abwesenheit von Sauerstoff und
dem Vorhandensein einer geeigneten Lichtquelle

stellt R. sphaeroides den Stoffwechsel auf eine

anoxygene Photosynthese um?{. Die strikte

Koordinierung der Photosynthese-Genexpression
ist fiir R. sphaeroides notwendig, da das Bakterioch-
lorophyll der photosynthetischen Lichtsammel-
komplexe bei Anwesenheit von Sauerstoff als
photosensitizer wirkt®. Dabei kann zytotoxischer
Singulett-Sauerstoff, durch Energieilibertragung
auf molekularen Sauerstoff im Triplett-Grundzu-
stand*’, produziert werden. Fiir die prézise Regula-
tion der Photosynthese-Gen Transkription in An-
passung an Sauerstoff- und Lichtverfiigbarkeit in
der Umgebung besitzt R. sphaeroides multiple Tran-
skriptionsfaktorsysteme, welche teilweise synerge-

tisch und iiberlappend agieren.

Das PrrA/PrrB Zwei-Komponenten-System

Das aktivierende Zwei-Komponenten-System be-
stehend aus PrrA und PrrB (Prr: photosynthetic
response regulator) reguliert die Transkription zahl-
reicher Photosynthese-Gene in Abhdngigkeit vom
Redox-Zustand*?*3, Durch ihre Transmembran-Do-
mine kann die Zytoplasmamembran-gebundene
Phosphokinase PrrB die Sauerstoffverfiigbarkeit
wahrnehmen. Hierbei fiihrt der Elektronfluss in Ge-
genwart von Sauerstoff durch die cbbs Oxidase zu
einer Stimulierung der Phosphatase-Aktivitdat von
PrrB#, wodurch dessen Autokinase-Aktivitat redu-
ziert wird und PrrB vorwiegend in einem unphos-

phorylierten Zustand vorliegt.

Eine Abnahme des Elektronenflusses durch cbbs bei
Abwesenheit von Sauerstoff dient als Signal zur Sti-
mulierung der PrrB Autokinase Funktion, wodurch
Histidin-Seitenketten der zytoplasmatisch lokali-
sierten Proteinregion phosphoryliert werden®.
Durch die Autophosphorylierung aktiviert, kann
PrrB die angefiligte Phosphat-Gruppe auf eine As-
partat-Seitenkette der N-terminalen Doméne des
response regulator PrrA iibertragen. Infolgedessen
geht PrrA in den aktiven Zustand (PrrA-P) iiber und
dimerisiert*. Die C-terminalen Helix-Turn-Helix

Strukturen des aktiven Homodimers konnen
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schliefSlich ein spezifisches Konsensusmotiv, be-
stehend aus zwei invertierten GCGNC-Sequenzen,
an der DNA binden und dort die Transkription akti-
vieren?’. Dieses Konsensusmotiv findet sich bei-
spielweise in den Promotorregionen der pufund puc
Gene*, welche Pigmentbindeproteine des Licht-
sammelkomplex I und Lichtsammelkomplex II ko-
dieren (siehe Abbildung 1 und 2).

Das AppA/PpsR Anti-Repressor/Repressor-System

Ein weiteres Regulationssystem der Photosyn-
these-Gen Transkription in R. sphaeroides besteht
aus dem Transkriptionsrepressor PpsR (photopig-
ment suppression) und seinem Anti-Repressor AppA
(activation of photopigment and puc expression). Als
Gegenspieler zum aktivierenden PrrA/PrrB-System
inhibiert PpsR die Transkription zahlreicher Photo-
synthese-Gene, unter anderem puf, puc, sowie ei-
nige Gene zur Him-Synthese (hem Gene), Bakterio-
chlorophyll-Synthese (bch Gene) und Karotinoid-
Synthese (crt Gene)*>! (sieche Abbildung 2). Die
hochste DNA-Bindeaffinitdt zum TCT-N;;-AGA
Konsensusmotiv*’ besitzt PpsR unter aeroben Be-
dingungen. Unter anaeroben Bedingungen (geltste
Sauerstoffkonzentration [O;] < 3 uM) konnen fiir die
Proteinfaltung wichtige Cystein-Disulfid-Briicken
durch Reduktion gebrochen und folglich die Bin-
deaffinitit zum Konsensusmotiv reduziert wer-

den’%%3,

Der Anti-Repressor des Systems, AppA, kann die
Lichtintensitédt in der Umwelt durch eine N-termi-
nale BLUF-Doméne (blue light sensing using EAD)>*
wahrnehmen. Diese absorbiert Blaulicht mit Hilfe
eines nicht-kovalent gebundenen FAD-Chromo-
phors®%, wodurch eine Konformationsidnderung
von AppA induziert werden kann®->°. Bemerkens-
werterweise kann die BLUF-Domine unabhingig
vom C-terminalen Rest des AppA Proteins funktio-
nieren® und stellt aufgrund struktureller Unter-

schiede zur FAD-bindenden PAS-Domine von

Photolyasen und pflanzlichen Cryptochromen ei-
nen neuartigeren Typ biologischer Blaulichtrezep-
toren dar**. Neben seiner lichtwahrnehmenden Fi-
genschaft kann AppA ebenfalls den Redox-Zustand
in der Umgebung messen und wurde somit Anfang
der 2000er Jahre als erstes Protein beschrieben,
welches die Perzeption von Licht- und Redox-Zu-
stand zugleich integriert’. Wahrend man anfing-
lich eine Redox-Wahrnehmung mittels FAD-Cofak-
tor der BLUF-Doméne vermutete®!, konnte in spa-
teren Arbeiten gezeigt werden, dass AppA den Re-
dox-Zustand durch einen nicht-kovalent gebunde-
nen Hiam-Cofaktor erkennen kann®-%. Die Sauer-
stoff- und Licht-abhidngige Konformationsinde-
rung des Anti-Repressors AppA erhoht die Bindeaf-
finitat gegeniiber PpsR und es kann sich ein AppA-
PpsR; Komplex bilden. Durch Bindung des Anti-Re-
pressors AppA wird die DNA-Bindeaktivitdt von
PpsR vollstdndig inhibiert. Folglich ist die PpsR-ab-
hédngige Repression der Photosynthese-Gen Tran-

skription aufSer Kraft gesetzt®2.

Der Transkriptionsaktivator FnrL

Neben dem aktivierenden PrrA/PrrB Zwei-Kompo-
nenten-System, verfiigt R. sphaeroides iiber einen
weiteren zentralen Transkriptionsaktivator der
Photosynthese-Gene, das FnrL. Protein. FnrL be-
sitzt ebenfalls eine Helix-Turn-Helix-Domé&ne und
ist ein Homolog des Fnr (fumarate nitrate regulator)
Transkriptionsfaktor aus E. coli, welcher spezifisch
an DNA mit der Konsensussequenz TTGAT-N4-AT-
CAA bindet®. Zur signalbedingten Regulation der
Genexpression kann FnrL den vorherrschenden Re-
dox-Zustand mit Hilfe eines Eisen-Schwefel-Clus-
ter wahrnehmen. Dieses wird {iber vier Cystein-Sei-
tenketten in der N-terminalen Region des Proteins
gebunden®. Eisen-Schwefel-Cluster sind ubiquitér
in nahezu allen Lebewesen vorkommend® und kon-
nen als Cofaktor von Eisen-Schwefel-Cluster-Pro-

teinen genutzt werden, welche unterschiedlichste
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biologischen Funktionen ausiiben®”-%. Die Bindung
des Eisen-Schwefel-Clusters aktiviert Fnr-Prote-
ine, wie FnrL, indem es eine Homodimerisierung
des Proteins induziert’®”!. Neben dem puc Operon
werden Gene zur Him-Synthese und Bakteriochlo-
rophyll-Synthese transkriptionell positiv durch das
aktive FnrL kontrolliert’?-7¢ (siehe Abbildung 2). In-

teressanterweise reguliert FnrL. auch das PrrA-

abhingige Regulon indirekt, indem es die Expres-
sion von CcoN (Komponente der chbs Cytochrom-
Oxidase) kontrolliert’””. Durch Anwesenheit von
Saure, Sauerstoff oder anderen Oxidationsmitteln
konnen Eisen-Schwefel-Cluster rapide beschidigt
werden’®”, wodurch FNR-Proteine zumeist mono-
merisieren und ihre DNA-Bindeaffinitat drastisch

reduziert wird”-%°.

PerX Umweltsignal *
(-) /PpsR (-)
T \_ O;-labiles Eisen-Schwefel-Cluster Fe-s
(+)
perX  pufX pufi pufL pufA pufB p;ﬂ:/l Transkriptionelle Aktivierung (+)

Transkriptionelle Repression (-)

pufk < PrrA
P'\/

/_,_.\ AppA
+ I *Anaemh + Licht
p AR ——

appA y /PpsR". Fes
/PpsR . AppA FrrL
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) hemA ’P 1
*Anaerob * s
*Anaernb P)\/
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PrrB PrrB (+)
: v .
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0 PcrZ (-) puc2B puc2A
NV .

Abbildung 2. Die zentralen Transkriptionsfaktoren der Photosynthese-Genexpression und deren Re-
gulons in R. sphaeroides. Das Schema zeigt den Einfluss der drei wichtigen Transkriptionsregulationssys-
teme FnrL, PrrB/PrrA und AppA/PpsR auf die Expression der Photosynthese-Gene in R. sphaeroides. Das Zwei-
Komponenten-System bestehend aus der Sensorkinase PrrB und dem response regulator PrrA aktiviert die
Transkription von bch, crt, puc und puf Genen in Abwesenheit von Sauerstoff. PpsR reprimiert die Transkrip-
tion zahlreicher bch, crt und hem Gene, sowie die Operons der puf und puc Gene. In Abwesenheit von Sauer-
stoff wird der Anti-Repressor AppA exprimiert, welcher bei ausreichender Lichtintensitdat PpsR komplexiert
und dessen reprimierende Wirkung inhibiert. FnrL. nimmt den Redoxzustand durch einen Eisen-Schwefel-
Cluster Cofaktor wahr. In Abwesenheit von Sauerstoff liegt das Eisen-Schwefel-Cluster intakt vor und ermog-
licht die Homodimerisierung von FnrL, wodurch die Transkription der beiden puc Operons und einiger hem
Gene aktiviert wird. PcrX und PcrZ sind zwei kleine nicht-kodierende RNAs, welche ihre Ziel-mRNAs in trans
binden und dadurch reprimierend wirken. bch Gene: kodieren Komponenten der Bakteriochlorophyll a-Synthese;
crt Gene: kodieren Komponenten der Karotinoid-Synthese; hem Gene: kodieren Komponenten der Tetrapyrrol-Syn-
these; puf Gene: kodieren Pigmentbindeproteine des Lichtsammelkomplex I; puc Gene: kodieren Pigmentbindepro-
teine des Lichtsammelkomplex II. (Grafik modifiziert nach: 8})
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Kleine RNAs als Regulatoren der Photosynthese-

Gene

Kleine, nicht-kodierende RNAs (in Bakterien
SRNAs genannt) konnen durch Basenkomplemen-
taritdt mit bestimmten Ziel-mRNAs in der Zelle di-
rekt interagieren und so die Stabilitdt oder Transla-
tionseffizienz der Ziel-mRNA regulieren®?-%°. Durch
moderne Hochdurchsatztranskriptomik, untestiitzt
von Northern blot Analysen, konnten seit 2009 8
zahlreiche sRNAs in R. sphaeroides identifiziert
werden. Wahrend fiir einige dieser SRNAs ein mo-
dulierender Einfluss auf die Stressresistenz®’-*? o-
der die Wachstumsrate®** beschrieben werden
konnte, wurden drei SRNAs im posttranskriptionel-
len Photosynthese-Genregulationsnetzwerk von R.

sphaeroides identifiziert.

Die zuerst entdeckte sRNA im Photosynthese-Re-
gulationsnetzwerk von R. sphaeroides, PcrZ (photo-
synthesis control RNA Z), hemmt die Expression von
bchE und puc2A durch direkte SRNA-mRNA Inter-
aktion. Des Weiteren konnte gezeigt werden, dass
die Abundanzen vieler zusatzlicher Photosynthese-
mRNAs in Abhédngigkeit von PcrZ beeinflusst wer-

den95,96

Als zusatzliche sSRNA, entsteht PcrX (photosynthesis
control RNA X) durch Co-Transkription der puf
Gene und anschliefSender Prozessierung aus der 3”-
UTR (untranslated region) des polycistronischen puf
Transkripts. PcrX bindet an das pufX Segment der
puf mRNA, wodurch deren Halbwertszeit herabge-
setzt und die zelluldre Stochiometrie der Puf-Pro-

teine (beschrieben in: °’-%°) beeinflusst wird!®.

asPcrL (anti-sense photosynthesis control RNA L) ist
eine weitere sRNA, welche direkt die Expression
des puf Operons moduliert. Anders als PcrZ und

PcrX entsteht asPcrL durch Transkription vom anti-

sense DNA-Strang seiner Ziel-mRNA, dem pufL
Segment. Durch perfekte Basenkomplementaritit
bindet asPcrL an das pufL Segment der polycistro-
nischen pufBALMX mRNA. Das asPcrL-pufBALMX
SRNA-mRNA Hybrid wird im Folgenden von der
Doppelstrang-spezifischen Endoribonuklease III
(RNase III) erkannt und prozessiert, was zur post-
transkriptionellen Feinregulation der puf Genex-
pression und als weiterer Kontrollmechanismus zur
Etablierung der Puf-Protein Stochiometrie bei-

tragt!oL,

Riboregulation in Bakterien

Durch die Formulierung des zentralen Dogmas der
Molekularbiologie angestofden, wurden in den fol-
genden Jahren nach Francis Cricks Hypothesenfor-
mulierung zahlreiche Komponenten der transkrip-
tionellen Regulation der Genexpression entdeckt.
Auf Grund dessen ging man urspriinglich davon
aus, dass die zentrale Regulation der Genexpres-
sion vor allem auf transkriptioneller Ebene stattfin-

det.

Interessanterweise stellt die differentielle Expres-
sion der Rhodobacter puf Gene ein anschauliches
Gegenbeispiel zu dieser Vermutung dar. Da die
Transkription der puf Gene in einer gemeinsamen
Transkriptionseinheit exakt identisch reguliert
wird, liefSe sich vermuten, dass auch die kodierten
Proteine in einem quantitativ dhnlichen Verhiltnis
zueinander vorliegen. Entgegen dieser Vermutung,
fiihrt eine {iberraschend komplexe posttranskripti-
onelle Regulation der puf RNA dazu, dass eine mehr
als 10-fach unterschiedliche Proteinmenge der ein-
zelnen Komponenten generiert werden kann®-102-

104 (siehe Abbildung 3).
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Abbildung 3: Posttranskriptionelle Regulation der puf Genexpression in Rhodobacter. Die puf Gene (Q,
B, A, L, M und X) sind auf dem Negativ-DNA-Strang des ersten Chromosoms in einem gemeinsamen Operon
organisiert. Die Transkription wird positiv durch PrrA und negativ durch PpsR kontrolliert. Im Gegensatz zur
nah verwandten Spezies Rhodobacter capsulatus, befindet sich keine FnrL Bindestelle in der puf Genregion
von R. sphaeroides.”™™ Die polycistronische pufOBALMX mRNA besitzt eine Halbwertszeit (HWZ) von unter
einer Minute. Durch einen endonukleolytischen Schnitt wird das 5 -lokalisierte pufQ Segment abgetrennt,
wodurch ein neues 5" -Ende generiert wird, welches mehrere stabilisierende RNA-Sekundérstrukturen tragt!%,
Das Prozessierungsprodukt pufBALMX besitzt eine Halbwertszeit von ~12 Minuten und wird durch einen
RNase E-abhingigen endonukleolytischen Schnitt in der 5°-Region des pufL. Segments weiter prozessiert!%.
Das resultierende pufBA Prozessierungsprodukt ist durch 5°- und 3’- Sekundérstrukturen stabilisiert und be-
sitzt eine Halbwertszeit von ~40 Minuten. Durch die rdumlich und zeitlich versetzte Prozessierung der puf
RNA, stehen die einzelnen ORFs (open reading frame: offener Leserahmen) unterschiedlich lange zur Trans-
lation zur Verfiigung, wodurch PufA und PufB Proteine zahlreich am meisten, gefolgt von PufL. und PufM,
und am wenigsten PufX, synthetisiert werden. (Grafik modifiziert nach: 1%°).

Wahrend bei Eukaryonten die Transkription (im Beispiel mRNAs fiir Crystalline!!!, Kollagene!!? oder
Zellkern) und Translation (im Zytoplasma) raum- Globine!!>!4, In einer Untersuchung zur RNA-Sta-
lich voneinander getrennt sind, finden sie bei Bak- bilitit im Dinoflagellaten Karenia brevis, welcher
terien simultan statt. Hierbei wird die syntheti- vermehrt im Golf von Mexiko vorkommt und dort
sierte RNA meist unmittelbar von den Ribosomen regelméflig fiir die Entstehung der roten Algen-
gebunden und die Translation initiiert. Weiterhin bliite verantwortlich ist, konnte erstaunlicherweise
konnen Ribonukleasen, RNA-Bindeproteine und eine durchschnittliche RNA-Halbwertszeit von 33,3
SRNAs in Bakterien direkt am Ort der Transkription Stunden ermittelt werden, wobei einige RNAs sogar
wirken, wodurch die Stabilitat und Translationsef- Halbwertszeiten von mehr als 144 Stunden besa-
fizienz von RNAs moduliert werden kann. Diese Ren!®,

posttranskriptionelle Expressionsregulierung

durch Ribonukleasen, RNA-Bindeproteine oder Ribonukleasen: Die Katalysatoren

sRNAs wird auch Riboregulation genannt.
Zu den Schliisselkomponenten der bakteriellen Ri-

Dass eine rasche und durchaus komplexe Riboregu- boregulation zdhlen allen voran Ribonukleasen

lation vor allem von bakteriellen Spezies genutzt (RNasen). RNasen sind ubiquitir in allen Lebewe-

wird, deutet sich bereits beim Vergleich der gene- sen vorkommende Enzyme, welche die Spaltung

rellen RNA-Halbwertszeiten in den beiden Doma- von RNA katalysieren. Zumeist geschieht dies

nen des Lebens an: Bei Bakterien betrdgt diese zwi- durch eine irreversible Hydrolyse des RNA-Phos-

schen wenigen Minuten bis einigen Stunden, wobei phatriickgrats.

eukaryontische RNAs oftmals mehrere Stunden bis

teilweise sogar tagelang stabil sind!?"''%) zum
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Funktionell werden RNasen in Exo- oder Endoribo-
nukleasen unterteilt, wobei Exoribonukleasen RNA
vom 5°- oder 3"-Ende beginnend abbauen und dabei
schrittweise einzelne Nukleotide vom Substrat ent-
fernen. Endoribonukleasen hydrolysieren RNA-
Substrate intern. Hierbei wird die RNA gespalten
wodurch zwei kiirzere RNA-Fragmente entstehen,
welche jeweils ein neues 5- oder 3"-Ende an Posi-

tion der Hydrolyse besitzen (siehe Abbildung 4).

A q ﬂ
5'PPP 3¢
B

3 5
5'PPP > ) 3"

Abbildung 4: Unterscheidung zwischen Exo-
und Endoribonukleasen. Skizziert ist ein bakteri-
elles Primértranskripte, welches typischerweise ein
5’-Triphosphat und eine 3’-Sekundéarstruktur be-
sitzt. A Endoribonukleasen (Schere) spalten RNA
intern. B Durch endonukleolytische Wirkung wer-
den neue 5’- und 3’-Enden (rot) erzeugt. Diese kon-
nen von Exoribonukleasen (Pacman) abgebaut wer-
den.

Die Polynukleotidphosphorylase

Die meisten RNasen bestehen mindestens aus einer
katalytischen Doméne, welche zur Hydrolyse des
Substrats benotigt wird, und einer RNA-Bindedo-
méane, welche den RNasen eine Substratspezifitit
verleiht. Die Polynukleotidphosphorylase (PNPase)
ist eine wichtige Exoribonuklease, vorkommend in
Bakterien, Tieren und Pflanzen!'®, und eine der we-
nigen RNasen, welche ihre Substrate nicht durch
hydrolytische Spaltung, sondern durch Phosphoro-
lyse prozessiert (nukleophiler Angriff durch Ver-
wendung einer Phosphatgruppe anstelle eines H;O-
Molekiils). Durch Addition der Phosphatgruppe,
entstehen dabei Nukleosiddiphosphate. Bemer-
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kenswerterweise ist die durch PNPase katalysierte
Phosphorolyse reversibel, wobei das Enzym in der
Umkehrreaktion auch eine Matrizen-unabhingige
5" zu 3" Polymerisierung von Nukleosiddiphospha-

ten katalysieren kann!'7-11°,

In Gram-negativen Bakterien {ibernimmt die
PNPase die Prozessierung von rRNAs, tRNAs,
sRNAs und verschiedensten mRNAs, wobei sie eine
zentrale Rolle in der posttranskriptionellen Genre-
gulation einnimmt'?, Dabei konnte gezeigt wer-
den, dass eine vollstindige Abwesenheit der
PNPase-Aktivitdat (zum Beispiel durch genomische
Deletion) oder eine reduzierte Aktivitdt (zum Bei-
spiel durch Entfernen der C-terminalen RNA-Bin-
dedoméne) zahlreiche Phianotypen hervorruft, wie
erhohte Stresssensitivitdt!?'-1%3, eine verminderte
Virulenz!?*-1% oder eine verdnderte Motilitdt und

Biofilmbildung!?"-1%°,

Weitere Exoribonukleasen

Nicht nur in Bakterien besitzen die meisten Exori-
bonukleasen eine 3° zu 5° RNA-Abbauspezifitit.
Vertreter dieser Enzyme finden sich in allen Doma-
nen des Leben'’, Bakterielle 3" zu 5” Exoribonukle-
asen werden auf Grundlage ihrer Struktur zu den
Superfamilien RNR (RNase R und RNase II), PDX
(PNPase) oder DEED (Oligoribonuklease) zugeord-
net!®!, Im Gram-negativen Modellorganismus E.
coli geht der grofSte Teil der katalytischen 3" zu 5
Exoribonuklease-Aktivitdt in der Zelle von drei
Exoribonukleasen aus: RNase R, RNase II und
PNPase!3%135, Wahrend das Substratspektrum dieser

RNasen teilweise iiberlappend ist, iiben sie auch

spezifische Funktionen aus.

RNase R ist in der Lage, strukturierte RNAs durch
hydrolytische Spaltung zu prozessieren, wobei zur
Substratbindung einzelstrangige RNA-Bereiche be-
notigt werden. In E. coli besitzt RNase R eine wich-

tige Funktion in der Qualitdtskontrolle von RNAs
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und Proteinen, da sie spezifisch beschadigte tRNAs
und rRNAs abbaut!3*'** und bei der Befreiung fest-
gesetzter Ribosomen beteiligt ist, indem sie die Ri-
bosom-blockierende RNA degradiert'**-13, Des
Weiteren ist RNase R mafSgeblich am Abbau von
RNAs mit Polyadenyl-Anhdngen beteiligt!3-141
welche haufig in Bakterien (im Gegensatz zu Euka-
ryonten) als Abbau-Signal und nicht zur Stabilisie-

rung verwendet werden'*?.

RNase II ist eine weitere hydrolysierende 3" zu 5’
Exoribonuklease der RNR Superfamilie. Im Gegen-
satz zur strukturell dhnlich aufgebauten RNase R,
baut RNase II spezifisch einzelstrdngige RNA-En-
den ab und gerit beim Erreichen einer RNA-Sekun-
darstruktur ins Stocken, wobei der RNase II-Sub-
strat-Komplex dissoziieren kann'4>!#4, In E. coli pro-
zessiert RNase II hauptsdchlich verschiedene
mRNAs und tRNAs, wobei Adenin-reiche Regionen
besonders schnell degradiert werden konnen. Inte-
ressanterweise begiinstigt die Anheftung eines
Polyadenyl-Anhangs am RNA 3’-Ende, welcher
zum Beispiel durch die Polyadenylatpolymerase
(nicht in o-Proteobakterien vorkommend!*®) gene-
riert wird, den Abbau vorausliegender RNA-Sekun-

darstrukturen durch RNase [[146-148,

Schliefilich spielt auch die Oligoribonuklease eine
wichtige Rolle in der RNA-Degradation in vielen
Gram-negativen Bakterien. Im Gegensatz zu den
drei anderen wichtigen 3" zu 5" Exoribonukleasen
aus E. coli, RNase R, RNase II und PNPase, ist die
Oligoribonuklease essentiell'*’, besitzt keine spezi-
fische RNA-Bindedomidne und ist nahezu aus-
schliefRlich fiir den Abbau von Oligoribonuklein-
sduren (bevorzugt RNA-Molekiile mit bis zu fiinf
Nukleotiden) zu Mononukleotiden verantwort-

lich!%0.
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Endoribonukleasen: Die Initiatoren

Apirion hielt bereits 1973 fest, dass die RNA-Degra-
dation aus einer Reihe von exo- und endonukleoly-
tischen Katalyseevents bestehen muss?. Hierbei er-
klarte er, dass die bakteriellen Ribosomen die neu
synthetisierte mRNA unmittelbar durch Bindung
stabilisieren konnen. Weiterhin stellte er fest, dass
eine Verzogerung der Ribosomen-mRNA Bindung
das Transkript zuginglich fiir eine endonukleolyti-
sche Prozessierung macht, woraufhin das neu ent-
stehende RNA 3’-Ende von Exoribonukleasen atta-
ckiert werden kann. Auch 50 Jahre spiter ist diese
Zusammenfassung noch richtig, wenn auch stark

vereinfacht.

Erwdhnenswert ist, dass die meisten Gram-positi-
ven Bakterien eine spezielle Ribonuklease besitzen,
RNase J, welche sowohl 5" zu 3" Exoribonuklease-
Aktivitat als auch Endoribonuklease-Aktivitdt be-
sitzt®L. Durch die 5" zu 3" Exoribonuklease-Aktivi-
tat ist es RNase ] moglich, Endoribonuklease-unab-
hédngig mRNA-Degradation zu initiieren. Da die 5
zu 3" Exoribonuklease-Prozessierung jedoch stark
von den RNA 5 -Triphosphaten bakterieller Pri-
martranskripte inhibiert wird!*>!%3, benotigt die En-
doribonuklease-unabhingige Degradation haufig
eine zusidtzliche Konvertierung des 5° RNA-
Triphosphats zu einem Monophosphat durch en-
zymatische Wirkung der Pyrophosphatase RppH!“.
Interessanterweise besitzt auch R. sphaeroides, im
Gegensatz zu vielen Gram-Negativen, ein Homolog
der RNase J, welches jedoch hauptséchlich als En-
doribonuklease vor allem in der Prozessierung der
rRNA'® wirkt und nur sehr limitierte 5" zu 3" Exori-

bonuklease-Aktivitit zeigt!>e.

Endoribonuklease E (RNase E)

Zuerst Ende der 1970er Jahre identifiziert!>”!%8, ist
RNase E mittlerweile die meist untersuchte Endori-

bonuklease in Gram-negativen Bakterien. Struk-
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turell besteht das Enzym etwa zur Halfte aus einer
N-terminalen katalytischen Doméne, welche in den
meisten Gram-Negativen stark konserviert ist, ge-
folgt von einer C-terminalen nicht-katalytischen
Domine, welche weniger stark konserviert und e-
her unstrukturiert ist!>>'®°, In der N-terminalen ka-
talytischen Doméne befinden sich strukturgebende
RNase H1 Dominen, die katalysierende DNase I
Domine, eine S1 RNA-Bindedoméne und ein sen-
sorischer Bereich zur Interaktion mit 5" monophos-

phorylierten RNA-Substraten!®!.

Die C-terminale Doméne der RNase E hat selbst
keine katalytische Wirkung und ist Spezies-spezi-
fisch unterschiedlich aufgebaut, wobei sich der
Aufbau innerhalb einiger Proteobakterien stark dh-
nelt. Auf der C-terminalen Doméne des bestunter-
suchten RNase E-Modells aus E. coli befinden sich
zwei weitere RNA-Bindedomdnen (AR2 und
RBD)!¢%163 und Proteinstrukturen zur Interaktion
mit der RNA-Helikase RhIB, der glykolytischen
Enolase und der exonukleolytischen PNPase, sowie
eine Membran-Bindedoméne zur Lokalisierung des
Enzyms entlang der inneren Zellmembran. Durch
Protein-Protein-Interaktion mit RhiB, Enolase und
PNPase bildet sich ein Multienzymkomplex, auch
Degradosom genannt (siehe Abbildung 5), welcher
durch die rdumliche Zusammenfiihrung der Heli-
kase-, Exo- und Endoribonuklease-Aktivitat beson-
ders effizient eine Vielzahl zelluldrer Transkripte
abbauen kann. Dabei variiert die Zusammenset-
zung des Degradosoms nicht nur Art-spezifisch,
sondern auch dynamisch in Abhéngigkeit von Um-
weltbedingungen oder Wachstumsphasen!¢-16,
Fiir R. capsulatus, eine nah verwandte Art von R.
sphaeroides, konnte mittels Proteinaufreinigung
gezeigt werden, dass das Degradosom des Organis-
mus neben RNase E aus dem Transkriptionstermi-
nations-Faktor Rho und zwei DEAD-box Helikasen
besteht!’. Interessanterweise demonstrierte eine

Folgestudie, dass die Zusammensetzung und
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Aktivitat des R. capsulatus Degradosoms in Abhédn-
gigkeit zur Sauerstoffverfligbarkeit variiert. Dabei
co-eluierten erhohten Mengen des Rho-Faktors un-
ter aeroben Bedingungen, wahrend unter mikroae-
roben Bedingungen deutlich geringere Mengen des
Rho-Faktors, aber eine erhohte Menge der 65 kDa
DEAD-box Helikase mit RNase E co-eluiert wur-

den'®,

L3 3
RNA Bindestellen

T

Nicht-katalytische Domine

Abbildung 5: Schematische Darstellung des E.
coli Degradosoms. Die RNase E (lila) dient als Ge-
riist zur Assemblierung des RNA-degradierenden
Multienzymkomplexes. Der N-terminale Bereich
der RNase E (Pacman) ist in der Lage RNA-Sub-
strate endonukleolytisch zu hydrolysieren. Die C-
terminale Domadne ist nicht katalytisch aktiv und
besitzt eine Membranbinderegion (gelb), zwei
RNA-Bindestellen (rot) und exponierte Strukturre-
gionen zur Interaktion mit der RNA-Helikase RhIB
(griin), der glykolytischen Enolase (hellbraun) und
der exoribonukleolytischen PNPase (blau). (Grafik
modifiziert nach: !68),

RNase E ist in Bakterien weit konserviert vorkom-
mend!®! und dabei hadufig essentiell. Als wichtige
Endoribonuklease prozessiert RNase E nicht nur
zahlreiche mRNAs'®-173 und sRNAs*?3174175  gon-
dern ist auch haufig an der Reifung von tRNAs!76-178
und rRNAs!017%180 heteiligt. Im Gram-positiven
Modellorganismus Bacillus subtilis ist RNase E nicht
vorzufinden. Hier iibernimmt ein Homolog, RNase
Y, eine zentrale RNA-prozessierende Funktion an-
stelle von RNase E. Dass beide RNasen funktionell
iiberlappend wirken, konnte zuletzt anschaulich
demonstriert werden, wobei das E. coli RNase E En-
zym eine Vielzahl zelluldirer RNAs an gleichen
Schnittstellen wie RNase Y prozessierte und dabei
die Wiederherstellung eines Wildtyp-dhnlichen
Wachstumsverhaltens der B. subtilis Arny Mutante

(Deletion des RNase Y kodierenden Gens)
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ermoglichte. Weiterhin postulierten die Autoren,
dass die Membranlokalisierung der RNase E aus
E. coli (ebenso wie RNase Y aus B. subtilis) einen
wichtigen Teil zur Kompensationseffizienz bei-
tragt, da eine mutierte RNase E mit fehlender
Membranbindesequenz das RNase Y-bedingte
RNA-Prozessierungsmuster und Wachstumsdefizit
geringfiigiger kompensieren konnte als intakte

RNase E81,

Hierbei ist zu bemerken, dass eine Dysfunktion der
Membranbindeeigenschaft keinen generellen Ein-
fluss auf die enzymatische RNase E-Aktivitit in
vitro'? und in vivo'®® hat, aber dennoch zu einer
leichten Erhohung der Gesamt-RNA-Stabilitdt in
E.coli (von ~2,4 Minuten auf ~3,1 Minuten)
filhrte!®3. Wihrend die Stabilitdt von 1.792 ORFs
nicht signifikant durch die fehlende Membranloka-
lisierung beeinflusst wurde, konnten 246 ORFs mit
signifikant erhohter Stabilitdt in E. coli gefunden

werden.

