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2. Einleitung

2.1 Bedeutung und Therapie des Krankheitserregers Streptococcus pyogenes

Streptococcus pyogenes (Group A  Streptokokkus, GAS) ist ein Gram-positives
humanpathogenes Bakterium, das sich durch eine grofe Diversitit der klinischen
Manifestation auszeichnet. Zum einen ruft S pyogenes milde, oberflichliche Erkrankungen
hervor, die ohne Behandlung wieder abklingen. Dazu gehoren Pharyngitis, Tonsillitis und
Impetigo. S. pyogenes ist beispielsweise die hdufigste bakterielle Ursache fiir Pharyngitis im
Kindesalter. Infektionen mit S. pyogenes werden bei 20-40 % der Fille diagnostiziert (Shaikh
et al., 2010). Da es bei unbehandelten GAS Infektionen zu schweren invasiven Verldaufen
oder zum Auftreten von Autoimmunfolgeerkrankungen kommen kann, ist eine Behandlung

mit Antibiotika streng indiziert (Cunningham, 2008).

Bekannte Beispiele flir invasive Infektionen sind das streptokokkale toxische
Schocksyndrom (STSS) und die nekrotisierende Fasziitis (Bisno ef al., 2000, Francis and
Warren, 1988, Meleney and Zau, 1924, Stevens et al., 1989). Die Zahl der Todesfille, die
jahrlich weltweit durch invasive Streptokokken Infektionen verursacht wird, betrdgt ungefiahr
163.000 (Carapetis et al., 2005). Damit zihlt GAS global zu den bedeutendsten
Krankheitserregern. Insbesondere in Léndern mit limitierten Ressourcen kommt es im

zunehmenden Mal3e zu invasiven Verldufen (Sims et al., 2016).

Haufige Poststreptokokken-Autoimmunfolgeerkrankungen sind das Akute Rheuma-
tische Fieber (ARF) und die Rheumatische Endokarditis (RHD). Diese Folgeerkrankungen
treten weltweit auf, typischer Weise in Kindheit und Jugend im Alter zwischen 5 und 15
Jahren (Bisno et al, 2003, McDonald et al., 2004). Zudem wurden gegen das
Zentralnervensystem gerichtete Autoimmunreaktionen mit Streptokokkeninfektionen in
Zusammenhang gebracht. Dazu zdhlen unter anderem die Sydenham Chorea und die
,Pediatric Autoimmune Neuropsychiatric Disorder Associated with Streptococci® (PANDANS)
(Murphy et al., 2015). Akute Poststreptokokkale Glomerulonephritis (APSGN) ist eine
weitere Autoimmunreaktion, die nach Streptokokkeninfektionen auftritt. Die Inzidenz von
APSGN ist weltweit zuriickgegangen und in den Industrienationen handelt es sich aufgrund
der guten medizinischen Versorgung um eine seltene Erkrankung, die hauptsdchlich bei

dlteren Patienten mit Vorerkrankungen auftritt (Rodriguez-Iturbe and Haas, 2016).
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Penicillin ist heute die Standardtherapie bei Infektionen mit GAS, da Penicillin in der Regel
effizient wirkt, ein enges Wirkspektrum hat und gewohnlich gut vertragen wird (Shulman et
al., 2012). Zudem wird B-Lactam-Antibiotika ein neuroprotektiver Effekt zugeschrieben, der
iiber ihre antibakterielle Wirkung hinausgeht (Murphy et al., 2015). Obgleich bei S. pyogenes
bislang universell eine Empfindlichkeit gegen B-Lactam-Antibiotika besteht, kommt es im
zunehmenden Mafle zu einem Behandlungsversagen bei der Gabe von Penicillin in Fillen von
Pharyngitis (Brook, 2013, Markowitz et al, 1993). Als mogliche Ursachen werden die
gleichzeitige Kolonisierung von beta-Laktamase-produzierenden Bakterien (Brook, 2009), die
Bildung von Biofilmen (Baldassarri et al.,, 2006) oder die Internalisierung von GAS in

Epithelzellen (Kaplan ef al., 2006) diskutiert.

Macrolide, Lincosamide und Streptogramine (MLS) werden als alternative Antibiotika
bei Penicillin-Allergien oder Behandlungsversagen empfohlen (Shulman et al., 2012). In den
USA sind die Resistenzraten gegeniiber Makrolidantibiotika gleichbleibend gering (Richter et
al., 2005). In Europa wurde zunichst eine Zunahme Makrolid-resistenter GAS-Stdmme
beobachtet, die von einer Abnahme von Erythromycin-Resistenzen in einigen europdischen
Léndern abgeldost wurde (Cattoir, 2016). Es konnte fiir mehrere geographische Regionen
gezeigt werden, dass das Auftreten von Erythromycin-Resistenzen bei S. pyogenes mit dem
Makrolidantibiotika-Verbrauch korrelierte (Albrich et al., 2004, Granizo et al., 2000, Seppala
etal., 1997).

Unter diesen Voraussetzungen sollte die Anwendung und Verbreitung von Antibiotika
bei der Behandlung von Streptokokken-Infektionen limitiert werden. In der Folge ist die
Suche nach neuen effizienten Therapien eine zentrale Aufgabe der wissenschaftlichen und
klinischen Forschung. Dazu muss zundchst die molekulare Pathogenese von S. pyogenes

untersucht werden, um spezifische Therapieziele identifizieren zu konnen.

2.2 Regulatorische RNAs beeinflussen die Virulenz von Streptococcus pyogenes

Der Erfolg einer Streptokokkeninfektion hédngt von einer grofen Anzahl verschiedener
Virulenzfaktoren ab, die im Infektionsverlauf strikt reguliert werden. Die Kontrolle der
Expression von Virulenzfaktorgenen durch einzelstindige Transkriptionsfaktoren oder
Zweikomponentensysteme in GAS beeinflusst die Virulenz und ist bereits gut untersucht
(Kreikemeyer et al., 2003, Patenge et al., 2013a). Eine weitere Ebene der Regulation
bakterieller Genexpression wird durch kleine regulatorische RNAs (,,small non-coding

RNAs*, sSRNAs) vermittelt (Storz et al., 2011). Bakterielle SRNAs konnen die Genexpression
6
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reprimieren, indem sie die Translation inhibieren oder die mRNA Stabilitdt herabsetzen
(Podkaminski and Vogel, 2010). Sie konnen jedoch auch als Aktivator dienen, indem sie
Transkripte stabilisieren oder die Initiation der Translation unterstiitzen (Waters and Storz,
2009). Einige Beispiele fiir typische Regulationsmechanismen bakterieller sRNAs sind in
Abbildung 1 dargestellt. Diverse Prozesse, von Stressantwort {iber Kohlehydratmetabolismus
bis hin zur Zusammensetzung der bakteriellen Zelloberflache, werden von sRNAs kontrolliert
(Gorke and Vogel, 2008, Gottesman et al., 2006). Es ist daher nicht iiberraschend, dass
sRNAs auch in der Regulation von Virulenzfaktorgenen pathogener Bakterien eine Rolle
spielen (Papenfort and Vogel, 2010). Allerdings sind Informationen zu RNA-abhingigen

regulatorischen Netzwerken in Streptokokken noch limitiert (Patenge et al., 2015).

mRNA

A S 3+ sRNAbindet die kodierende Region der mRNA

» RNA:RNA Hybrid wird degradiert

mRNA
B 5¢ IRBSI 3¢ sRNAbindet die Ribosomenbindestelle
» die Translation wird inhibiert
5‘
C sRNA setzt die Ribosomenbindestelle frei
Iﬁl mRNA . » die Translation wird initiiert
=221

sRNA bindet an Proteine und beeinflusst

D
@ »# Struktur/Funktion/Lokalisation

Abbildung 1. Schematische Darstellung von vier typischen
Regulationsmechanismen bakterieller sSRNAs. A, B, C: sRNA:mRNA
Interaktion. D: Interaktion einer sRNA mit einem Target Protein.
Abbildung modifiziert nach R. L. Zapf (CC BY-SA 4.0).

Die bisher am griindlichsten untersuchte SRNA in S. pyogenes ist FasX. Die Transkription
von fasX wird vom fasBCA Operon kontrolliert (Kreikemeyer et al., 2001). Unter den
Targetgenen von FasX befinden sich einige bedeutende S. pyogenes Virulenzfaktorgene.
FasX bindet an das 5‘-Ende des Streptokinasegen-Transkripts, stabilisiert auf diesem Weg die
mRNA und stimuliert die Streptokinase Synthese (Ramirez-Pena et al, 2010). Die
Translation der  Pilusgen-Transkripte  wird hingegen  gehemmt, indem  die

Ribosomenbindestelle (RBS) blockiert wird (Danger ef al., 2015a, Liu et al., 2012). Mithilfe
7
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desgleichen Mechanismus wird die Synthese der Fibronektin bindenden Proteine PrtF1/2
durch FasX inhibiert (Danger et al., 2015b). Es wird angenommen, dass FasX als Schalter
zwischen Kolonisation und Dissemination der Bakterien dient, indem es die Synthese der Pili-
und Fibronektin bindenden Proteine negativ reguliert, wihrend die Produktion der

Streptokinase erhoht wird.

FasX gehort zu den sRNAs, die in trans auf die Expression unterschiedlicher Gene im
Genom wirken. Im Gegensatz dazu gehoren Riboswitches zu den cis-regulatorischen
Elementen, die auf derselben RNA lokalisiert sind wie ihre Zielgene. Riboswitches bestehen
aus zwei Modulen: 1) einem Aptamer, das in der Lage ist einen Liganden zu binden und ii)
einer Expressionsplattform, die die Expression der stromabwirts gelegenen Gene kontrolliert.
Nachdem ein spezifisches Effektormolekiil gebunden hat, nimmt die Expressionsplattform
eine definierte stabile Konformation an. Diese Sekundirstruktur kann dabei zu einer
Induktion oder einer Repression der Expression der stromabwirts gelegenen kodierenden

Sequenz fiihren.

Riboswitches stellen ein interessantes therapeutisches antimikrobielles Target dar, da
die Modifikation ihrer Funktion durch kleine Ligandenanaloga erfolgt, die in der Regel
einfach synthetisiert und verabreicht werden konnen (Machtel et al., 2016). In Streptokokken
wurden bislang Riboswitches beschrieben, die spezifisch sind fiir S-Adenosylmethionin
(SAM), die Queuosin Vorstufe preQ1l und Fluorid (Fuchs et al., 2006, Fuchs et al., 2007,
Kang et al., 2014, Meyer et al., 2008, Nelson ef al., 2015).

Da anzunehmen ist, dass weitere SRNAs und Riboswitches im Infektionsverlauf an der
Kontrolle relevanter Gene in S. pyogenes beteiligt sind, sollten in der vorliegenden Arbeit
putative SRNA-Gene und cis-regulatorische Elemente identifiziert und deren Funktion im

Anschluss charakterisiert werden.

2.3 Antisense-Peptidnukleinsiuren (,,peptide nucleic acids“, PNA) als Therapeutika

Um die Anwendung und Verbreitung von Antibiotika bei der Behandlung von Streptokokken-
infektionen begrenzen zu konnen, miissen innovative Therapiestrategien entwickelt werden.
Eine Moglichkeit stellen Antisense-basierte Wirkstoffe dar, die in der Regel sensitiv und
spezifisch sind. Die Wirkung beruht darauf, dass essentielle bakterielle Gene mithilfe der
Antisense-Technik ausgeschaltet werden. Peptid-Nukleinséduren (PNAs) sind Molekiile, die

aufgrund ihrer chemischen FEigenschaften fiir die Verwendung als Antisense-Wirkstoff

8
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interessant sind. Es handelt sich um synthetische organische Polymere, die Ahnlichkeiten mit
DNA und RNA aufweisen. Dabei ist das Zucker-Phosphat Riickgrat der Nukleinsduren durch
ein Peptidgertist ersetzt, an das die vier Basen Adenin, Cytosin, Thymin und Guanin kovalent

gebunden sind (Abbildung 2).