Abschlieflend sollte darauf hingewiesen werden,
dass nicht alle RNase E Enzyme eine Membran-Bin-
dedoméne besitzen. Wiahrend RNase E aus E. coli
und vielen B- und y-Proteobakterien der Typ I
RNase E zugeordnet werden, welche eine Memb-
ran-Bindedomdne besitzen, zdhlt RNase E aus
R. sphaeroides und vielen anderen a-Proteobakte-
rien zur Typ II RNase E, welche iiber keine erkenn-
bare Membran-Bindedoméne verfiigt'3#!'85. Dabei
demonstrierte eine aktuelle Studie mit Caulobacter
crescentus, einem o-Proteobakterien mit Typ II En-
zym, dass RNase E in Phasen-separierten BR bodies
(dhnlich den eukaryontischen Ribonukleoprotein-
Granula) im Zytoplasma lokalisiert, welche dyna-
misch gebildet werden und zur membranlosen
Kompartimentierung innerhalb der Zelle dienen. In
den BR bodies befinden sich hier vor allem Ribo-
som-ungebundene mRNAs, welche mit dem RNA-

Degradaosom assoziiert sind, wiahrend tRNAs und
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rRNAs durch eine selektive Permeabilitdt aus den

BR bodies ausgeschlossen werden!3¢-191,

RNase E als zentraler Regulator der globalen Genex-

pression

Als Endoribonuklease kann RNase E auch unabhén-
gig vom Degradosom wirken. In ihrer aktiven Form
bildet sie dabei ein aus zwei Homodimeren beste-
hendes Tetramer!®! und hydrolysiert spezifisch in
einzelstrangigen Adenin/Uracil-reichen RNA-Regi-
onen'?21%, Weiterhin besitzt RNase E eine stark er-
hohte Affinitdt gegeniiber monophosphorylierten
RNA-Substraten (etwa 20- bis 30-fach hoher vergli-

chen zu triphosphorylierten Substraten)!*.

Monophosphorylierte RNA 5°-Enden entstehen in
Gram-Negativen haufig durch endonukleolytische
Prozessierung, zum Beispiel durch RNase III, RNase
G (ein Mitglied der RNase E-Familie) oder durch
RNase E selbst. In weiteren Féllen konnen mono-
phosphorylierte Substrate durch Wirkung der RNA
5" Pyrophosphohydrolase RppH generiert werden,
welche in E. coli durch direkte Proteininteraktion
mit DapF (einer Diaminopimelat-Epimerase) regu-
liert werden kann!%%1%,

Das neu generierte monophosphorylierte RNA 5°-
Ende kann wiederum durch die C-terminale Binde-
tasche der RNase E erkannt werden. Infolgedessen
kann RNase E in eine geschlossene Konformation
iibergehen und allosterisch aktiviert werden!¥7-2%,
Als Resultat besitzt RNase E zumeist eine stark er-
hohte Hydrolyseaktivitit gegeniiber prozessierten
RNAs. Da dieser Mechanismus (auch 5 -abhéangiger
RNA-Abbaumechanismus genannt) eine Art posi-
tive Riickkopplungs-Schleife darstellt, kann folg-
lich das Substrat vollstindig fragmentiert werden.
Bei Vorhandensein einer RNA-Sekundérstruktur o-
der Abwesenheit einer geeigneten RNase E-Erken-
nungssequenz wird der 5°-abhingige Abbau durch

RNase E unterbrochen. Somit kann RNase E
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einerseits stabile RNA 5"-Enden generieren, welche
zur Reifung von RNAs beitragen konnen, oder an-
dererseits den Abbau einer RNA in zahlreiche Ein-

zelfragmente bewerkstelligen.

Mit modernen Hochdurchsatzverfahren wie RNA-
seq ist es moglich, die Gesamtheit der RNAs inner-
halb einer Zelle (das Transkriptom) zu analysieren,
zum Beispiel hinsichtlich Qualitdt und Quantitit
verschiedener Transkripte. Hierbei werden RNA-
Isolate durch reverse Transkription in cDNA umge-
schrieben, welche anschliefSend mit terminalen
Adaptern versehen und durch ein schrittweises Flu-
oreszenz-basiertes Amplifikationsverfahren se-
quenziert wird (mehr zur RNA-seq Technologie in:
201,202y Aufgrund der immensen Zeit- und Kostener-
sparnis hat RNA-seq die zuvor etablierten Tran-
skriptomanalyseverfahren wie Microarray-Stu-
dien?* in vielen Laboren weltweit abgelst und ein

neues Zeitalter der Transkriptomik eingeleitet.

Um das Prozessierungsmuster von essentiellen En-
doribonukleasen, wie RNase E, auf transkriptom-
weiter Ebene untersuchen zu konnen, wurde das
TIER-seq Protokoll (transiently inactivating an en-
doribonuclease followed by RNA-seq)** auf Grund-
lage der einige Jahre vorher publizierten Studie von
Clarke und Kollegen?* entwickelt. Hierbei wird ein
Bakterienstamm verwendet, welcher eine tempera-
tursensitive RNase E kodiert (zum Beispiel durch
das Gen rne-3071 in E. coli **7). Durch eine Erh6hung
der Wachstumstemperatur (oftmals auf 39-44 °C)
kann die temperatursensitive RNase E irreversibel
inaktiviert werden. Resultierend daraus verdndert
sich das 5’-Prozessierungsmuster des Transkrip-
toms, welches durch RNA-seq erfasst und mit dem
nativen Prozessierungsmuster verglichen werden

kann.

Durch Anwendung von TIER-seq konnte zuerst in
Salmonella enterica®® und darauffolgend in R.
sphaeroides®®, Vibrio cholerae?” und Synechocysists

sp. PC 68032% eine transkriptomweite Kartierung
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von RNase E-Prozessierungsstellen erfolgen. Wih-
in S. enterica (~22.000), R.
(~23.000) und V. cholerae (~25.000) eine dhnliche
Anzahl RNase E-abhingiger Schnittstellen gefun-

rend sphaeroides

den wurde, konnten in Synechocystis deutlich weni-
ger RNase E-Schnittstellen (1472) identifiziert wer-
den. Obwohl die blofse Anzahl der 5"-Enden vermu-
ten lasst, dass RNase E in Synechocystis ein verrin-
gertes Substratspektrum besitzt, ist die erhebliche
Reduktion der festgestellten RNase E-Schnittstel-
len sicherlich auch auf die etwas verfeinerte Metho-
dik (tagRNA-seq) zur spezifischen Detektion Pro-
zessierungs-bedingter RNA-Enden zuriickzufiih-
ren, welche in dieser Studie angewandt wurde. Da
die Genomgrofien der vier mittels TIER-seq unter-
suchten Organismen in einer dhnlichen Grofsen-
ordnung von ~5.000.0000 Basenpaaren liegen, ist
eine Diskrepanz in der Anzahl der detektierten
Schnittstellen aufgrund unterschiedlicher Genom-

grofSen eher unwahrscheinlich.

Interessanterweise konnte in den vier bisherigen
TIER-seq Studien eine dhnliche Verteilung der
RNase E-Schnittstellen beobachtet werden, wobei
die meisten Schnittstellen in kodierenden RNAs
entdeckt wurden. Ebenso konnte das zuvor be-
schriebene Adenin-Uracil-reiche Erkennungsmo-
tivi921% der RNase E bestdtigt werden, wobei die
identifizierten Schnittstellen eine erhohte Wahr-
scheinlichkeit fiir Uracil an Position +2 (relativ zur
Hydrolyseposition) zeigten. Die TIER-seq Studie in
R. sphaeroides ergab im Vergleich zu den Studien in
Salmonella, Vibrio und Synechocystis ein nur sehr
schwach  Adenin-Uracil-angereichertes Erken-
nungsmotiv, was vermutlich durch den generell ho-

heren Guanin-Cytosin-Gehalt des Rhodobacter Ge-

noms (~69%) zustande kommt2°,

Wihrend die iibrigen TIER-seq Studien unter Nor-
malbedingungen keine besonderen phinotypi-
schen Auswirkungen durch die temperatursensitive

RNase E (rne®) berichteten, zeigte die Rhodobacter
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Mutante eine verringerte Zelliiberlebensrate nach
Singulett-Sauerstoff und Superoxid Exposition,
eine verminderte Ausbildung von Photosynthese-
komplexen und ein drastisches Wachstumsdefizit
unter phototrophen Bedingungen (anaerob im
Licht)2.

Obgleich der wichtige regulatorische Einfluss von
RNase E auf die Prozessierung des puf Operons und
damit die Ausbildung des Photosynthese-Apparats
in Rhodobacter bereits seit einiger Zeit beschrieben
ist!% war es vorerst unklar, ob ausschliefflich die
verminderte puf Prozessierung der Rhodobacter
rne® Mutante fiir das limitierte Wachstum unter
phototrophen Bedingungen verantwortlich ist.
Auch zur Beantwortung dieser Fragestellung wurde
in einer Folgestudie das Transkriptom der R. sphae-
roides rne® Mutante unter drei verschiedenen
Wachstumsbedingungen analysiert: aerob (hoher
Sauerstoffpartialdruck in Dunkelheit), mikroaerob
(geringer Sauerstoffpartialdruck in Dunkelheit)
und phototroph (anaerob im Licht). Hierbei konnte
gezeigt werden, dass nicht nur die puf mRNA A-
bundanz, sondern auch die Level vieler weiterer
Photosynthese-relevanter Transkripte, wie puc,
hem und bch mRNAs, in der rne® Mutante exklusiv
unter phototrophen Bedingungen stark reduziert
sind. Auffallend dabei war, dass die mRNA-A-
bundanz und -Stabilitdt der wichtigen Regulatoren
AppA und PrrB ebenfalls ausschliefilich unter pho-
totrophen Bedingungen in der Mutante reduziert
wird, was im Umkehrschluss eine Erklarung fiir die
gesamtheitliche Verringerung der Photosynthese-
Transkriptlevel und das Wachstumsdefizit ergab

(siehe auch Kapitel 2: 81).

Regulation der RNase E-Aktivitat

Da RNasen besonders einflussreiche Enzyme sind,
welche das Schicksal einer mRNA und damit die ge-
netische Informationsumwandlung vorgeben kon-

nen, ist es fiir den Organismus notwendig, dass die
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destruktive Wirkung der RNasen gerichtet ablaufen
kann. Wahrend die Biosynthese von RNasen unter
anderem auf transkriptioneller Ebene reguliert
wird?®”, besitzen einige RNasen posttranskriptio-
nelle Riickkopplungs-Schleifen, wobei die jeweilige
RNase die Stabilitdt der eigenen mRNA kontrollie-
ren kann. Eine Mitwirkung am Abbau der eigenen
mRNA konnte unter anderem fiir die wichtigen En-
zyme PNPase, RNase E und RNase III in E. coli und

anderen Organismus mehrfach gezeigt werden?'.

Weiterhin wird das Substratspektrum von RNasen
mafigeblich durch die Bindeaffinitdt zum Substrat
definiert. Dafiir existieren natiirlicherweise unter-
schiedliche RNA-Bindemotive, welche von RNasen
genutzt werden. Die PNPase besitzt eine KH und
eine S1 RNA-Bindedoméne, wodurch spezifisch
einzelstringige RNAs erkannt und in die innere
Pore des PNPase Homotrimers gefiihrt werden kon-
nen?!212, RNase E trdgt zur Erkennung einzelstrian-
giger RNAs ein AR2 und ein RBD RNA-Bindeele-
ment. Interessanterweise kann die RNA-Erkennung
von RNase E nicht nur durch Entstehung und Zu-
sammensetzung des Degradosoms kontrolliert wer-

den.

RraA und RraB (regulator of ribonuclease acitivity
A/B) sind Proteininhibitoren, welche die RNase E-
Aktivitat durch direkte Proteinbindung herabset-
zen kénnen?!3, Wahrend RraA an die AR2 und RBD
Region der RNase E bindet und mit der RNA-Heli-
kase RhIB des Degradosoms interagiert?'4, bindet
RraB im Aminosduresequenzbereich 694-727 215,
welcher zwischen der AR2 und RhIB Binderegion
liegt. Globale Transkriptomstudien haben ergeben,
dass zahlreiche RNA-Stabilititen durch die RraA-
und RraB-abhingige RNase E-Inhibition reguliert
werden konnen, wobei die Effekte der beiden Inhi-
bitoren nicht exakt iiberlappend sind, sondern ei-
nige Transkripte auch RraA- oder RraB-spezifisch

stabilisiert werden?!5216,
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RapZ aus E. coli (ehemals: Yhb]) ist ein RNA-Binde-
protein, welches direkt mit der katalytischen Do-
mine der RNase E interagieren und dabei als eine
Art Adapter fiir RNase E fungieren kann, wodurch
es die RNase E-Substratspezifitit moduliert?!7-218,
Die Bindung von RapZ ist dabei notwendig, um eine
RNase E-abhingige Prozessierung der GImZ sRNA
herbeizufiihren, welche die Glucosamin-6-Phos-
phat Synthase in E. coli reguliert?'®. Interessanter-
weise zeigte eine Folgestudie, dass GImZ eine dis-
tinkte Aptamer Struktur enthilt, welche spezifisch
von RapZ erkannt wird. Weiterhin konnte demons-
triert werden, dass die Fusion des Aptamers mit
dem 5‘-Ende einer beliebigen RNA ausreichend ist,
um Prozessierung durch RNase E in diesen RNA-
Fusionssubstraten einzuleiten??. Somit bietet sich
RapZ als potentielles Werkzeug zur feineren Modu-
lierung der Genexpression an, zum Beispiel fiir gen-

technische Anwendungen.

RNase IlI: Ein alter Bekannter mit neuen Funktionen

Dass Bakterien eine Doppelstrang-spezifische En-
doribonuklease besitzen, wurde bereits 10 Jahre vor
der Entdeckung von RNase E, zuerst von Robertson
und Kollegen fiir E. coli berichtet??:?22, In den fol-
genden Jahre wurde RNase III hinsichtlich ihrer Be-
teiligung an der rRNA-Reifung und als Wirtsfaktor
in der Prozessierung viraler RNAs intensiv unter-
sucht??>-225, Wihrend RNase III in E. coli unter an-
derem fiir die vollstandige Reifung der 23S rRNA
notwendig ist??°, besitzen einige a-Proteobakterien
eine spezielle RNase III-abhédngige rRNA Fragmen-
tierung. Beispielsweise wird in Rhodobacter das
grofSere 23S rRNA-Molekiil RNase I1I-abhdngig in
eine stabile 14S, 5.8S und eine zuséatzliche 16S

rRNA-Spezies prozessiert??"-228,

Interessanterweise kommt RNase III in allen be-
kannten Bakterien und Eukaryonten vor?*-2%? und
ist damit deutlich stdrker konserviert als RNase E.

Dabei besitzt die katalytische Doméne der RNase III
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ein besonders hoch konserviertes Signaturmotiv
(neun Aminoséduren), welches ein strikt konservier-
tes Leucin an Position 3, Glycin an Position 7 und
Aspartat an Position 8 beherbergt?3. Eine Mutation
dieser Positionen kann genutzt werden, um die En-
zymkatalyse zu inaktivieren, wihrend die dsRNA-

Bindeaktivitat erhalten bleibt?34-238,

Auf struktureller Basis wird die RNase III-Enzymfa-
milie in mindestens drei Klasen unterteilt (siehe
Abbildung 6). Bakterielle RNase III Enzyme beste-
hen oftmals nur aus einer katalytisch aktiven N-ter-
minalen RNase III-Doméne und einer C-terminalen
Doppelstrang-RNA (dsRNA) Bindedoméne (Klasse
1). Eukaryontische RNase III Enzyme sind zumeist
komplexer aufgebaut, wobei Drosha (Klasse 2) und
Dicer (Klasse 3) als bekannte Vertreter zu nennen
sind?.

RNase Ill dsRBD

Klasse 1 -
(Bakterien)
Prolin-reich RNase Illa RNase Ilib dsRBD
Klasse 2
(Drosha)
Helikase DUF238 PAZ RNase Illa RNase lllb dsRBD
Klasse 3 \ L
(Dicer)

Abbildung 6: Strukturelle Unterschiede zwi-
schen RNase III-Familienmitgliedern. Das bak-
terielle Klasse 1 RNase III Enzym besteht zumeist
aus einer N-terminalen katalytischen RNase III-
Doméne (griin) und einer C-terminalen dsRNA-
Bindedoméne (blau). Eukaryontische RNase III En-
zyme besitzen hdufig eine weitere katalytische
RNase III-Doméne (gelb). Wahrend Klasse 2 Vertre-
ter wie Drosha eine Prolin-reiche unstrukturierte
Doméne (grau) am N-Terminus tragen, besitzen
Klasse 3 Vertreter wie Dicer eine Helikase Doméne
(braun), eine konservierte Domine unbekannter
Funktion (DUF238, lila) und eine PIWI-Argonaut-
Zwille Doméane (PAZ, rot). (Grafik modifiziert nach:

240).

Neben der zuerst dokumentierten, wichtigen Betei-
ligung in der rRNA-Reifung prozessiert RNase III
auch zahlreiche mRNAs und sRNAs in Gram-posi-
tiven und Gram-negativen Bakterien, wodurch es
direkt in die Regulation der Genexpression eingrei-

fen kann. Auch durch Entwicklung der Hochdurch-
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satztranskriptomik konnten in den letzten Jahren
zahlreiche neue RNase III-Substrate identifiziert
werden, wodurch eine Beteiligung der RNase III in

vielen physiologischen Prozessen entdeckt wurde.

Eine erste Microarray-Studie zur RNase IIl in E. coli
zeigte, dass eine Deletion des Enzyms zu einer
Abundanzverdanderung bei ~12% der kodierenden
RNAs fiihrte, was die Autoren als eine unerwartet
hohe Beteiligung an der zelluliren mRNA-Prozes-
sierung beschrieben?*!. In einer kurz darauf verof-
fentlichten Microarray-Studie in B. subtilis wurde
ein quantitativ dhnlicher globaler Effekt einer
RNase III-Depletion (in Abwesenheit des IPTG-In-
duktors) beschrieben, wobei ~11% der annotierten
Transkripte eine mindestens zweifache Abundanz-
verdnderung aufwiesen. Da eine exemplarische An-
zahl von analysierten RNA-Halbwertszeiten jedoch
keine signifikante RNase III-abhéngige Stabilisie-
rung anzeigte, schlossen die Autoren auf eine
hauptsachlich indirekte Regulation durch RNase
[1I, zum Beispiel durch eine Modulierung der Tran-

skriptionsraten?42.

Interessanterweise ist RNase III in B. subtilis, im
Gegensatz zu den meisten anderen Organismen,
essentiell?. Dies liegt daran, dass RNase III zwei
Prophagen-kodierte Toxin-mRNAs destabilisiert,
welche mit den beiden endogen-produzierten Anti-
Toxin sRNAs RatA und SR6 (ehemals: as-yonT)
hybridisieren?*42%>, Dabei ist schon langer bekannt,
dass RNase III durch ihre dsRNA-spezifische En-
doribonuklease-Aktivitdt eine wichtige Rolle in
posttranskriptionell regulierten Toxin/Anti-Toxin-
Systemen spielt, indem sie beispielsweise das Hyb-
rid der Toxin-mRNA/Anti-Toxin-sRNA abbauen

kann246,247

Auch aufgrund der RNA-seq basierten Entdeckung
zahlreicher neuer SRNAs, welche durch RNA-RNA-
Hybridbildung expressionsregulierend wirken und
somit ein potentielles RNase III-Substrat darstel-

len, entstand in den letzten Jahren ein gesteigertes
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Interesse fiir weitere globale Analysen mit RNase
III. Erstaunlicherweise zeigt eine friilhe RNA-seq
basierte Studie, welche sich mit der genomweiten
sense/anti-sense Transkription in etlichen Gram-
Positiven beschiftigte, dass die kodierenden RNA-
Sequenzen von >75% aller annotierten Gene in
Staphylococcus aureus einer RNase III-abhdngigen
Regulation unterliegen, wobei durch iiberlappende
Transkription entstehende anti-sense Transkripte
(siehe auch ,pervasive transcripts“: 2*%-2>0) mit den
sense RNAs hybridisieren?!. In der Tat konnte eine
kurz darauf veroffentlichte Untersuchung via Co-
Immunoprézipitation mit einer katalytisch inakti-
vierten RNase III bestitigen, dass eine Vielzahl die-
ser allgegenwartigen sense/anti-sense Hybride in S.
aureus von RNase III gebunden wird. Weiterhin
zeigten die Daten, dass RNase III etliche mRNAs
bindet und dabei teilweise translational reguliert,
indem sie zum Beispiel die translationsinhibie-
rende 5"-UTR-Struktur von cspA (kodiert ein wich-
tiges Kalteschockprotein) entfernt oder leaderless
mRNAs durch 5°-UTR-Prozessierung erzeugt. Zu
den héaufigsten Bindepartnern der untersuchten
RNase III zdhlten auch einige abundante regulato-
rische RNAs, wie tmRNA, 6S RNA, RNase P und 4.5S
RNA?2, aber auch weniger abundante sSRNAs wie
RsaA und RsaE?*3, welche durch RNase III destabili-
siert wurden?, Durch einen dhnlichen integrierten
Versuchsansatz von RNA-seq basierter Expressi-
onsanalyse und Co-Immunoprizipitation wurde in
Streptomyces coelicolor eine RNase III-abhingige
Regulation der Antibiotikaproduktion festge-
stellt?,

Mit Hilfe eines CLASH-Protokolls (cross-linking li-
gation and sequencing of hybrids)**®, also einer wei-
terentwickelten Form der Co-Immunoprazipita-
tion, wurden kiirzlich mehrere Hundert sRNA-
mRNA Regulationspaare in Methicillin-resistenten
S. aureus Isolaten entdecket, welche mit RNase III
und unter anderem der

interagieren an



Kapitel 1: Riboregulation als Schlisselelement der bakteriellen Anpassungsfahigkeit

Toxinproduktion des Erregers beteiligt sind?’. In
einer parallel vertffentlichten Studie wurden mul-
tiresistente S. aureus Isolate ebenfalls durch CLASH
untersucht?8, Hier konnten die Autoren eine uner-
wartet hohe Menge an mRNA-mRNA Hybriden ent-
decken. Deren besondere Funktion konnte unter
anderem anhand der vigR mRNA beschrieben wer-
den, welche eine untypisch lange 3°-UTR besitzt
(657 nt) und eine Vancomycin-Resistenz vermit-
telt. Dabei konnte gezeigt werden, dass die vigR
mRNA durch ihre 3°-UTR mit den kodierenden Se-
quenzen der folD und isaA mRNAs interagiert und
diese stabilisiert, vermutlich durch Maskierung po-
tentieller RNase III-Schnittstellen?*. Zusammen-
fassend konnten beiden Gruppen zeigen, dass sich
RNase III aufgrund ihrer strikten dsRNA-Spezifitit
und der relativ einfachen katalytischen Inaktivie-
rung sehr gut als ,Koder“ im CLASH-Protokoll zur
Identifizierung regulatorischer RNA-RNA Hybride

eignet.

Eine umfassende Studie in Streptococcus pyogenes
konnte durch globale Kartierung der 5- und 3’-
RNA-Enden insgesamt 92 RNase III-spezifische
Schnittstellen detektieren?®. Wahrend 48 dieser
Schnittstellen bereits bekannt waren und den bio-
informatischen Detektionsalgorithmus bestitig-
ten, konnten 42 neue Schnittstellen identifiziert
werden. Die meisten wurden dabei in untranslatier-
ten Regionen gefunden. Interessanterweise zeigte
nur ~1/4 aller RNAs mit Schnittstelle eine differen-
tielle Abundanz in Abwesenheit von RNase III.
Schlussfolgernd fassten die Autoren den direkten
Einfluss der RNase III auf die RNA-Abundanz als e-
her geringfiigig zusammen, schlossen allerdings ei-
nen translationsregulierenden Effekt durch RNase
I1I nicht aus?*®, zum Beispiel durch Modulierung der

Substrat-mRNA -Struktur?3.

Eine andere Gruppe konnte durch RNA-seq basier-
tes Transkriptomprofiling eines RNase III-Deleti-

onsstamms von S. pyogenes 12 RNAs aus intergenen
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Regionen mit RNase III-abhingiger Abundanz er-
fassen, wovon sechs als neue putative SRNAs iden-
tifiziert wurden?®. Interessant ist auch, dass eben-
falls in S. pyogenes erstmals die RNase III-abhidn-
gige Reifung der pra-crRNA (CRISPR RNA) be-
schrieben wurde. Hierbei bildet die neu entdeckte
tractrRNA (trans activating ctRNA) ein RNase III-
sensitives RNA-RNA Hybrid mit der pra-crRNA!.