Base
TN
N
o _ —
NHL Base
0 N

Base

o
NH
o) \——\‘2
- 4N
o
NH

-

[®) \

Abbildung 2. Schematische Darstellung der PNA Struktur.

https://commons.wikimedia.org/w/index.php?curid=1737834
PNAs konnen Basenpaarungen eingehen und zeigen eine hohe Affinitdt zu komplementéiren
DNA- und RNA-Molekiilen (Nielsen and Egholm, 1999). Aufgrund ihrer Struktur sind PNAs
auBerordentlich stabil. Sie sind {iber einen weiten Bereich Temperatur- und pH-resistent und
sind zudem unempfindlich gegeniiber vielen Chemikalien. Bislang sind weder zelluldre
Proteasen noch Nukleasen bekannt, die in der Lage sind, PNAs abzubauen. Daher weisen
PNAs eine hohe Stabilitit in Humanserum und Zellextrakten auf (Demidov et al., 1994). In
der Diagnostik nutzt man PNAs bereits bei der in-situ-Hybridisierung zur Identifikation
bakterieller Spezies und fiir die Bestimmung der Telomerldnge in eukaryotischen Zellen
(Blanco and Artero, 2010, Carbonari et al., 2011). Weitere potentielle Anwendungen von
PNAs sind Funktionsanalysen mittels sequenzspezifischer Hemmung der Genexpression
sowie die Antisense-basierte antimikrobielle Wachstumshemmung durch Ausschaltung

essentieller Gene (Hatamoto ef al., 2010, Nielsen and Egholm, 1999).

Die mdgliche praktische Anwendung als antibakterieller Wirkstoff wurde bislang am
intensivsten in Escherichia coli untersucht. PNAs, die gegen ein essentielles Gen gerichtet
waren, konnten das Bakterienwachstum in mikromolarer Konzentration hemmen (Good and
Nielsen, 1998). Die Aufnahmerate der PNAs in Gram-negative Bakterien wird allerdings
durch die LPS-Schicht der dulleren Membran limitiert und war in mutierten Stimmen deutlich

erhoht (Good et al., 2000). Kationische, antimikrobielle Peptide permeabilisieren die Zellen
9
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und wirken synergistisch mit Substanzen, die eine niedrige Aufnahmerate aufweisen
(Hancock, 1997). Das synthetische Peptid KFFKFFKFFK ([KFF];K) wurde zuerst von Vaara
und Porro beschrieben (Vaara and Porro, 1996). Durch die Kopplung von (KFF);K an PNAs
konnte deren Aufnahme durch E. coli verbessert werden (Eriksson et al., 2002). In neueren
Studien zeigte sich, dass der Einsatz von (KFF);K als Carrier Peptid die Effizienz der PNA-
Wirkung auch in anderen Gram-negativen und in Gram-positiven Bakterienspezies steigern
konnte (Hatamoto et al., 2010). So gelang beispielsweise die Hemmung der Expression von
Reportergenen sowie eine Wachstumshemmung durch das Ausschalten essentieller Gene im
Gram-positiven Bakterium Staphylococcus aureus (Dryselius et al., 2005, Nekhotiaeva et al.,

2004). Fiir S. pyogenes hingegen wurde dieser Ansatz bislang nicht verfolgt.

In dieser Arbeit sollte die Anwendung von Antisense-PNAs zur Wachstumshemmung
und Inhibierung der Genexpression in S. pyogenes etabliert werden. Dazu wurden als Proof of
Principle PNAs eingesetzt, die spezifisch fiir das essentielle Gen gyr4 waren. Darliber hinaus
sollte untersucht werden, welche Carrier-Peptide fiir den Einsatz von Antisense-PNAs in S.

pyogenes geeignet sind.

3. Ergebnisse und Diskussion

3.1 Identifikation von sRNAs in S. pyogenes

Bakterielle SRNAs sind an der Regulation diverser metabolischer Prozesse beteiligt. Dartiber
hinaus kontrollieren sie die Expression verschiedener Pathogenese-relevanter Gene. Um den
Mechanismus der sRNA-Funktion in S. pyogenes zu untersuchen und ihre Eignung als
therapeutische Ziele zu evaluieren, miissen zundchst die sRNA kodierenden Gene im
Bakteriengenom identifiziert werden. Ein Ubersichtsartikel iiber Publikationen zur genom-
weiten Detektion von sRNAs in Streptokokken wurde kiirzlich von unserer Arbeitsgruppe
veroffentlicht (Patenge et al., 2015). Grundsitzlich gibt es zwei unterschiedliche Heran-
gehensweisen fiir ein genomweites sRNA-Screening: 1) Transkriptionsanalysen und

i1) Bioinformatische Vorhersagen.

3.1.1 Identifikation von SRNA-Genen in S. pyogenes mit Hilfe von DNA Arrays

Fiir genomweite sSRNA-Screens konnen Expressionsuntersuchungen durchgefiihrt werden.

Hierbei werden mit Hilfe von Transkript-Analyseverfahren, z.B. DNA-Arrays oder NGS-

10
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Sequenzierung, kleine Transkripte identifiziert. In dieser Arbeit wurden DNA Mikroarrays
zur Detektion von intergenischen sRNAs in S. pyogenes eingesetzt. Dazu wurden 17.823
Sonden synthetisiert, die die intergenischen Regionen des Referenzgenoms von S. pyogenes
NZ131 (NCBI Accession Number: NC 011375) reprasentierten. Als Positivkontrolle dienten
174 Sonden, die spezifisch waren fliir tRNA-Gene oder fiir bereits in anderen Arbeiten
identifizierte SRNA-Gene. Drei Beispiele sind die sSRNAs FasX (Kreikemeyer ef al., 2001),
SR914400 und SR1754950 (Perez et al., 2009).

S. pyogenes M49 Stamm 591 wurde in chemisch definiertem Medium (CDM)
kultiviert. Den Bakterienkulturen wurden wahrend verschiedener Wachstumsphasen Proben
entnommen. Es wurde Gesamt RNA isoliert und cDNA synthetisiert, die flir die Arrayanalyse
eingesetzt werden konnte. In der Analyse wurden 55 putative SRNA-Gene identifiziert. Bei 42
Signalen handelte es sich um neue sRNA-Kandidaten. Es wurden auferdem 12 sRNAs
detektiert, die zuvor in einer Studie mit S. pyogenes M1T1 Stamm 5005 identifiziert worden
waren (Perez et al., 2009). Die Rfam Datenbank (,,RNA families database®) wurde fiir eine
Computer gestiitzte Vorhersage der Funktion der putativen SRNAs eingesetzt (Gardner et al.,
2009). 14 sRNA Kandidaten konnten funktionelle Kategorien zugeordnet werden. Unter
anderem wurden drei T-box Elemente, drei Mitglieder der CRISPR-Familie, eine tmRNA,
und eine Endoribonuklease vorhergesagt. Ein putatives cis-regulatorisches Element zeigte

Ahnlichkeiten zur Familie der Glyzin-Riboswitches (Patenge et al., 2012).

Mit der DNA-Mikroarray Technik konnte die Position des jeweiligen Transkriptions-
starts (englisch: ,transcriptional start site®, TSS) nicht ermittelt werden. Daher wurde fiir
sechs putative sSRNAs der TSS experimentell mit Hilfe der RACE-PCR (englisch: “rapid
amplification of cDNA-ends with polymerase chain reaction”) bestimmt. Die TSS, die in
dieser Analyse identifiziert wurden, lagen stromabwdérts von bioinformatisch vorhergesagten
bakteriellen Promotorsequenzen (Patenge et al., 2012). Dariiber hinaus wurde die Expression,
Orientierung und GroBBe von sieben sRNA-Kandidaten mittels Northern Blot und
genspezifischer RT-PCR validiert (Patenge et al., 2012).

Zu Beginn dieser Arbeit war bereits in genomweiten Screens in verschiedenen Gram-
positiven pathogenen Bakterienspezies eine hohe Anzahl an putativen sRNA-Genen
identifiziert worden (Beaume et al., 2011, Chen et al., 2011, Kumar et al., 2010, Mraheil et
al., 2011, Tsui et al., 2010). Daher war es wahrscheinlich, dass sSRNAs auch in S. pyogenes
eine Rolle in der Regulation der Genexpression spielen. In S. pyogenes M1T1 Stamm

MGAS2221 waren 40 sRNAs in der exponentiellen Wachstums Phase in Komplexmedium
11
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exprimiert (Perez et al., 2009). Das sSRNAome von S. pyogenes M49 Stamm 591, das in dieser
Arbeit analysiert wurde, war nach Wachstum in chemisch definiertem Medium aufgenommen
worden. Von 55 sRNAs, die in dieser Arbeit detektiert wurden, waren nur 12 in der
vorhergegangenen Studie nachgewiesen worden. Diese Ergebnisse unterstiitzen die Annahme,
dass die sSRNA Expression Serotyp spezifisch ist und dariiber hinaus von Umweltfaktoren

abhingt.

3.1.2 Computerbasiertes SRNA-Screening im Genom von S. pyogenes

Die Vorhersage bakterieller sSRNA-Gene mit Hilfe von bioinformatischen Methoden beruht
auf der Analyse typischer Parameter. Dazu gehéren unter anderem die DNA
Zusammensetzung, die Sekundérstruktur der putativen RNA, das Vorkommen von Promotor-
und Terminator-Sequenzen und eine Struktur- oder Sequenz-basierte Konservierung. Da es
bislang keinen zuverldssigen Algorithmus fiir die Detektion von sRNA-Genen gibt, behilft
man sich mit der Kombination verschiedener Techniken (Machado-Lima et al., 2008, Meyer,
2007). Mangelnde Standardisierung der Input und Output Formate erschwert jedoch die

Vergleichbarkeit verschiedener Vorhersagemethoden.

Um diesen Prozess zu erleichtern, wurde am Lehrstuhl Systembiologie und
Bioinformatik an der Universitit Rostock ein Java-basiertes Programmiergeriist (engl.
»framework®) entwickelt, das den Vergleich der Daten aus verschiedenen Anwendungen und
Vorhersagemethoden ermdglicht, indem transparente Arbeitsabldufe (engl. ,,workflows®),
konstruiert werden. Die Software moses (modular sequence suite) prozessiert und kombiniert
die Ergebnisse verschiedener Methoden, mit deren Hilfe Regionen im Genom identifiziert
werden konnen, die Kandidaten fiir sSRNA-Gene enthalten. Dazu erstellt der Nutzer
Workflows aus Modulen (Raasch et al., 2010). Schliisselmodule, die von moses bereitgestellt
werden, sind unter anderem BLAST (Altschul et al., 1990), RNAfold (Lorenz ef al., 2016),
RNAz (Washietl et al., 2005), ClustalW (Larkin ef al., 2007), and Dynalign (Mathews and
Turner, 2006).

Die Effizienz der modularen Methodenkombination durch moses wurde iiberpriift,
indem eine Kombination der vier Methoden RNAz-, RNAfold- und Dynalign und
TranstermHP (Kingsford et al., 2007) an einem Set von bekannten sSRNAs aus Escherichia
coli, Listeria monocytogenes and S. pyogenes angewendet wurde. Die Sensitivitét (,,signal
precision®) der kombinierten Methode war im Vergleich zu den einzelnen Methoden um 15 %

erhoht bei einer gleichzeitig verringerten falsch positiv Rate (Raasch et al., 2010).
12
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Die Software wurde schlielich verwendet, um neue sRNA-Gene in S. pyogenes zu
identifizieren. Aus einer Kandidatenliste von 20 Genen wurden vier Gene im Rahmen dieser
Arbeit weiter untersucht. Die Expression der vier Kandidatengene konnte durch Reverse
Transkription mit anschlieBender PCR (RT-PCR) verifiziert werden (Raasch et al., 2010).
Zudem wurde der Transkriptionsstart von moses4 mittels 5° RACE-PCR bestimmt (Patenge et
al.,2012).