Eine katalytisch inaktivierte RNase III Variante,
dhnlich der untersuchten S. pyogenes Mutante,
wurde auch in einer aktuellen Studie in R. sphaero-
ides untersucht (siehe auch Kapitel 3: 2?). Durch
komparative Analyse der RNase III-abhédngigen
RNA 5°-Enden, basierend auf dem Protokoll von
Chao et al.?*, konnte eine, vergleichend zur RNase
E®!, deutlich geringere Anzahl potentieller RNase
III-Schnittstellen im Transkriptom identifiziert
werden. Diese Dokumentation deutet auf einen e-
her geringfiigigeren globalen Effekt der RNase III in
R. sphaeroides hin, libereinstimmend mit den vor-
herigen Berichten zu E. coli?*"-26>2%4 B, subtilis**? und
S. pyogenes®*, Ein Vergleich der Schnittstellen-Ver-
teilung in R. sphaeroides, ermittelt unter aeroben,
mikroaeroben und phototrophen Bedingungen,
ergab eine bemerkenswerte Variation zwischen den
Wachstumsbedingungen. Dabei konnten die meis-
ten RNAs mit Schnittstellen unter aeroben Bedin-
gungen (~15% des Transkriptoms) und am wenigs-
ten RNAs mit Schnittstellen unter phototrophen
Bedingungen (~5% des Transkriptoms) identifiziert
wurden. Parallel dazu deutete eine Reporter-RNA-
basierte in vivo Messung der RNase III-Aktivitat auf
eine leicht erhohte Hydrolyseaktivitdt unter aero-
ben Bedingungen hin. Neben den beobachteten
globalen Effekten konnte weiterhin eine wichtige
Funktion in der posttranskriptionellen Expressi-
onskontrolle des R. sphaeroides Quorum sensing-
Systems festgestellt werden. Hier destabilisierte
RNase III die mRNA der AHL-Synthase, was wiede-

rum zu einer drastisch reduzierten mRNA- und
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Autoinduktor-Abundanz fiihrte (siehe auch Kapitel
3: 262), Quorum sensing ist eine Zelldichte-abhdn-
gige interzellulire Kommunikation mittels sekre-
tierter Autoinduktor-Signalmolekiile (bei Gram-
Negativen zumeist in Form von AHLs). Bakterien
dient diese Kommunikation zur Wahrnehmung der
mikrobiotischen Umgebung und wird beispiels-
weise zur koordinierten Expression von Genen fiir
die Antibiotikaproduktion, Biofilmbildung oder Vi-

rulenz verwendet?®,

Interessanterweise ergab eine Transkriptomana-
lyse im Keuchhusten-Erreger Bordetella pertussis,
dass in Mutanten mit inaktivierter RNase III oder
reduzierter RNase E-Aktivitdt ein quantitativ dhn-
licher Anteil des Transkriptoms (jeweils ~25%) sig-
nifikant differentiell exprimiert wird. Da die Mehr-
heit der regulierten Transkripte allerdings eine ver-
ringerte Abundanz in Abwesenheit der RNase III-
Aktivitat zeigten, deutete dies auf eine stabilisie-
rende und ebenfalls insgesamt eher indirekte Regu-

lation durch RNase III in B. pertussis hin?®,

Das wachsende Feld der RNA-Bindeproteine: Nicht-

katalytische Mediatoren der Riboregulation

Durch Entwicklung der RNA-seq basierten Tran-
skriptomik konnten in den letzten Jahren zahlrei-
che, vorher unbekannte, sRNAs in Bakterien iden-
tifiziert werden, welche posttranskriptionell die
unterschiedlichsten physiologischen Prozesse kon-
trollieren. Viele SRNAs regulieren die Genexpres-
sion dabei in trans. Diese werden oft von eigenstidn-
digen Genen kodiert (zum Beispiel PcrZ in R. sphae-
roides) oder durch RNase-abhéngige Prozessierung
aus UTRs anderer RNAs generiert (zum Beispiel
PcrX in R. sphaeroides ), wodurch sie charakteristi-
scherweise keine perfekt-komplementire Basense-
quenz zur regulierten Ziel-mRNA besitzen?¢’. Da-
mit trans-wirkende sSRNAs eine Bindung mit ihren

Ziel-mRNAs herstellen konnen, wird haufig das
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RNA-Chaperon Hfq benotigt, welches die beiden

RNAs in rdaumlicher Ndhe zusammenfiihrt26826°,

Hfq ist das wohl bekannteste bakterielle RNA-Bin-
deprotein. Es ist sowohl in Gram-Negativen als
auch Gram-Positiven konserviert und wurde erst-
mals 1968 als wichtiger Wirtsfaktor wihrend der
Phageninfektion in E. coli entdeckt?°. Als Homohe-
xamer bildet Hfq einen ringformigen Proteinkom-
plex. Dieser beherbergt 12 konservierte Sm-ahnli-
che RNA-Bindemotive (zwei je Protomer). Dabei
bildet das Hexamer mindestens drei RNA-Kontakt-
flaichen aus: Eine distale Plattform (an der vermehrt
mRNAs?"! und eher selten sRNAs binden?7?), sowie
den dufleren Rand des Rings und eine proximale
Plattform (an denen zumeist der Kontakt mit
SRNAs stattfindet?”>?"*). Generell binden Sm RNA-
Bindemotive priferiert an Adenin-Uracil-reiche
RNA-Sequenzen, zum Beispiel dem 3’-gelegenen
Polyuracil-Ende  bakterieller ~Rho-unabéngiger
Transkriptionsterminatoren. Bekannte eukaryonti-
sche Sm-Proteine findet man unter anderem in den
Proteinkomponenten des RNA-SpleifSsosoms, wobei
dort besonders die Erkennung des eukaryontischen
Polyadenyl-mRNA-Endes durch Sm-Proteine eine
wichtige Rolle spielt?”®. Wiahrend Hfq vor allem fiir
seine Wirkung als Mediator in der sSRNA-vermittel-
ten Riboregulation bekannt ist?’®, interagiert das
RNA Chaperon auch mit anderen RNA-Spezies in
der Zelle. In E. coli wurde beobachtet, dass die De-
letion von Hfq eine gestorte Ribosom-Biogenese
verursacht, welche auf eine fehlerhafte Prozessie-
rung und MifRfaltung von rRNAs zuriickgefiihrt
werden kann?”’. In Eukaryonten hingegen ist eine
Beteiligung von Sm-Proteinen an der rRNA-?"® und
tRNA-Reifung?”® schon langer bekannt. Interessan-
terweise wurde in einer friithen Studie wiahrend der
Proteinaufreinigung von Hfq aus E. coli beobachtet,
dass Hfg zusammen mit nicht-reifen pra-tRNAs
eluiert, was erstmals auf eine mégliche Interaktion

hindeutete?®. Eine direkte Beteiligung von Hfq in
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der tRNA-Biogenese konnte einige Jahre spéter von

Lee & Feig genauer erldutert werden?s!,

In R. sphaeroides resultierte die genomische Dele-
tion von hfg unter mikroaeroben Bedingungen in
einer erhohten Sensitivitidt gegeniiber Singulett-
Sauerstoff, einer drastisch verminderten Photopig-
ment-Produktion und einer minicell Morphologie.
Mittels Co-Immunoprizipitation und RNA-seq
konnten 25 sRNAs als Hfqg Bindepartner in R. sphae-
roides ermittelt werden??. Wihrend in einem &hn-
lichen Versuchsansatz in S. enterica >700 verschie-
dene mRNAs nach Co-Elution mit Hfq angereichert
waren (verglichen mit der Gesamt-RNA Kon-
trolle)?*®, war der mRNA-Gehalt in den R. sphaeroi-
des Proben mit 47 angereicherten mRNAs relativ
niedrig?®2,

Parallel zu Hfq ist in den letzten Jahren auch das
RNA-Bindeprotein ProQ als ein Schliisselspieler
der bakteriellen Riboregulation ins Rampenlicht
der Forschung geriickt. Obwohl ProQ bereits recht
frith wahrend eines Transposon-Screenings als Re-
gulator der Prolin-Aufnahme in E. coli entdeckt
wurde?®*, konnte erst 22 Jahre spiter, durch eine
Kristallisationsstudie aus 2004 angestofSen?, eine
RNA-Bindeaktivitit des Proteins dokumentiert
werden?®, Durch darauffolgende Co-Immunoprizi-
pitationsstudien in E. coli und S. enterica konnten
mehr als 100 potentielle RNA-Interaktionspartner
identifiziert werden, weshalb man mittlerweile von
einer globalen regulatorischen Funktion von ProQ

in diesen Organismen ausgeht?#72,

Eine komparative Studie des ProQ- und Hfg-abhén-
gigen RNA-RNA Interaktoms in E. coli ergab, dass
das ProQ-abhingige Interaktom um ein Vielfaches
kleiner ist (Nwta = 300 RNA-RNA Paare) und ein
Drittel der ProQ interagierenden RNA-Hybride
ebenfalls an Hfq bindet (N = 1900 RNA-Paare).
Eine teilweise konkurrierende Rolle der beiden Pro-
teine konnte weiterhin anhand der Interaktion von

Hfq und ProQ mit der sSRNA RbsZ, welche durch
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Transkription von einem internen Promotor des
Chemotaxis-relevanten rbsB Gens entsteht?®, ver-
anschaulicht werden. RbsZ wird in Abwesenheit
von ProQ in einem Hfq-abhédngigen Mechanismus
durch die sSRNA RybB gebunden, was zur endonuk-
leolytischen Prozessierung des Hybrids durch
RNase III und einer Destabilisierung von RbsZ
fiihrt. Im Gegensatz zur kurzweiligen Interaktion
der RNAs auf Hfq, war ein auf ProQ assembliertes
RbsZ-RybB Hybrid stabil, was auf eine schiitzende
Rolle von ProQ gegeniiber RNase III-initiiertem
Abbau hindeutete?*. Dass ProQ Homologe (FinO-
Doméne-Proteine) nur in Bakterien zu finden sind,
welche ebenfalls Hfq besitzen, suggeriert neben der
konkurrierenden auch eine komplementédre Funk-
tion der beiden Proteine. Dabei kommen ProQ Ho-
mologe in vielen B- und y-Proteobakterien vor, sind
aber, bis auf Ausnahme einiger Rhizobien, nicht in
a-Proteobakterien und Firmicutes zu finden (von
denen zahlreiche Spezies Hfq besitzen)*!. Interes-
santerweise konnte in einer umfassenden Struktur-
analyse zu ProQ aus E. coli festgestellt werden, dass
das Protein eine Tudor-dhnliche Domine besitzt,
welche haufig in Eukaryonten vorkommt und ver-
mutlich durch horizontalen Gentransfer akquiriert

wurde?2,
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Abbildung 7: Regulatorische Funktionsmecha-
nismen von RNA-Bindeproteinen. RNA-Binde-
proteine (griin), wie Hfq oder ProQ, konnen die Se-
kundarstrukturen von sRNAs (violett) durch Pro-
tein-RNA Bindung modifizieren. Zusaitzlich kon-
nen zelluldre Ziel-mRNAs (rot) an Hfq oder ProQ
binden, wodurch ein RNA-RNA Duplex gebildet
werden kann. AufSerdem  konnen  RNA-
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Bindeproteine RNA-stabilisierend wirken, indem
sie mit doppelstringigen Bereichen interagieren
und potentielle RNase III (blaue Schere) Schnitt-
stellen maskieren, oder mit einzelstriangigen Berei-
chen interagieren und potentielle RNase E (rote
Schere) Schnittstellen maskieren. Durch Interak-
tion mit dem RNA 3"-Ende kann der Abbau durch
Exoribonukleasen (Pacman) inhibiert werden.
(Grafik modifiziert nach: 2%%).

DUF1127-Proteine als neue Klasse von RNA-Binde-

proteinen?

Insbesondere durch die Entdeckung von ProQ und
anderen FinO-Domine-Proteinen, wie RocC (re-
pressor of competence) aus Legionella pneumophila®®*
oder NMB1681 aus Neisseria meningitidis**, besteht
derzeit ein starkes Forschungsinteresse, den globa-
len Einfluss RNA-bindender Proteine auf die bakte-

rielle Genexpression besser zu verstehen.

Eine aktuelle Studie in R. sphaeroides entdeckte
hierbei ein neuartiges kleines RNA-Bindeprotein,
CcaF1 (ehemals RSP _6037), welches durch seine
Arginin-reiche DUF1127-Doméne (DUF: domain of
unknown function) charakterisiert wird®. Das ccaF1
Gen wird interessanterweise von einem gemeinsa-
men genomischen Lokus mit vier homologen
sRNAs co-transkribiert, welche RNase E-abhingig
aus dem 3’-UTR Bereich des Transkripts prozessiert
werden?®”. In friitheren Studien konnte gezeigt wer-
den, dass die genomische Organisation des kleinen
Proteins und der sSRNAs (in R. sphaeroides: CcsR1-
4) in Rhodobacteraceae, Brucellaceae, Rhizobiaceae

und Phylobacteraceae konserviert ist?%.

Wihrend die Funktion von CcaF1 zunidchst unge-
klart war, konnte fiir die CcsR sRNAs eine wichtige
Funktion in der oxidativen Stressabwehr von R.
sphaeroides demonstriert werden, indem sie die Ex-
pression von flhR durch direkte SRNA-mRNA Inter-
aktion negativ regulieren. flhR kodiert einen Akti-
vator des Glutathion-abhidngigen Methanol/For-

maldehyd Stoffwechselwegs. Die Repression von

21

fIhR fiihrt dabei zur einer Akkumulation von anti-

oxidativem Glutathion?®’.

In einer Folgestudie konnte eine RNA-Bindeaktivi-
tdt von CcaF1 in vitro mittels EMSA (electro mobility
shift assay) und in vivo mittels RIP-seq Analyse
(RNA immunoprecipitation followed by RNA-seq)
festgestellt werden. Ein zusitzliches komparatives
Transkriptomprofiling via RNA-seq ergab, dass
wihrend einer Uberexpression des kleinen Proteins
61 RNAs signifikant differentiell exprimiert wur-
den, darunter 23S und 16S rRNA, etliche tRNAs,
drei sSRNAs und mRNAs fiir einen ABC-Mangan-
transporter, drei Kélteschockproteine und ein o-

Faktor/Anti-o-Faktor-System®,.

Phinotypisch resultierte die Uberexpression von
CcaF1 in einer erhohten Sensitivitédt gegeniiber oxi-
dativem Stress, vermutlich verursacht durch eine
verringerte Abundanz der CcsR sRNAs, sowie in ei-
nem drastisch reduzierten Wachstumsverhalten
unter mikroaeroben Wachstumsbedingungen. An-
dererseits konnte unter phototrophen Bedingun-
gen, kontrar zu den Resultaten unter mikroaeroben
Bedingungen, ein leicht wachstumsfordernder Ef-
fekt der CcaF1 Uberexpression beobachtet werden.
Damit einhergehend zeigte die Uberexpression ei-
nen positiven Effekt auf die Ausbildung der Photo-
synthesekomplexe unter phototrophen Bedingun-
gen?’, Diese werden in R. sphaeroides zwar bereits
unter mikroaeroben Bedingungen assembliert, da-
bei jedoch nicht durch die CcaF1 Uberexpression
beeinflusst®. Ein Vergleich der mit Hilfe von RIP-
seq identifizierten CcaF1 RNA-Bindepartnern un-
ter mikroaeroben und phototrophen Bedingungen
ergab ein nur teilweise liberlappendes Spektrum,
wobei einige Photosynthese-relevante mRNAs ex-
klusiv unter phototrophen Bedingungen mit CcaF1
co-eluierten (siehe auch Kapitel 4: 7). Beispiel-
weise konnte eine Interaktion mit der pufBA mRNA
sowohl unter phototrophen als auch mikroaeroben
In diesem

Bedingungen gezeigt werden.
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Zusammenhang war interessant, dass eine RNA-
Halbwertszeitenanalyse in einem gegensitzlichen
Effekt der CcaF1 Uberexpression auf die Stabilitat
der pufBA mRNA zwischen den beiden Wachstums-
bedingungen resultierte. Unter phototrophen Be-
dingungen stabilisierte die CcaF1 Uberexpression
pufBA, wihrend unter mikroaeroben Bedingungen
eine Destabilisierung gemessen wurde?’. Da es e-
her unwahrscheinlich scheint, dass die Sekun-
darstruktur der RNA Umweltbedingungs-abhingig
variiert, liegt es nahe, dass weitere Faktoren, wie
die Abundanz von RNasen oder anderer RNA-Bin-
deproteine, eine wichtige Rolle in der CcaF1-ver-
mittelten Riboregulation spielen. Interessant ist
auch, dass die Studie von Griitzner et al.** ebenfalls
die RNA-Bindeaktivitdt eines weiteren DUF1127-
Proteins aus R. sphaeroides, RSP_0557, mittels RIP-
seq Analyse belegt.

Die InterPro Datenbank (aktuelle Version 96.0)%%
listet >18.000 DUF1127-Proteine in fast 4.300 Spe-
zies, wobei ungefihr 1.000 neue Eintrdge von
DUF1127-Proteinen in den letzten drei Jahren (seit
Version 77.0) neu hinzukamen (vergleiche Refe-
renz: ?*°. Dabei befinden sich fast alle DUF1127-
Proteine in a- und y-Proteobakterien (>99% der
Eintrdage) und sind bislang uncharakterisiert. Ledig-
lich zwei weitere Studien beschéftigten sich derweil
mit der Charakterisierung von DUF1127-Proteinen.
In einer Studie mit Brucella abortus, haufiger Ver-
ursacher der Brucellose bei Rindern und seltener
beim Menschen, resultierte die Deletion eines
DUF1127-Proteins in einer Sensitivitidt gegeniiber
L-Fucose®®, L-Fucose ist ein Zucker, der unter an-
derem haufig im menschlichen Darm vorkommt3°.,
Fiir die Pathogenen Klebsiella pneumonia und
Campylobacter jejuni konnte gezeigt werden, dass
ein Defekt des Fucose-Metabolismus die Virulenz
herabsetzen kann3'23%, Auch andere Bakterien wie
enterohdmorrhagischer E. coli (EHEC) und Rosebu-

ria inulinivorans nehmen Fucose als Wirtssignal
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wahr und induzieren daraufhin die Expression von
Fucosestoffwechsel-relevanten Genen, um Fucose
als Energiequelle nutzen zu konnen3*43%, Da der be-
obachtete Effekt des DUF1127-Proteins auf das
Wachstum von Brucella in Anwesenheit von L-Fu-
cose jedoch nur sehr schwach war, wurde der ge-
nauere Wirkmechanismus des DUF1127-Proteins

nicht tiefergehend untersucht3®,

In einer anderen Studie an Agrobacterium tumefa-
ciens berichteten die Autoren von einer starken
Transkriptomverdnderung vor allem in spéteren
Wachstumsphasen, welche durch simultane Dele-
tion dreier DUF1127-Proteine verursacht wurde.
Wihrend zum Ende der exponentiellen Wachs-
tumsphase bereits 78 RNAs in der Dreifachmutante
signifikant differentiell exprimiert waren, stieg
diese Anzahl auf ~2.600 RNAs in der spéteren Tran-
sitionsphase. Auch wenn die zugrundeliegende
Wirkungsweise der DUF1127-Proteine ungeklirt
blieb, konnte ein drastisches Wachstumsdefizit der
A. tumefaciens DUF1127-Mutante in Ubereinstim-
mung mit den starken Transkriptomverdanderungen
in spdteren Wachstumsphasen beobachtet wer-

den?”.

Da die Entdeckung der RNA-Bindeeigenschaft des
R. sphaeroides DUF1127-Proteins, CcaF1, erst sehr
kiirzlich berichtet wurde, ist momentan noch unsi-
cher, inwiefern die RNA-Bindeaktivitit eine gene-
relle Funktion der DUF1127-Doméne darstellt. Das
weitverbreitete Vorkommen dieser Doméne in a-
und y-Proteobakterien deutet allerdings auf eine

konservierte Funktion hin.

Ausblick

Zuerst in Worte gefasst von Sokrates ,Ich weifs,
dass ich nicht weifs“ (sinnbildlich verkiirztes Zitat),
war diese Erkenntnis nicht nur seit Beginn ein

grundlegender Baustein, sondern ist gleichzeitig
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auch bis heute die treibende Kraft allen wissen-

schaftlichen Handelns.

Auch wenn die letzten Jahre der Forschung maf3-
geblich dazu beigesteuert haben, komplexe Regula-
tionsnetzwerke in bakteriellen Systemen zu identi-
fizieren, und uns dadurch gezeigt wurde, dass die
Riboregulation eine weit wichtigere Rolle in der Ge-
nexpression einnimmt als urspriinglich vermutet,
so bleiben viele Fragen dennoch ungeklért. So war
es beispielsweise iiberraschend, dass obwohl RNase
E, RNase IIT und PNPase als die wichtigsten Ribo-
nukleasen in Gram-Negativen gelten, dennoch eine
erstaunliche Vielzahl zellularer RNAs existiert, bei
denen keine Hinweise fiir eine Prozessierung durch
diese Enzyme gefunden wurden. Wahrend dies ei-
nerseits an einer nicht vollstdndigen Optimierung
des Detektionsverfahrens liegen mag, ist anderer-
seits davon auszugehen, dass weitere RNasen und
andere Riboregulatoren, wie nicht-identifizierte
RNA-Bindeproteine und sRNAs existieren, welche
wichtige Funktionen in der Kontrolle der Genex-
pression ausiiben. Abseits der DUF1127-Proteine,
listet die Pfam (protein family) Datenbank 4.424
DUFs, was ~25% aller bekannten Doménen-Fami-
lien ausmacht3%, Ungefdahr 60% davon konnen in
Bakterien gefunden werden, wobei mehrere Hun-
dert sogar essentiell zu sein scheinen3’’. Alleine
durch die blofse Betrachtung dieser Zahlen ist da-
von auszugehen, dass viele DUF-Proteine neuartige
Funktion besitzen, welche unser Verstandnis wich-
tiger physiologischer Prozesse zumindest erwei-

tern, wahrscheinlich sogar reformieren, werden.

In zukiinftigen Untersuchungen sind wir hierbei
mit modernen Technologien wie CRISPR-Cas-ba-
sierten Werkzeugen zur Genommodifikation, fein-
auflosenden Kristallisations-basierten Strukturge-
bungsverfahren, Hochdurchsatzsequenzierungs-
methoden, neuartigen bioinformatischen Algorith-
men und moderner kiinstlicher Intelligenz gewapp-
Weiterhin  werden der

net. analytischen

23

Molekularbiologie, zum Beispiel durch die stetige
Weiterentwicklung und Anpassung der CLIP-ba-
sierten Methoden (cross-linking and immunoprecipi-
tation)*®®, potente Protokolle zur Verfiigung ge-
stellt, welche es erlauben werden, die Interaktome
von RNasen, RNA-Bindeproteinen und regulatori-
schen RNAs weitreichend erfassen und besser ver-

stehen zu konnen.

Auch wenn bisher viele bekannte Mechanismen un-
ter kontrollierten in vitro Bedingungen aufgeklart
werden konnten, ist eine Ubertragung von variie-
renden Umweltbedingungen auf in vitro Studien nur
sehr limitiert moglich. Insbesondere aufgrund der
teilweise enormen Umweltschwankungen in der
Natur ist es daher fiir ein umfassenderes Verstand-
nis der Biologie zunehmend wichtig, biologische
Systeme durch weitere in vivo Experimente zu un-

tersuchen.
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Abkiirzungsverzeichnis

AHL N-Acyl-Homoserin-Lacton

BLUF blue light sensing using FAD

CLASH cross-linking ligation and sequencing of
hybrids

CLIP cross-linking and immunoprecipitation

CRISPR clustered regularly interspaced short pal-
indromic repeats

crRNA CRISPR RNA

DNA Desoxyribonukleinsdure (deoxyri-
bonulceic acid)

dsRNA  Doppelstrang-RNA

DUF Domaéne mit unbekannter Funktion
(domain of unknown function)

EMSA electro mobility shift assay

FAD Flavin-Adenin-Dinukleotid

IPTG Isopropyl-B-thiogalactosid
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ABSTRACT

Adaptation of bacteria to changes in their environment is often accomplished by changes of the
transcriptome. While we learned a lot on the impact of transcriptional regulation in bacterial adaptation
over the last decades, much less is known on the role of ribonucleases. This study demonstrates an
important function of the endoribonuclease RNase E in the adaptation to different growth conditions. It
was shown previously that RNase E activity does not influence the doubling time of the facultative
phototroph Rhodobacter sphaeroides during chemotrophic growth, however, it has a strong impact on
phototrophic growth. To better understand the impact of RNase E on phototrophic growth, we now
quantified gene expression by RNA-seq and mapped 5’ ends during chemotrophic growth under high
oxygen or low oxygen levels and during phototrophic growth in the wild type and a mutant expressing
a thermosensitive RNase E. Based on the RNase E-dependent expression pattern, the RNAs could be
grouped into different classes. A strong effect of RNase E on levels of RNAs for photosynthesis genes was
observed, in agreement with poor growth under photosynthetic conditions. RNase E cleavage sites and
5’ ends enriched in the rne® mutant were differently distributed among the gene classes. Furthermore,
RNase E affects the level of RNAs for important transcription factors thus indirectly affecting the
expression of their regulons. As a consequence, RNase E has an important role in the adaptation of
R. sphaeroides to different growth conditions.
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Introduction

Rhodobacter  sphaeroides (recently renamed Cereibacter
sphaeroides; [1]) is a facultative photosynthetic bacterium
that adapts its metabolism to the oxygen and light conditions
in the environment. At high oxygen tension no photosyn-
thetic complexes are synthesized and ATP is generated by
aerobic respiration. When oxygen tension drops, photosyn-
thetic complexes are synthesized, but also at low oxygen levels
(microaerobic conditions) aerobic respiration can generate
ATP. When no oxygen is present and light is available,

R. sphaeroides performs anoxygenic photosynthesis. In the
absence of oxygen and light, fermentation or anaerobic
respiration (in the presence of a suitable electron acceptor)
can be performed. The photosynthetic complexes are
assembled into an intracytoplasmic membrane system. At
high or intermediate oxygen levels, formation of photosyn-
thetic complexes is repressed by light [2,3]. This regulated
formation of photosynthetic complexes by oxygen and light
is important to avoid waste of energy for production of
photosynthetic complexes when not required, but also to
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avoid photo-oxidative stress by the simultaneous presence of
light, oxygen, and bacteriochlorophyll.

The regulatory mechanisms allowing the adaptation of
R. sphaeroides to different growth conditions and to photo-
oxidative stress have been intensely studied in the past. Not
only regulation at the level of transcription, e.g. by alternative
sigma factors, is important during adaptation (e.g. [4-7]), but
also post-transcriptional regulation. Especially during adapta-
tion to stationary phase, we observed pronounced changes of
the proteome that were not reflected by corresponding
changes of the transcriptome [8]. Our studies revealed also
the importance of riboregulation during adaptation of
R. sphaeroides (e.g. [9-15]). Riboregulation includes regula-
tion through the action of ribonucleases (RNases) and regula-
tion by small non-coding RNAs (sRNAs).

Riboregulation in R. sphaeroides was already demonstrated
decades ago: the distribution of RNA-stabilizing elements
(secondary structures) and destabilizing elements (RNase
cleavage sites) leads to puf mRNA segments with different
stabilities (Figure S1; [16,17]; reviewed in [18]). The polycis-
tronic pufQBALMX mRNA encodes proteins of the reaction
centre (pufLM), of the light-harvesting I complex (pufBA),
a scaffolding protein (pufX), and a protein regulating por-
phyrin flux (pufQ, [19]). More recently, in R. sphaeroides the
sRNA PcrX was identified that is processed from the 3° UTR
(untranslated region) of the puf operon by RNase E cleavage
[12]. PerX targets the pufX mRNA region, promotes its degra-
dation and thereby also influences the amounts of photosyn-
thetic complexes. Furthermore, the antisense RNA asPcrL
affects RNase I1I-dependent decay of the puflL. mRNA segment
[13]. Differences in the stability of the puf mRNA segments
contribute to the stoichiometry of reaction centre and light-
harvesting complexes, and influence growth of Rhodobacter
when shifted to phototrophic conditions [9]. It was also
demonstrated that the rate of initial endonucleolytic cleavage
by RNase E within the pufBALMX mRNA segment is influ-
enced by the oxygen concentration in the environment [20].

Considering the impact of mRNA degradation on regulation
of puf gene expression, the influence of RNase E on the tran-
scriptome of R. sphaeroides was analysed on a global level by
RNA-seq from cultures grown at microaerobic conditions [21].
Since the rne gene cannot be deleted, the native rne gene was
replaced by the rne-3071 gene from E. coli that leads to produc-
tion of a temperature-sensitive RNase E. A transcriptome ana-
lysis was performed by RNA-seq under microaerobic conditions.
Despite the higher GC content of its genome, R. sphaeroides
RNase E, like the E. coli enzyme, targets AU-rich sequences [21].
A strong effect of altered RNase E activity on the transcriptome
was observed at 42°C, but many changes also occurred at 32°C,
the optimal growth temperature for R. sphaeroides. E. coli RNase
E can be part of a degradosome, a multienzyme complex com-
posed of RNases, helicases and metabolic enzymes (reviewed in
[22]). Degradosome complexes with varying composition were
also found in several alphaproteobacteria, including Rhodobacter
capsulatus [23], but also in cyanobacteria and Gram-positives
[22]. The E. coli (gammaproteobacterium) degradosome localizes
to the cytoplasmic membrane, the degradosome of the alpha-
proteobacterium Caulobacter crescentus localizes to BR-bodies,
ribonucleoprotein condensates in the interior of the cell [22].
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The localization of the degradosome of the alphaproteobacter-
ium R. sphaeroides has not been analysed. Under microaerobic
and phototrophic conditions, the cells are filled with intracyto-
plasmic membranes that accommodate the photosynthetic com-
plexes [24]. In contrast to the E. coli RNase E, the RNase
E enzymes of the alphaproteobacteria have an arginine-proline-
rich region inserted into the S1 domain [25].

The rne® ¥ ) mutant of R. sphaeroides showed
a pronounced phenotype regarding the formation of photo-
synthetic complexes and phototrophic growth, whereas there
was no effect on chemotrophic growth under microaerobic
conditions [21].

To better understand the strong effect of RNase E on
phototrophic growth of R. sphaeroides, we compared RNA-
seq data from the wild type and the rne” mutant not only
during microaerobic (25-30 mM oxygen) growth at 32°C, but
also under aerobic (160-180 mM oxygen), and phototrophic
(no oxygen, 60 W/m?® white light) growth conditions. We
mapped 5 ends that are reduced in the mutant (log, fold
change >1), indicating bona fide RNase E cleavage sites
(scheme shown in Figure 1A). We also mapped 5 ends that
are enriched in the rne” mutant. RNase E can bind to mono-
phosphorylated 5 ends and will subsequently introduce clea-
vages in an overall 5-3 direction (5 end-dependent
degradation). Such monophosphorylated 5 ends can stem
from previous endonucleolytic cleavage (by RNase E or
RNase III) or by action of pyrophosphohydrolase on the 5 tri-
phosphate of primary transcripts. Monophosphorylated 5
ends will be stabilized in the rne® mutant and are conse-
quently enriched (Figure 1B).

Our data identified classes of genes with distinct RNase
E-dependent expression patterns under different growth con-
ditions. A strong impact of RNase E on expression of photo-
synthesis genes is in agreement with impeded growth under
photosynthetic growth conditions. The effects of RNase E on
mRNA classes (required for photosynthesis or motility) coin-
cide with an effect of RNase E on the mRNAs for important
transcriptional regulators for these classes.

Material and methods
Cultivation of bacterial strains

The R. sphaeroides 2.4.1 wild type ([26]; now renamed
Cereibacter sphaeroides, [1]) and the R. sphaeroides rne”
mutant [27] were cultivated in malate minimal medium [28]
at 32°C. Both strains were either grown in the presence of
high oxygen concentration of 180 uM dissolved oxygen (aero-
bic cultures), low oxygen concentration of 25uM dissolved
oxygen (microaerobic cultures) or in the absence of oxygen
but illuminated with 60 W*m™ white light (phototrophic
cultures).

RNA isolation and RNA sequencing

20ml of each culture were collected during exponential
growth phase on ice at an ODggy of 0.4. Afterwards, cells
were sedimented by centrifugation at 10,000 rpm for 10 min
at 4°C (Sorvall RC 6 Plus centrifuge, Thermo Scientific). For
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total RNA isolation the hot phenol method [29,30] was used.
For removal of remaining DNA from RNA isolates the Turbo
DNA-free kit (Invitrogen) was used following the manufac-
turer’s protocol. To test for remaining DNA, PCR with spe-
cific primers against rpoZ was performed. DNA-free RNA was
tested for RNA integrity by electrophoresis of 1.5 ug sample
on denaturing 10% polyacrylamide TBE gels and subsequent
staining with ethidium bromide, as well as on the Bioanalyzer
(described in the data generation description of our deposited
RNA-seq data in the GEO repository). The sequencing
libraries were constructed as described earlier [31], using the
NEBNext Multiplex Small RNA Library Prep Set for
Ilumina (NEB).