Ein weiteres Computer basiertes Screening wurde mit der Software sSRNAScanner
(Sridhar et al., 2010) durchgefiihrt. Diese Analyse fiihrte zur Identifikation von 137 sRNA
Kandidatengenen im Genom von S. pyogenes NZ131 (NCBI Accession Number:
NC 011375) (Patenge et al., 2012). Die Expression des Kandidatengens sSRNAScan7 wurde
mittels Northern Blot Analyse und RT-PCR bestitigt (Patenge et al., 2012).

Die Ergebnisse der bioinformatischen sRNA-Screening Methoden wurden mit den
Daten aus dem oben beschriebenen DNA Mikroarray Experiment verglichen. Dabei zeigte
sich, dass der Uberlapp der verschiedenen Datensitze gering war (Patenge et al., 2012). Von
den 20 putativen sSRNAs, die mithilfe von moses identifiziert wurden, konnten nur fiinf in den
Arrays nachgewiesen werden. Von den 137 sRNAScanner Vorhersagen zeigten 11 sSRNAs ein
Signal in der Array Analyse. Acht Kandidaten wurden durch beide Softwares identifiziert.
Die bereits zuvor identifizierte SRNA FasX wurde in allen drei Screens nachgewiesen
(Patenge et al., 2012). Die Unterschiede in den Ergebnislisten ergeben sich zum einen daraus,
dass in den bioinformatischen Screens auch Kandidaten vorhergesagt wurden, die unter den
Bedingungen der DNA Mikroarray Experimente nicht nachweisbar waren, da ihre Expression
beispielsweise nur unter Stress induziert wird. Zum anderen sind die Sensitivitit und die
Spezifizitét der bioinformatischen sSRNA-Detektion im Rahmen der eingesetzten Algorithmen

begrenzt.

3.2 Funktionelle Analyse von SRNA-Kandidaten aus S. pyogenes

In den folgenden Kapiteln werden zwei Beispiele fiir SRNAs in S. pyogenes ausfiihrlich
beschrieben. Zum einen die frans-aktivierende sRNA MarS, die einen zentralen
Transkriptionsregulator in S. pyogenes M49 Stamm 591 beeinflusst. Zum anderen ein cis-

regulatorisches Element, das Eigenschaften eines Glyzin-Riboswitches aufweist.

13
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3.2.1 Die sSRNA MarsS beeinflusst die Virulenz von S. pyogenes

In der DNA Array Expressionsanalyse wurde das sRNA-Kandidatengen sSRNASpy490957c¢
identifiziert, das in Milchsdurebakterien konserviert ist (Patenge et al, 2012).
sRNASpy490957c gehorte zu den putativen sSRNA-Genen, die im Wachstumsverlauf von
S. pyogenes M49 Stamm 591 differenziert exprimiert wurden. Der Genlokus ist in Abbildung
3 schematisch dargestellt.

it PmerS
(950356) (950516)

5 Spy49_0957¢ marS Spy49_0958¢ 3

3 {—=< —

Abbildung 3. Genregion des sSRNA Kandidatengens sRNASpy490957¢
(marS). Die Gene sind durch Pfeile dargestellt, die in Transkriptions-
richtung orientiert sind. P: das erste (5°) marS Nukleotid, tt: das letzte
(3°) marS Nukleotid (Pappesch ef al., 2017). Spy _490957c codiert eine
putative Ribonukleotidreduktase. Spy 490958c codiert die Cardiolipin
Synthase.

In dieser Arbeit wurde eine Deletionsmutante untersucht, in der das sSRNA-Kandidatengen
durch eine Spectinomycin-Resistenzkassette ersetzt worden war. Da in Abwesenheit der
putativen sSRNA die Expression des Transkriptionsaktivators Mga im Vergleich zum Wildtyp
reduziert war und dariiber hinaus gezeigt werden konnte, dass die SRNA mit dem 5’Ende der
mga mRNA interagieren konnte, wurde die kleine RNA MarS (,,mga-activating regulatory
SRNA*) genannt. Im Folgenden wird das sSRNA-Gen mit marS und die kleine RNA mit MarS

bezeichnet.

Die Grofle (161 bp) und der Transkriptionsstart der kleinen RNA wurden in 5°RACE
(,,rapid amplification of ¢DNA ends*‘) und Northern Blot Analysen bestimmt (Pappesch et
al., 2017, Patenge et al., 2012). Die Stabilitit der kleinen RNA wurde nach Rifampicin-
behandlung mittels RT-qPCR gemessen. Das Transkript wies in S. pyogenes M49 Stamm 591
eine hohe Stabilitdt auf. Nach 15 min lagen noch > 80% des Transkripts vor (Pappesch et al.,
2017). Diese Beobachtung deckt sich mit Ergebnissen aus Experimenten mit S. pyogenes

MIT1 Stamm MGAS2221 (Perez et al., 2009).

Um Hinweise auf die Funktion von MarS zu erhalten, wurde zunichst in S. pyogenes
M49 Stamm 591 eine isogene marS Deletionsmutante konstruiert (AmarsS). Die Gendeletion

wurde durch ektopische marS Expression von einem Shuttle Vektor unter der Kontrolle des
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endogenen Promotors komplementiert (AmarsS::marS) (Pappesch et al., 2017). Das Verhalten
der Deletionsmutante wurde in vitro unter infektionsrelevanten Bedingungen untersucht. In
Abwesenheit von marS war das Wachstum in humanem Vollblut reduziert. In humanem
Plasma wuchs AmarS hingegen unvermindert. Um zu {berpriifen, ob zelluldre
Blutbestandteile das Wachstum von AmarS in humanem Vollblut beeintrachtigten, wurde das
Uberleben von AmarS in Gegenwart von humanen neutrophilen Granulozyten untersucht.
Unter diesen Bedingungen war die Uberlebensrate von AmarS im Vergleich zum WT

signifikant reduziert. Dieser Effekt war in AmarS::marS aufgehoben.

Die Adhédrenz von AmarS an humane Keratinozyten war signifikant verringert
gegeniliber dem WT, wihrend die Adhdrenz von AmarS::marS sich nicht vom WT unterschied
(Pappesch et al., 2017). Diese Beobachtungen fiihrten zu der Hypothese, dass MarS an der
Regulation der Phagozytose Abwehr und der Adhirenz an Wirtszellen beteiligt ist.

Kleine regulatorische RNAs wirken héufig durch direkte molekulare Interaktion mit
Ziel mRNAs. Der IntaRNA Algorithmus (Wright et al., 2014) wurde verwendet, um putative
MarS-Target Interaktionen vorherzusagen. Unter den 28 Genen, die durch das Programm als

potentielle Bindungspartner identifiziert wurden, befanden sich mga und hasB.

Dabei kodiert mga den zentralen Transkriptionsaktivator Mga (,,multiple virulence
gene regulator). Die putative MarS Bindestelle ist in der 5 untranslatierten Region (5'UTR)
von mga lokalisiert. Eine BLASOT Analyse (Altschul et al., 1990) ergab, dass diese Sequenz
in den Serotypen M2, M4, M18, M28, M44, M49, M53, M59, M66, M71, M82, M83, M87,
MS89, und M101 konserviert ist.

Bei hasB handelt es sich um ein Kapselsynthesegen, das die UDP-glucose 6-
dehydrogenase kodiert. Die vorhergesagte MarS Bindestelle ist im ~#asABC polycistronischen
Transkript am 3’ Ende des ORF von hasA lokalisiert. In MarS gibt es eine gemeinsame
Bindestelle fiir beide putative Targetgene. Die Sekundirstruktur von MarS wurde mit
RNAfold (The ViennaRNA Web Services, http://rna.tbi.univie.ac.at/) vorhergesagt und mit
Hilfe von VARNA GUI (Darty et al., 2009) dargestellt (Abbildung 4). Die Basen der

Bindestelle sind in der schematischen Darstellung farblich hervorgehoben.
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Abbildung 4. Sekundirstruktur von MarS. Dargestellt sind die

Nuleotide 1-126. Der Terminator wurde der Ubersichtlichkeit halber

nicht berilicksichtigt. Die Basen der putativen Bindestelle sind farblich

hervorgehoben. In griin sind die Basen markiert, die fiir die

Interaktionsstudien mutiert wurden (mmMarS, ,, mismatch“ MarS, (88-

CC-89/88-GG-89) (Pappesch et al., 2017).
Die Interaktion von MarS mit der 5’UTR von mga wurde in vitro mit Hilfe von RNA-RNA
Gel Shift Experimenten (,,electrophoretic mobility shift assays®, EMSAs) untersucht. Biotin-
markierte 5’UTR mga RNA wurde mit ansteigenden Mengen MarS inkubiert. Es wurde ein
Komplex mit hoherem Molekulargewicht detektiert, dessen Konzentration nach Zugabe von
unmarkierter mga RNA-Sonde abnahm. Bei Inkubation der Biotin-markierten mga RNA-
Sonde mit mmMarS (,,mismatch* MarS, 88-CC-89/88-GG-89, Abbildung 4), bei der zwei
Basen in der Bindestelle ausgetauscht waren, wurde kein Komplex gebildet (Pappesch ef al.,

2017).

Der Einfluss von MarS auf die Expression des putativen Zielgens mga wurde mit Hilfe
der Deletionsmutante AmarS und dem Komplementationsstamm AmarsS::marsS in S. pyogenes
M49 Stamm 591 untersucht. Es wurde Gesamt-RNA aus den verschiedenen Stimmen isoliert,
cDNA synthetisiert und im Anschluss eine quantitative PCR (qPCR) durchgefiihrt. Dazu
wurden genspezifische Primer fiir mga und fiir die Virulenzfaktorgene emm (M Protein), scl4
(,,streptococcal collagen-like protein) und sof (,,serum opacity factor) verwendet. Von emm,
scl4 und sof ist bekannt, dass sie direkt von Mga positiv reguliert werden (Hondorp and
Mclver, 2007). Die Transkriptmenge aller getesteten Gene war in der Mutante signifikant

reduziert im Vergleich zum WT. Der WT Phénotyp war in AmarS::marS wieder hergestellt.
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Aus diesen Ergebnissen ldsst sich schliefen, dass MarS einen positiven regulatorischen
Einfluss auf die Expression von mga hat und damit indirekt auch die Expression von
Virulenzfaktorgenen beeinflusst, die von Mga reguliert werden. Da das M Protein eine anti-
phagozytische Wirkung hat, lisst sich die reduzierte Uberlebensrate von AmarS im Vergleich
zum WT nach Inkubation mit neutrophilen Granulozyten durch eine verringerte emm

Expression erkldren.

Die Kapselsynthese wurde in S. pyogenes M18 Stamm MGAS8232 untersucht, der
eine stirkere Hyaluronsdureproduktion als S. pyogenes M49 Stamm 591 aufweist
(Barkowsky, 2019). In S. pyogenes M18 Stamm MGAS8232 AmarS war der Hyaluronséure-
gehalt der Bakterien signifikant reduziert im Vergleich zum WT. Die Kapselmenge war im

Komplementationsstamm AmarsS::marS auf WT-Niveau (Pappesch et al., 2017).

Um den Einfluss von MarS auf die Virulenz von S. pyogenes in vivo zu untersuchen,
wurde ein murines Infektionsmodell verwendet. BALB/c Miause wurden intraperitoneal mit
8 x 10’ Kolonie bildenden Einheiten (KbE) S. pyogenes M49 Stamm 591 WT, AmarS oder
AmarS::marS infiziert. Alle Tiere zeigten schwere Zeichen der Infektion und wurden nach
24 h erlost. In Niere, Leber und Milz der infizierten Tiere konnte nach Infektion mit AmarS
eine signifikant erhohte Bakterienlast nachgewiesen werden im Vergleich zum WT. Die
Abwesenheit von MarS hat in diesem Experiment zu einer erhohten bakteriellen

Dissemination gefiihrt.

Es wird angenommen, dass FasX als Schalter zwischen Kolonisation und
Dissemination von S. pyogenes dient, indem es die Synthese der Pili- und Fibronektin
bindenden Proteine negativ reguliert, wahrend die Produktion der Streptokinase erhoht wird
(Danger et al., 2015a, Danger et al., 2015b). MarS hingegen unterstiitzt die Adhdrenz der
Bakterien an Wirtszellen durch positive Regulation der Produktion von extrazelluldren
Matrixbindeproteinen und durch Stimulation der Kapselsynthese. Gleichzeitig wird die
bakterielle Dissemination durch MarS vermindert. Diese Beobachtungen deuten darauf hin,
dass MarS im frithen Stadium der Infektion an der Kontrolle der Kolonisation des Wirts durch

S. pyogenes beteiligt ist.

In zukiinftigen Projekten soll die Funktion von MarS detailliert charakterisiert werden,
indem mehr Zielgene identifiziert werden und der jeweilige Regulationsmechanismus
aufgekldart wird. Dariiber hinaus sollen die Expressionsprofile von marS in drei

epidemiologisch relevanten S. pyogenes Isolaten aufgenommen werden und der Einfluss von
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marsS auf die Pathogenitit dieser Staimme untersucht werden. Dabei konnen Erkenntnisse liber
allgemeine und emm-Typ-spezifische Targetspektren gewonnen werden, die Hinweise tiber

Stoffwechselwege und Virulenzfaktoren liefern, die durch MarS beeinflusst werden.

3.2.2 Ein Glyzin-Riboswitch in S. pyogenes reguliert die Expression eines putativen Aminosiure-

Symportergens

Unter den putativen sSRNAs, die in der Array Analyse im Genom von S. pyogenes identifiziert
wurden, befanden sich 18 Motive fiir cis-regulatorische Elemente, die mit Hilfe der rfam
Datenbank (,,RNA family data base*) (Gardner et al., 2009) zugeordnet wurden (Patenge et
al., 2012). In der 5’UTR eines putativen Aminosdure-Symportergens (,,sodium:alanine
symporter family protein“ (SAF)) wurde ein Glyzin-bindendes Aptamer vorhergesagt. Glyzin
wird fiir optimales Wachstum in S. pyogenes benétigt (Levering et al., 2016). Ein Glyzin-
Riboswitch wire daher ein interessantes therapeutisches Target flir die gezielte Inhibition des

Glyzinmetabolismus oder -transports.

Nachdem die Expression der Riboswitch Region in S. pyogenes M49 Stamm 591
bereits in der Array Analyse gezeigt worden war (Patenge et al, 2012) und zudem im
klinischen Isolat S. pyogenes SF370 durch Northern Blot Analyse detektiert werden konnte
(Le Rhun et al., 2015), sollte in dieser Arbeit untersucht werden, ob das putative cis-
regulatorische Element tatsidchlich eine Glyzin abhidngige Genregulation vermitteln kann.
Dazu wurde ein 889 bp Fragment (g/y), das den vorhergesagten Glyzin-Riboswitch enthielt,
mit dem Luciferase Reportergen (/uc?2) fusioniert (Podbielski et al., 1999). S. pyogenes M49
Stamm 591 wurde mit dem Plasmid pW11 glyluc?2 transformiert. Luciferase (LUC) Aktivitdt

wurde nach Wachstum in der Gegenwart unterschiedlicher Glyzinkonzentrationen gemessen.

Die Experimente wurden in chemisch definiertem Medium (CDM) durchgefiihrt und
die LUC-Aktivitdt auf die Zelldichte normalisiert, so dass Wachstumsunterschiede in
Abhidngigkeit von der Glyzinkonzentration beriicksichtigt wurden. In Abwesenheit von
Glyzin und in der Gegenwart niedriger Glyzinkonzentrationen (0.01-0.1 mM) war die LUC
Aktivitdt am hochsten. Die LUC-Aktivitdit war bei Konzentrationen von 1-10 mM Glyzin
signifikant verringert. Die Konzentration von Serin oder Alanin im Medium hatte keinen

Einfluss auf die LUC-Aktivitit (Khani ef al., 2018).

Da niedrige Konzentrationen von Glyzin im glyluc2 Konstrukt die Reportergen

Expression induzieren konnten, sollte durch RT-qPCR iiberpriift werden, ob die Glyzin-
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konzentration im Medium die Expression der stromabwirts des putativen Glyzin-
Riboswitches (ribogly) gelegenen Gene beeinflusst. Das SAF-Gen (Na+/Ala symp) und das
putative ,cation efflux system* Gen (cation efflux) waren in Gegenwart hoher

Glyzinkonzentrationen (2,6 mM und 10 mM) reprimiert im Vergleich zu 1 mM Glyzin.

In der Northern Blot Analyse konnte gezeigt werden, dass ein 3 kb Vollldngen
Transkript der ribogly Na+/Ala symp cation efflux Genregion nur in Gegenwart niedriger
Glyzinkonzentration vorlag, wéahrend bei hoheren Glyzinkonzentrationen ein kurzes 600 bp
ribogly Fragment nachgewiesen wurde (Khani et al, 2018). Die Genregion und die
Transkripte, die im Northern Blot detektiert wurden, sind in Abbildung 5 schematisch
dargestellt.

Die Transkripte von Genen, die durch Riboswitches reguliert werden, zeigen héufig
auch eine differentielle Stabilitdt, die durch Ribonuklease Aktivitit kontrolliert wird (Mellin
and Cossart, 2015). Um die Stabilitdt der ribogly-regulierten Transkripte zu untersuchen,
wurde S. pyogenes M49 Stamm 591 unter reprimierenden (10 mM Glyzin) und nicht-
reprimierenden (0,1 mM Glyzin) Bedingungen kultiviert.

chromosome
TERM 1225 TERM 1227
5 I-_E) .R SPY49_RS05035 SPY49_RS05040 R 3
glycine riboswitch  sodium:alanine symporter family gene cation efflux system gene
500 bp

transcripts

221 bp

300 bp

603 bp

3113 bp

Abbildung 5. Schematische Darstellung der ribogly Genregion. Glyzin-Riboswitch Aptamere 1
und 2: Késtchen I und II; Gene sind als graue Pfeile dargestellt, die in Transkriptionsrichtung
orientiert sind; die Terminatoren 1225 und 1227 (TransTermHP Vorhersage (Kingsford et al.,
2007)) sind als Haarnadel Strukturen eingezeichnet; Transkripte, die in der Northern Blot
Analyse identifiziert wurden, sind als schwarze Linien dargestellt (Khani ez al., 2018).

Die Transkription wurde durch Zugabe von Rifampicin gestoppt und Proben zur RNA
Isolierung wurden zu unterschiedlichen Zeitpunkten nach Zugabe (1, 2, 5, und 10 min)
genommen. Die Stabilitdit wurde mittels RT-qPCR ermittelt. Wihrend die Stabilitdt des

ribogly Transkripts unter beiden Bedingungen gering war (Halbwertszeit: 0,5 min), hing die
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Stabilitidt des Na+/Ala symp Transkripts von der Glyzinkonzentration im Medium ab. Bei
einer niedrigen Glyzinkonzentration (0,1 mM) betrug die Halbwertszeit 5 min, wéhrend sie
bei einer hohen Glyzinkonzentration (10 mM) bei 0,5 min lag. Diese Ergebnisse deuten auf

eine weitere, Ribonuklease-abhdngige Regulationsebene hin.

Die Rfam Analyse des Referenzgenoms NZ131 identifizierte einen 90 bp
Sequenzbereich mit Homologie zu einem singuldren Glyzin-Riboswitch Aptamer. Da die
Northern Blot Analyse eine 200 bp Bande detektierte, wurde mit Hilfe von RNAfold (The
Vienna RNA Web Services, http://rna.tbi.univie.ac.at/) die Sekundérstruktur der Riboswitch
Sequenz vorhergesagt und mit VARNA GUI (Darty et al., 2009) dargestellt (Abbildung 6).
Die Analyse ergab eine typische Konsensus-Struktur fiir einen Tandem Aptamer Riboswitch,
der zwei Glyzin Bindestellen enthélt (Esquiaqui et al, 2014, Ruff et al, 2016). Die

konservierten Basen sind in Abbildung 6 griin markiert.
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Abbildung 6. Sckundérstruktur des putativen Glyzin-Riboswitches in
S. pyogenes. Die konservierten Basen sind griin markiert (Ruff et al.,
2016). Die putativen Glyzin Bindestellen werden durch graue Kreise
symbolisiert. P1, das ,,Kink-turn“ Motif und PO sind in Anlehnung an
die Charakterisierung des Glyzin-Riboswitch aus Vibrio cholerae
hervorgehoben (Esquiaqui ef al., 2014).

Typischer Weise stimulieren Glyzin-Riboswitches die Expression von Genen, deren
Genprodukte an der Spaltung oder dem Export von Glyzin beteiligt sind (Serganov and

Nudler, 2013, Serganov and Patel, 2009). In Streptomyces griseum wird ein Detoxifikations
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System durch einen Glyzin-Riboswitch aktiviert (Tezuka and Ohnishi, 2014). Das SAF-Gen
in S. pyogenes kodiert ein Mitglied der ,,Alanine or Glycine:Cation Symporter (AGCS)
Familie [,, Transporter Classification Database* (TCDB)] (Saier et al., 2016). Proteine, die zur
AGCS Familie gehoren, transportieren (symportieren) Alanin und/oder Glyzin mit Na"
und/oder H'. Ein Beispiel ist dagd aus dem marinen Bakterium Alteromonas haloplanktis,
das einen Natrium abhingigen Transporter kodiert, der die Aufnahme von Glyzin und
Glutamin vermittelt (MacLeod and MacLeod, 1992). In diesem Kontext ldsst sich
spekulieren, dass die Bindung von Glyzin an den Riboswitch in S. pyogenes mit der
Repression der SAF-Genexpression zur Abschaltung eines bisher unbekannten Glyzin

Aufnahmesystems fiihrt.

3.3 Peptid Nukleinsiuren (PNAs) als Antisense-Therapeutika in S. pyogenes

Um der Entwicklung und Ausbreitung von resistenten Erregern entgegenzuwirken, muss der
Einsatz von Antibiotika optimiert werden. Dariiber hinaus sollten neue Medikamente
entwickelt werden, die als alternative Therapie eingesetzt werden konnen. Eine Mdoglichkeit
wiren Antisense-Therapeutika, die spezifisch auf essentielle Gene oder Antibiotikaresistenz
Gene wirken. Folgende Eigenschaften waren wiinschenswert fiir antimikrobielle Antisense-
Wirkstoffe, die bei der Therapie von S. pyogenes Infektionen eingesetzt werden: (1) hohe
Spezifitdt fiir das Targetgen, (2) effiziente Aufnahme in die Bakterienzelle, (3) geringe
unspezifische Toxizitdt, (4) hohe Stabilitdt und, um die Eradikation intrazelluldrer Erreger zu
ermoglichen, (5) Import in die eukaryotischen Wirtszellen. PNAs konnen diese Eigenschaften

potentiell vereinen und wurden bereits bei verschiedenen humanpathogenen Erregern getestet.