Spike-in quantitative reverse transcriptase PCR (qRT-PCR)

For quantification of RNA abundances by gRT-PCR a spike-
in approach was used. For this, 1 ng of DNA-free spike-in
in vitro transcribed sin] RNA from Sinorhizobium meliloti was
added to the harvested cell pellet prior to RNA isolation [14].
The subsequent qRT-PCR of DNA-free RNA isolates was
performed using the Brilliant III Ultra-Fast SYBR Green
QRT-PCR Master Mix kit (Agilent Technologies) following
the manufacturer’s protocol. Relative RNA abundances were
calculated from independent biological triplicates, each in
technical replicates, using the Pfaffl quantification model
(with efficiency correction) [32].

RNA half-life determination

To monitor RNA decay over time, 20 ml samples of biological
triplicates of wild type and rne” mutant were sedimented as
described above. One sample of each culture, referring as t0
(100%), was collected immediately before addition of 0.2 mg/
ml rifampicin (SERVA electrophoresis GmbH), while the
following samples were collected at the time points 3 min
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(t1), 6 min (t2), 9 min (t3), 15 min (t4) and 30 min (t5) after
addition of rifampicin. RNA isolation by hot phenol extrac-
tion and quantification by qRT-PCR were performed as
described above.

RNA-seq data processing

Alignment of the raw sequencing reads against the reference
genome of R. sphaeroides (NC_007493.2, NC_007494.2,
NC_009007.1, NC_007488.2, NC_007489.1, NC_007490.2,
and NC_009008.1) was performed using the READemption
pipeline [33] v.1.0.5. The aligned reads were stored as binary
alignment maps (BAM) files in the ‘output/align/alignments’
folder created by READemption. Those BAM files were
further processed within R v.4.1.2 [34] using a systemPipeR
[35] v.1.26.3 with custom made parameter files for the differ-
ent tools. For the analysis of gene expression, the read counts
per gene were calculated using the summarizedOverlaps func-
tion with the corresponding gene transfer file (GTF) for each
BAM file. DESeq2 [36] v.1.32 was used for the normalization
of the reads and the identification of transcriptional changes.
DESeq2’s log, fold change and adjusted p-value (Benjamini
and Hochberg) were used for the identification of significantly
differentially expressed genes (results of the DESeq2 analysis
are listed in supplement table S3). The prediction of TSS and
5°/3" UTRs was performed earlier [37].

In order to define bona fide cleavage sites or 5 ends
enriched in the mutant, the strand-specific coverage of each
base of the genome based on the 5 counts of each read was
generated using bedtools [38] genomecov function with *-d -5
-ibam -strand’ parameters and the corresponding genome. To
exclude bases with an insufficient coverage, a single base must
have at least 10 counts in one of the replicates of the different
conditions to be used for the identification of bona fide
cleavage sites or 5" ends enriched in the mutant. The coverage
of the remaining bases was normalized and the changes for
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Figure 1. Mapping of stable 5’ ends from RNA-seq data. Schematic overview for the identification rules used for mapping of bona fide cleavage sites, and 5’ ends
enriched in the me™ (modified from [21]). (A) Bacterial primary transcripts typically harbour triphosphorylated 5" ends, and 3’ ends which are protected by RNA
secondary structures like stem loops. Internal cleavage by RNase E generates monophosphorylated 5" ends and unprotected 3’ ends. Subsequently, unprotected 3’
ends are rapidly degraded by 3‘ to 5’ exoribonucleases like PNPase or RNase R. Due to reduced RNase E activity in the rne’ mutant, less internal cleavage by RNase
E is catalysed, consequently leading to lower amounts of newly generated stable 5’ ends in the rne® mutant (cleavage sites). (B) Since RNase E can be allosterically
activated by monophosphorylated RNA substrates (5" end-dependent pathway), which are generated by endoribonuclease or pyrophosphohydrolase activity, these
transcripts tend to accumulate in the mutant and can be identified by enriched 5" ends in the mutant.

37



Kapitel 2: Ribonuclease E strongly impacts bacterial adaptation to different growth conditions

each base between the rne® mutant and the wild type was
calculated using DESeq2. Bases with a log, fold change >1 and
adjusted p-value <0.05 were defined as bona fide cleavage
sites. 5" ends enriched in the mutant were defined using the
same threshold for adjusted p-value but a log, fold change <
—1. Multiple adjacent cleavage sites or 5’ ends enriched in the
mutant within three bases to each other were reduced to one
site using bedtools merge function with *-s -d 3 -o distinct’
parameters.

The test for over representation of genes associated with
GO terms (based on QuickGO taxon ID: 272943) for different
groups of genes (e.g. significantly up-/downregulated) was
performed using the fisher exact test for each GO term
(pathway).

The GSEA was performed using the fGSEA R package [39]
with gene sets based on all genes associated with a cleavage
site or enriched 5 ends and the ranked list for all genes based
on Wald statistic calculated by DESeq2.

p-values were normalized for multiple testing using the
Benjamini and Hochberg strategy [40].

To compare the rne mRNA levels of the E. coli variant and
the R. sphaeroides variant, the E. coli K12DH10B genome was
downloaded from Illumina iGenomes. The sequence of the
E. coli gene plus 500 bp upstream and downstream was
extracted and added as a new chromosome to the FATSA
file of R. sphaeroides. This combined FASTA file was used for
alignment as described above. Counting of raw data for E. coli
rne” mRNA reads and R. sphaeroides rne mRNA reads was
performed using featureCounts from the Rsubread package
[41]. These reads were size normalized and normalized for the
longer length of the E. coli rne® gene.

RNase E activity reporter assay

For construction of the RNase E activity reporter, the mVenus
open reading frame was cloned under transcriptional control
of the strong constitutive 16S rRNA promoter (control plas-
mid). To monitor RNase E activity the well characterized
RNase E cleavage site of the small RNA UpsM from
R. sphaeroides [14] was introduced into the 5 UTR. All
primers used for the cloning of the reporter plasmids are
listed in supplement table S4. A scheme of the used constructs
is depicted in Figure S2.

The sequence of the 165 rRNA promoter was amplified
from the R. sphaeroides 2.4.1 genome by PCR using the
oligonucleotides p16S_HindIII_for and p16S_Scal_rev. The
amplicon was inserted into pPHUmVenus [42] with HindIII
and Scal resulting in the plasmid pPHU231-p16S-mVenus
(control plasmid). Subsequently, an 89 bp DNA fragment of
the UpsM sequence was amplified using the primers
UpsM90_Scal_for and UpsM90_Xbal_rev, followed by inser-
tion into pPHU-p16S-mVenus via Scal and Xbal yielding the
plasmid pPHU231-p16S-UpsM90-mVenus.

The plasmids pPHU231-pl6S-mVenus and pPHU231-
p16S-UpsM-90-mVenus were separately transferred into
R. sphaeroides wild type and the rne” mutant by diparental
conjugation using E. coli strain S17-1 [43]. Biological tripli-
cates of the conjugants were cultivated under aerobic, micro-
aerobic or phototrophic conditions. 100 pl of exponentially

RNA BIOLOGY 123

grown cultures were transferred into 96-well plates as techni-
cal duplicates, followed by measurements of ODgg and fluor-
escence of mVenus (extinction 515 nm, emission 548 nm) in
a Tecan Infinity plate reader. The samples of phototrophic
cultures were incubated at room temperature for 10 min after
transfer into 96-well plates prior to the measurements, allow-
ing maturation of mVenus fluorophore by oxygenation. As
a control of background autofluorescence signals, empty vec-
tor controls of wild type and rne” mutant were cultivated and
analysed according to the same described procedure.

Results and discussion

Effect of different growth conditions on the transcriptome
of R. sphaeroides

We observed previously that reduced RNase E activity has
a large impact on growth of R. sphaeroides under photo-
trophic, but not under chemotrophic growth at low oxygen
tension (microaerobic conditions). In the previous study, the
effect of RNase E on the transcriptome was only investigated
under chemotrophic (microaerobic) conditions [21]. To better
analyse the impact of RNase E on adaption of R. sphaeroides
to different growth conditions, we now compared RNA-seq
data of wild type and rne” mutant under phototrophic con-
ditions and microaerobic conditions and also included che-
motrophic growth under high oxygen tension (aerobic
growth). Figure 2 demonstrates that growth behaviour under
aerobic or microaerobic conditions is very similar in
R. sphaeroides wild type, and growth of the rne” mutant is
comparable. Under the chosen light condition, the wild type
reaches a higher optical density when grown phototrophically.
As already reported previously [21], the rne” mutant is
strongly impeded in growth under these conditions.

To understand, why lower RNases E activity especially
affects phototrophic growth, for each growth condition three
RNA samples were analysed by RNA-seq, originating from
three independent biological replicates. The PCA plot shown
in Figure 3A demonstrates the good reproducibility of the
sequencing triplicates. As expected, the highest variance
between the different samples is based on the different growth
conditions  (aerobic, microaerobic, phototrophic) of
R. sphaeroides. Of note, the microaerobic samples are in
between the aerobic and phototrophic conditions, highlight-
ing this intermediated growth condition. Interestingly, clear
differences between rne” mutant and wild type samples are
detectable for all conditions, suggesting that the enzyme med-
iates mild, albeit consistent effects under chemotrophic con-
ditions, too. In line with the growth curve (Figure 2), the
effects of the rne” mutant are by far the most visible under
phototrophic growth conditions.

The influence of growth conditions on the transcriptome
of R. sphaeroides wild type is also shown in Figure 3B. There
is little change of the transcriptome when aerobic and micro-
aerobic conditions are compared: about 90% of the genes
show similar expression levels (log, fold change >-1 and
<1). 5% of the genes show significantly lower expression
under aerobic conditions (log, fold change <—1 and adjusted
p-value <0.05), 4.6% of the genes show significantly higher
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Figure 2. Growth behaviour of R. sphaeroides wild type and rne' mutant under aerobic, microaerobic, and phototrophic growth conditions. Exponentially
grown pre-cultures were diluted to an ODgg of 0.2 and growth was followed by measuring the optical density (ODgso) of R. sphaeroides wild type and rme® mutant
cultures for 35 hours. The mean and standard deviation of independent biological triplicates is shown.
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Figure 3. Significantly differentially expressed genes in R. sphaeroides among different environmental conditions. (A) Principle component analysis (PCA)
showing the variation of the transcriptome of the two R. sphaeroides strains (wild type and rne” mutant) under aerobic, microaerobic, and phototrophic growth
conditions. The transcriptome was analysed by RNA-seq. (B) Percentage of significantly differentially expressed genes in comparison between aerobic, microaerobic,
and phototrophic growth conditions of R. sphaeroides wild type, including all genes with adjusted p-value <0.05 and log, fold change >1 (upregulated) or <-1
(downregulated). (C) Volcano plot highlighting significantly differentially expressed genes between phototrophic and aerobic growth conditions.

expression (log, fold change >1 and adjusted p-value <0.05).
When microaerobic and phototrophic growth conditions are
compared, differences in the transcriptome are slightly larger.
About 7.5% of all genes show significantly lower expression
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under microaerobic conditions and about 7.7% of the genes
show significantly higher expression. Expression levels show
much stronger differences between aerobic and phototrophic
conditions: 16.2% of the genes show significantly lower
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expression levels under aerobic conditions, 13.7% show sig-
nificantly higher expression levels.

This result reflects, that the change of parameters concern-
ing oxygen concentration and light between aerobic and
phototrophic growth is the biggest. In previous work,
R. sphaeroides transcriptomes under different growth condi-
tions were analysed using microarrays. Pappas et al. (2004)
reported decreased expression of about 10% of the transcripts
in aerobic cultures versus phototrophic cultures, and
increased expression levels for about 12% of the transcripts.
These changes are in the same range as observed in our
data set.

The different expression pattern between phototrophic
and aerobic conditions is further visualized in a volcano
plot (Figure 3C). Among the genes with significantly higher
expression (log, fold change >2 and adjusted p-value <0.05)
under phototrophic conditions are many photosynthesis
genes (45 genes of a total of 180): puf and puc genes encod-
ing pigment-binding proteins, bch genes for bacteriochloro-
phyll  synthesis, hem genes for the synthesis of
protoporphyrin IX, crt genes for carotenoid synthesis, ppaA
for a transcriptional regulator of photosynthesis genes. The
products of those genes are required for phototrophic
growth but not or to a lesser extent under aerobic condi-
tions, when the presence of photosynthetic complexes may
cause photo-oxidative stress. Similar expression patterns
were also observed in a previous microarray study [44].
Strongly reduced expression levels under phototrophic
growth are observed e.g. for a number of genes for ribosomal
proteins or genes involved in metal transport (sit, zur, exbD).
Interestingly the rme transcript shows higher abundance
(2.7-fold) under aerobic conditions than under phototrophic
conditions.
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Figure S3 shows the result of a gene ontology term enrich-
ment analysis including all significantly upregulated genes as
shown in the volcano plot (Figure 3C). This analysis also
confirms a significant role of those RNAs in photosynthesis
and closely associated functions.

Effect of RNase E on global changes of the transcriptome
under different growth conditions

As a next step we compared the changes of the transcriptome
under different growth conditions in the wild type and the
rne” mutant strain (Figure 4A). Only transcripts with a strong
and statistically significant differential expression (log, fold
change >2 or <-2 and adjusted p-value <0.05) between
growth conditions or strains are included (446 transcripts in
total). The left part of the figure shows the expression profiles
in the wild type. Individual expression levels are compared to
the average (colour coded). Based on their expression pattern
under different growth conditions and in different strains the
transcripts are grouped into eight different clusters by unsu-
pervised agglomerative hierarchical clustering. When micro-
aerobic and aerobic conditions are compared in the wild type,
major changes occur in cluster 2, which shows much stronger
expression under microaerobic conditions, and in cluster 7,
which shows much stronger expression under aerobic condi-
tions. When microaerobic and phototrophic conditions are
compared, the change in expression pattern is more drastic:
clusters 4, 5, and 6 show strongly increased expression under
phototrophic conditions, transcript levels of clusters 7 and 8
are rather decreased.

Our previous study focused exclusively on the identification
of differential 5 ends, which are affected by RNase E in
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Figure 4. The rne” mutant has a highly altered transcriptome, especially under phototrophic conditions. (A) Heatmap illustrating the z-standardized
transcriptomic changes of transcripts of the top deregulated genes (adjusted p-value <0.05 and log, fold change >2 or <—2; n = 446) based on all growth conditions,
highlighting transcriptomic changes among aerobic, microaerobic, and phototrophic growth conditions of R. sphaeroides wild type and the rne" mutant. The
clustering was performed according to the Euclidean distance. (B) Quantification of the z-standardized gene expression of RNAs from cluster 6 and cluster 3 (as
shown in panel A). (C) Spike-in quantitative reverse transcriptase PCR with total RNA obtained from phototrophically grown wild type and rne® mutant. The relative
abundance of selected RNAs (bars are coloured according to the clusters of the heatmap) in the rme® mutant, is shown.

40



Kapitel 2: Ribonuclease E strongly impacts bacterial adaptation to different growth conditions

126 J. BORNER ET AL.

R. sphaeroides under microaerobic conditions [21]. In this
study, we were also interested in differential 5° ends under
aerobic and phototrophic conditions, and especially in RNA
expression levels in the mutant under the different growth
conditions. The right part of Figure 4A shows the expression
levels under the three growth conditions for the rne” mutant.
The expression profiles shown in Figure 4A clearly demon-
strate a particularly strong impact of RNase E under photo-
trophic conditions. In microaerobic conditions, the expression
profiles are quite similar between the two strains. Major differ-
ences occur in cluster 2 which shows clearly lower expression
when RNase E activity is reduced and in cluster 1 with higher
expression in the mutant. Cluster 2 comprises 24 genes, of
which 12 encode hypothetical proteins (Table S1). Two genes
encode Fru-1,6-bisphospatase, two encode uncharacterized
transcriptional regulators, two encode subunits of ABC trans-
porters, one encodes a protein for conjugational transfer.
Further annotations are: putative chemoreceptor protein,
metalloprotease, NADH-ubiquinone oxidoreductase subunit,
fosmidomycin resistance protein, D-malate dehydrogenase.

Cluster 1 comprises 29 genes, four of them for tRNAs
(Table S1). 14 genes encode hypothetical proteins, two genes
flagellar proteins and nine genes proteins of various predicted
functions. RSs_1624 is a UTR-derived sRNA. Due to the
lacking characterization of most proteins, the biological con-
sequences of changed transcript levels of cluster 1 and 2
remain elusive.

Under aerobic conditions cluster 7 shows very strong
expression in the wild type, which is much weaker in the
rne” mutant. 85 genes belong to this cluster, among them
the rne gene for RNase E, the rupA gene for the RNase
P protein component, RSP_0624 coding for RNase G, nine
genes for ribosomal proteins, two for sRNAs, and 29 genes
encoding hypothetical proteins. Considering the rne gene, the
RNA-seq results cannot be compared between wild type and
mutant, since the rne” transcript of the mutant only partly
maps to the R. sphaeroides genome. Other genes in cluster 7
encode proteins with unknown or diverse metabolic or reg-
ulatory functions (Table S1). Cluster 8 comprises 59 genes and
shows clearly stronger expression under aerobic conditions
than in other growth conditions in the mutant, but only
slightly increased expression in the wild type. Like in cluster
7, many mRNAs of cluster 8 encode proteins with unknown
(23 hypothetical proteins) or diverse metabolic or regulatory
functions (Table S1). Furthermore, cluster 8 includes genes
encoding catalase (catA), nitrate reductase (napBDEF), pyrro-
loquinoline quinone biosynthesis proteins (pgqACD), several
proteins involved in metal transport (sitACD, znuABC, zur),
sugar transport (RSP_2367, 2368), subunits of a TRAP-T
transporter (RSP_1418-1420), and two predicted transcrip-
tional regulators (RSP_2950 and RSP_3448).

Under phototrophic conditions cluster 4, 5, and 6 are
strongly induced in the wild type. There is weaker induction
of cluster 4 and 5 genes in the mutant, but no or only very
weak induction of cluster 6 under phototrophic conditions.
Cluster 6 comprises 81 genes, about 20 encode proteins with
known functions in photosynthesis. They are required for
syntheses of bacteriochlorophyll, carotenoids, protoporphyrin
and cobalamin (which is required for bacteriochlorophyll

synthesis, reviewed in [45]), or the synthesis of pigment-
binding proteins. 17 genes with a role in photosynthesis are
also found in cluster 4, which comprises 67 genes including
six genes for sSRNAs of unknown function. Cluster 4 includes
most puf and puc transcripts that encode pigment binding
proteins, bchD and bchl for bacteriochlorophyll synthesis,
hemC encoding porphobilinogen deaminase, and cycA and
cycC encoding cytochrome ¢, that is required for photosyn-
thetic electron transport. Interestingly, the transcript encoding
the alternative sigma factor RpoHI is also part of cluster 6.
RpoHI has an important function in many stress responses,
including photooxidative stress and stationary phase
[6,31,37,46,47]. The association of cluster 6 and cluster 3
genes with different GO terms is shown in Figure S4.

Expression of cluster 6 and cluster 3 genes is also visualized
in the violin plot in Figure 4B. It underlines the similar
expression of the clusters in mutant and wild type in aerobic
and microaerobic conditions but very different expression
patterns during phototrophic growth.

Cluster 5 comprises only 31 genes, half of them with a role in
pigment synthesis, three genes for proteins required for forma-
tion of photosynthetic complexes (pucC, pufQ, RSP_0276).

Considering the high number of genes required for photo-
synthesis in clusters 4-6, the poor growth of the rne” mutant
under phototrophic conditions is not surprising.

Very pronounced differences in expression between
mutant and wild type under phototrophic conditions are
also seen for cluster 3, which consists of 69 genes and shows
much stronger expression in the mutant. 12 genes encode
hypothetical proteins, 48 genes encode proteins for flagellar
synthesis or chemotaxis. Expression of cluster 3 genes is
rather similar in the wild type under all three conditions
and also between wild type and mutant during chemotrophic
growth. This is also visualized by the violin plot in Figure 4B.

For some selected genes we confirmed the expression
changes between mutant and wild type for phototrophic
growth by real-time RT-PCR (Figure 4C). The DESeq2 ana-
lysis quantifies all reads obtained for a gene, while in the real-
time RT-PCR expression of only a small part of an RNA
(about 200 nt) is monitored. This may account for slight
differences in the observed expression changes between the
two methods.

Cleavage by RNase E is strongly influenced by growth
conditions

As a next step, bona fide RNase E cleavage sites (5 ends
significantly reduced in rne® mutant: log, fold change <1
and adjusted p-value <0.05) were identified for the different
data sets, as well as the 5" ends that are significantly enriched
in the mutant (log, fold change >1 and adjusted p-value
<0.05) (Figure 5). By far the most cleavage sites were detected
under aerobic conditions (4206 total), followed by photo-
trophic conditions (2765 total) and microaerobic conditions
(2007 total) (Figure 5A). For an important and validated
cleavage site of RNase E within pufL in R capsulatus an
influence of oxygen tension during growth on cleavage was
already noted decades ago [20]. This study demonstrates for
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Figure 5. RNA-seq based identification of bona fide RNase E cleavage sites and enriched 5’ ends in the mutant. (A) Number of mapped RNase E cleavage
sites and enriched 5’ ends in the mutant under aerabic, microaerobic, and phototrophic growth conditions. The circles and their overlaps are proportional according
to the amount of identified sites. (B) Number of RNAs with mapped cleavage sites under phototrophic conditions. A magnified version is depicted in the lower panel,
missing RNAs without cleavage sites. (C) Distribution of cleavage sites and enriched 5 ends in the mutant among annotated genomic features.

the first time a major influence of growth conditions on
RNase-mediated processing and maturation.

With 1108 mapped cleavage sites, the overlap between
aerobic/microaerobic conditions was the biggest, whereas for
microaerobic/phototrophic conditions an overlap of 905 clea-
vage sites, and for aerobic/phototrophic conditions an overlap
of 569 cleavage sites was identified. In total, less 5 ends
enriched in the mutant were detected than cleavage sites,
while the distribution among the different growth conditions
was similar.

No RNase E cleavage sites were mapped for a high percen-
tage of transcripts (about 2700 under all conditions; about
3300 under phototrophic conditions). This implies that many
changes in the transcriptome are rather due to altered pro-
duction of the transcripts or to turn-over by other RNases
than to altered turn-over by RNase E. However, not all exist-
ing cleavage sites will meet our criteria (log, fold changes and
p-values). Nevertheless, they may contribute to turn-over of
transcripts. Unexpectedly, the overlap of cleavage sites in
different growth conditions was also rather small: 2830 clea-
vage sites were detected only in aerobic conditions, 1535
cleavage sites only in phototrophic conditions, which could
be due to generally differential RNA abundances between the
three conditions, a fact that may influence the likelihood to
map bona fide cleavage sites. Since the mutant showed
a strongly impaired growth phenotype under phototrophic
conditions, we were especially interested in the distribution
of cleavage sites per RNA during phototrophic growth
(Figure 5B). While most RNAs (about 3300) were found to
harbour no bona fide cleavage site (by our definition), we
observed a wide spread distribution of cleavage sites per
RNA for those RNAs with cleavage site(s). For a majority of

RNAs 1-7 cleavage sites were mapped, while we also found
RNAs with over 20 bona fide cleavage sites per RNA.

In addition to the number of cleavage sites per RNA under
phototrophic conditions, we investigated the distribution of
all cleavage sites and 5 ends significantly enriched in the
mutant under aerobic, microaerobic and phototrophic condi-
tions among annotated genomic features (Figure 5C). For all
three conditions, most cleavage sites were mapped within
coding sequences (CDS), followed by 5 UTRs and rRNAs,
except for aerobic conditions where we mapped an unex-
pected high number of enriched 5’ ends in the mutant within
rRNAs. In comparison with our previously published data
[21], the distribution of sites among genomic features is gen-
erally similar. rRNAs are part of large transcripts that undergo
several maturation steps including the action of RNase E,
RNase III, RNase P and RNase ] [48-51]. These processes
generate many intermediate and mature monophosphorylated
5" ends, which are likely to accumulate in the rne” mutant.
Although previous microarray data indicated that rRNA/total
RNA ratios did not change drastically between different
growth conditions [52], the enrichment of these rRNA 5’
ends under aerobic conditions in the mutant remains to be
elucidated. Nevertheless, a biological effect on the growth
behaviour caused by the higher amounts of rRNA 5’ ends
mapped under aerobic conditions in the mutant was not
visible (Figure 2).

We also analysed the correlation of cleavage site dis-
tribution and differences in gene expression between the
rne” mutant and the wild type under phototrophic growth
conditions. Most RNAs with mapped RNase E cleavage
sites do not show significantly increased or decreased
expression levels in the mutant under phototrophic

42



Kapitel 2: Ribonuclease E strongly impacts bacterial adaptation to different growth conditions

128 J. BORNER ET AL.

A 62.4%+
RNAs with
bona fide
cleavage sites
B
V|l o
Y= g 04
g 5| &
S&E 502
526
8;5 0 HHH%"HH} 1 ' bt ILIH ‘N“‘Li"}\"
[Tol 1000 2000 3000 4000
Rank
Scheme of gene ranking )
. e o bt

3|8

Q| o

D) £

=
8 w-0.6 | 1 | 1
1000 2000 3000 4000
Rank

Figure 6. RNAs with cleavage sites significantly correlate with weakly expressed genes in the mutant under phototrophic conditions. (A) Overlap of
significantly differentially expressed genes (mutant/wild type) with RNAs harbouring cleavage sites or enriched 5’ ends in the mutant under phototrophic conditions,

including all RNAs with adjusted p-value <0.05 and log, fold change >1 or <—1
distribution of cleavage sites (bottom panel) or 5’ ends enriched in the mutant (
based on their expression changes according to the Wald statistics calculated
represents an RNA. RNAs with highest expression (rne®_phototrophic/wt_photot
lowest expression are localized at the blue end. The enrichment score is a runn
end.

conditions. Interestingly, 62.4% of all RNAs with
decreased levels in the mutant (adjusted p-value <0.05 and
log, fold change <-1) under phototrophic conditions con-
tain RNase E cleavage sites (Figure 6A), while only 8.6%
of the RNAs with increased expression in the mutant
(adjusted p-value <0.05 and log, fold change >1) under
phototrophic conditions contain RNase E cleavage sites.
A different result is seen for 5’ ends that are enriched in
the mutant: Only 8% of the RNAs with decreased levels in
the mutant under phototrophic conditions contain
enriched 5 ends in the mutant, while 27.1% of the
RNAs with increased level contain enriched 5 ends. In
addition, the median log, fold change of all genes with
mapped cleavage sites is about —0.4 (rne”_phototrophic/
wt_phototrophic), while genes with enriched 5’ ends in the
mutant show a slight increase with a median log, fold
change of about 0.2 (Figure S5). Considering that we
identified 1040 RNAs with cleavage sites and 436 RNAs
with enriched 5’ ends in the mutant under phototrophic
conditions, these median log, fold changes of such
a number of RNAs are remarkable.

. (B) Gene set enrichment analysis (GSEA) including all genes of R. sphaeroides. The
top panel) within the DESeq2 ranked gene list was analysed. The RNAs were ranked
by DESeq2 between both strains under phototrophic conditions. Each black line
rophic) are localized at the red end of the gene ranking scheme, whereas RNAs with
ing sum, which increases if an RNA possesses a cleavage site or mutant enriched 5

In order to further analyse the distribution of cleavage
sites and enriched 5 ends in the mutant on a global scale,
we performed a gene set enrichment analysis (GSEA)
(Figure 6B). Here, we ranked all RNAs based on their
expression change between rne” mutant and wild type
under phototrophic conditions from maximal increased
ratio (red) to maximal decreased ratio (blue) (Scheme of
gene ranking), according to the DESeq2 analysis (Wald
statistic). Next, we defined sets of RNAs based on associa-
tion with cleavage sites or enriched 5’ ends in the mutant,
respectively. The enrichment score is a running sum, which
increases if an RNA possesses an enriched 5 end in the
mutant (top panel) or cleavage site (bottom panel), and
decreases if an RNA does not possess any of both sites.
Transcripts with and without cleavage sites are equally
distributed among RNAs with highly increased expression
in the mutant under phototrophic conditions (rank 0 to
~600) reflected by the straight line. Among the RNAs with
ranks in between rank ~600 to ~ 3500 transcripts without
cleavage sites dominate, leading to a decrease of the enrich-
ment score. Among the RNAs with highest rank (rank
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~3500 to ~4300; strongest decreased expression mutant
versus wild type) many transcripts have cleavage sites,
leading to a strong increase of the enrichment score. In
conclusion, we compared both sets of RNAs with the
ranked list and found both sets globally associated, with
induced expression for enriched 5 ends in the mutant
(p-value <107'%) or reduced expression for cleavage sites
(p-value <107'%). These results show, that RNAs with
diminished  abundances in the mutant possess
a particularly high amount of cleavage sites, which was
also indicated as highly significant by hypergeometric test
(enrichment over background distribution of cleavage sites:
6.23-fold; p-value <2.27'%). Vice versa, RNAs with elevated
abundances in the mutant were found to have a high
number of 5 ends enriched in the mutant.

We also compared the number of cleavage sites and
enriched 5" ends in each cluster of the heatmap to the mean
distribution for each growth condition (Figure S6; Table 52).
About 50% of the cleavage sites (cluster mean) of the mean
background distribution were detected for cluster 6 tran-
scripts under aerobic conditions but 2.7-fold (266%) more
cleavage sites under microaerobic conditions, and even
7-fold (708%) more cleavage sites under phototrophic condi-
tions (Figure S6; Table S2). Compared to the background
mean over all transcripts, less enriched 5" ends were detected
in cluster 3 (cluster mean) under aerobic and microaerobic
conditions but almost twice as much 5’ ends were enriched in
phototrophic conditions (Figure S6; Table S2).

One concern in our analysis was that in general more
RNase E cleavage sites and more enriched 5 ends in the
mutant may be detected when the RNA levels between mutant
and wild type show stronger variation. Cleavage sites may be
mapped when transcript levels are much higher in the wild
type than in the mutant and vice versa for enriched 5" ends in
the mutant. This is already partially excluded by the GSEA
shown in Figure 6, as also many cleavage sites are found in
transcripts with increased levels in the mutant. Additionally,
Figure S6 shows that such a correlation between expression
change and number of cleavage sites is visible in some but not
all cases. E. g. quite often both, cleavage sites and enriched 5
ends are increased under the same condition. Cluster 1 shows
higher expression under phototrophic conditions in the
mutant, but no cleavage sites are detected under phototrophic
conditions. Cluster 8 shows similar expression in both strains
under microaerobic conditions, but the number of enriched 5’
ends in the mutant is 5-fold above background level.

To further exclude that the change of read number
between wild type and mutant leads to changed levels in
the detected 5’ ends, we plotted the number of cleavage
sites per RNA against the log, fold change of the RNA
between wild type and rne” mutant under phototrophic
conditions. As seen in Figure S7 no correlation between
the fold change of an RNA and the number of detected
cleavage sites is visible. Taken these results together, we
conclude that the accumulation or reduction of cleavage
sites and enriched 5" ends in the mutant observed in the
clusters is not an artefact of the analysis. Note that in con-
trast to the GSEA (Figure 6B), the analysis shown in Figure
S7 does not include RNAs without cleavage sites.
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Levels of mRNAs for regulators of photosynthesis and
motility gene expression are affected by RNase E

The effect of RNase E on the level of a certain mRNA may be
direct by the processing of this particular mRNA. Our results
support some correlation between the presence of RNase
E cleavage sites or enriched 5 ends and expression change
between microaerobic and phototrophic growth conditions
(Figure S5; Figure 6B). Another possibility is an indirect effect
through RNase E-mediated cleavage of an mRNA for e.g.
a transcriptional regulator of this RNA. The fact that some
of the clusters defined in Figure 4A contain many mRNAs
with similar function and/or transcribed from the same chro-
mosomal locus, supports the presence of such indirect effects
in addition to the direct effects. Therefore, we gave special
attention to the effect of RNase E on mRNAs for known
regulators of photosynthesis gene expression.

PrrB/PrrA (sensor kinase and response regulator of
a two-component system), PpsR/AppA, and FnrL (tran-
scriptional activator) are important protein regulators that
affect expression of many photosynthesis genes (overview
shown in Figure 7). Real-time RT-PCR quantification con-
firmed a reduction in the levels of prrB and appA mRNAs
between rne” mutant versus wild type under phototrophic
conditions (Figure 8). While the RNA-seq read coverage
(Figure S9) showed similar abundances for the appA tran-
script in wild type under microaerobic and phototrophic
conditions, appA mRNA was clearly less abundant in the
rne” mutant under phototrophic conditions. The prrB tran-
script showed higher abundance under phototrophic condi-
tions in the wild type but not or to a lesser extent in the
mutant (Figure S8). Since PrrB as well as AppA are impor-
tant regulators of photosynthesis gene expression, the effect
of RNase E on their transcript levels will indirectly affect
expression of many photosynthesis genes (Figure 7). As
a result of PrrB/PrrA being activators and AppA an anti-
repressor, higher levels of these proteins in the wild type will
lead to stronger activation of photosynthesis genes in com-
parison to the mutant.

Although our study focused on the impact of RNase E on
phototrophic growth, our data also revealed a strong influence
of RNase E on genes of cluster 3, which was opposite to the
effect seen on photosynthesis genes (Figure 4A,B) and
includes many motility genes. Figs. 8 and S10 show that
rpoN2 mRNA is much more abundant in the mutant than
in the wild type under phototrophic conditions. The alterna-
tive sigma factor RpoN2 is the master regulator of flagellar
and motility genes [53-55], which are part of cluster 3 and
show much stronger expression in the mutant under photo-
trophic conditions (Figure 4A).

How does RNase E affect mRNA levels of regulators of
photosynthesis or motility genes?

Transcriptional start sites have been previously mapped for
the R. sphaeroides transcriptome [37]. For the appA mRNA
RNase E cleavage sites were mostly detected in the 5 UTR,
which is transcribed from a promoter with the —35 region
located around position 156.784. The screen shot in Figure S9
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Figure 7. Schematic representation of the photosynthesis gene transcription regulation model in R. sphaeroides. The transcription of photosynthesis genes
is controlled by multiple different activators and repressors to ensure a tight regulation upon changing environmental conditions. The regulation network consists of
three main regulatory systems which are able to sense and signal changes in oxygen and light availability: (1) the activating PrrA/PrrB two component system senses
oxygen availability, (2) the activator FnrL, which senses oxygen availability by an oxygen labile iron sulphur cluster, (3) the PpsR/AppA repressor/anti-repressor system
which senses light and oxygen availability by a BLUF- and a SCHIC-domain, respectively, within the anti-repressor AppA. On post-transcriptional layer small regulatory
RNAs (like PcrZ and PcrX) where found to fine-tune photosynthesis gene expression. RNAs with log, fold change <—0.7 (rne”_phototrophic/wt_phototrophic) are
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Figure 8. qRT-PCR for quantification ofmRNAs encoding transcriptional
main regulators. Spike-in quantitative reverse transcriptase PCR with total
RNA obtained from phototrophically grown wild type and me® mutant. The
relative abundances (mutant/wt) were calculated from independent biological
triplicates.

shows that the distribution of RNase E cleavage sites differs
between microaerobic and phototrophic conditions. Cleavage
sites at positions 156.448, 156.587 and 156.478 were only

mapped under phototrophic conditions. However, we cannot
directly link cleavage site distribution to mRNA levels. Other
cleavage sites were only mapped under microaerobic condi-
tions. prrB is also transcribed from an own promoter with the
—35 region around position 105.845 (Figure S8). The first two
nucleotides of the prrB mRNA were mapped as RNase
E cleavage sites, although the first nucleotide (transcription
start site: TSS) is rather expected to be enriched in the rne'
mutant, due to the impeded 5 end-dependent decay. In
addition, RNase E cleavage sites are mapped to two further
positions within the 5 UTR. Another RNase E cleavage site
occurs only under phototrophic conditions at position
106.116 (Figure S8).

An influence of RNase E on the level of gene expression is
likely to be due to an effect on transcript stability. To test this,
we determined the half-lives of appA and prrB, in wild type
and mutant under microaerobic and phototrophic growth
(Figure 9). The half-life of appA under phototrophic condi-
tions in the wild type was longer (about 4 min) than that in
the rne” mutant (about 2 min 15 sec). The half-life of prrB was
also clearly shorter under phototrophic conditions in the rne'
mutant (1 min 35 sec) than in the wild type (about 3 min).
Thus, both transcripts showed faster turn-over in the mutant
under phototrophic conditions.

In agreement with the different expression patterns of
cluster 6 and cluster 3 RNAs, the expression pattern of
rpoN2 mRNA is different from that of appA and ppsR:
under phototrophic conditions rpoN2 levels are much higher
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Figure 9. mRNA half-lives of appA, prrB and rpoN2 under microaerobic and phototrophic growth conditions. The half-lives of mRNAs encoding important
regulatory proteins for photosynthesis and motility were investigated under microaerobic and phototrophic conditions. Cultures were treated with 0.2 mg/ml
rifampicin and samples were collected at the time points t=0, 3, 6, 9, 15 and 30 minutes after addition of rifampicin. Total RNA was isolated using the hot phenol
method, traces of DNA removed by DNase treatment and mRNA abundances relative to a spike-in RNA control of known sequence and quantity were determined by
qRT-PCR using specific primers against appA, prrB or rpoN2. The decay of mRNA within biological triplicates of wild type (black) and rne” mutant (red) was fitted to
semi-logarithmic trend lines (dashed lines). The standard deviation of the biological triplicates is shown as error bars. The calculated mRNA half-lives and their

standard deviations are given in the bottom of each panel.

in the mutant. Our analysis revealed a strong enrichment of
the TSS in the mutant exclusively under phototrophic condi-
tions (Figure S10). In accordance with this observation the
half-life of rpoN2 is strongly increased in the mutant under
phototrophic conditions (about 4 min 42 sec under micro-
aerobic conditions, 8 min 46 sec in phototrophic conditions),
while the half-life is the same under both growth conditions
in the wild type (about 3min 48sec and 3 min 44 sec)
(Figure 9). Higher RNA stability in the mutant can e.g. result

from impeded 5 end-dependent degradation pathway. The
opposite effects of RNase E (destabilizing versus stabilizing)
during phototrophic growth on appA, prrB versus rpoN2
expression correlates well with the different expression pat-
terns of cluster 3 and cluster 6 mRNAs. Despite the distinct
expression pattern of cluster 3 RNAs, we did not observe
a clear effect of RNase E on the swimming motility of
R. sphaeroides under phototrophic conditions (data not
shown).
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Concluding remarks and outlook

Although an impact of ribonucleases on the bacterial tran-
scriptome is described in several studies (e.g. [15,56-61]),
such strong effects of an RNase on certain growth conditions
as observed for R. sphaeroides ([21]; Figure 2 this study) are
rare. In E. coli inactivation of the rne gene results in loss of
colony forming ability on solid media [62] and in filamentous
growth in liquid culture [63]. The filamentous phenotype was
attributed to an effect of RNase E on the FtsZ/FtsA ratio [64].
Furthermore, a role of RNases in stress response is well
established [15,65-69].

The present study links expression patterns of mRNAs
under different growth conditions to the action of RNase
E. A certain distribution of cleavage sites and enriched 5’
ends in the mutant in defined mRNA clusters contributes to
the observed expression pattern of those mRNA clusters.
Furthermore, the action of RNase E on mRNAs for regulatory
proteins indirectly affects their regulons. Indeed, the effect of
RNase E on expression of photosynthesis genes and their
regulators fits to the observed growth phenotype. An open
question remains, why RNase E cleavages and enriched 5
ends in the mutant show such variation under the different
growth conditions?

Our differential expression analysis hints to higher rne
mRNA levels under aerobic conditions compared to photo-
trophic conditions in the wild type (Figure 3C) and in the
mutant strain (data not shown). However, the quantification
of mRNA levels gives no information on the RNase
E activities under different conditions and if RNase E level/
activity would vary between aerobic and phototrophic growth
conditions, we should see a similar effect on all mRNAs that
are recognized by RNase E, which is not the case.
Nevertheless, we established a reporter assay to test for
RNase E activity under different growth conditions. A short
89 nt sequence containing a well-defined RNase E recognition
site was cloned in front of the mVenus reporter gene (Figure
S2). This construct was transferred to the wild type and the
rne” cells by diparental conjugation and the resulting

B 20-

fluorescence was determined under the different growth con-
ditions. The fluorescence caused by this construct was com-
pared to the reporter construct without the newly
incorporated RNase E cleavage site to include all putative
effects of RNase E on other parts of the resulting mRNA. In
the wild type strain the reporter with cleavage site showed
much less activity than the control under all conditions
(Figure 10). This difference was much smaller in the rne®
mutant. Figure 10 demonstrates that the biggest influence of
RNase E on the activity of the reporter is seen under photo-
trophic conditions (about 6.8-fold difference between wild
type and mutant; aerobic and microaerobic growth: about
3-fold difference). We cannot make confident conclusions
about the total RNase activities under the different conditions,
since the growth conditions also influence the activity of the
reporter protein, but it is clear that phototrophic conditions
differ from chemotrophic conditions in the ratio of RNase
E activity in wild type and rne” mutant. These strong differ-
ences in activity may well account for the strong effect of
reduced RNase E activity especially during phototrophic
growth but does not explain that not all RNAs with RNase
E cleavage sites are affected.

It is also conceivable that the growth conditions affect
RNA structure and subsequently substrate recognition by
RNase E. Such changes may be influenced by the sequence
and may thus be very different for individual RNAs. We also
have to consider that not only ribonuclease and substrate are
involved in the cleavage process. It was reported that the
composition and activity of the degradosome complex in
R. capsulatus vary under different oxygen concentrations
[23]. Since the degradosome complexes in E. coli and
R. sphaeroides vary, the oxygen condition may have different
influence on the composition and activity of the degradosome
in the rne” mutant. Due to the binding of the E. coli enzyme
to the cytoplasmic membrane, intracellular membranes may
also have different effects on the activity of the degradosomes
in the wild type and the rne” strain. However, as not only
phototrophic cells but also microaerobic cells are full of
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Figure 10. RNase E activity reporter measurements under aerobic, microaerobic and phototrophic growth conditions. The fluorescence intensity of mVenus
was measured in biological triplicates in vivo under aerobic (A), microaerobic (B) and phototrophic (C) conditions, normalized by subtraction of the background
fluorescence from an empty vector control and divided to the optical density ODgg. The standard deviations are given as error bars. Cells carrying the plasmid pPHU-
p16s-mVenus represent a control, where the mVenus open reading frame is under transcriptional control of the constitutive 16S rRNA promoter from R. sphaeroides.
pPHU-p165-Upsm90-mVenus was used to assess RNase E activity by introduction of an 89 nt 5" UTR directly upstream of the mVenus open reading frame, harbouring
a well characterized RNase E cleavage site originating from the small RNA UpsM of R. sphaeroides.
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intracytoplasmic membrane vesicles, this is unlikely to
account for the higher number of RNase E cleavage sites
under phototrophic conditions.

It is also conceivable that the substitution of the native
R. sphaeroides rne gene by a variant of the gammaproteobac-
terium E. coli contributes to the disruption of posttranscrip-
tional gene expression regulation. As mentioned above, this
could be due to the different architectures of the two enzymes
(presence of the membrane targeting sequence and variances
in protein interaction sites on the scaffold domain), but also
to different activities of the catalytic RNase domains.
Differentially specialized substrate recognition may be
a possible factor that can lead to defective RNA processing.
However, our analyses revealed that the vast majority of 5
end positions are identical in both strains. As the bacterial
RNA degradosome is a very complex machinery, it is hard to
distinguish between distinct effects of the single components
(RNase E interaction partners or catalysis by RNase E itself) in
our analysis.

Additionally, RNA chaperones like Hfq [70-72] or CsrA [73]
play an important role in RNase E-mediated cleavage as well as
adapter proteins like RapZ [74] or RNase E inhibitors like RraA
in E. coli [75]. An R. sphaeroides strain lacking the Hfq protein
has a pleiotropic phenotype including altered pigmentation and
photooxidative stress resistance [76]. Recently, the DUF1127
protein CcaFl was identified as a new type of RNA binding
protein in R. sphaeroides and shown to assist in RNase
E-dependent RNA processing [31]. CcaF1 has an important
function in stress defence. hfg and ccaFI mRNA levels were
similar under microaerobic and phototrophic conditions. We
conclude that an effect of these RNA-binding proteins on RNase
E mediated cleavage is unlikely to account for the observed
growth-dependent effects of RNase E on the transcriptome, but
cannot exclude post-transcriptional regulation of hfq or ccaFl
expression. A second DUF1127 protein of R. sphaeroides,
RSP_0557, was also shown to bind to many RNAs and to affect
their levels [31]. Under phototrophic conditions RSP_0557
mRNA levels are much higher than under microaerobic and
aerobic growth in the wild type. In the mutant, similar low
RSP_0557 mRNA levels are observed under both conditions.
Therefore, RSP_0557 may be a candidate for a mediator of
growth-dependent RNA cleavage for a specific set of transcripts.
Interestingly, the RSP_0557 mRNA (about 340 nt) possesses one
of the highest bona fide RNase E cleavage site densities under
phototrophic growth conditions (12 cleavage sites), and contains
considerably less cleavage sites under microaerobic conditions
(two cleavage sites) (Figure S11). An influence of RSP_0557
abundance on RNase E-dependent cleavage and of RNase E on
RSP_0557 abundance would constitute a feed-back mechanism.
Such regulatory loops put considerable constrains to the analysis
of the role of individual components in a network. It is known,
that RSP_0557 expression is controlled by the RpoHI/HII alter-
native sigma factors [77]. As a consequence, RSP_0557 mRNA
increases during transition to stationary phase [42], in response
to high oxygen levels, and under heat stress [78]. Thus, growth
conditions influence RSP_0557 levels also independently of
RNase E. The role of RSP_0557 as RNA chaperone requires,
however, further analyses.
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It is unlikely that the exact mechanisms behind the influence of
growth conditions on RNase E-mediated cleavage can be identi-
fied by global studies. It will be necessary to select some RNase
E substrates and to include different mutants for ribonucleases,
transcriptional ~ regulators and RNA-binding  proteins.
Unfortunately, it will not be possible to use defined in vitro
systems for such studies. While the in vitro systems can limit the
number of involved RNAs and proteins, they do not allow to look
at the effect of environmental factors and growth conditions.

In summary, our data set provides insights into direct
(RNase E-mediated RNA processing) and indirect (RNase
E-dependent abundance of transcriptional regulators) effects
that contribute to the strong impact of RNase E on growth
under different environmental conditions. Especially the effect
of RNase E on the stability of RNAs for important regulators
of photosynthesis genes indirectly affects the expression of
many photosynthesis genes and consequently the formation
of photosynthetic complexes and phototrophic growth. The
study underlines the importance of RNases in the adaptation
of bacteria to changing growth conditions.
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1 | INTRODUCTION

Abstract

RNase Il is a dsRNA-specific endoribonuclease, highly conserved in bacteria and
eukarya. In this study, we analysed the effects of inactivation of RNase Ill on the
transcriptome and the phenotype of the facultative phototrophic a-proteobacterium
Rhodobacter sphaeroides. RNA-seq revealed an unexpectedly high amount of genes
with increased expression located directly downstream to the rRNA operons.
Chromosomal insertion of additional transcription terminators restored wild type-
like expression of the downstream genes, indicating that RNase Ill may modulate the
rRNA transcription termination in R. sphaeroides. Furthermore, we identified RNase
11l as a major regulator of quorum-sensing autoinducer synthesis in R. sphaeroides. It
negatively controls the expression of the autoinducer synthase Cerl by reducing cerl
mRNA stability. In addition, RNase Il inactivation caused altered resistance against
oxidative stress and impaired formation of photosynthetically active pigment-protein
complexes. We also observed an increase in the CcsR small RNAs that were previously
shown to promote resistance to oxidative stress. Taken together, our data present in-
teresting insights into RNase Ill-mediated regulation and expand the knowledge on
the function of this important enzyme in bacteria.

KEYWORDS
bacterial photosynthesis, quorum sensing, Rhodobacter, riboregulation, RNase I, stress
response

messenger RNAs, which consequently affects the translatome and
thereby the proteome. Bacteria use riboregulation to quickly and

For many years, it was assumed that in bacteria regulation of gene
expression occurs nearly exclusively on the levels of transcription
and translation, however, the last decades have unveiled the crucial
role of riboregulation. Riboregulation describes the action of ribonu-
cleases, noncoding regulatory RNAs and RNA-binding proteins that
often influence gene expression by stabilisation or destabilisation of

cost-efficiently adapt gene expression to changing environmental
conditions, which is reflected by generally much shorter RNA half-
lives (often in a range of minutes) in bacteria, compared to eukary-
otes (often in a range of hours) (Belasco & Brawerman, 1993).
While being first discovered in Escherichia coli in 1967
(Robertson et al., 1967, 1968), RNase |ll was intensely studied in

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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the following years for its ability to specifically cleave double-
stranded RNA (dsRNA) substrates. The physiological functions of
RNase Il were described mainly in the maturation of the ribosomal
RNA (Dunn & Studier, 1973; Nikolaev et al., 1973) and processing
of viral RNA (Westphal & Crouch, 1975). In many a-proteobacteria,
RNase Ill is also responsible for the fragmentation of the 23S rRNA
(Evguenieva-Hackenberg & Klug, 2000). Genome-sequencing ap-
proaches revealed that the enzyme is highly conserved not only in
bacteria, but homologues are present in nearly every living organ-
ism, except of many archaeal species (Nicholson, 2014). Prokaryotic
members of the RNase Il family have a simple architecture, often
only consisting of a catalytically active C-terminal RNase Il Domain
(RIID) and an N-terminal dsRNA binding domain. Eukaryotic mem-
bers of the RNase Il family can possess two RIIID (Drosha and Dicer)
and additionally, a helicase and a PAZ (Piwi Argonaute Zwille) do-
main (Dicer), which are used to establish RNA-RNA interactions
for gene silencing via RNA interference (Carmell & Hannon, 2004;
Court et al., 2013; Kang & Hata, 2012).

A well-studied example of the direct action of RNase Ill on
mRNAs is the processing of the pnp transcript in many bacteria
(Carzaniga et al., 2009; Gatewood et al., 2011; Portier et al., 1987;
Régnier & Grunberg-Manago, 1990; Snow et al., 2020). The pnp
mRNA encodes the polynucleotide phosphorylase (PNPase), an im-
portant exoribonuclease with 3’ to 5’ phosphorolytic activity. As a
primary transcript pnp harbours a stabilising 5° RNA structure and
is highly stable resulting in frequent translation. However, degra-
dation of the pnp transcript is initiated through recognition of the
5" RNA structure by RNase Il and followed by dsRNA cleavage.
Subsequently, one strand of the opened 5 double-strand structure
is removed by PNPase, resulting in a single-stranded 5’ end region of
pnp accessible for RNase E-mediated degradation.

In particular, the development of low-cost high throughput RNA
sequencing (RNA-seq) methods in the beginning of the early 2000s
and its applications revealed new functions of RNase IIl. RNase llI
was previously known to primarily affect maturation of ribosomal
and transfer RNAs, but the spectrum of other RNAs recognised by
RNase Il has been largely expanded in the last decades (Altuvia
etal., 2018; Gatewood et al., 2012; [fill et al., 2021; Rath et al., 2017).

Moreover, the discovery of a variety of novel regulatory non-coding
RNAs through RNA-seq has rekindled interest in RNase Ill. Non-coding
regulatory RNAs are part of the riboregulation network and were not
only described in bacteria (in bacteria called sRNAs) but also in numer-
ous other organisms (reviewed in Jgrgensen et al., 2020; Mahendran
et al., 2022; Papenfort & Melamed, 2023; Storz et al., 2011). sRNAs
can exert their regulatory effects on gene expression by specific base
pairing with their target mRNAs, and thereby form RNA-RNA du-
plexes, which are often recognised by RNase Il as a substrate (Lioliou
et al.,, 2012; McKellar et al., 2022; Mediati et al., 2022). While a di-
rect action of RNase Il in sSRNA-mediated regulation of plasmid copy
numbers was already described quite early (Blomberg et al., 1990;
Conrad & Campbell, 1979), other established functions of RNase IlI
acting on sRNA-mediated regulation were found in regulation of type

| toxin-antitoxin systems (Gerdes et al., 1992; Vogel et al., 2004), stress

responses (Afonyushkin et al., 2005; Lalaouna et al., 2019; Opdyke
et al., 2011) or virulence of pathogenic bacteria (Boisset et al., 2007;
Huntzinger et al., 2005; Romby et al., 2006).

We discovered several small regulatory RNAs (sRNAs) (Berghoff
etal., 2009), which affect important physiological processes like, for
example, growth and cell division (Griitzner, Remes, et al., 2021),
stress resistance (Adnan et al., 2015; Billenkamp et al., 2015; Miiller
et al., 2016; Peng et al., 2016) and formation of photosynthesis
complexes (Eisenhardt et al., 2018; Mank et al., 2012; Reuscher &
Klug, 2021) in the model organism Rhodobacter sphaeroides (recently
renamed to Cereibacter sphaeroides, Hordt et al., 2020). R. sphaeroi-
des is a gram-negative purple non-sulphur bacterium with versatile
metabolism, able to live under a variety of different environmental
conditions, which makes it a well-suited model to study adjustment
of gene expression to changing environmental conditions.

To investigate the functional role of RNase Il in R. sphaeroides, es-
pecially its impact on regulation of gene expression, we inactivated the
catalytic activity of RNase Ill by exchanging two highly conserved amino
acids (G48S, D49R) within the active centre of the native enzyme. An
obvious effect of the RNase Il deficiency was pronounced in a drasti-
cally reduced photopigment production. Moreover, we could observe
increased cell survival rates of the mutant upon oxidative stress expo-
sure, which are accompanied by elevated expression of CcsR sRNAs,
which counteract oxidative stress through negative regulation of a
glutathione-dependent metabolic pathway, leading to accumulation of
antioxidative glutathione. Strikingly, we found a novel regulatory func-
tion of RNase Ill in the quorum-sensing system of R. sphaeroides, where
RNase Il negatively controls the expression of the quorum-sensing au-
toinducer synthase (cerl) by mRNA destabilisation, consequently result-
ing in reduced autoinducer production. Interestingly, lack of RNase Il
activity does not only affect 23S rRNA fragmentation but also transcript
levels of genes located downstream of the three rRNA operons.

2 | RESULTS

2.1 | Inactivation of the R. sphaeroides RNase Il
leads to strong decrease in pigmentation

Like in the well-studied y-proteobacterium E. coli, the RNase Il en-
coding gene (rnc) in R. sphaeroides is chromosomally organised in
an operon consisting of three genes, giving rise to a polycistronic
mRNA. While in E. coli, the rnc gene is the first gene of the operon,
followed by the era gene (encoding a GTPase important for cell
cycle control) and the recO gene (encoding a DNA repair protein),
in Rhodobacter the first gene is lep for leader peptidase, followed by
the rnc gene and the era gene on last position (Rauhut et al., 1996).
In the first approach, we constructed an R. sphaeroides rnc dele-
tion mutant (Arnc), by substitution of the native R. sphaeroides gene
with a kanamycin resistance cassette, leading to loss of RNase Ill
activity but also showing polar effects of the mutation. A strong
phenotype was visible in a drastic filamentation morphology of the

Arnc-mutant stain, which we could attribute to a reduced era mRNA
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level in the mutant. To exclude polar effects, we next inactivated
RNase Il catalytic activity through the exchange of two highly con-
served amino acids (G485, D49R) within the RIIID signature motif
(Figure S1). This approach relies on mutations described in previ-
ous studies (Apirion & Watson, 1975; Dasgupta et al., 1998; Kindler
et al., 1973; Nashimoto & Uchida, 1985) and was adapted in our
study to the R. sphaeroides RNase Il enzyme.

To test for loss of RNase Il activity, we checked the ability of the
R. sphaeroides enzyme to fragment ribosomal RNAs. Like several other
a-proteobacteria, R. sphaeroides fragments the large 23S rRNA into
smaller pieces, thereby generating a 145, 5.85-like and an additional
165 rRNA molecule (Evguenieva-Hackenberg, 2005; Evguenieva-
Hackenberg & Klug, 2000; Zahn et al., 2000). This process is strictly
RNase lll-dependent in R. sphaeroides. To analyse the rRNA expression
pattern of the mutated cells, generated by the exchange of the two
mentioned amino acids (Figure S1), we isolated and visualised total
RNA by gel electrophoresis and ethidium bromide staining (Figure 52).
The presence of intact 235 rRNA and the absence of 14S and 5.85-like
rRNA fragments in total RNA of the mutated cells (rnc_GD48,49SR;
from now referred to as rnc” strain) confirmed the inactivity of RNase
Ill. As a control, we constructed a plasmid (pRK-rnc) harbouring a
copy of the native rc gene under transcriptional control of the native
promoter and transferred it to the rnc™ cells by diparental conjuga-
tion (complementation strain). Analysis of the rRNAs from total RNA
samples of the complementation strain revealed the restoration of a
wild type-like cleavage pattern, indicating that the loss of RNase llI
can be complemented by ectopic expression of the native rnc gene
(Figure S2). Band intensities showed some variation between the com-
plemented strain and the wild type and an additional band occurred in
the complemented strain. This may be due to different RNase levels
in the two strains caused by expression from the pRK vector. Only the
wild type and rnc mutant were used in our further analyses.

To analyse the growth behaviour of the rnc” strain in compari-
son to the wild type, we cultivated both strains under aerobic (high
oxygen tension), microaerobic (low oxygen tension) or phototrophic
conditions (anaerobic, illuminated with white light) in malate minimal

medium and followed the OD,,, over a time of 35h (Figure 1). While
in the presence of oxygen R. sphaeroides performs chemotrophic
growth through aerobic respiration, photosynthesis is used for en-
ergy conservation in the absence of oxygen and the presence of
light (phototrophic conditions). As a result, only a minor growth de-
ficiency of the mutant was visible under aerobic and phototrophic
conditions, while under microaerobic conditions, the growth of mu-
tant and wild type was similar.

During the growth analyses, we observed a paler colour of the
mutant cultures as an obvious phenotype. Since the colour of R.
sphaeroides cultures is defined by their type and degree of pigmen-
tation, we analysed the production of photopigments. For this, we
first performed a spectral analysis of both strains grown in a mini-
mal medium under microaerobic or phototrophic growth conditions
(Figure 2a). The spectra of the mutant showed a strongly decreased
absorbance at wavelengths, where carotenoids and bacteriochlo-
rophyll possess specific absorbance maxima. The photosynthetic
apparatus of R. sphaeroides comprises the reaction centre (RC) and
two light-harvesting complexes (LHI and LHII). The reduced absor-
bance at these specific wavelengths was more pronounced under
microaerobic growth conditions.

Next, we extracted the photopigments of both strains via ac-
etone/methanol extraction (Figure 2b). The measured amounts of
extracted pigments confirmed our expectations, indicating that the
rnc” strain in general produces much less pigments than the wild
type, in particular under microaerobic conditions. Since the pig-
ments are required to build the photosynthetic complexes, lower
pigment production will result in decreased amounts of pigment-
protein complexes.

2.2 | RNA-seq analysis reveals global effects of
RNase Ill on gene expression in R. sphaeroides

We previously showed that RNase E has a remarkably strong ef-
fect on the growth of R. sphaeroides under phototrophic conditions

Aerobic Microaerobic Phototrophic
—_—wt ——wt 253 ——wt
1.5 ——me’ 1.5 ——me’ 24 me”
1.54
14
o ]
©
© 4
(=]
8
0.5+
I v 1 M T M L ' I M 1 T M L : v L v 1 v )
0 10 20 30 0 10 20 30 0 10 20 30
time [h] time [h] time [h]

FIGURE 1 Growth behaviour of the rnc”-mutant strain under various growth conditions. The growth behaviour of the R. sphaeroides
wild type and rnc” strain was analysed by monitoring the optical density (OD, ) over 35h. Cells were either cultivated under aerobic,
microaerobic or phototrophic conditions in a malate minimal medium. The mean value of biological triplicates is shown. The standard

deviation is given as error bars.
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that correlate with strong changes of the transcriptome (Bérner
et al., 2023; Forstner et al., 2018). We were also interested in in-
vestigating the global effects of RNase Ill on the transcriptome
especially in regards to growth under different environmental con-
ditions. We cultivated the rnc¢” mutant and wild type under aerobic,
microaerobic or phototrophic conditions to mid-exponential growth
phase and collected samples for RNA-seq analysis. To compare the
RNA expression profiles, we performed unsupervised agglomerative
hierarchical clustering, grouping all transcripts according to their ex-
pression level between two growth conditions, in either wild type or
mutant (Figure 3).