Dabei stellt die Translokation der PNAs in die Bakterien bisher die grofte Hiirde dar.
PNAs werden nicht spontan von den Bakterienzellen aufgenommen. Die Konjugation von
PNAs mit CPPs begiinstigt den Transport in die Zellen. Da bakterielle Oberflichen
unterschiedliche Barrieren aufweisen, u. a. Zellwand, Kapsel und Membrankomponenten, ist
die Effizienz der CPPs Spezies-abhingig. In dieser Arbeit wurde daher in einem Proof of
Principle zundchst nachgewiesen, dass CPP-konjugierte Antisense-PNAs grundsétzlich
antimikrobiell auf S. pyogenes wirken konnen. Darauf aufbauend sollten im Anschluss

effiziente CPPs fiir die Translokation identifiziert werden.
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3.3.1 CPP-konjugierte anti-gyr4 PNAs wirken antimikrobiell in S. pyogenes

Zu Beginn dieser Arbeit gab es nur eine geringe Anzahl von Publikationen, in denen die
antimikrobielle Wirkung von Antisense-PNAs auf Gram-positive Bakterien beschrieben
wurde. In diesen Studien wurde beobachtet, dass der Effekt auf Gram-positive Spezies
geringer war im Vergleich zu E. coli und dass hohere Konzentrationen fiir eine
Wachstumsinhibition bendtigt wurden (Hatamoto et al., 2009, Nekhotiaeva et al., 2004). Das
Ziel dieser Arbeit war zunichst, den Einfluss von Peptid-gekoppelten Antisense-PNAs auf
das Wachstum von S. pyogenes zu iiberpriifen. Als Zielgen wurde gyrd ausgewéhlt. Das
Genprodukt von gyr4 ist die Untereinheit A der bakteriellen Gyrase. Dabei handelt es sich um
eine DNA Topoisomerase, die fiir die Replikation des Bakteriengenoms benétigt wird und
damit essentiell fiir das Wachstum ist. Die Antisense-PNAs wurden komplementir zur
Startkodon Region der gyr4 mRNA konstruiert (Nukleotide -5 bis 5) (Abbildung 7a). Als
Kontrolle dienten PNAs gleicher Basenzusammensetzung mit randomisierter Sequenz

(,,scrambled PNAs*, scPNAs) (Abbildung 7b).

a (KFF)SK—anti-gyrA PNA 5 ‘..‘AGCATTC?'ITTII'—XI?];\T('}(‘Z%AGATCGAA.‘S *

gaatttacgt-eg- (KFF) 3K

5'..AGCATTCCTTAAATGCAAGATCGAA..3"

b (KFF)3K-anti-gyrA scPNA
tgtcagatta-eg- (KFF) 3K

Abbildung 7. Design der anti-gyrA PNAs in S. pyogenes. Dargestellt sind
(KFF)3K-konjugierte PNAs. Die obere Zeile repridsentiert jeweils die
Sequenz der Startkodon Region von gyrd; das Startkodon ist fett gedruckt.
In der unteren Zeile ist die PNA-Sequenz angegeben. eg: 8-amino-3,6-
dioxaoctansdure. a: (KFF)3K-konjugierte anti-gyr4 PNA. b: (KFF)3K-
konjugierte scPNA (Patenge et al., 2013b).

Zwei verschiedene CPPs wurden mit den anti-gyr4 PNAs gekoppelt. Zum einen wurde das
synthetische (KFF)3K Peptid konjugiert (Vaara and Porro, 1996), das haufig fiir
Untersuchungen in Gram-negativen Bakterien eingesetzt wird. Zum anderen wurde das vom
HIV-1 Transkriptionsaktivator abgeleitete Peptid HIV-1 TAT konjugiert (AS 48-57:
GRKKRRQRRRYK), das bisher sowohl in eukaryotischen Zellen als auch in verschiedenen

Bakterienspezies als Transportpeptid verwendet wurde (Vives ef al., 1997a).
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S. pyogenes M49 Stamm 591 wurde mit verschiedenen PNA-Konstrukten inkubiert.
Die konzentrationsabhéngige Wachstumsinhibition wurde durch Triilbungsmessung ermittelt.
Anti-gyrA PNA, die nicht an CPPs gekoppelt waren, hemmten das Wachstum von S.
pyogenes nicht. CPP-konjugierte anti-gyr4A PNAs bewirkten eine konzentrationsabhéingige
Wachstumsinhibition im Bereich von 1,6-4,0 uM ((KFF)3K) bzw. 0,4-1,4 uM (HIV-1 TAT).
Sowohl die scPNA-Kontrollen als auch die (KFF)3K und HIV-1 TAT Peptide allein wiesen
nur eine geringe unspezifische Toxizitdit auf (> 5.6 uM bzw. >20 puM). HIV-1 TAT-
gekoppelte anti-gyr4 PNAs zeigten demnach eine hohere und spezifischere antimikrobielle
Wirkung auf S. pyogenes als (KFF)3K-gekoppelte anti-gyr4 PNAs. Der sequenzspezifische
Einfluss der Antisense-PNAs auf die Transkriptmenge des Targetgens wurde exemplarisch an
(KFF)3K-gekoppelten anti-gyr4 PNAs untersucht. Um Stress-bedingte Schwankungen der
gyr4d Expression zu vermeiden, wurden die Bakterien mit einer geringen Antisense-PNA
Konzentration (1,6 uM) inkubiert. Die relative gyr4 Transkriptmenge wurde mit Hilfe der
RT-qPCR Analyse ermittelt (Patenge et al., 2013b). Dabei zeigte sich eine Reduktion der
gyrA mRNA Abundanz nach Antisense-Behandlung auf 60 % im Vergleich zur unbe-

handelten Kontrolle.

3.3.2 Einfluss verschiedener CPPs auf die antimikrobielle Wirkung von Antisense-PNAs

Nachdem gezeigt werden konnte, dass HIV-1 TAT-gekoppelte anti-gyr4A PNAs das
Wachstum von S. pyogenes inhibieren, sollten weitere effiziente CPPs identifiziert werden. Es
wurden anti-gyr4 PNAs (Abbildung 7) mit 18 verschiedenen CPPs konjugiert. Es wurden
CPPs ausgewdhlt, die sich zuvor als Carrier Molekiile in eukaryotischen Zellen bewihrt

hatten und eine geringe Toxizitit aufwiesen (Tabelle 1).

S. pyogenes M49 Stamm 591 wurde mit 10 uM CPP-anti-gyr4 PNA Konjugaten
inkubiert. Die Reduktion der Kolonie bildenden Einheiten (KbE) wurde im Vergleich zu einer
unbehandelten Kontrolle ermittelt. Von 18 CPP Antisense-Konstrukten zeigten nur drei einen
antimikrobiellen Effekt: HIV-1 TAT-anti-gyr4 PNA, K8-anti-gyr4 PNA und (RXR)4XB-
anti-gyrA PNA. Fiir eine genauere Analyse der CPP Antisense-Konstrukte wurde die
konzentrationsabhéngige bakterizide Wirkung der CPP-anti-gyr4 PNA Konjugate bestimmt.
Eine signifikante Reduktion der KbE/ml um mindestens eine Log;o-Stufe im Vergleich zur
unbehandelten Kontrolle wurde nach Inkubation mit 4-10 uM HIV-1 TAT-anti-gyrd4 PNA,
K8-anti-gyr4 PNA und (RXR)4XB-anti-gyr4 PNA nachgewiesen (Barkowsky, 2019).
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Table 1: CPPs fiir die Translokation von anti-gyr4 PNAs in S. pyogenes

CPP CPP Sequence Reference

Antennapedia RQIKIWFQNRRMKWKK (Derossi et al., 1994)

homeodomain (Penetratin)

ELA Dansyl-G-C-ELALELALEALEAALELA (Turner et al., 2010)

HIV-1 TAT (48-57) GRKKRRQRRRYK (Vives et al., 1997b)

Human Calcitonin LGTYQDFNKFHTFPQTAIGVGAP (Trehin et al., 2004)

(KFF);K KFFKFFKFFK (Vaara and Porro, 1996)

MAP KLALKLALKALKAALKLA (Mueller et al., 2008, Palm et
al., 20006)

mVE-cadherin (pVEC) LLIILRRRIRKQAHAHSK

M918 MVTVLFRRLRIRRACGPPRVRV (El-Andaloussi et al., 2007b)

Oligoarginin (R6) RRRRRR (Maiolo et al., 2005, Mueller
et al., 2008, Tunnemann et al.,

Oligoarginin (R10) RRRRRRRRRR 2008)

Oligoleucine (L6) LLLLLL Diese Arbeit

Oligolysin (K8) KKKKKKKK (Mitchell et al., 2000)

PDESTK PDESTK (Roth ez al., 1998)

TLM PLSSIFSRIGDP (Manceur et al., 2007)

TP10 AGYLLGKINLKALAALAKKIL (El-Andaloussi et al., 2007a)

Transportan GWTLNSAGYLLGKINLKALAALAKKIL | (Lindgren et al., 2000)

VTS DPKGDPKGVTVTVTVTVTGKGDPKPD | (Ochlke ef al., 1997)

(RXR),XB RXRRXRRXRRXRXB (Abes et al., 2008)

Die Toxizitdt der CPPs wurde mit Hilfe einer CPP-scPNA-Kontrolle bestimmt (Abbildung 7).
HIV-1 TAT-anti-gyr4A scPNA fiihrte zu einer signifikanten Keimzahlreduktion nach
Inkubation mit 5 und 10 uM scPNA. K8-anti-gyr4 scPNA and (RXR)4XB-anti-gyr4 scPNA

zeigten erst bei einer Konzentration von 10 pM einen bakteriziden Effekt.

Die minimale Hemmkonzentration (MHK) der CPP- anti-gyr4 PNA Konstrukte wurde
im Bouillon Mikrodilutionsverfahren bestimmt. Die MHK der HIV-1 TAT- und K8-anti-gyr4
PNAs betrug 15,6 uM. (RXR)4XB-anti-gyr4 PNA war weniger effizient bei einer MHK von
62,5 uM. Alle korrespondierenden scPNA Kontrollen zeigten eine niedrigere antimikrobielle

Aktivitit (MHK 62,5 bzw. 125 uM) (Barkowsky, 2019).
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Im nidchsten Schritt wurde untersucht, ob die CPP-PNA Konjugate einen bakteriziden Effekt
auf S. pyogenes Stamme zeigen, die unterschiedliche M-Serotypen mit epidemiologischer
Relevanz reprasentieren. Dazu wurden sechs klinische Isolate jeweils mit 5 pM der CPP-PNA
Konstrukte inkubiert. Nach sechs Stunden wurden Proben genommen und die
Keimzahlreduktion analysiert. HIV-1 TAT-anti-gyr4 PNA zeigte eine KbE/ml Reduktion von
mindestens zwei Log;o-Stufen bei allen Stimmen mit Ausnahme von MGAS8232 (M18). K8-
anti-gyr4 PNA bewirkte eine signifikante Keimzahlreduktion bei allen Staimmen mit
Ausnahme von APl (M1). Im Gegensatz dazu bewirkte (RXR)4XB-anti-gyr4 PNA eine
Reduktion der KbE/ml von mindestens zwei Log;o-Stufen bei allen Stimmen, die in diesem

Experiment untersucht wurden (Barkowsky, 2019).

Um zu iberprifen, ob die Antisense-Konstrukte einen Einfluss auf die
Transkriptmenge des Zielgens gyrA hatten, wurde S. pyogenes M49 Stamm 591 mit einer
subletalen Dosis (2 uM) CPP-anti-gyr4 PNA behandelt. Im Anschluss wurde Gesamt-RNA
aus den Bakterien isoliert. Die gyr4 mRNA wurde mit Hilfe von RT-qPCR relativ
quantifiziert. Im Vergleich zur unbehandelten Kontrolle war das gyrdA Transkript nach
Behandlung mit CPP-anti-gyr4 PNAs signifikant reduziert. Die Behandlung mit HIV-1 TAT-
anti-gyrA PNA, (RXR)4XB-anti-gyr4 PNA und K8-anti-gyr4 PNA fiihrte zu einer gyr4
mRNA Reduktion auf 70 %, 60 % bzw. 56 % (Barkowsky, 2019).

Die antimikrobielle Wirkung der CPP-anti-gyrA PNAs sollte in vivo evaluiert werden.
In dieser Arbeit wurde ein Galleria mellonella Infektionsmodell eingesetzt. Die Larven der
grolen Wachsmotte eignen sich als Modell zur Untersuchung von bakteriellen Infektionen
und werden seit einigen Jahren fiir Arbeiten mit S. pyogenes eingesetzt (Tsai et al., 2016).
Invertebratenmodelle haben einige Vorteile gegeniiber Sdugetiermodellen, z. B. geringe
ethische Bedenken und kostengiinstige Anschaffung und Haltung der Tiere, die einen hohen
Durchsatz begiinstigen. G. mellonella kann bei 37 °C kultiviert werden, so dass die
Experimente mit humanpathogenen Erregern bei Wirtstemperatur durchgefiihrt werden
konnen. Den Insekten fehlt ein adaptives Immunsystem, die Komponenten des angeborenen
Immunsystems sind jedoch vorhanden (Pereira ef al., 2018). Daher wird man langfristig nicht
auf Sédugetier Infektionsmodelle verzichten konnen, initiale Screening Experimente kdnnen

jedoch in der Larve durchgefiihrt werden.

Die Larven wurden mit S. pyogenes M49 Stamm 591 infiziert und anschliefend mit

4 nmol CPP-PNAs behandelt. Die Tiere wurden {iber einen Zeitraum von sieben Tagen

25



ERGEBNISSE UND DISKUSSION

beobachtet. Das Uberleben der CPP-PNA behandelten Larven wurde mit dem von
Kontrolltieren verglichen, die eine 0.9 % Kochsalzlosung erhalten hatten. Die Larven, denen
HIV-1 TAT-anti-gyr4A PNA, K8-anti-gyr4A PNA oder (RXR)4XB-anti-gyr4 PNA injiziert
worden war, zeigten signifikant erhohte Uberlebensraten im Vergleich zur Kontrolle.
Ant-anti-gyr4 PNA, mVE-cadherin-anti-gyr4 PNA und ELA-anti-gyrA PNA, die in vitro
keinen antimikrobiellen Effekt zeigten, beeinflussten die Uberlebensrate der infizierten

Larven hingegen nicht.

Die Kombination von Antisense-Pridparaten mit konventionellen Antibiotika ist ein
denkbarer Therapieansatz. Diese Strategie konnte die Antibiotikakonzentration senken, die
fiir eine effiziente Behandlung benétigt wird. Daher sollte in dieser Arbeit untersucht werden,
ob die Behandlung mit HIV-1 TAT-anti-gyrA PNA, die antibakterielle Effizienz von
Antibiotika in vivo erhéhen kann. Zunichst wurden die Larven mit 1 pg Levofloxacin
behandelt, das die bakterielle Gyrase hemmt. Die Uberlebensrate der behandelten Larven
erhohte sich von 20 % auf 46 %. Nach einer Behandlung mit 1 pg Levofloxacin in
Kombination mit 4 nmol HIV-1 TAT-anti-gyr4 PNA {iberlebten 63 % der Larven. Fiir eine

vergleichbare Uberlebensrate mit Levofloxacin allein wurde eine Dosis von 15 pg benétigt.

In dieser Arbeit sollten CPPs identifiziert werden, die den Import von Antisense-PNAs
in S. pyogenes unterstiitzen. Dazu wurden 18 CPPs untersucht, die unterschiedlichen Klassen
angehoren. Drei CPPs konnten identifiziert werden, die die Aufnahme in §. pyogenes
vermittelten: die kationischen CPPs K8 and HIV1 TAT und das Arginin-reiche,
amphipathische Peptid (RXR)4XB. Grundsitzlich unterstiitzen basische Reste die Aufnahme
der CPPs in die Zelle, da die positive Ladung eine Interaktion mit der negativ geladenen
Oberflache ermdglicht. Es wurde in vorangegangenen Studien gezeigt, dass Arginin effektiver
wirkt als Lysin, so dass CPPs besser importiert werden, wenn Lysin Reste durch Arginin
ersetzt werden (Mitchell et al., 2000, Wender ef al., 2000). Im Gegensatz zu K8 konjugierten
anti-gyrA  PNA  zeigten Oligoarginin-gekoppelte  Antisense-PNAs  jedoch  keine
antimikrobielle Wirkung auf S. pyogenes. In eukaryotischen Zellen wurde gezeigt, dass die
Insertion von 6-Aminohexansédure (X) oder B-Alanin (B) in Oligoarginin die Aufnahme in die
Zelle verminderte, wobei es die Aufnahme in den Kern verbesserte (Wu et al., 2007). In S.
pyogenes konnte hingegen (RXR)4XB, im Gegensatz zu RS, die PNA Aufnahme vermitteln.
Diese Beispiele unterstiitzen die Annahme, dass CPPs Organismen-spezifisch in die Zelle

transportiert werden, da sich die Oberflichenbeschaffenheit der Zielzellen unterscheidet.
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4. Zusammenfassung und Ausblick

Streptococcus pyogenes ist ein strikt humanpathogenes Bakterium, das weltweit eine hohe
Belastung der menschlichen Gesundheit und der Gesundheitssysteme darstellt. Bisher steht
kein Impfstoff zur Verfiigung. Hohe Erkrankungsraten bei teilweise schweren Verldufen oder
das Auftreten von Folgeerkrankungen sind eine gro3e Herausforderung. Das Verstidndnis der
Pathogenese und die Entwicklung innovativer Therapiestrategien sind daher erstrebenswert.

In dieser Arbeit lag der Fokus auf der Antisense-Regulation der Genexpression.

Diese spielt bei der Kontrolle lebenswichtiger bakterieller Prozesse eine Rolle, bei
pathogenen Organismen jedoch auch bei der Regulation von Virulenz-relevanten Genen.
Kleine regulatorische RNAs (sSRNAs) wirken héufig liber eine Antisense-Interaktion. In dieser
Arbeit konnten zunichst durch Expressionsanalysen und bioinformatische Vorhersagen
potentielle SRNAs identifiziert werden. Dabei wurden in den Expressionsanalysen 37 trans-

regulatorische und 18 cis-regulatorische SRNAs detektiert.

Bei sRNAs, die in trans wirken, bindet die SRNA in der Regel an die mRNA ihrer
Targetgene. In dieser Arbeit wurde gezeigt, dass die SRNA MarS in der Lage ist, an das 5°-
Ende des mga Transkripts zu binden. Bei Mga handelt es sich um einen zentralen
Transkriptionsaktivator in S. pyogenes. In Abwesenheit von MarS war die Expression von
mga und mga-kontrollierten Virulenzfaktorgenen reduziert. Es konnte unter anderem ein
Einfluss von MarS auf die Kapselsynthese, das Uberleben im Blut und auf die Dissemination

der Bakterien im murinen Infektionsmodell gezeigt werden.

In nachfolgenden Studien soll das MarS Regulon umfassend aufgeklart werden. Dazu
werden unter Zuhilfenahme von bioinformatischen Algorithmen weitere putative Zielgene
von MarS vorhergesagt. Unter Bedingungen, die die marS Expression im Wildtyp
unterstiitzen, wird eine Transkriptom-Analyse in marS Deletionsmutanten verschiedener
Serotypen durchgefiihrt, um differentiell exprimierte Gene zu identifizieren. Die Ergebnisse
der bioinformatischen Vorhersagen und der Transkriptom-Daten sollen verglichen und
experimentell validiert werden. Diese Arbeiten dienen sowohl der Serotyp-iibergreifenden
Analyse der S. pyogemnes Pathogenese als auch der Identifikation neuer potentieller

Therapieziele.

Der Mechanismus von cis-regulatorischen Riboswitches beruht auf einer

Konformationsdnderung der regulatorischen RNA nach Bindung eines Liganden, die die
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Expression der nachfolgenden Gene beeinflusst. Dabei erfolgt eine stabile Basenpaarung
zwischen intramolekularen RNA Strangen. Diese Studie konnte zeigen, dass eine Sequenz in
S. pyogenes, die Ahnlichkeiten zu bekannten Glyzin-Riboswitches aufweist, tatsichlich die
differenticlle Expression der stromabwairtsgelegenen Gene in Abhéngigkeit der Glyzin-

konzentration kontrolliert.

Mit dem in dieser Arbeit etablierten Reportergen-basierten Workflow zur
Untersuchung von Riboswitches in S. pyogenes konnen in Zukunft weitere cis-regulatorische
Elemente, deren Liganden bisher unbekannt sind, analysiert werden. Die Ergebnisse dieser
Studien kénnen zum einen molekularbiologische Tools fiir die induzierbare Genexpression
liefern als auch die therapeutische, gezielte Abschaltung essentieller Prozesse durch
Ligandenanaloga ermdglichen. Des Weiteren ist eine Charakterisierung der Ligandenbindung
und des molekularen Mechanismus des Glyzin-Riboswitches im Vergleich zu anderen

Bakterien interessant, um die Rolle der Aptamere genauer zu definieren.

Genexpressions-Kontrolle durch Antisense-Bindung kann auch therapeutisch genutzt
werden. In dieser Arbeit wurden Peptid Nukleinsduren (PNAs) als Antisense-Agens
eingesetzt. Um die Aufnahme in S. pyogenes zu ermdglichen, wurden die PNAs kovalent an
Carrierpeptide gekoppelt. Die PNA vermittelte Repression des essentiellen Gens gyrA4 filihrte
zu einer Wachstumshemmung von S. pyogenes. Im Galleria mellonella Infektionsmodell
erhohte die Antisense-PNA Behandlung die Uberlebensrate der Larven. Dabei konnte der

Effekt durch Kombinationsgabe mit Antibiotika verstirkt werden.

In zukiinftigen Arbeiten sollen weitere Carrier Molekiile gepriift werden, um die PNA
Aufnahme in S. pyogenes zu optimieren. Alternativ zu Peptiden konnen Molekiile eingesetzt
werden, die liber einen Transporter aufgenommen werden, wie beispielsweise Vitamin B12.
Effektive Carrier-PNA Konjugate, die im Insekten Infektionsmodell validiert worden sind,
sollen im nédchsten Schritt im murinen Infektionsmodell evaluiert werden. Eine wichtige
klinische Herausforderung stellen Antibiotikaresistenzen in pathogenen Bakterien dar. Um
dieser Problematik zu begegnen, sollen PNA Antisense-Konstrukte eingesetzt werden, die
spezifisch sind fiir Resistenzgene. Dieser Ansatz ist fiir mehrere Spezies neben S. pyogenes
geplant. Unter anderem sollen S. pneumoniae und verschiedene Arten der Gattung Klebsiella

mit entsprechenden Konstrukten behandelt werden.
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Streptococcus pyogenes is an exclusively human pathogen
causing a wide range of clinical manifestations from mild
superficial infections to severe, life-threatening, invasive dis-
eases. S. pyogenes is consistently susceptible toward peni-
cillin, but therapeutic failure of penicillin treatment has
been reported frequently. At the same time, streptococcal
resistance to alternative antibiotics, e.g., macrolides, is com-
mon. To reduce the application of antibiotics for treatment
of S. pyogenes infections, it is mandatory to develop novel
therapeutic strategies. Antisense peptide nucleic acids
(PNASs) are synthetic DNA derivatives widely applied for hy-
bridization-based microbial diagnostics. They have a high
potential as therapeutic agents, because PNA antisense tar-
geting of essential genes was shown to reduce growth of
several pathogenic bacterial species. Spontaneous cellular up-
take of PNAs is restricted in eukaryotes and in bacteria. To
overcome this problem, PNAs can be coupled to cell-pene-
trating peptides (CPPs) that support PNA translocation
over the cell membrane. In bacteria, the efficiency of
CPP-mediated PNA uptake is species specific. Previously,
HIV-1 transactivator of transcription (HIV-1 TAT) pep-
tide-coupled anti-gyrA PNA was shown to inhibit growth
of S. pyogenes. Here, we investigate the effect of 18 CPP-
coupled anti-gyrA PNAs on S. pyogenes growth and
virulence. HIV-1 TAT, oligolysine (K8), and (RXR).XB
peptide-coupled anti-gyrA PNAs efficiently abolished bacte-
rial growth in vitro. Consistently, treatment with these three
CPP-PNAs increased survival of larvae in a Galleria mello-
nella infection model.

INTRODUCTION

Streptococcus pyogenes (group A streptococcus [GAS]) is a
Gram-positive, exclusively human pathogen responsible for a
variety of diseases ranging from mild self-limiting superficial
infections of the throat or skin to life-threatening invasive diseases,
including bacteremia and necrotizing fasciitis. The global burden
of streptococcal infections is high, with 18 million invasive
infections per year and 500,000 deaths." The impact of GAS dis-
eases is especially high in resource-limited settings, and a rise of

global invasive disease burden caused by GAS has been reported
recently.” Untreated superficial infections often lead to the
development of severe invasive infections or autoimmune
sequelae.