To first investigate the growth condition-dependent effect on
RNA abundance changes, all transcripts with log, fold change >1 or

<-1, adjusted p-value <0.05 (between two growth conditions) and

a minimum of at least 10 reads in one library were counted as sig-
nificantly differentially regulated between two growth conditions.
For further analysis of the RNase lll-dependent influence on the
transcriptome, the RNA expression profiles of all significantly dif-
ferentially regulated genes (from the comparison of the two growth
conditions) within wild type or mutant were plotted side by side in
the form of three independent heat maps (Figure 3). While the ma-
jority of the transcriptome showed very similar expression changes
between mutant and wild type (visible in a similar blue/red tone be-
tween wild type and mutant column), some RNAs showed different
expression changes between the two strains (selected regions of in-
terest are marked as 1-9 in Figure 3). The number of RNAs contained
per each region and their annotated features are shown in Table 1. A
list of all RNAs per region is shown in Supplementary Table S1.
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FIGURE 2 Loss of RNase Il activity leads to impaired production of photosynthetic complexes. (a) Whole-cell absorbance spectra of
microaerobically or phototrophically grown wild type and mutant cells. The specific absorbance maxima for photosynthetic complexes are
marked as 1-3 (1: RC and LH II; 2: LH II; 3: RC and LH I). The mean values of biological triplicates are shown. (b) Photometrically determined
amounts of bacteriochlorophyll a (bchl a) and carotenoids from acetone/methanol extracts of wild type and mutant cells. The strains were
grown under phototrophic or microaerobic conditions as biological triplicates.
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FIGURE 3 RNA-seqg-based global RNA expression patterns. Heat maps illustrate global changes in RNA expression between the
different growth conditions, within wild type or mutant. Ratios (log, fold changes) were calculated from RNA-seq data obtained from
aerobically, microaerobically or phototrophically grown biological triplicates of wild type (left panel) or rnc” (right panel) strain. All RNAs with
significantly differential abundances (log, fold change >1 or <-1, p-adjusted value <0.05, with a mean read count of at least 10 between all
samples) were plotted per heat map. RNAs within one heat map were grouped into clusters according to their expression pattern between
the two indicated growth conditions within a strain by unsupervised agglomerative hierarchical clustering. The total number of displayed
RNAs is indicated at the bottom right of each heat map. A positive expression change is highlighted in red and a negative expression change
in blue colour (colour key).
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TABLE 1 Distribution of functional
RNA types among regions of the heat
maps.

RNAs
in total

Region
47
27
40
47
23
46
44
13
11

V0N AW N e

mRNAs with mRNAs for
rRNA  tRNA sRNA  predicted function  hypothetical proteins
2 - - 20 15
= 1 g 12 (5) 11 (3)
- - - 13 27
- 6 = 22 19
- - 2 7 14
- = = 29 17
3 5 1 13(7) 21 (5)
- = = 8 5]
- - - 5 6

Note: The table shows the total content of RNAs per region of the heat maps from Figure 3. The
number of contained RNAs was further divided according to their annotated RNA type (rRNA,
tRNA, sSRNA and mRNA). The numbers per annotated type are given in the following rows. mRNAs
with predicted function and mRNAs for hypothetical proteins are separately listed. Numbers in
parentheses indicate the amount of RNAs located in close proximity downstream to one of the

rRNA operons.

For most of the defined regions, no functional groups among the
genes are obvious. Region 1 contains the traB, F, G, N and W genes
for proteins related to plasmid conjugation and groEL and groES
for heat shock chaperonins. As well, tra genes as gro genes are co-
transcribed. While groEL and groES are localised on chromosome |,
tra genes are localised on mega plasmid D. Region é contains several
genes involved in metal transport (znuAB, zur and sitD).

Interestingly, when looking at the read coverage files using the
Integrated Genome Browser (Freese et al., 2016), we noticed that a
large proportion of enriched RNAs in the mutant are located directly
downstream of rRNA operons (one rRNA operon is located on the
large first chromosome, and two more rRNA operons on the second
chromosome) (Figure 4). A screenshot visualising the total RNA-seq
read coverage at the genomic locus of the first rRNA operon, taken
from the Integrated Genome Browser, is shown in Figure S3. A list of
all genes located directly downstream to rRNA operons (as seen in
Figure 4), including the DESeq2 results (mutant/wt under microaer-
obic conditions) of those genes, is given in Supplementary Table S2.
To validate the enrichment of RNAs located directly downstream of
the rRNA operons, as seen in the RNA-seq read coverage (Figure 4),
qRT-PCR was performed for four different loci, located downstream
of the rRNA operons (locus A and locus B: downstream to rRNA
operon 1; locus C: downstream to rRNA operon 2; locus D: down-
stream to rRNA operon 3). gqRT-PCR for all four tested loci confirmed
high enrichment of the tested RNA segments in the rnc -mutant
strain compared to the wild type under microaerobic conditions
(Figure 4c), as also seen in the read coverage plots in Figure 4a,b
as well as the DESeq?2 results shown in Supplementary Table S2. To
test, if the enrichment of these loci is due to increased transcription,
possibly by partially unterminated transcription read-through of the
rRNA genes, we chromosomally integrated additional transcription
terminators directly downstream, adjacent to the rRNA operons
in the rnc”-mutant strain by homologues recombination (insertion

regions are marked as green arrows in Figure 4a,b), and repeated

qRT-PCR for the four different loci A-D with samples of the mod-
ified rnc” mutants, harbouring additional transcription terminators.
Strikingly, we observed a strong reduction of RNA abundances,
compared to the quantification of the previous rnc” samples with
native transcription terminators. While still being slightly enriched,
the RNA abundances at all four loci nearly reached wild type level.
To further characterise the effects of RNase |1l on the R. sphaeroi-
des transcriptome, we used an RNA-seq-based prediction proto-
col to globally map bona-fide RNase lll cleavage sites, comparable
to approaches recently published by our group for RNase E (Bérner
et al., 2023; Forstner et al., 2018). For this, we analysed the 5’ end po-
sitions of each RNA-seq read obtained from wild type and rnc™ strain
under aerobic, microaerobic or phototrophic growth conditions. As an
endoribonuclease, RNase Il can cleave RNA substrates internally and
as a result may generate new stable RNA 5’ ends. If stable, these new
5" ends will consequently produce higher 5" end read counts at posi-
tions, where RNase Ill catalysed RNA hydrolysis (RNase lll-dependent
5 ends). As a consequence, these RNase lll-dependent 5’ end read
counts can be enriched in the wild type, in comparison to the mu-
tant (where RNase Il is unable to hydrolyse RNAs), and were further
defined by us as significantly enriched in the wild type with setting
cut-off parameters as log, fold change >1 (wt/mutant) and adjusted
p-value <0.05, with a minimum read count of at least 10 in one of the
libraries (from now on referred to as RNase lll cleavage sites).
Through our prediction approach, we were able to identify
RNase Il cleavage sites under all three tested growth conditions,
where most sites were detected under aerobic conditions (n=2220),
less under phototrophic conditions (n=1093) and least under mi-
croaerobic conditions (n=565) (Figure 5a). The biggest overlap of
cleavage sites was found between microaerobic/phototrophic and
microaerobic/aerobic conditions, which reflects that microaero-
bic conditions represent an intermediate state between growth at
high oxygen conditions (aerobic) and complete absence of oxygen

(phototrophic).
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FIGURE 4 RNA-seqread coverage of the genomic regions located downstream to rRNA operons. (a,b) The total read coverage of cDNA
libraries from exponentially grown wild type (blue) and rnc™ (red) strain samples is shown. Samples were collected during growth under

either aerobic, microaerobic or phototrophic conditions. The read covera
triplicates with the integrated genome browser. The scale bar of the read

ge was plotted from wiggle files of merged independent biological
coverage has an identical height for all tracks. Annotated genes

are shown in black. Green arrows indicate the locations, where transcriptional terminators have been chromosomally integrated. Validation

by qRT-PCR was performed for four different loci (A-D; magenta boxes).
downstream of the three rRNA operons. 20ng DNA-free total RNA of mi
type and rnc” strain were analysed (white bars). Additionally, wild type sa
transcriptional terminators directly downstream of the rRNA operons (se
is shown. The standard deviation of the mean is indicated as an error bar.

To characterise the cleavage sites on a global scale, we grouped
the RNAs harbouring cleavage sites among annotated genomic fea-
tures (Figure 5b). Our analysis revealed a predominant quantity of
cleavage sites within coding sequences (CDS), where most cleavage
sites were found under aerobic conditions, followed by phototro-
phic conditions, and least under microaerobic conditions. The sec-
ond biggest group to contain RNase Ill cleavage sites were ribosomal
RNAs, followed by 5° UTRs and sRNAs.

Additionally, we quantified the cleavage site per RNA ratios
under each of the three growth conditions and found an enormous

variation of cleavage sites per RNA (Figure 5¢). The vast majority

5

(c) Spike-in qRT-PCR for quantification of RNA loci located
croaerobically grown biological triplicates of R. sphaeroides wild
mples were compared to modified rnc” strains, harbouring inserted
e panels a and b of this figure). The relative abundance (mutant/wt)

of RNAs lacked any RNase Il cleavage site (=85% under aerobic
conditions; =95% under microaerobic conditions; =89% under
phototrophic conditions), while second most RNAs contained a
single RNase Ill cleavage site. Interestingly, we could identify sev-
eral RNAs with more than 50 cleavage sites per transcript, nearly
exclusively under phototrophic conditions. The highest number of
sites per RNA was found within all three copies of 235 rRNA under
phototrophic conditions (each with 75 sites per RNA), followed by
16S rRNA (66, 51 and 47 sites RNA). Under aerobic conditions,
the fusA1 transcript, encoding translation elongation factor G, was

detected as the RNA with the most cleavage sites (57 sites).

6
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Since our analysis pointed towards high amounts of RNase
Il cleavage sites especially under aerobic conditions, we con-
structed an in vivo RNase lll activity reporter (equivalent to
our recently published ribonuclease E activity reporter, Bérner
et al.,, 2023) to study the growth condition-dependent effects
of RNase Ill. We fused the well-characterised RNase Ill cleavage
site of the native pre-165 rRNA to the mVenus encoding gene
(indicator construct: pPHU231-5'"UTR-mV), allowing RNase Il to
introduce cleavage within the 5 UTR of the reporter mRNA gen-
erating a monophosphorylated 5 end, which can subsequently
activate 5’ end-dependent RNA decay by RNase E. As a back-
ground control for RNase Il activity on mVenus expression, we
used an almost identical plasmid, with the sole exception, that
it did not contain the introduced cleavage site but only the ribo-
some binding site within the 5" UTR of mVenus (control construct:
pPHU231-p165-mV). The scheme of both reporter constructs is
depicted in Figure éa.

After conjugation of the reporter plasmids to either wild type
or rnc cells, we cultivated the resulting conjugants under aero-
bic, microaerobic or phototrophic conditions and determined the
normalised fluorescence units (F/OD“O) of the mid-exponential
cultures in a Tecan plate reader. A strong effect of the growth condi-
tions on the measured fluorescence was visible, which is partly due
to the influence of oxygen on mVenus fluorescence. Only a minor
difference in normalised fluorescence units was observed between
wild type and rnc cells for the control construct, as the wild type
produced only slightly higher fluorescence values (Figure 6b). On the
other hand, a strong effect of the RNase Il deficiency in the form of
highly elevated fluorescence units generated by the indicator con-
struct was visible (Figure 6c), which served as a proof of function
of our construct. Interestingly, we did not observe an equal ratio in
fluorescence of wild type to mutant throughout the three growth
conditions: the fluorescence units under microaerobic and pho-

totrophic conditions differed by factors of 1.9 and 2.6, respectively,
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FIGURE 6 Reporter system-based evaluation of the in vivo RNase Il cleavage activity. (a) Schematic overview of the reporter constructs.
The mVenus gene (yellow) is under transcriptional control of the strong constitutive 16S rRNA promoter of R. sphaeroides, preceded by an
optimised artificial ribosome binding site (blue), and followed by a transcriptional terminator (grey) (control construct: pPHU231-p165-mV)
as described in Bérner et al. (2023). To investigate RNase Il cleavage activity, the well-characterised RNase lll cleavage site of the native 5’
pre-165 rRNA (red) was introduced in the 5 UTR directly upstream of the ribosome binding site (indicator construct: pPHU231-5'UTR-mV).
Biological triplicates of wild type and rnc” mutant, carrying the reporter plasmids pPHU231-p165-mVenus (b) and pPHU231-5'UTR-mVenus
(c) were cultivated under aerobic, microaerobic or phototrophic conditions until exponential growth phase. The mean values of normalised
fluorescence intensities (FIODMD) and their standard deviations are shown. The ratio between wild type and mutant mean values is

indicated in red colour above the two corresponding bars.

while under aerobic conditions, a stronger increment (factor 3.4) was
measured. This supports variations of the impact of RNase IIl under

different growth conditions.

2.3 | Elevated CcsR expression is accompanied by
increased resistance towards oxidative stress upon
loss of RNase Il activity

Recent studies of our group identified a novel small RNA-binding
protein, CcaF1, which is co-expressed with four homologous CcsR
sRNAs (CcsR1-4) from a single promoter (Billenkamp et al., 2015;
Grltzner, Billenkamp, et al., 2021). While CcaF1 binds to vari-
ous RNA targets (Griitzner, et al., 2023; Griitzner, Billenkamp,
et al., 2021), affecting their stability and regulating gene expres-
sion, the CcsR sRNAs inhibit a glutathione-dependent C1 metabolic
pathway, leading to increased levels of antioxidative glutathione,
which provides protection against reactive oxygen species and en-
hancing cell viability. Previous work documented a direct correlation
between CcsR levels and stress resistance (Billenkamp et al., 2015;
Gritzner, Billenkamp, et al., 2021).

As our RNA-seq data indicated a strong enrichment of CcsR
sRNAs in the rnc” mutant compared to the wild type in the presence
of oxygen (read coverage shown in Figure S4a,b), we were interested
in further validating these results. To investigate the expression of
CcsR, especially in regard to its function during stress conditions, we
induced the stress response of R. sphaeroides through incubation at
an elevated temperature (42°C) or treatment with paraquat (super-
oxide radical-inducing agent), CdCl,, H,O, or tBOOH (tertiary butyl
alcohol, organic hydroperoxide), followed by isolation of total RNA.
Northern blot analysis confirmed the RNA-seq result of an enriched
CcsR1 steady-state level in the mutant during standard microaer-

obic growth conditions at 32°C (Figure 7a). The sequence of the

four CcsR sRNAs is almost identical, but the chosen oligonucleotide
probe allows specific detection of CcsR1, which is representative of
CcsR1-4 levels (Billenkamp et al., 2015). For all tested stress condi-
tions, both strains showed an increase in CcsR1 expression, which
confirms the induction of stress condition, as CcsR is transcribed
from an RpoHI/RpoHIl-dependent promoter. RpoHI and RpoHIl
are alternative sigma factors, actively replacing the house-keeping
sigma factor during heat and oxidative stress in R. sphaeroides (Nuss
et al., 2010). Interestingly, the mutant showed much higher CcsR1
levels than the wild type under all tested stress conditions, except
for heat stress, where CcsR1 expression was slightly reduced in the
mutant compared to the wild type. Furthermore, we analysed CcsR1
expression by northern blot analysis of total RNA samples from
the rnc complementation strain (rnc”::pRK-rnc). Restoration of the
wild type-like CcsR1 abundance within the complementation strain
proved the influence of RNase Il on CcsR1 expression (Figure 7b).

As the RNA steady-state level is defined by the individual tran-
scription rate, as well as the RNA stability, we constructed a reporter
plasmid harbouring a transcriptional fusion of the CcsR expression
controlling pCcaF1 promoter and the gene of the yellow fluorescent
protein mVenus (pPHU-pCcaF1-mV). The reporter plasmid and the
related empty control vector were transferred to R. sphaeroides wild
type and rnc” cells by diparental conjugation. Fluorescence measure-
ments of the microaerobically grown conjugants revealed a stron-
ger reporter signal within the rn¢” background (fluorescence units
around 35% increased), pointing towards higher promoter activity
and more frequent transcription of CcsR from pCcaF1 upon loss of
RNase Il activity (Figure 7¢).

As the CcsR sRNAs are transcribed from an RpoHI/RpoHII-
dependent promoter, we also quantified mRNA level for the alterna-
tive sigma factors RpoE, RpoHI and RpoHIl by gRT-PCR (Figure S5).
The results show that rpoE and rpoHIl mRNA levels were increased

in the rnc mutant compared to the wild type. As a master regulator,
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FIGURE 7 RNase lll affects stress-dependent expression of CcsR. Northern blot analysis for evaluation of the CcsR1 sRNA steady-state
level. 7 pg total RNA from microaerobic cells were analysed. RNAs were detected by hybridisation with a radiolabelled antisense DNA probe
specific for CesR1. Visualisation of the 55 rRNA served as a loading control. (a) To induce the stress response, wild type and rne” cultures
were either grown for 1h at 42°C or treated with 0.3mM paraquat (PQ), 0.1 mM CdCl,, 0.5mM H,O, or 0.3mM tBOOH prior to sample
collection and RNA isolation. The fold change (mutant/wt) after normalisation to the loading control is indicated below the corresponding
bands. (b) RNA originating from biological triplicates of wild type, rnc” mutant, and the RNase complementation strain (rnc ::pRK-rnc) was
analysed by northern blot. (c) In vivo promoter activity reporter assay. Microaerobically grown biological triplicates of wild type and mutant
cells, carrying the transcriptional fusion of pCcaF1 and mVenus on plasmid pPHU-pCcaF1-mV, were used for measurements of mVenus
fluorescence intensity. Mean values of the normalised fluorescence units (F/OD,, ) and their standard deviations are shown.

RpoE activates the expression of RpoHlIl in R. sphaeroides, specifi-
cally during oxidative and heat stress conditions (Dufour et al., 2012;
Nuss et al., 2009). Interestingly, with our RNA-seq-based prediction
approach, no bona fide RNase Il cleavage sites were mapped to ei-
ther of the mRNAs.

To investigate the transcript stability of CcsR in vivo, we culti-
vated the wild type and rnc” strain under microaerobic conditions

to mid-exponential growth phase (=OD,,, 0.5) and added rifampicin

660
to inactivate the DNA-dependent RNA polymerase. Samples col-
lected either prior to the addition of rifampicin (referred to as 100%
RNA content), or after rifampicin addition were used for northern
blot analyses. The half-life experiments confirmed our previously
obtained data of a generally enriched CcsR1 steady level in the
rnc” strain. Interestingly, we did not observe a major difference in
transcript stabilities, between mutant and wild type strain, as the
northern blot signal for the mutant samples only decreased slightly
faster than the signals from the wild type samples (Figure 8a). To cal-
culate the half-lives of CcsR1 in the different strains, we quantified
the CcsR1 signals and normalised them to the signal intensities of
the 55 rRNA loading control, followed by fitting the normalised data

points to semi-logarithmic trend lines. The calculation revealed only

a minor difference in CcsR1 stability, with a calculated half-life of
around 7.1min for the wild type and around 6.4 min for the mutant
(Figure 8b).

Since the mutant strain accumulates CcsR through increased
transcription rate, and one function of CcsR is to downregulate
glutathione-dependent metabolism in R. sphaeroides helping to
counteract oxidative stress, we next tested the survival of the mu-
tant strain under certain stress conditions. For this, we selected
several stress agents causing oxidative cell damage, and treated ex-
ponentially grown wild type and mutant cells. To assess stress re-
sistance and subsequent cell survival rate, we plated a dilution of
the treated cultures on agar plates and counted resulting colonies
from the differentially treated approaches after 2 days of growth at
32°C in the dark. An untreated approach, where no stress-inducing
agents were added, served as a reference (100% cell survival rate)
(Figure 9a). Our data show comparable survival rates of mutant
and wild type strains after exposure to elevated temperatures at
42°C (heat shock, causing protein denaturation) or treatment with
cadmium chloride. As a heavy metal, cadmium acts toxic on cells,
causing protein denaturation through disruption of protein disul-

phide bridges, and release of protein-bound Fe?" through binding
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FIGURE 8 The stability of CcsR is unaffected by a loss of RNase Il activity. (a) Northern blot analysis for evaluation of the CcsR1
half-lives. Microaerobic wild type and rnc -mutant cultures were treated with 0.2 mg/mL rifampicin. Samples were collected prior
(t=0min) and 5, 10, 15, 20 and 25 min after the rifampicin treatment. 10 ug total RNA were electrophoretically separated on a denaturing
10% polyacrylamide gel and subsequently immobilised on a nylon membrane by blotting and UV crosslinking. RNAs were detected by
hybridisation of the membrane with a radiolabelled antisense DNA probe specific for CcsR1. Visualisation of the 55 rRNA served as a
loading control. (b) Decrease of CcsR1 sRNA levels after rifampicin treatment. Transcript stabilities were calculated by quantification of the
northern blot signal intensities of wild type (black) and mutant (red) samples, normalisation to the loading control and fitting of the data
points to semi-logarithmic trend lines (dashed lines). Northern blots with samples from independent biological triplicates of wild type and
mutant were used for calculation.
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FIGURE 9 RNase lll affects the stress resistance of R. sphaeroides. (a) Normalised survival rates (cfu/mL) of wild type and mutant under
several stress conditions. The mean values and their standard deviation of normalised biological triplicates are shown as white (wild type)
and grey (mutant) bars. Cells grown at 32°C served as a reference. For assessing survival, the cultures were shifted to 42°C for 1h (heat
shock) or incubated with either 0.01 mM CdCl,, 0.3mM tBOOH or 0.5mM H,0, for 20 min before plating on solid malate minimal medium.
Student's two-sided t-test was used to assess the statistical significance of the difference in mean values (ns: not significant; **p-value
<0.01). (b) Zone of inhibition assay showing the stress resistance of wild type (white) and mutant (grey) cells on a solid medium. 0.1M CdCl,,
0.5MtBOCH, 1M H,0, or 0.01 M methylene blue (MB) were spotted on sterilised filter discs in the centre of Rhodobacter-containing soft
agar plates. The mean zone of inhibition diameter of biological triplicates is depicted. Standard deviations are given as error bars. Student's
two-sided t-test was used to assess the statistical significance of the difference in mean values (*p-value <0.05, **p-value <0.01, ***p-value

<0.001).

competition with divalent cation co-factors leading to the genera-
tion of hydroxyl radicals by the Fenton reaction and other reactive
oxygen species by downstream processes. For cultures treated with
tBOOH (organic peroxide) or H,0,, we observed a higher rate of
colony-forming units from the mutant compared to the wild type,
comparable to the colony-forming units of the untreated approach,
indicating an increased stress resistance under these conditions.

In addition to our stress experiments with liquid cultures, we
performed zone of inhibition assays to evaluate the stress resistance
of both strains grown on a solid medium (Figure 9b). Notable, a more
pronounced zone of inhibition in this assay indicates a decreased
stress resistance. Interestingly, the mutant strain showed signifi-
cantly smaller zones of inhibition than the wild type after treatment

with cadmium chloride, which suggests an elevated stress resistance

of the mutant against cadmium toxicity on a solid medium, and is
more pronounced than the respective stress resistance in liquid
medium (Figure 9a). For tBOOH and H,0, stress, the zone of inhi-
bition data showed similar results as previously obtained from the
survival assay (indicating a higher stress resistance of the mutant).
Additionally, we tested the photooxidative stress resistance of the
mutant by applying methylene blue onto the culture containing soft
agar plates, followed by incubation under white light. In this ap-
proach, methylene blue acts as a photosensitiser by energy transfer
to molecular triplet oxygen and subsequent electron spin-flip leading
to the generation of singlet oxygen, in the presence of light (DeRosa
& Crutchley, 2002). As already observed for cultures treated with
CdCl, or peroxide, the mutant strain showed a higher survival rate

than the wild type.
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In addition to small regulatory RNAs, ROS-detoxifying enzymes
like superoxide dismutases and catalases play a well-studied and
crucial role in counteracting oxidative stress. While the model or-
ganism E. coli possesses three superoxide dismutase enzymes (sodA,
sodB and sodC), only a single superoxide dismutase has been found
in Rhodobacter capsulatus (Cortez et al., 1998) and a single super-
oxide dismutase (sodC) is annotated in R. sphaeroides. Nevertheless,
our RNA-seq approach did not reveal any effect of RNase Il on
the abundance of sodC in R. sphaeroides. Interestingly, the catalase
encoding mRNA, catA, showed an increased steady-state level in
the rnc” mutant in our RNA-seq data, which also was validated by
gRT-PCR with a log, fold change =1.8 (mutant/wt) under microaer-
obic growth conditions. catC, which encodes another catalase in R.
sphaeroides showed no expression changes between wild type and
RNase Il mutant in our RNA-seq analysis under all three growth
conditions (data not shown).

Taken together, our data indicate a higher stress resistance of
the mutant against all tested ROS-causing agents, except for CdCl,
on solid media (while here also a higher mean cfu/mL was calculated,
the standard deviation between the independent biological repli-
cates was too large to be considered as significant). A higher stress
resistance upon heat shock could not be seen in our data.

2.4 | RNase lll controls quorum sensing in R.
sphaeroides

Since its first discovery in Aliivibrio fischeri (Nealson et al., 1970), quorum
sensing (QS) has been intensely investigated in many bacterial species
and has been described as the ability to sense and respond to cell den-
sity in a bacterial population. The well-studied Luxl/LuxR QS system of
A. fischeri comprises besides five other proteins a signal receptor (LuxR)
sensing the presence of autoinducer molecules and controlling the tran-
scription of QS-regulated genes, and an autoinducer synthase (Luxl),
whose expression is induced upon perceived QS signals (Engebrecht
& Silverman, 1984). The existence of Lux-type systems has later been
reported for many bacterial species (Fuqua et al., 1994; Greenberg
et al., 1979; Salmond et al., 1995), underlining its biological relevance.
While the Luxl/LuxR-type system is one of the most simply built, a va-
riety of more complex QS systems has been described in last decades,
where a surprisingly high amount of physiological functions have been
found to show QS-dependent regulation (e.g. antibiotic production/
resistance, virulence, biofilm formation, sporulation or morphology) (re-
viewed in Miller & Bassler, 2001; Whitehead et al., 2001).

In R. sphaeroides, the LuxR-type signal receptor is encoded by the
cerR gene, whereas cerl codes for the Luxl-type acyl-homoserine lac-
tone (AHL, autoinducer) synthase. RNA-seq data of the rnc -mutant
strain revealed an elevated cerl mRNA level under microaerobic
and phototrophic conditions, where the enrichment over the wild
type was highest under microaerobic conditions (Figure Sé). To test
whether the accumulation of cerl mRNA in R. sphaeroides has any
physiological effect on AHL production, we used an S. meliloti re-

porter strain (MclIntosh et al., 2019). This strain is characterised by

a disrupted QS system unable to synthesise AHLs. Additionally, the
strain carries a low copy reporter plasmid, introducing a transcrip-
tional fusion of promoter pSMb20911 with the mVenus gene. In this
in vivo system, pSMb20911 is repressed by rising AHL concentra-
tions and thereby the expression of mVenus is negatively regulated.
This coupling between rising AHL concentration and decreasing flu-
orescence signal enables to quantify unknown AHL concentrations.

To assess the correlation between fluorescence signal and
AHL concentration, we collected cell-free supernatant from mid-
exponential R. sphaeroides wild type cultures and incubated sepa-
rate reporter strain cultures with increasing ratios of supernatant
per blank medium (growth in 0%-100% supernatant). The resulting
fluorescence units were plotted and used as reference correlation
(Figure 10a, grey box). To quantify the AHL amounts produced by
the rnc” strain, we next compared fluorescence units of the in vivo
system, generated through incubation with 25% cell-free superna-
tant from mutant or wild type. Remarkably, a strongly diminished
signal (=1500F/OD,,,) was obtained from reporter cultures grown
with supernatant of the rnc¢” strain, which was even lower than the
signal generated by growth in 100% wild type supernatant (=2200F/
OD,,). indicating immense repression of mVenus caused by hy-
perproduction of AHLs in the rnc™ mutant (factor: >4). As a control,
we tested the effect of 400nM commercially obtained AHL on our
reporter system, which resulted in just slightly fewer fluorescence
units (=<1000F/OD,,,) than measured while evaluating the rnc”
strain supernatant (Figure 10a).

To validate the effects on the cerl/cerR system observed in our
RNA-seq data (Figure S6), we analysed the total RNA of indepen-
dent biological triplicates from wild type and rnc” strain by gRT-PCR
(Figure 10b). As expected, the mutant showed a strong enrichment
of cerl transcript compared to the wild type (log, fold change mu-
tant/wt = 2.5), while for cerR only a mild effect was visible. Since the
Luxl/LuxR-type system represents a positive feed-forward loop,
the accumulation of autoinducer leads to an increment of the cerl
mRNA level, through decreased repression of cerl transcription by
cerR. Nevertheless, we were interested to further investigate the im-
pact of RNase Ill on this system by analysis of the in vivo cerl mRNA
stabilities in the wild type and rnc” background. For this, we added
rifampicin to exponentially grown wild type and mutant cultures,
collected samples at distinct time points after addition of rifampicin
and analysed the total RNA of these samples by qRT-PCR. As a re-
sult, we plotted the decreasing cerl mMRNA level per time and fitted
the data points to semi-logarithmic trend lines. While the wild type
showed a specific cerl half-life of around 4 min, our analysis revealed
an increased stability in the mutant with a half-life of around seven
to 9 min, indicating a relevant destabilising effect on RNase Ill on

the cerl transcript.