To date, penicillin is the standard treatment of streptococcal phar-
yngitis, because GAS is invariably susceptible toward penicillin.
Macrolides are recommended as alternate antibiotics for the
treatment of S. pyogenes infections in patients who are allergic to
B-lactams or in cases of penicillin failure.* Resistance rates to mac-
rolides in the United States have remained relatively low.” In
contrast, a rise of macrolide resistance in S. pyogenes has been
observed in Europe, followed by a decrease in erythromycin resis-
tance in several European countries.® Today, a major goal of public
health is to limit the application and distribution of antibiotics.
One possible strategy is the application of antisense therapeutics
targeting essential genes or antibiotic-resistance genes. Desired fea-
tures of S. pyogenes-specific antimicrobials are a high specificity for
the target gene, effective uptake into the bacterial cell, low unspe-
cific toxicity, high stability, and—for the eradication of intracellular
bacteria—import into eukaryotic cells. Antisense peptide nucleic
acids (PNAs) potentially combine these properties and have been
tested as antimicrobial agents in many bacterial species. PNAs
are synthetic DNA derivatives, which bind sequence specific to
DNA and RNA and are able to form stable duplexes and triplexes.”
The nucleic acid sugar-phosphate backbone is replaced by a
pseudo-peptide backbone, resulting in a high chemical stability
and resistance to nucleases and proteases.”® Cellular uptake of
PNAs is limited by bacterial membranes and cell walls. Coupling
of PNAs to cell-penetrating peptides (CPPs) may facilitate PNA
translocation into bacteria and thereby enhance antimicrobial effi-
ciency. CPPs are naturally occurring or designed peptides that are
able to penetrate cell membranes and have been used for the
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Table 1. CPP-PNA Anti-gyrA Conjugates for Antisense Studies in S. pyogenes

CPP CPP Sequence CPP-PNA Designation Reference
i Ant-anti-gyrd PNA
Amenmp.edm homeodomain RQIKTWEFQNRRMEWKK P’
(Penctratin) Ant-anti-gyrA scPNA
ELA-anti-gyrA PNA .
ELA Dansyl-G-C-ELALE LALEALEAALELA -
ELA-anti-gyrd scPNA
TAT-anti-gyrd PNA .
HIV-1 TAT (48-57) GREKRRQRRRYK ’
TAT-anti-gyrA scPNA
hCalcitonin-anti-gyrdA PNA .
Human calcitonin LGTYQDFNKFHTFPQTAIGVGAP -
hCalcitonin-anti-gyrA scPNA
(KFE);K-anti-gyrd PNA j
{KFF);K KFFKFFKFFK "
(KFF);K-anti-gyrA scPNA
MAP-anti-gyrA PNA
MAP KLALKLALKALKAALKLA -
MAP-anti-gyrA scPNA
mVE-cadherin-anti-gyr4 PNA —
mVE-cadherin {(pVEC) LLIILRRRIRKGAHAHSK -
mVE-cadherin-anti-gyrd scPNA
MO918-anti-gyrd PNA
M918 MVTVLFRRLRIRRACGPPRVRY
M918-anti-gyrd scPNA
Ré-anti-gyrd PNA
Oligoarginin (R6) RRRRRR
Ré-anti-gyra scPNA 212425
R10-anti-gyrd PNA
Oligoarginin (R10) RRRRRRRRRR
R10-anti-gyrA scPNA
L6-anti-gyrd PNA
Oligoleucine (L6) LLLLLL this work
Lé-anti-gyra scPNA
K8-anti-gyr4 PNA .
Oligolysin (K8) KKKKKKKK -
K8-anti-gyrd scPNA
PDESTK-anti-gyr4 PNA B
PDESTK PDESTK =
PDESTK-anti-gyrA scPNA
TLM-anti-gyrd PNA .
TLM PLSSIFSRIGDP "
TLM-anti-gyr4 scPNA
TP10-anti-gyrA PNA
TP1G AGYLLGKINLEALAALAKKIL b
TP10-anti-gyrA scPNA
Transportan-anti-gyrd PNA N
Transportan GWTLNSAGYLLGKINLKALAALAKKIL n
Transportan-anti-gyrd scPNA
VT5-anti-gyrA PNA )
VTs DPKGDPKGVTVIVIVIVIGKGDPKPD :
VT5-anti-gyrA scPNA
{RXR) XB-anti-gyrA PNA -
{RXR),XB RXRRXRRXRRXRXB -

{RXR),XB-anti-gyrA scPNA

introduction of different kinds of cargo into eukaryotic cells and
bacteria,”'” Typical examples of CPPs used in bacteria are the syn-
thetic (KFF);K and the HIV-1 transactivator of transcription
(HIV-1 TAT)-derived peptides. (KFF);K facilitated uptake of
PNAs, among others, in Escherichia coli and Staphylococcus

HHT’EHS.L'L_

HIV-1 TAT was able to penetrate Listeria monocyto-
genes, S, aureus, and S. epidermidis.'>'* We observed previously

that HIV-1 TAT-coupled anti-gyrA PNAs were able to inhibit

growth in S. pyogenes.”” In this study, we tested anti-gyrA PNAs
coupled to 18 different CPPs. We selected CPPs, which have
been tested before as carrier molecules in eukaryotic cells and
were known to exhibit low toxicity (Table 1). We found that
HIV-1 TAT, oligolysine (K8), and (RXR),XB-coupled anti-gyrA
PNAs efficiently abolished growth of S. pyogenes in vitro. In a
Galleria mellonella infection model, treatment of infected larvae
with these CPP-PNAs increased survival.
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Figure 1. Reduction of the Bacterial Count following Treatment of

8. pyogenes 591 (M49) with 10 uM CPP-Anti-gyrA PNAs for 6 h

PNA conjugates are indicated by the name of the respective CPP. Data are pre-
sented as mean values and SD. The experiment was performed twice.

RESULTS

Design of CPP-Coupled Anti-gyrA PNAs Specific for S. pyogenes
In a previous study, we observed antimicrobial effects of peptide-
coupled anti-gyrA antisense PNAs specific for $. pyogenes.”” Growth
inhibition by this construct was caused by antisense targeting of the
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essential gene gyrA. Its gene product represents the subunit A of
the DNA topoisomerase gyrase, which is involved in replication
and is thus required for bacterial growth. Since carrier molecules
show a species-specific influence on cargo uptake, we wanted to
explore the effect of a variety of CPPs coupled to anti-gyrA antisense
PNAs on . pyogenes (Table 1). Peptides were coupled to PNAs via a
flexible ethyleneglycol linker {8-amino-3, 6-dioxaoctanoic acid). The
sequence of anti-gyrA antisense PN As was tgcatttaag-NH,, covering
gyA —5 to 5. The sequence of the corresponding control PNAs
(scrambled PNAs [scPNAs|) was attagactgt-NH,. scPNAs were
composed of the same base pairs as the antisense PNAs in a random-
ized order.

Antimicrobial Effect of CPP-Coupled Anti-gyrA PNAs on

S. pyogenes

To determine the impact of different CPPs on the efficacy of anti-
sense PNAs targeting S. pyogenes, a prescreening approach was per-
formed. S. pyogenes M49 strain 591 was incubated for 6 h with

- H,0 Figure 2. Co ion-Dep 1t Reduction of
. the Bacterial Counts following Treatment of
- K8sc

S. pyogenes 591 (M49) with CPP-Anti-gyrA PNAs
for6 h

PNA conjugates are indicated by the name of the
respective CPP: TAT (A}, K8 (B), (RXR4XB (C), Ant (D}
mVE-cadherin (E}, and ELA (F). Scrambled PNA controls
are indicated by sc. Data are presented as mean values
and SD. Statistical significance was determined using the
Kruskal-Wallis test. Differences between PNA caonjugate
samples and the mock control (H-0}) were expressed as
‘p < 0,08 “p < 0.01; *'p < 0.001; **p < 0.0001.
Sample size: n =5 {A-C): n =3 (D-F).

4 5 10

- H,0
Art
= Artsc

4 5 10

PNA concentration (uM)

4 5 10
PNA concentration (uM)
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Table 2. MIC of CPP-PNA Anti-gyrA Conjugates

CPP-PNA MIC (uM)
K8-anti-gyrA PNA 156
K8-anti-gyrA scPNA 625
TAT-anti-gyrA PNA 15.6
TAT-anti-gyrA scPNA 625
(RXR),XB-anti-gyrA PNA 62.5
(RXR),XB-anti-gyrA scPNA 125

10 pM CPP-anti-gyrA PNA conjugates. Reduction of bacterial
counts caused by different CPP-coupled antisense PNAs compared
with an untreated control was determined. From 18 CPP-antisense
PNA conjugates, three showed an antimicrobial effect in this assay:
TAT-anti-gyrA PNA, K8-anti-gyrA PNA, and (RXR) XB-anti-gyrd
PNA (Figure 1). Similar results were obtained with 8. pyogenes
M1 strain AP1, with the exception of K8-anti-gyrA PNAs, which
did not show any antimicrobial effect in AP1 (data not shown;
Figure 3B).

Six CPP-anti-gyrA PNA conjugates were selected for further analyses:
three constructs that showed antimicrobial activity in the pilot
experiment and three constructs that did not show any effect.
Concentration-dependent bactericidal activity was investigated by
treatment of S. pyogenes in a CPP-anti-gyrA PNA conjugate concentra-
tion range from 1 to 10 uM (Figure 2). Reduction of bacterial counts was
observed following incubation of S. pyogenes with TAT-anti-gyrA PNA
(Figure 2A), K8-anti-gyrA PNA (Figure 2B), and (RXR),XB-anti-gyrA
PNA (Figure 2C), respectively. Colony-forming units (CFU) per milli-
liter in treated samples were significantly reduced compared with the
untreated control sample in a concentration range from 4 to 10 uM
PNA. TAT-anti-gyrA scPNA caused a significant reduction of CFU
per milliliter following treatment with 5 and 10 pM scPNA, hinting to-
ward a toxic effect of TAT CPP at higher concentrations (Figure 2A).
K8-anti-gyrA scPNA and (RXR)XB-anti-gyrA scPNA showed a
significant reduction of bacterial counts following treatment with
10 uM scPNA (Figures 2B and 2C). In contrast, no reduction of
CFU per milliliter was observed following incubation with an
Antennapedia homeodomain-derived CPP (Ant)-anti-gyrA PNA,
ELA-anti-gyrA PNA, mVE—cadherin—anti—yrA PNA, and the corre-
sponding scrambled control CPP-PNAs (Figures 2D-2F).

Minimum Inhibitory Concentration

We determined the minimum inhibitory concentration (MIC) of the
CPP-antisense PN As that showed antimicrobial activity in the kill
assay (Table 2). K8-anti-gyrA PNA and TAT-anti-gyrA PNA showed
the lowest MIC at 15.6 pM. (RXR),XB-anti-gyrA PNA was less effec-
tive with a MIC of 62.5 pM. All scPNA controls showed a lower anti-
microbial activity than the corresponding antisense constructs.

Bactericidal Kinetics of CPP-Coupled Anti-gyrA PNAs
To monitor reduction of bacterial counts over the course of the
experiment, S. pyogenes was treated with 5 pM CPP-antisense

>

CFU/mI

108
107 & untreated
106 - K8
10% TAT
104 (RXR),XB
10%
102
107
100+ T T T r T T d
(1] 2 4 6 8 10 12 14

time (h)
B
. - untreated
107 untreate
106 -+ K8sc
E 108 TAT sc
£
2 10: (RXR),XB sc
o 10
102
10!
10°4 T - T - T r +
0 2 4 6 8 10 12 14
time (h)

Figure 3. Killing Kinetics of CPP-Anti-gyrA PNA Treatment

(A} Bacterial counts following treatment of S. pyogenes 591 (M489} with CPP-anti-
gyrA PNAs, (B} Bacterial counts following treatment of S. pyogenes 591 (M49) with
CPP-anti-gyrA scPNAs. PNA conjugates are indicated by the name of the
respective CPP. Scrambled PNA controls are indicated by sc. Data are presented
as mean values and SD. Sample size: n = 3

PNAs (Figure 3A) or scrambled control PNAs (Figure 3B). Samples
were taken at time points 2, 4, 6, and 12 h following antisense
treatment. CFUs per milliliter were determined by plating of serial
dilutions. During the course of the experiment, no complete
clearance was achieved.