3 | DISCUSSION

QOur comparative RNA-seq analysis revealed a considerable im-

pact of RNase Ill on the transcriptome of R. sphaeroides that was,
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FIGURE 10 The production of quorum-sensing autoinducer molecules is negatively affected by RNase Ill. (a) In vivo reporter system for
detection of quorum-sensing autoinducer levels. An S. meliloti reporter strain (Mclntosh et al., 2019) was used to evaluate concentrations

of secreted autoinducer molecules from cell-free supernatants of wild type (white) and rnc” (grey) cultures. The S. meliloti reporter strain
was grown in increasing amounts (0%-100%) of supernatant from microaerobically grown R. sphaeroides wild type cultures (assessment

of repression, grey box) or in 25% supernatant from the microaerobically grown R. sphaeroides rnc™ strain. A reporter culture grown with
400nM oxo-C16:1-HL served as a reference (black bar). The resulting mVenus expression is shown as normalised fluorescence (F/OD ). (b)
Spike-in quantitative reverse transcriptase PCR for quantification of cerR and cerl from R. sphaeroides wild type and rnc” strain. 20ng DNA-
free total RNA of microaerobically grown biological triplicates was analysed. The relative abundance (mutant/wt) is shown. The standard
deviation of the mean is indicated as an error bar. (c) Determination of cerl transcript stabilities in wild type and mutant strain. 20ng DNA-
free total RNA, isolated from cell samples collected either prior (t=0min) or 5min, 10 min, 15min after the addition of 0.2 mg/mL rifampicin,
were analysed by spike-in quantitative reverse transcriptase PCR. Mean values of biological triplicates were fitted to semi-logarithmic trend

lines (dashed lines).

however, less pronounced than the impact of RNase E (B&rner
et al., 2023). An unexpectedly high amount of enriched RNAs in
the mutant originated from loci directly downstream of rRNA op-
erons (Figure 4), resulting in a strongly increased read coverage
obtained by RNA-seq that was confirmed for selected genes by
qRT-PCR. We hypothesised that these increased transcript levels
are due to partially unterminated transcription of the rRNA genes
leading to read-through into the downstream located genes, or
due to increased DNA accessibility, for example, by a higher de-
gree of DNA structure relaxation in the mutant strain. The chro-
mosomal insertion of additional transcription terminators directly
downstream to rRNA operons resulted in a drastic decrease of the
tested transcript levels (Figure 4c), nearly restoring wild type-like
RNA abundances, suggesting that transcription termination of
rRNA is affected in the rnc” strain. In a recently published RNA-
seq study with an E. coli RNase |l mutant (Maes et al., 2017), such
an enrichment of transcripts located downstream to rRNA was
not visible. As for our own data set, no rRNA depletion was ap-
plied to the chosen E. coli data set. This implies an effect of RNase
11l that is not general but maybe specific to bacteria with RNase
Ill-dependent 23S rRNA fragmentation. Presently, this possibility
cannot be validated due to the lack of suitable data sets.

The biosynthesis of rRNA, including transcription elongation
and rRNA processing, is a highly complex but crucial growth-rate
limiting step, which is only poorly understood in many bacterial
species. The elongation of rRNA transcription has been reported
to include several factors, importantly, the Nus proteins involved

in anti-termination at several rho-dependent termination sites. To

achieve anti-termination and to promote read-through, NusA and
NusB can assemble with RNA sequences of the nascent rRNA tran-
script, known as boxA sites, and form RNA loops to interact with the
DNA-dependent RNA polymerase (Cagliero et al., 2014; Das, 1993).
Our RNA-seq analysis did not point towards the altered expression
of nusA and nusB in the RNase Il mutant, making it unlikely that a
transcription read-through caused by the nus system in trans is re-
sponsible for the measured enrichment of RNA directly downstream
of the rRNA operons.

The proper processing of rRNA ensures maturation of the
precursors to functional end products (some tRNA genes are co-
transcribed with the 16S, 23S and 55 rRNA genes), involves several
ribonucleases like RNase E, RNase J, YbeY, and RNase Il (reviewed
in Deutscher, 2009; Srivastava & Schlessinger, 1990) and oc-
curs simultaneously during transcription (French & Miller, 1989).
The important role of RNase Ill in the processing the rRNA tran-
script to 23S, 16S and 55 rRNAs is well established as well and its
role in further rRNA fragmentation a-proteobacteria is well rec-
ognised (Apirion et al., 1976; Evguenieva-Hackenberg, 2005; King
etal., 1984). As seen in Figure S2 of our study, this process is strictly
RNase lll-dependent in R. sphaeroides. Therefore, it is conceivable
that the lack of 23S rRNA fragmentation is affecting rRNA transcrip-
tion termination via a yet unknown mechanism in cis, for example, by
altering the RNA secondary structure and transcription rate. YbeY is
another endoribonuclease conserved in many bacteria and reported
to participate in rRNA processing. In E. coli, a deletion of ybeY led
to the generation of immature 165 rRNA, aberrant ribosome bio-

genesis, and impaired rRNA transcription anti-termination (Davies
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et al., 2010; Grinwald & Ron, 2013; Jacob et al., 2013). However, we
did not see an effect of YbeY on the transcript levels downstream
of the rRNA operons when testing total RNA samples from an R.
sphaeroides AybeY mutant (Spanka & Klug, 2021) by qRT-PCR (data
not shown).

The transcriptome-wide mapping of RNase IIl cleavage sites re-
vealed a lower number of identified sites compared to our previous
mapping of RNase E cleavage sites (between 565 and 2220 cleavage
sites found for RNase lll, compared to 2007-4206 cleavage sites
found for RNase E), which suggests a weaker global regulatory role
of RNase Il in comparison to RNase E in R. sphaeroides. This is in
agreement with the number of mRNAs with changed levels in the
two strains and with the drastic effect of the rne mutation during
phototrophic growth (Bérner et al., 2023; Férstner et al., 2018).

Loss of RNase Ill activity caused some clear phenotypic effects in
R. sphaeroides: reduced pigmentation, alteration of stress resistance
and of the quorum-sensing regulatory circuit. Strongly reduced
pigmentation occurred especially under microaerobic conditions
(Figure 2), when photopigments and photosynthesis complexes are
already produced but not necessary for ATP generation (Gregor &
Klug, 1999). Under phototrophic conditions, this effect was less pro-
nounced, although photosynthesis complexes are necessary for ATP
production (Figure 1).

Our global gene expression analysis of the RNase Il mutant did
not point towards generally reduced mRNA levels of photosynthesis-
related genes (e.g. crt and bch genes for carotenoid and bacteriochlo-
rophyll synthesis, and puf or puc genes encoding pigment-binding
proteins), as it was recently reported for the R. sphaeroides rne®
mutant with reduced RNase E activity (Borner et al., 2023). While
we observed decreased mRNA abundances of some known regu-
lators of photosynthesis gene expression in our recent study of the
rne’™ mutant, our data for the RNase |ll mutant revealed increased
mRNAs levels for the photosynthesis regulators AppA, PpsR and
FnrL in the rnc mutant under microaerobic and phototrophic con-
ditions (Figures S7a,b and S8). The PpsR/AppA repressor/antire-
pressor system regulates many photosynthesis genes in response to
light and oxygen (Braatsch et al., 2002; Gomelsky & Kaplan, 1997;
Han et al., 2007; Masuda & Bauer, 2002), among them also bch and
crt genes. The redox-responsive FnrL also affects the expression of
many photosynthesis genes (Imam et al., 2014).

We recently showed that the small RNA-binding DUF1127-domain
protein CcaF1 promotes the formation of photosynthesis complexes
in R. sphaeroides (Griitzner et al., 2023). ccaF1 is co-transcribed with
the CcsR sRNAs and also shows higher levels in the rnc” mutant. This
excludes the possibility that diminished pigmentation in the mutant
strain is due to reduced ccaF1 transcript levels. Taken together, our
RNA-seq data cannot unequivocally explain the effect of RNase Ill on
pigmentation. However, the formation of photosynthetic complexes
includes many regulatory circuits (Eisenhardt et al., 2018, 2021; Mank
et al., 2012; Reuscher & Klug, 2021) and its regulation is very complex
and may also involve yet unknown factors.

A functional role of RNases in the stress response of numerous

microorganisms has been reported already in the past. Often a

reduction or lack of the native RNase activity leads to enhanced
susceptibility towards various cellular stresses, like oxidative,
osmotic or temperature stress (Duggal et al., 2020; Férstner
et al., 2018; Lejars & Hajnsdorf, 2022; Méller et al., 2019; Spanka
et al., 2021). In contrast, our data (Figure 9) document a higher
resistance of R. sphaeroides against oxidative stress when RNase
11l activity is lacking. Interestingly, we observed that the higher re-
sistance of the mutant against oxidative stress is accompanied by
elevated CcsR levels. The northern blot data (Figure 8) show that
the rnc¢” mutant accumulates CcsR1, compared to the wild type,
under non-stress conditions and all tested oxidative stress condi-
tions, but not during heat shock, where expression of CcsR1 was
lower than in the wild type. As reported in our previous studies
(Billenkamp et al., 2015; Griitzner, Billenkamp, et al., 2021), CcsR
has an important function in the oxidative stress response of R.
sphaeroides by affecting glutathione levels through direct binding
to flhR mRNA encoding a transcriptional activator. Additionally,
enrichment of CcsR indirectly decreases the levels of mMRNAs en-
coding subunits of the pyruvate dehydrogenase complex, which
is a primary target of reactive oxygen species (ROS) (Billenkamp
et al., 2015). It is likely that the enhanced stress resistance against
the tested ROS-inducing agents is caused by an accumulation of
CcsR. This is supported by the observation that the cell survival
rate and CcsR abundance are not affected by RNase Il upon
heat stress. Furthermore, our results show that the higher levels
of CcsR in the mutant are rather due to an increased transcrip-
tion rate (Figure 7c) than to increased sRNA stability (Figure 8),
suggesting an indirect regulatory effect of RNase Il on CcsR ex-
pression. Presumably, the elevated rpoE and rpoHIl mRNA levels
(Figure S5) in the mutant contribute to the higher CcsR abundance.

In a previous study, we could show that RSP_0557, another small
protein with DUF1127 domain expressed from a different locus
than ccaF1-ccsR, has RNA-binding activity and interacts with CcsR
transcripts and other RNAs in R. sphaeroides (Griitzner, Billenkamp,
et al., 2021). Our RNA-seq data showed increased mRNA abun-
dances of RSP_0557 in the RNase Il mutant compared to the wild
type, under all three growth conditions (Figure S9). The enrichment
was further validated by gRT-PCR under microaerobic conditions
(log, fold change mutant/wt=1.6). Therefore, it is conceivable that
also an increased level of RSP_0557 influences CcsR expression, e.g.
by altering the maturation efficiency of ccaF1-ccsR precursor tran-
script to mature CcsR sRNAs.

Since catalases are known to degrade hydrogen peroxide to
water and molecular oxygen, and the mutant strain did show in-
creased resistance against hydrogen peroxide, it can be assumed
that the enrichment of catA mRNA in the mutant positively con-
tributes to the increased survival rate under this specific stress
conditions. However, catalases have been reported to be highly
specific to hydrogen peroxide and are not expected to accept or-
ganic peroxides as a substrate. In a conclusion, the increased sur-
vival rate of the rnc” mutant under tBOOH stress can probably not
be explained solely by an elevated catalase level. Like the forma-

tion of photosynthesis complexes, the oxidative stress response of
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R. sphaeroides includes a complex network of different regulators
(Eisenhardt et al., 2021).

Strikingly, we found a novel physiological function of RNase
Il in the regulation of quorum sensing, by controlling the ex-
pression of the autoinducer synthase (cerl). For RNase E, an-
other important endoribonuclease which is essential in many
gram-negative bacteria, an impact on the expression of the au-
toinducer synthase is already well described (e.g. in the closely
related a-proteobacterium S. meliloti (Baumgardt et al., 2014)). In
our study on R. sphaeroides, qRT-PCR (Figure 10) and RNA-seq
(read coverage shown in Figure S$6) independently confirmed the
enrichment of cerl mRNA in the rnc” mutant strain, indicating an
action of RNase lll on the Lux-type QS system. Analysis of the
cerl mRNA half-life (Figure 10c) revealed increased stability in the
mutant strain. Interestingly, we were able to show that RNase IlI
deficiency leads to hyperproduction of AHLs in R. sphaeroides
(Figure 10a), probably through the enrichment of cerl mRNA thus
accumulating Cerl enzyme in the mutant. For the second compo-
nent of the R. sphaeroides Lux-type system, the signal receptor
cerR, we did not observe an mRNA enrichment (Figure 10b). As
the Lux-type QS system represents a positive feed-forward loop,
where AHLs bind to cerR and as a complex activate transcription
of cerl, it is conceivable that also cerR is differentially expressed at
high AHL concentrations. However, as cerR is preceded by its own
promoter and we did not find any relevant increase or decrease
in cerR abundance, we conclude that the transcription of cerR is
regulated independently of the transcription of cerl. Interestingly,
we were able to map several bona fide RNase Il cleavage sites in-
side the open reading frame of the cerl mRNA as seen in Figure S6
(three under aerobic conditions, one under aerobic conditions),
which could account for the measured stabilisation and accumula-
tion of cerl mRNA in the rnc” mutant (Figure 10b,c).

Not all rnc-dependent effects observed in our transcriptome
analysis may be a direct consequence of RNase lll cleavage. This
can also be seen in a correlation analysis (Figure $10), where we
plotted all annotated RNAs from the RNA-seq analysis according
to their expression change against the amount of mapped bona
fide RNase Il cleavage sites. As we observed a widespread ex-
pression change of RNAs without mapped cleavage sites, only a
slight tendency towards reduced abundance in the mutant was
visible for RNAs harbouring mapped cleavage sites. In addition,
RNAs with increased amount of mapped cleavage sites showed
an unaffected (log, fold change mutant/wt of nearly 0) or even
increased abundance in the mutant.

On one hand, RNase Il directly affects, for example, mRNAs for
transcriptional regulators or regulatory small RNAs that in turn will
regulate the expression of other genes. Furthermore, as described
in the introduction, RNase Il is known to regulate the expression
of pnp for PNPase, which acts as a 3’ to 5’ exoribonuclease. Lack
of RNase Ill activity leads to changed pnp levels in R. sphaeroides
and also to changed rne levels (as seen per DESeq2 analysis in
Supplementary Tables S3 and S4). We have previously shown that

also PNPase and RNase E have strong effects on the R. sphaeroides

transcriptome and influence stress resistance (Férstner et al., 2018;
Spanka et al., 2021). As previous publications, this study emphasises
the important role of RNases in bacterial gene regulation.

4 | EXPERIMENTAL PROCEDURES

41 | Cultivation of bacterial strains

R. sphaeroides and Sinorhizobium meliloti were cultivated in malate
minimal medium (Remes et al., 2014) at 32°C. Cultivation of
Escherichia coli S17-1 (Simon et al., 1983) for cloning procedures
and diparental conjugation (Klug & Drews, 1984) was performed in
standard | medium (Roth) at 37°C and 180rpm. R. sphaeroides strains
were grown either at a high oxygen concentration of 160-180uM
dissolved oxygen (aerobic cultures), low oxygen concentration of
25-30uM dissolved oxygen (microaerobic cultures) or anaerobically
with 60 W *m™2 white light (phototrophic cultures).

For determination of RNA half-lives, 0.2 mg/mL rifampicin (Serva
Electrophoresis) was added to exponentially grown biological tripli-
cates of R. sphaeroides wild type and rnc_GD48,49SR-mutant strain
(rnc”). Cell samples were collected prior to the addition (t=0min) and
5,10, 15, 20 and 25 min afterwards.

For induction of the bacterial stress response, biological tripli-
cates of wild type and mutant strain were grown microaerobically to
mid-exponential growth phase followed by incubation in the pres-
ence of 0.25mM paraquat (Sigma-Aldrich), 0.3mM tBOOH (Sigma-
Aldrich), 0.01mM CdCl, (Sigma-Aldrich) or 0.5mM H,0O, (Roth) for
20min prior to sample collection. For heat stress, the exponential
cultures were shifted to 42°C for 60 min.

4.2 | Construction of the R. sphaeroides RNase
Il mutant

All oligonucleotides used in this study are listed in Supplementary
Table S5. To inactivate the catalytic function of RNase Il in R.
sphaeroides, two relevant amino acids in the active centre of the
native enzyme were substituted (G48S, D49R). For this, the whole
690bp open reading frame of the native RNase Ill encoding gene
(rnc) of R. sphaeroides 2.4.1 was amplified by PCR using the oligo-
nucleotides rnc_frag_for_BamHI and rnc_frag_rev_Kpnl. The re-
sulting amplicon was ligated into the pJet1.2/blunt vector (Thermo
Scientific) following the manufacturer's protocol, yielding plasmid
pJet-rnc. To mutate the nucleotides of interest within the rnc gene by
side-directed mutagenesis, plasmid pJet-rnc was amplified by PCR
using the oligonucleotides rnc_rolling_for and rnc_rolling_rev, yield-
ing plasmid pJet-rnc-mut. Subsequently, pJet-rnc-mut was restricted
using restriction enzymes BamHI and Xbal. The resulting 705bp
fragment was electrophoretically separated on a 1% (w/v) agarose
TAE gel, extracted using the innuPREP DOUBLEpure kit (Analytik
Jena) according to the manufacturer's protocol, and inserted into the
suicide vector pK18mobll-sacB (Schifer et al., 1994) by BamHI| and
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Xbal, yielding plasmid pK18-rnc-mut. Subsequently, pK18-rnc-mut
was transferred in R. sphaeroides 2.4.1 wild type by diparental con-
jugation with E. coli $17-1 and used for chromosomal integration via
homologous recombination (double cross-over).

For complementation of the RNase Il deficiency, the native rnc
gene was cloned under transcriptional control of the native lep-rnc-
era promoter on the expression vector pRK4352 (Mank et al., 2012).
The 400bp promoter region directly upstream of the lep gene was
amplified by PCR using the oligonucleotides Prnc_for_Hindlll and
Prnc_rev_BamHlI. The resulting amplicon was inserted to pRK4352
via Hindlll and BamHl, followed by insertion of the previously gen-
erated rnc containing 690bp fragment via BamHI and Kpnl, yield-
ing plasmid pRK-rnc. pRK-rnc was transferred to the R. sphaeroides
RNase Il mutant by diparental conjugation using E. coli S17-1.

To insert additional transcription terminators directly down-
stream to the rRNA operons within the rnc” mutant, we cloned three
DNA fragments for homologues recombination into modified pK18
plasmids, pK1.2 (Kretz et al., 2023), harbouring an array of four rrnB
T1 transcription terminators (Ham et al., 2006). The three fragments
for homologues recombination were amplified from genomic DNA
of R. sphaeroides 2.4.1 by PCR using oligonucleotide pairs Term1_
for_Hindlll and Term1_rev_Xbal, Term2_for_Hindlll and Term2_rev_
Xbal and Term3_for_Hindlll and Term3_rev_Xbal. Subsequently, the
amplicons were inserted into pK1.2 with Hindlll and Xbal. The re-
sulting plasmids were transferred to the R. sphaeroides rnc” strain by
diparental conjugation using E. coli S17-1 followed by chromosomal
integration via homologues recombination (single cross-over), intro-
ducing the rrnB T1 transcription terminator array at the targeted se-

quences downstream of the R. sphaeroides rRNA operons.

4.3 | Analysis of photopigments

Biological triplicates of wild type and rnc” mutant were grown under
microaerobic or phototrophic conditions to mid-exponential growth
phase. Cells from 1 mL of culture were sedimented by centrifugation
for 10min at 8000rpm and cell pellets were resuspended in 50puL
ddH,O. 500pL acetone/methanol (7:2, v/v) were added to extract the
photopigments. Cell debris was removed by centrifugation for 5min
at 13,000rpm, and the supernatant was used for absorbance meas-
urements at 1=770nm (bacteriochlorophyll a) and 1=585nm (carote-
noids). Concentrations were calculated using the extinction coefficient
76mM™cm™ (bacteriochlorophyll a) or 128 mM ™ cm™ (carotenoids).
For analysis of whole-cell spectra, 800pL cell culture samples
were collected, and the absorbance values between 1=400nm and
4=900nm were measured on a spectrophotometer (Specord 50,

Analytik Jena) and subsequently normalised to OD,,.

4.4 | Assessment of bacterial stress resistance

For survival assays, biological triplicates of wild type and rnc™ mu-
tant were grown microaerobically to mid-exponential growth phase.

The bacterial stress response was induced as described above. 107
dilutions of the cultures were plated on malate minimal agar plates
and incubated for 48h at 32°C. Colony-forming units per mL were
calculated, and the survival rate at 32°C without stress agents was
used as a reference.

The zone of inhibition assay was performed as described previ-
ously (Griitzner, Billenkamp, et al., 2021). 5uL of 0.1M CdCl,, 0.5M
tBOOH, 1M H,0, and 0.01 M methylene blue were spotted on the
filter discs. The agar plates were either incubated in the dark or illu-
minated with 85 pmol m~2s™! white light (only for plates treated with
methylene blue).

4.5 | AHL measurements

To assess concentrations of secreted AHLs from R. sphaeroides wild
type and rnc’ mutant, a previously established S. meliloti reporter
strain (Mclntosh et al., 2019) was used, that carries a transcriptional
fusion of the SMb20911 promoter (promoter controlling the tran-
scription of an uncharacterised small open reading frame in S. me-
liloti 1021) and the mVenus gene on a low copy plasmid. Since the
SMb20911 promoter is fully active in the absence of AHLs and be-
comes repressed by rising AHL concentration, the resulting mVenus
fluorescence (extinction: 515nm; emission: 548nm) is negatively
correlated to the applied AHL concentration.

The S. meliloti reporter strain was grown in malate minimal me-
dium and increasing amounts (0%-100%) of cell-free supernatant
from microaerobically grown R. sphaeroides wild type cultures, to
assess the correlation between autoinducer concentration and re-
duction of mVenus signal. To quantify the secreted AHL amounts of
the R. sphaeroides rnc” strain, biological triplicates of the S. meliloti
reporter strain were cultivated in 25% cell-free supernatant from the
microaerobically grown R. sphaeroides rnc™ strain and malate minimal
medium. A reporter culture grown in malate minimal medium with
400nM commercially obtained oxo-C16:1-HL (N-3-oxo-hexadec-
11(Z)-enoyl-L-homoserine lactone; Cayman Chemical) served as
reference.

4.6 | Quantification of RNA abundances

RNA isolation was performed as described previously (Borner
et al., 2023), using the hot phenol technique (Damm et al., 2015;
Janzon et al., 1986).

For northern blot analysis, either 7ug or 10 ug total RNA was
electrophoretically separated on denaturing 10% polyacrylamide
gels, transferred to 0.45uM nylon membranes by semidry elec-
troblotting and subsequently immobilised by UV crosslinking. For
specific detection, immobilised RNAs were hybridised with radio-
labelled antisense DNA oligonucleotides (listed in Supplementary
Table S5) in Church buffer with low stringency (Church &
Gilbert, 1984). After hybridisation, membranes were washed
with 5x SSC buffer containing 0.01% SDS twice under rotation
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at 42°C, dried and exposed to a phosphor imaging screen (Bio-
Rad). Phosphor imaging signals were evaluated using the Quantity
One® 1-D analysis software (Bio-Rad). For removal of the hybri-
dised DNA oligonucleotides, membranes were incubated in 5x
SSC buffer containing 0.1% SDS for 20min at 95°C and 80rpm.
3’ end labelling of DNA oligonucleotides was performed using [y-
32p] ATP (Hartmann Analytic) and T4 polynucleotide kinase (NEB)
following the manufacturer's protocol.

Quantitative-reverse transcriptase PCR (qRT-PCR) and RNA se-
quencing of DNA-free total RNA were performed as described in
Borner et al., 2023. The oligonucleotides used for gqRT-PCR are listed
in Supplementary Table S5.

4.7 | Bioinformatics analysis

Samples from biological triplicates of wild type and rnc -mutant
strains, grown under aerobic, microaerobic or phototrophic growth
conditions, were analysed by RNA sequencing. Raw sequenc-
ing data were aligned to the reference genome of R. sphaeroides
(NC_007493.2, NC_007494.2, NC_009007.1, NC_007488.2,
NC_007489.1, NC_007490.2 and NC_009008.1), saved as binary
alignment maps (BAM) files and converted to coverage tracks (wig-
gle) using the READemption pipeline (Férstner et al., 2014) v.1.0.5.
Wiggle files for the individual samples that belong to the same
condition were merged within R v.4.1.2 using rtracklayer v.1.56.1
(Lawrence et al., 2009). Read counts per gene were identified
using the summarize Overlaps function (Lawrence et al., 2013)
based on the BAM files and the gene transfer file (GTF) file of
R. sphaeroides. Transcriptome changes between the growth con-
ditions (aerobic, microaerobic or phototrophic) were individually
calculated for the wild type and rnc” mutant using DESeq2 v. 1.32
(Love et al., 2014). In order to identify differentially expressed
genes between wild type and mutant, the individual significantly
differentially regulated genes (log, fold change >1 or <-1, adjusted
p-value <0.05, mean of read counts >10) of both wild type and
mutant between different growth conditions were plotted as heat
maps. These heat maps were unsupervised agglomerative hierar-
chical clustered to reveal different expression patterns between
wild type and mutant.

Identification and annotation of bona fide cleavage sites were
previously described in detail (Bérner et al., 2023). In short, strand-
specific 5" counts were compared between wild type and mutant
using DESeq2 v.1.32 and subsequently filtered for minimal counts
of >10, log, fold change >1 and adjusted p-value <0.05. Multiple
5’ ends that fulfil all criteria and were localised within three base
positions adjacent to each other were merged. Annotation of the
features associated with cleavage sites was performed based on
the R. sphaeroides GTF file using the GenomicRanges (Lawrence
et al., 2013) package.

In order to compare the transcriptomic effects of RNase IIl be-
tween R. sphaeroides and E. coli, raw RNA-seq reads from E. coli wild
type and RNase Ill mutant were downloaded from the ArrayExpress

repository (accession number: E-MTAB-9507). These raw reads were
aligned against the K12 DH10B E. coli reference genome and cover-

age tracks (wiggle) were generated using READemption v.1.0.5.

4.8 | RNase lll activity reporter assay

To investigate the RNase Il activity in vivo, a new reporter plasmid
similar to our previously described construct for assaying RNase E
activity (Borner et al., 2023) was generated. For this, we introduced
the well-known RNase Ill cleavage site of the native pre-16S rRNA
into the previously constructed pPHU231-p16S-mVenus plasmid
(Borner et al., 2023).

The 82bp genomic sequence of the pre-16S rRNA cleavage site
was amplified by PCR using oligonucleotides 5’_16S_for_Scal and
5’_16S_rev_Xbal, followed by insertion into pPHU231-p16S-mVenus
via Scal and Xbal yielding plasmid pPHU231-5’UTR-mVenus (indica-
tor plasmid). Subsequently, the plasmid was transferred to rnc” and
wild type cells by diparental conjugation using the E. coli S17-1 strain.

Cultivation of the conjugants and measurements of the result-
ing mVenus fluorescence were performed as described previously
(Borner et al., 2023). As a reference, the mVenus fluorescence gen-
erated by the wild type and rnc™ strain carrying the control plasmid
(pPHU231-p16S-mVenus) was analysed.
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Abstract: In natural habitats, bacteria frequently need to adapt to changing environmental conditions.
Regulation of transcription plays an important role in this process. However, riboregulation also
contributes substantially to adaptation. Riboregulation often acts at the level of mRNA stability,
which is determined by sRNAs, RNases, and RNA-binding proteins. We previously identified
the small RNA-binding protein CcaF1, which is involved in sSRNA maturation and RNA turnover
in Rhodobacter sphaeroides. Rhodobacter is a facultative phototroph that can perform aerobic and
anaerobic respiration, fermentation, and anoxygenic photosynthesis. Oxygen concentration and
light conditions decide the pathway for ATP production. Here, we show that CcaF1 promotes the
formation of photosynthetic complexes by increasing levels of mRNAs for pigment synthesis and for
some pigment-binding proteins. Levels of mRNAs for transcriptional regulators of photosynthesis
genes are not affected by CcaF1. RIP-Seq analysis compares the binding of CcaF1 to RNAs during
microaerobic and photosynthetic growth. The stability of the pufBA mRNA for proteins of the
light-harvesting I complex is increased by CcaF1 during phototrophic growth but decreased during
microaerobic growth. This research underlines the importance of RNA-binding proteins in adaptation
to different environments and demonstrates that an RNA-binding protein can differentially affect its
binding partners in dependence upon growth conditions.

Keywords: RNA-binding proteins; riboregulation; Rhodobacter; RNA stability; phototrophic
growth; RIPseq

1. Introduction

Members of the genus Rhodobacter are characterized by high metabolic versatility,
which allows them to adapt to changing environmental conditions. While aerobic respi-
ration takes place in the presence of oxygen, anoxygenic photosynthesis (in the presence
of light), anaerobic respiration, or fermentation (both in the absence of light) can generate
ATP under anoxic conditions. Many studies have addressed the adaptation of Rhodobacter
capsulatus and Rhodobacter sphaeroides (now renamed Cereibacter [1]) to changing oxygen
and light conditions in the past (reviewed in [2-4]). Several proteins directly or indirectly
affecting the rates of transcription of photosynthesis genes in response to oxygen levels
were identified (the names of the R. capsulatus proteins given in parentheses): the two-
component system PrrA/PrrB (RegA /RegB) [5,60], the repressor-anti-repressor systems
PpsR (Crt])/ AppA and PpaA (AerR) [7-9], and FnrL [10,11]. AppA and PpaA (AerR) do
not only function as oxygen-sensors but also as photoreceptors that sense light via a heme
or cobalamin cofactor [8,12-15].

Besides this protein-based regulation, riboregulation has an important role in the
control of photosynthesis gene expression in Rhodobacter. More than two decades ago, the
differential stabilities of segments of the polycistronic puf operon (encoding components
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of the photosynthetic complexes) of R. capsulatus were reported to affect the ratios of the
reaction center (RC) and light-harvesting (LH) I complexes [16]. Later on, the important
roles of the R. sphaeroides SRNAs PcrZ, PerX, and asPcrL in regulated photosynthesis gene
expression were demonstrated [17-19]. Hfq, an RNA chaperone interacting with many
sRNAs, contributes to the photo-oxidative stress resistance of R. sphaeroides and also affects
its levels of photosynthetic complexes [20,21]. In addition, a remarkable strong effect
of the endoribonuclease RNase E on phototrophic but not on chemotrophic growth was
observed [22]. RNase E was shown to differentially affect the stability of mRNAs for
the important regulators AppA and PrrB under microaerobic and phototrophic growth
conditions [23].

Recently, we identified a new type of small RNA-binding protein in R. sphaeroides:
CcaF1 (conserved CcsR associated factor 1) [24]. The ccaF1 gene is co-transcribed with
four CcsR RNAs that modulate the C1 metabolism and have an important role in stress
defense [25] (Figure 1A). ccaF1 encodes a small protein of 71 amino acids that comprises
a DUF1127 domain. An association of short DUF1127 proteins with CcsR-like sSRNAs is
often found in alphaproteobacteria and was labeled CIN1 locus [26]. The CcaF1 protein of
R. sphaeroides affects CcsR levels in trans and alters stress resistance. Together with RNase
E, CcaF1 is involved in the processing of the ccaF1-CcsR transcript and in the maturation
of the CesR RNAs. But CcaF1 also affects levels of many other RNAs in R. sphaeroides,
including RNAs for photosynthesis genes, and it affects the stability of the pufBA mRNA.
Overexpression of ccaF1 strongly impedes growth under microaerobic conditions [24].

(A)
Rhodobacter sphaeroides 2.4.1
RpoH,/RpoH,
RSP_6037 RSs_0680a-d RSP_2091
+ v
ccaFl CcsR1-4

TR ERRL,
by, -
5

CcaFl

CcsR1-4

(B) ¢
PRKccaF1

L Ll O .
increased ccaF1

1 mRNA levels

0

Log, FC
[WT pRKccaF1 vs. WT]

-1
&
c."o(‘

Figure 1. (A) Genomic context of the DUF1127 protein CcaF1 (dark red) and the CcsR1-4 sSRNAs
(light blue) from R. sphaeroides 2.4.1. The protein-sRNA operon is preceded by an RpoH;/RpoHy
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promoter (black arrow), and a Rho-independent terminator structure is located at the 3’ end (modified
from [25]). The transcribed RNA precursor is processed by the endoribonuclease RNase E into the
ccaF1 mRNA and the CcsR1-4 sRNAs [24]. (B) Schematic overview of the plasmids introduced in
the R. sphaeroides wild type. In strain WT pRKccaF1, the ccaF1 gene is transcribed from a strong 165
rRNA promoter, leading to a strongly increased ccaF1 mRNA level. This finding was confirmed
by a quantitative real-time RT-PCR with total RNA samples from biological triplicates of the ccaF1
overexpression strain (WT pRKccaFI) and the empty vector control, as shown in the right panel.

Based on these findings, we were interested in the role of CcaF1 in phototrophic growth.
Our data demonstrate that CcaF1 has a mild promoting effect on doubling time during
phototrophic growth and influences the transition of R. sphaeroides from chemotrophic to
phototrophic growth. Co-immunoprecipitation demonstrates that CcaF1 directly binds to
several mRNAs for proteins with a direct function in photosynthesis.

2. Results
2.1. CcaF1 Affects Phototrophic Growth and Pigmentation of R. sphaeroides

It was not possible to generate a viable strain lacking ccaF1 [25]. Therefore, we
compared strain WT pRKccaF1 (wild type carrying the ccaF1 overexpression plasmid) to
strain WT pRK4352 (empty vector control) [24]. Plasmid pRK4352 carries a strong rRNA
promoter from R. sphaeroides; in plasmid pRKccaF1, the ccaF1 gene is transcribed from
this promoter, leading to strongly increased ccaF1 mRNA levels (Figure 1B). Strain WT
pRKcecaF1 was strongly impeded in growth compared to the wild type or control strain WT
pRK4352 when incubated under microaerobic conditions [24].

When the strains were cultivated microaerobically and then shifted to phototrophic
growth, doubling of WT pRKccaF1 was slightly faster in the exponential phase than the
control (Figure 2A). Both strains reached a similar optical density in the stationary phase.
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Figure 2. (A) Growth behavior of R. sphaeroides WT pRK4352 (EVC; black) or R. sphaeroides with the
ccaF1 overexpression plasmid (pRKccaF1; red) was monitored over 48 h. The plotted optical densities
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at 660 nm (ODggp) represent the mean of at least three independent experiments. The standard
deviation of the mean was calculated (error bars are not visible due to a high reproducibility).
(B) Whole-cell spectra were analyzed for the empty vector control and the ccaF1 overexpression
strain (pRKccaF1; red). Microaerobic overnight cultures were diluted on the next day to an ODgg4
0.2 and incubated further under aerobic, microaerobic, or phototrophic growth conditions for 8 h
(See bacterial strains and growth conditions). After 8 h under aerobic, microaerobic, or phototrophic
growth conditions, the absorbance was measured from 400 nm to 900 nm. The peaks at 800 and
850 nm represent specific absorbance maxima of the light-harvesting complex II (LHII), and the
peak at 870 nm stems from absorbance of the light-harvesting complex I (LHI). The absorbance
of the reaction center at 800 and 870 nm is covered by the absorbances of the more abundant
LH complexes. Shown are results of three independent experiments, each performed in technical
duplicates. (C) The bacteriochlorophyll and carotenoid contents in the R. sphaeroides WT ccaF1
overexpression strain (pRKccaF1; red) or the empty vector control (pRK4352; gray) were analyzed. To
calculate the bacteriochlorophyll content (uM), the absorbance was normalized to the ODgg, and

-1

the extinction coefficient of 76 mM~! cm~! was applied. The carotenoid-specific absorbance was

measured at 484 nm. To calculate the carotenoid content (uM), the absorbance was normalized to

! was applied. Shown are results of nine

the ODggp, and the extinction coefficient of 126 mM~! em™
independent experiments, each performed in technical duplicates (mean values and their standard
deviation are shown). Student’s two-sided t-test was applied to assess the statistical significance of
differences in pigment amount mean values between EVC and R. sphaeroides pRKccaF1 (*: p < 0.05;

n.s.: not significant).

Figure 2B shows that after 6 h under phototrophic growth, the strain overexpressing
ccaF1 accumulated higher amounts of photosynthetic complexes than the EVC. After 6 h
under microaerobic conditions, in which the formation of photosynthetic complexes in
Rhodobacter is already induced, the absorption spectra were almost identical between the
overexpressing strain and the control (Figure 2B).

A quantitative analysis of the bacteriochlorophyll and carotenoid levels in both strains
under the different growth conditions is shown in Figure 2C. While the differences in
bacteriochlorophyll and carotenoid content between the two strains were not significantly
different under aerobic and microaerobic conditions, significantly higher pigment levels
were observed under phototrophic conditions in the pRKccaFI-carrying strain (bacteri-
ochlorophyll levels increased by a factor of 2.1, carotenoid levels by a factor of 2.8) compared
to the EVC.

2.2. Levels of Some mRNAs for Pigment Synthesis and for Pigment-Binding Proteins Are Affected
by CcaF1

To form photosynthetic complexes, the pigment-binding PufBALM and PucBA pro-
teins and the assembly factor PufX, as well as photopigments, are required. Previous
analyses under microaerobic conditions demonstrated an effect of CcaF1 on the level and
stability of the pufBA mRNA [24]. Figure 3A shows northern blots for total RNA from
cells isolated after 6 h of phototrophic growth and hybridized either against a pufBA or
pucBA DNA probe. In strain WT pRKccaF1, the levels of the pufBA mRNA-encoding
pigment-binding proteins of the LHI complex were clearly increased in comparison to the
control strain. Such an increase was not observed for the pucBA mRNA, encoding proteins
of the LHII complex. We also analyzed the effect of CcaF1 on the abundance of sSRNAs
with a known function in the regulation of photosynthesis gene expression. Northern
blots revealed a minor change in PcrZ levels, which is processed to a stable smaller 3’
fragment [17]; in PerX that is processed from the 3’ UTR of the pufBALMX mRNA [18];
and in asPufL, which is antisense to a part of pufL [19]. These observations were also
confirmed by real time RT-PCR (Figure 3B), which revealed increased levels of mRNAs for
bacteriochlorophyll synthesis: behE (encoding magnesium-protoporphyrin IX monomethyl
ester oxidative cyclase), bechL (light-independent protochlorophyllide reductase), and behM
(Mg-protoporphyrin IX methyl transferase), which belongs to two different operons. Like-
wise, increased mRNA levels upon overexpression of CcaF1 were shown for two genes for
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carotenoid synthesis: crtE (geranylgeranyl pyrophosphate synthetase) and crtI (phytoene
dehydrogenase), belonging to different operons. The pufLM mRNA encoding the L and M
proteins of the photosynthetic reaction center showed a slight increase in the overexpression
strain, as well as the SRNA PcrX that is co-transcribed with the pufBALM genes. Real-time
RT-PCR also revealed slightly increased levels of PcrZ and asPufL upon overexpression
of ccaF1; slightly decreased levels of ppaA and ppsR; and no effect on levels of appA and
fnrL (Figure 3B). This finding suggests that the increased amounts of photosynthetic com-
plexes in the overexpression strain is rather due to increased mRNA levels for Puf proteins
and for pigment synthesis than to altered mRNA levels for transcription regulators of
photosynthesis genes.
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Figure 3. (A) Northern blot analysis of R. sphaeroides WT pRK4352 (EVC) and ccaF1 overexpression
(pRKccaF1). Samples were taken after 8 h under phototrophic growth conditions, and total RNA was
isolated. For detection of mRNA transcripts (pufBA and pucBA), 10 ug total RNA were separated
on a 1% agarose (w/v) formaldehyde gel. The 14S rRNA served as a loading control. R. sphaeroides
cleaves the 23S RNA into fragments of 165 and 14S. For the detection of small RNAs (PcrZ, PerX,
asPufL), 8 pg total RNA were separated on a 10% polyacrylamide gel containing 7 M urea. The 55
rRNA served as a loading control. (B) The abundance changes of mRNAs encoding pigment-binding
proteins of the LHI/II complex (pufBA, pucBA), bacteriochlorophyll synthesis (bchE, bechL, bchM),
carotenoid synthesis (crtE, crtl) and photosynthesis regulators (appA, furL, ppaA, ppsR), and the SRNA
PcrZ were analyzed by quantitative real-time RT-PCR. In addition, 20 ng DNA-free total RNA were
used for real-time RT-PCR. Changes in abundance were normalized to rpoZ (housekeeping gene).
Shown are results of three independent experiments, each performed in technical duplicates.
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2.3. CcaF1 Increases the Half-Life of pufBA under Phototrophic Growth

Our previous study revealed that overexpression of ccaF1 under microaerobic condi-
tions decreased the pufBA mRNA half-life from about 22 min to only 12 min, while there
was no significant effect on the pucBA mRNA (18-20 min half-life) [24]. Figure 4A shows
northern blots for phototrophic cultures. While the half-life of pucBA was about 26 min for
both strains, the half-life of the pufBA mRNA was almost doubled in WT pRKccaF1 (about
39 min versus about 20 min in the control) (Figure 4A). Under microaerobic conditions,
overexpression of ccaF1 resulted in decreased pufBA mRNA half-life [24].
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Figure 4. Determination of pucBA, pufBA, and pufl. mRNA half-lives in the empty vector control
(pRK4352) and upon ccaF1 overexpression (pRKccaF1). Samples were taken at different time points af-
ter adding rifampicin (Rif.). The average half-life was calculated from three independent experiments,
and the standard deviation is indicated. (A) Total RNA was isolated and separated on a 1% agarose
formaldehyde gel. After blotting, the mRNAs of pucBA, pufBALMX, and pufBA were hybridized to
specific radio-labelled PCR-products. For quantification, RNA signal intensities were normalized to
signals of the 14S rRNA loading control. (B) To quantify pufL-specific mRNA levels, 20 ng DNA-free
total RNA and pufL-specific primers were used for real-time RT-PCR. Changes in abundance were
normalized to rpoZ (housekeeping gene).

As seen in Figure 4A, the pufBALMX mRNA is hardly detectable by northern blot. There-
fore, we monitored the decay of the pufL. segment by using real-time RT-PCR (Figure 4B).
While the half-life of the shorter pufBA fragment was strongly stabilized upon overexpression
of ccaF1, only a moderate stabilizing effect was observed for the pufL segment (8 min versus
5 min in the control).
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2.4. CcaF1 Interacts with Some Photosynthesis mRNAs, but Not with mRNAs for
Transcriptional Regulators

We applied co-immunoprecipitation (ColIP) to test for a direct interaction of CcaF1
and mRNAs for pigment-binding proteins, enzymes of pigment synthesis, or regulatory
proteins and sSRNAs under phototrophic conditions. After sequencing of samples obtained
from ColP (RIP-Seq), the data were processed into wiggle files and visualized in the
Integrated Genome Browser (screenshots displayed in Figure 5). We compared this data set
to the RIP-Seq results under microaerobic conditions and to a CoIP with non-tagged CcaF1
(negative control). At the bottom, RNA-seq data from total RNA, both under microaerobic
and phototrophic conditions is shown.

L it P RSP_0313 pucs pucA behF  behN beh8

> — b - > ey —

s, I ‘ . ’
sh 0 b 0 0 ‘ ‘..L Baalh

o
mictoseroblc

8 by
LY - 0 o A

| I GE— [ T
T - . L L
By P S

(=
CCaFIFAG
phototrophic

LI 5004

=

CearIIAG
micioaerobic

() i

Ceary
.

al
| J W
e | Wodlld] T T P
[
fort

mleraatiobic Ih \ I r

=

g

G ] i g

0= v

CCaFIFAG

phototrophic
18h]
= ———
CoaF IRAG v
microaeroblc
18h)
10, R 0
Cealy T
10,
() ()
- ~——
Lal . v
phototiophic '
10,000, 1
e v | sl —_—
Total ANA
microseobic
10,
RSP_1574  sRNAT?
appA groks grokL (Cytochrome bs62)

0 500
CearFAG
phototrophic
(L1 U 0
2601 000 ]
Caf 1HAG L
microaeroblc
(L)
1000 04 0
0

Ceart

nnnnn

NorotToph
Phorokrophic "

e b o]
—~y— = 5000

—

Total RNA
microaeroblc

Figure 5. Analysis of co-immunoprecipitated RNA using CcaF1 with 3xFLAG-tag (CcaF1FLAG) or
without 3xFLAG-tag (CcaF1, untagged control) on the plasmid pRK4352 by RNA-Seq (RIP-Seq). The
ColP was performed as described in [24]. Read coverage plots from the Integrated Genome Browser
display the sequencing reads for selected RNAs. The read coverage plots of CcaF1IFLAG under
phototrophic growth conditions are shown in dark red, under microaerobic growth conditions in
red, CcaF1 without FLAG-tag (control) in grey, and total RNA under microaerobic and phototrophic
growth conditions in black.
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Six hours after transition to phototrophic growth, we observed higher levels of pucBA,
puc2BA, bchN, behB, behL, bchM mRNAs (from the same operon), behE, behf, and behG
mRNAs (from the same operon) in ColP RNA, compared to RIP-Seq from microaerobic
cultures. R. sphaeroides harbours two pucBA operons [27]. The Puc2A protein is much longer
than PucA and is not assembled into LHII complexes like PucA, PucB, and Puc2B [28].
Moreover, pufBA showed similar enrichment in phototrophic and microaerobic conditions,
but the read coverage pattern was somewhat different.

The 3" segment of SRNA PcrZ was more enriched in the RIP-Seq under phototrophic
than under microaerobic conditions. A remarkable strong enrichment under phototrophic
conditions was observed for the 3" part of RSP_1574 (mRNA for cytochrome b562 from the
cytochrome bel complex that is involved in respiratory and cyclic photosynthetic electron
transport). The groEL mRNA is shown as an example for an mRNA that is more enriched
under microaerobic conditions. The ccaF1 mRNA level was increased in total RNA from
phototrophic cultures compared to chemotrophic cultures (Figure S1).

Figure S2 shows gels of the CoIP RNAs and confirms the interaction of CcaF1 to pufBA,
pucBA, behB, behE, behN, behM, and PerZ. The mRNAs for the regulators of photosynthesis
genes FnrL, PpaA, and PpsR showed no interaction with CcaF1. There was a strong
enrichment for the 3’ end of the appA-coding mRNA but not for the downstream region.

We quantified the enrichment of RNAs in the ColP samples with real-time RT-PCR
(Figure 6). This approach confirmed high enrichment factors (14-43 fold) for pufBA, pucBA,
bch mRNAs, and the sSRNA PcrZ in the ColP. While mRNAs for the regulators FnrL, PpaA,
and PpsR were not enriched, the 5’ part of appA showed a 1.8-fold enrichment.

™
LHI / LHII __bacteriochlorophyil &é regulator

50'.

40- ? .

304

o = Pa

04 — . —

Relative RNA amount [Fc]

o*? ».,c“ ,oet“\ve“ 6““ "‘1' 's“‘ <a‘°"~ °’“Q9"$

Figure 6. Validation of co-immunoprecipitated RNA by real-time RT-PCR using CcaF1 with 3xFLAG-
tag (CcaF1FLAG) or without 3xFLAG-tag (CcaF1, untagged control) on the plasmid pRK4352. 20 ng
DNA-free total microaerobic overnight cultures were diluted on the next day to an ODggp 0.2 and
incubated under phototrophic growth conditions for 8 h (see bacterial strains and growth conditions).
The RNA from independent biological triplicates was analyzed. The fold change between flag-tagged
CcaF1 versus the non-flag-tagged CcaF1 (control) samples is plotted.

3. Discussion

Bacteria have a remarkable ability to cope with different environmental conditions
by adjusting their metabolism and by mounting stress responses. This requires regulation
of gene expression and involves a multitude of different mechanisms to adjust the tran-
scriptome and the proteome. These mechanisms of regulation also include RNA-binding
proteins that often work together with sSRNAs (e.g., [29]). The role of some bacterial RNA-
binding proteins has been intensely studied in the past. The small Hfq protein (77 amino
acids, as in R. sphaeroides) is a global regulator of SRNA-based networks in many bacte-
rial species, and deletion mutants of Hfq have often pleiotropic phenotypes [30]. Such
pleiotropic effects are also described for Rhodobacter, including an influence on the formation
of pigment-protein complexes [20]. The FinO domain protein ProQQ was later identified as
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another global RNA-binding protein that interacts with many sRNAs and mRNAs [31]. So
far, no ProQ homolog was identified in R. sphaeroides. Recently, KH-domain proteins were
also shown to be important for sSRNA function [32]. Small proteins with DUF 1127 domains
have been found in many bacterial species, but their interaction with RNAs was so far only
reported for R. sphaeroides [24].

This study demonstrates a differential impact of CcaF1 on gene expression and growth
during chemotrophic or phototrophic cultivation. While overexpression of ccaF1 strongly
impedes chemotrophic growth under microaerobic conditions [24], it has a small growth-
promoting effect on phototrophic cultures. Thus, CcaF1 contributes to the transition of R.
sphaeroides between different growth conditions.

The slight growth-promoting effect of CcaF1 under phototrophic conditions is linked
with increased amounts of photosynthetic complexes and increased levels of mRNAs that
are required for pigment synthesis or synthesis of the puf mRNA for the reaction center
and LHI proteins. Surprisingly, an increase of the pucBA mRNAs for LHII proteins was not
observed. LHII is the most abundant complex under photosynthetic conditions [33]. The
ratio of RC and LHI complexes is relatively constant (about 1:14). Interestingly, this ratio
is a consequence of the differential stabilities of segments of the polycistronic pufBALMX
mRNA. Deletion of a hairpin loop that stabilizes the 3’ end of the pufBA mRNA results
in altered ratios of RC to LHI [16]. The ratio of LHII to the RC-LHI core complexes is
flexible and also influenced by growth conditions [34]. After a shift from chemotrophic to
phototrophic growth, puf and puc mRNAs are induced; RC-LHI complexes occur first, and
then LHII associates to the RC-LHI core complexes [35]. For the increased formation of
LHII complexes upon overexpression of ccaF1, as seen in the spectra in Figure 2B, obviously
no overproduction of the pucBA mRNA is required. It is conceivable that the pucBA levels
produced without ccaF1 overexpression are sufficient for this overall increase, which is
controlled by RC-LHI complexes into the membrane.

The increased levels of pufBA mRNA in the presence of higher amounts of CcaF1 are
linked with an increased half-life under phototrophic conditions. CcaF1 was shown to
promote RNase E-mediated maturation of the CcsR1 RNAs but also to decrease the half-life
of several tested RNAs (including that of pufBA) under microaerobic conditions. The
half-lives of other RNAs that were shown to bind to CcaF1 by ColP were not affected [24],
as also shown in Figure 4 for pucBA mRNA under phototrophic conditions. This implies
that CcaF1 can promote degradation of bound RNA but can also stabilize RNA or not
affect the half-life. This effect depends most likely on the features of the RNA targets, like
the presence and localization of RNase E cleavage sites. It is surprising that the effect of
CcaF1 on pufBA stability is the opposite in microaerobic and phototrophic conditions. It is
unlikely that the target RN As adopt significantly different structures under the different
growth conditions. It is known that binding to the membrane has a strong influence on
RNase E activity in the gammaproteobacterium E. coli, while in the alphaproteobacterium
Caulobacter crescentus RNase E localizes to BR bodies [36]. Data on the localization of RNase
E in the alphaproteobacterium Rhodobacter are not available, as the Rhodobacter enzyme pos-
sesses no membrane-targeting sequence. Under microaerobic as well as under phototrophic
conditions, photosynthetic complexes are formed and inserted into intracytoplasmic mem-
brane vesicles that are absent in aerobic cultures. As seen in Figure 2B, the amounts of
photosynthetic complexes that correlate to the amounts of intracytoplasmic membranes
are higher under phototrophic growth. It is, however, unlikely that this difference would
cause opposite effects of CcaF1 on the stability of certain targets. It is likely that further
yet unknown factors are involved in the CcaFl-target RNA-RNase E interplay that still
need identification.

Remarkably, the amounts of mRNAs for known regulators of the formation of com-
ponents of the photosynthetic apparatus (AppA, FnrL, PpaA, PpsR) and for PcrX were
not or were only slightly affected by CcaF1. This underlines that CcaF1 directly affects the
amounts of some of its binding partners by affecting stability and that the changes in the
amounts of pufBA, bch, and crt mRNAs are not the consequence of an indirect effect by
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these regulators. This finding emphasizes the important role of RNA-binding proteins in
the regulation of bacterial gene expression and in bacterial adaptation.

4, Materials and Methods
4.1. Bacterial Strains and Growth Conditions

All R. sphaeroides strains are listed in Table S1 and were cultivated in malate minimal-
salt medium or on solid medium containing 1.6% (w/v) agar at 32 °C in the dark [37]. For
strain construction see Griitzner et al. [24]. When necessary, tetracycline (2 ug mL 1) was
added to liquid and solid growth media.

For all experiments (growth behavior, pigment analysis, and determination of RNA
half-life) Erlenmeyer flasks were filled up to 80% with malate minimal-salt medium, in-
oculated 1% with the corresponding R. sphaeroides strain (see Table S1), and incubated
overnight under microaerobic growth conditions (140 rpm, 32 °C). The microaerobic precul-
ture with an ODggg around 0.6 was diluted on the next day to an ODggp 0.2 and shifted to
aerobic (baffled Erlenmeyer flasks were filled up to 25% and shaken at 180 rpm, 32 °C),
microaerobic (Erlenmeyer flasks were filled up to 80% and shaken at 180 rpm, 32 °C), or
phototrophic (sealed Meplat bottles were filled up to 100% and illuminated with 60 W/m?
white light at 32 °C) growth conditions.

To monitor the growth behavior, the optical density (OD) was measured every 1.5 h at
660 nm (Specord 50, Analytic Jena AG, Jena, Germany).

4.2. Pigment Analysis

For pigment analysis, R. sphaeroides strains were cultivated overnight under microaer-
obic growth conditions, diluted to an ODgg 0.2, and incubated for 8 h under aerobic,
microaerobic, or phototrophic growth conditions (see bacterial strains and growth con-
ditions). For whole-cell absorbance spectra, 1 mL of the culture was transferred into
a cuvette, and the absorbance was measured in a spectral photometer at wavelengths
of 400-900 nm. The amounts of bacteriochlorophyll and carotenoids were measured as
previously described [38].

4.3. Determination of RNA Half-Life

To analyze the half-life of specific RNA transcripts, microaerobic precultures of R.
sphaeroides were diluted to an ODgg 0.2 and incubated under phototrophic growth condi-
tions for 8 h (see bacterial strains and growth conditions). After taking sample to (10-15 mL),
rifampicin was added to a final concentration of 0.2 mg mL~!. The 10-15 mL samples were
taken at indicated time points after addition of rifampicin and harvested by centrifugation
(10,000 rpm, 10 min, 4 °C). Afterwards the total RNA was isolated and used for northern
blot analysis or real-time RT-PCR.

4.4. RNA Isolation

To analyze specific RNA transcripts, microaerobic precultures of R. sphaeroides were
diluted to an ODggq 0.2 and incubated under phototrophic growth conditions for 8 h (see
bacterial strains and growth conditions). The cells were harvested by centrifugation at
10,000 rpm for 10 min at 4 °C. For northern blot analysis, quantitative real-time RT-PCR
and RNA sequencing of total RNA by the hot-phenol method [39], were used. The RNA
was precipitated with 1/10x vol. 3 M sodium acetate pH 4.5 and 2.5x vol. 96% ethanol
overnight at —20 °C. For quantitative real-time RT-PCR, the remaining DNA was removed
by TURBO DNase treatment (Invitrogen/Thermo Fischer Scientific, Rockford, IL, USA).
The absence of DNA contamination was tested by PCR using oligonucleotides targeting
gloB (RSP_0799) [40]. RNA integrity was tested on a 10% polyacrylamide gel containing
7 M urea and subsequent staining with ethidium bromide, as well as on the Bioanalyzer
(described in the data generation description of our deposited RNA-Seq data in the GEO
repository). The sequencing libraries were constructed as described earlier [24], using
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the NEBNext Multiplex Small RNA Library Prep Set for Illumina (NEB, Frankfurt am
Main, Germany).

4.5. Northern Blot Analysis

For the detection of small RNAs, 8 ug total RNA were separated on a 10% poly-
acrylamide gel containing 7 M urea and transferred to a nylon membrane (Roth, Karl-
sruhe, Germany) by semi-dry electroblotting [41]. For detection of the sRNAs, specific
oligodeoxynucleotides (listed in Table S2) were labeled with [y-**P]-ATP (Hartmann Ana-
Iytic, Braunschweig, Germany) by a T4 polynucleotide kinase end-labeling reaction (Fer-
mentas/Thermo Fisher Scientific, Rockford, IL, USA).

For the detection of mRNA transcripts, 10 pg total RNA were separated on a 1%
agarose (w/v) formaldehyde gel and transferred to a nylon membrane (Roth, Karlsruhe,
Germany) by vacuum blotting [12]. For detection of mRNA transcripts, specific PCR
products (primer listed in Table 52) were labelled with [-*2P]-CTP (Hartmann Ana-
lytics, Braunschweig, Germany) by using the Prime-a-Gene Labeling System (Promega,
Mannheim, Germany).

The membranes were hybridized overnight using the Church and Gilbert buffer sys-
tem [42], washed with 0.01% SDS and 5x SSC in ddH,O and exposed on phosphorimaging
screens (Bio-Rad, Feldkirchen, Germany). To analyze the intensities of the phosphorimaging
signals the 1D-Quantity One software version 4.6.8 Basic (Bio-Rad, Feldkirchen, Germany)
was used.

4.6. Co-Immunoprecipitation

For ColP, microaerobic precultures of R. sphaeroides WT pRKccaFIFLAG_NT and
R. sphaeroides pRKccaF1 as an untagged control [24] were diluted to an ODggg 0.2 and
incubated under phototrophic growth conditions for 8 h (see bacterial strains and growth
conditions). The cells (from 100 mL culture) were harvested by centrifugation at 10,000 rpm
at 4 °C. The ColP was performed as described in Griitzner et al. and Pfeiffer et al. [24,43].
The precipitated ColP RNA was treated by TURBO DNase (Invitrogen/Thermo Fischer
Scientific, Rockford, IL, USA) to remove any DNA contamination. The isolated RNA was
analyzed by RNA sequencing and quantitative real-time RT-PCR.

4.7. Quantitative Real-Time RT-PCR

For quantitative real-time RT-PCR, the Brilliant III Ultra-Fast SYBR® Green qPCR
Master Mix Kit (Agilent, Santa Clara, CA, USA) was used as described in the manufacturer’s
manual. The 10 uL reaction mixtures contained 5 uL. Master Mix (supplied), 0.1 uL DTT
(100 mM, supplied), 0.5 uL RiboBlock solution (supplied), 0.4 pL water, 1 uL of each primer
(10 pmol/L), and 2 pL. DNA-free RNA (20 ng/uL). The reactions were performed in a
spectrofluorometric thermal cycler (Bio-Rad, Feldkirchen, Germany), and the resulting
data were visualized using the Bio-Rad CFX Manager 3.0 software. All real-time RT-
PCR experiments were performed in technical duplicates with samples originating from
biological triplicates. For all primers, a no-template control was included, to confirm the
absence of DNA contamination. RNA abundances were normalized to rpoZ. Fold changes
were calculated according to Pfaffl [44].

4.8. RNA-Seq Data Processing

The RNA-Seq data processing was performed as described in Borner et al. [23]. The
alignment of the raw sequencing reads against the reference genome of R. sphaeroides
(NC_007493.2, NC_007494.2, NC_009007.1, NC_007488.2, NC_007489.1, NC_007490.2, and
NC_009008.1) was performed using the READemption pipeline v.1.0.5 [45]. Processed wig-
gle files were visualized using the Integrated Genome Browser software version 9.1.10 [46].
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Anhang

Selbststandigkeitserklarung

Hiermit versichere ich, die vorgelegte Thesis selbststindig und ohne unerlaubte fremde Hilfe und
nur mit den Hilfen angefertigt zu haben, die ich in der Thesis angegeben habe. AlleTextstellen, die
wortlich oder sinngemif$ aus verdffentlichten Schriften entnommen sind, und alle Angaben die auf
miindlichen Auskiinften beruhen, sind als solche kenntlichgemacht. Bei den von mir
durchgefiihrten und in der Thesis erwdhnten Untersuchungen habe ich die Grundsitze guter
wissenschaftlicher Praxis, wie sie in der ,Satzung der Justus-Liebig-Universitét zur Sicherung guter
wissenschaftlicher Praxis‘ niedergelegt sind, eingehalten. Entsprechend § 22 Abs. 2 der
Allgemeinen Bestimmungen fiir modularisierte Studiengidnge dulde ich eine Uberpriifung der

Thesis mittels Anti-Plagiatssoftware.

Datum Unterschrift
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