Susceptibility of Different S. pyogenes Isolates to CPP-Anti-gyrA
PNAs

We determined the antimicrobial effect of CPP-PNA conjugates on
different §. pyogenes isolates representing distinct M serotypes of
epidemiological relevance. Bacterial strains were treated with 5 pM
CPP-PNA constructs.

Samples were collected after 6 h, and bacterial counts were
analyzed (Figure 4). TAT-anti-gyrA PNA exhibited antimicrobial
activity against all strains except MGAS8232 (MI18). K8-
anti-ggrA PNA  was effective toward all strains with the
exception of AP1 (M1). In contrast, (RXR),XB-anti-gyrA PNA
was able to reduce bacterial counts of all strains tested in this
experiment.

Hyaluronic Acid Content in Different S. pyogenes Isolates

To determine whether differential capsule production was correlated
to sensitivity toward CPP-PNA conjugates, hyaluronic acid (HA) was
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extracted from S. pyogenes strains. HA content of MGAS8232 (M18)
was significantly higher than in all other isolates tested (Figure 5).
Since TAT-anti-gyrA PNAs were not effective in MGAS8232 (M18)
(Figure 4A), this result indicates that HA represents a barrier for
TAT-antisense PNAs but neither for K8-antisense PNAs nor for
(RXR),XB-antisense PNAs.

CPP-Anti-gyrA PNAs Affect the Abundance of Target Gene
Transcripts in 8. pyogenes

The influence of 5. pyogenes treatment with CPP-anti-gyrA PNAs on
the amount of gyrA mRNA was investigated by reverse transcription,
followed by quantitative real-time PCR (Figure 6). Bacteria were
treated with a sublethal dose of CPP-PNA conjugates.

Following incubation, total RNA was extracted, and qRT-PCR
was performed. Transcript abundance of the 55 RNA gene
was used for normalization. The gyrA mRNA level in mock-
treated S. pyogenes samples served as control. Treatment
with 2 uM TAT-anti-gyrA PNA, K8-anti-gyrA PNA, and

448  Molecular Therapy: Nucleic Acids Vol. 18 December 2019
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5448 (M1T1) Figure 4. Susceptibility of Different S. pyogenes

AP1 (M1) Isolates to CPP-Anti-gyrA PNA Treatment

8003 (M3) Reduction of the bacterial count following treatment of

HRO-K-035 (M4) different S. pyogenas strains with 5 pM CPP-anti-gyrA PNAs.

MGAS8232 (M18) PNA conjugates are indicated by the name of the respective

591 (M48) CPP. Scrambled PNA controls are indicated by sc. (A}
TAT-anti-gyrA PNA and TAT-anti-gyrA scPNA. (B} K8-anti-
gyrA PNA and K8-anti-gyrA scPNA, (C) (RXR)XB-anti-gyrA
PNA and (RXR);XB-anti-gyrA scPNA. Data are presented as
mean values and 8D. Statistical significance was determined
using the Kruskal-Wallis test. Differences between PNA
conjugate samples and the corresponding mock control
(H-0} were expressed as *p < 0.05; *p < 0.01. Sample size:

5448 (M1T1) n=>5

AP1(M1)

8003 (M3)

HRO-K-035 (M4)

MeAsa232 (M18)  (RXR) XB-anti-gyrA PNA led to a significant

501 (M48) reduction of gyrA transcript compared with the
untreated control sample (Figure 6). The gyrA
mRNA level decreased to 70%, 60%, and 56%,
respectively, of the amount detected in the
mock-treated bacteria.
Evaluation of CPP-A PNA C

5448 (M1T1) in a G. mellonelia Infection Model

AP1(M1) Antimicrobial efficiency of CPP-antisense PNA

8003 (M3) conjugates was evaluated in vivo, using a

HRO-4¢035 (M4) G. mellonella infection model. Larvae were infected

MGASB232 (M18) ' i )

591 (W49) with S, pyogenes strain 591 (M49) and treated with
4 nmol CPP-PNAs. Survival of larvae was observed
over 7 days. We compared survival of larvae treated
with CPP-anti-gyrA PNAs with mock-treated
larvae. Larvae treated with TAT-anti-gyrA PNA,
K8-anti-gyrA PNA, or (RXR),XB-anti-gyrA PNA
showed increased survival compared with mock-
treated larvae (Figures 7A-7C). Ant-, mVE-

cadherin-, and ELA-anti-gyrA PNAs that did not show

antimicrobial effects in vitro did not affect survival of infected larvae
(Figures 7D-7F).

One promising therapeutic strategy is a combination of antisense
agents with conventional antibiotics to reduce the concentration
needed for efficient antibiotics treatment.

Previously, we observed that a combination of TAT-anti-gyrA
PNA with antibiotics targeting gyrase subunits resulted in syner-
gistic or additive antimicrobial effects on S. pyogenes in vitro."”
To test whether TAT-anti-gyrA PNA treatment could enhance
antibiotics  efficiency in  wvivo, we first treated infected
G. mellonella larvae with 1 pg levofloxacin, which increased
survival of infected larvae from 20% to 46% (Figure 8A). In com-
bination with 4 nmol TAT-anti-gyrA PNA, survival was increased
to 63% (Figure 8B). A comparable survival of infected larvae was
achieved by application of 15 pg levofloxacin (Figure 8A). Combi-
nation of PNA and levofloxacin also increased survival of the
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Figure 5. Hyaluronic Acid Content of Different S. pyogenes Serotypes
Statistical significance was determined using one-way ANOVA/Tukey's multiple
comparisons test. Data are presented as mean values and SD. Differences
between S. pyogenes serotypes and S. pyogenes MGAS8232 were expressed as
****p < 0.0001. Sample size: n=5.

infected larvae compared with TAT-anti-gyrA PNA treatment
alone (33%) (Figure 8B).

DISCUSSION

PNAs are nucleic acid derivatives with a variety of properties
rendering them suitable as antisense molecules, including chemical
and thermal stability, strong binding to DNA and RNA, reasonable
snlubility‘ a lack of immunogenicity, and low intracellular toxicity.ﬂ

However, poor delivery into target cells hampers application of
PNAs as antisense therapeutics. In bacteria, the cell membrane, the
bacterial cell wall, and extracellular surface structures, such as the
lipopolysaccharide layer or the capsule, represent barriers limiting
cellular uptake of PNAs. Treatment of intracellular pathogens poses
an additional challenge, because PNAs have to be delivered into
the host cell, escape the endosomal pathway, and finally penetrate
the bacteria. One possible strategy to improve cellular uptake is
PNA coupling to CPPs. The efficiency of a given CPP to enhance
delivery is species specific. In Gram-negative bacteria, among others,
(KFF);K and HIV-1-TAT have been identified as useful carriers.”*"”
Growth of intracellular Salmonella enterica Serovar Typhimurium
could be inhibited by (RXR).XB-conjugated antisense peptide-
phosphorodiamidate morpholino oligomers.” In Gram-positive
bacteria, (KFF);K was efficient in S aureus.” Intracellular
L. monocytogenes could be targeted with HIV-1-TAT- and
(RXR),XB-conjugated PNAs."* In our previous study, we found
that HIV-1-TAT-coupled anti-gyrA PNAs showed antimicrobial
activity in 8. pyogenes.”

The aim of this study was to compare the efficiency of potential
carrier molecules delivering antisense PNAs in S. pyogenes. We
tested 18 CPPs belonging to different classes. Three CPPs were
shown to support uptake of anti-gyrA PNAs: the cationic CPPs

1.2
5
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Figure 6. Relative Expression of gyrA following Treatment with CPP-
Antisense PNAs

Reduction of the transcript level was observed following treatment of S. pyogenes
strains with 2 pM CPP-anti-gyrA PNAs. PNA conjugates are indicated by the name
of the respective CPP. Data are presented as mean values and 3SD. Statistical
significance was determined using the Mann-Whitney U-test. Differences between
PNA conjugate samples and the untreated control were expressed as *p < 0.05.
Sample size: n =3,

K8 and HIV-1-TAT and the arginine-rich, amphipathic peptide
(RXR),XB. In general, basic residues support internalization of
CPPs into cells, because their positive charge initiates interaction
with the negatively charged surface. Specifically, it has been shown
that arginine residues were more effective than lysines and that the
replacement of lysine residues with arginine improved cellular up-
take.”*"” Here, we show that oligoarginine-coupled antisense PNAs
were not able to inhibit S. pyogenes growth, whereas K8-conjugated
anti-gyrA PNA showed an antimicrobial effect. In eukaryotic cells,
insertion of G-aminohexanoic acid (X) or B-alanine (B) residues
into oligoarginine R8 decreased the cellular uptake but increased
the splice-correction activity of the resulting compound.™ We
observed that in contrast to R8, which did not function as a carrier
in S. pyogenes, (RXR),XB was able to mediate uptake of antisense
PNAs. Penetratin (Ant) did not support antisense PNA uptake into
S. pyogenes. This result is in accordance with an observation in
L. monocytogenes. PNA uptake into L. monocytogenes was medi-
ated by HIV-1-TAT and (RXR),XB but not by Ant."* PDSTK, a
peptide derived from a PEST-like sequence from yeast, was able
to support PNA antisense effects in §. aureus.'” We did not detect
antimicrobial activity of PDSTK-conjugated antisense PNA in

S. pyogenes.

We further analyzed the bactericidal effect of TAT-, K8-, and
(RXR),XB-anti-gyrA PNAs. All three CPP-anti-gyrA PNAs
showed a dose-dependent antimicrobial effect in kill assays. Incu-
bation of S. pyogenes with up to 5 pM K8- and (RXR),XB-conju-
gated scPNAs did not lead to the reduction of bacterial counts. In
contrast, TAT-anti-gyrA scPNA showed a sequence-independent
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Figure 7. Survival of Galleria mellonella Larvae Treated with 4 nmol CPP-PNAs following Infection with S. pyogenes
PNA conjugates are indicated by the name of the respective CPP: TAT (A), K8 (B}, (RXR),XB (C}, Ant (D), mVE-cadherin {E), and ELA {F). Scrambled PNA controls are indicated
by sc. Statistical significance was determined using the log-rank test. Differences between curves were expressed as *p < 0.05; **'p < 0.0001. Sample size: n = 60 larvae

per group (A-C); n = 20 larvae per group (D-F).

antimicrobial effect in this assay, indicating a toxic influence of
the TAT peptide on S. pyogenes under these conditions. In a
previous study, we tested the effect of the TAT peptide alone on
S. pyogenes and did not observe any antibacterial activity up
to 20 uM."’ Six hours following treatment with 5 uM or 10 uM
TAT-, K8-, and (RXR)q)(B—anti—gyrA PNAs, a log CFU reduction
of three or four, respectively, was observed, but no clearance
was achieved. In contrast, L. monocytogenes could be cleared
after 20 min incubation with 8 uM TAT- and (RXR),XB-
antisense PNAs specific for the gene of RNA polymerase a subunit
(rpoA)AH

MIC determination revealed that TAT-anti-gyrA PNA and K8-
anti-gyrA PNA were effective at the same MIC of 15.6 uM, whereas
the respective scrambled controls showed a MIC of 62.5 pM. Here,
no toxic effect of the TAT peptide was observed. The MICs of
(RXR),XB-anti-gyrA PNA and its corresponding scrambled control
were 625 uM and 125 pM, respectively. Compared with
L. monocytogenes, these MIC values are rather high. TAT- and

450  Molecular Therapy: Nucleic Acids Vol. 18 December 2019

(RXR)4XB-anti-rpoA PNAs exhibited a MIC of 1-4 M, depending
on the L. monocytogenes isolate tested.'

To assess whether the bactericidal effect of the CPP-antisense PNAs
is sufficient for treatment of a §. pyogenes infection in vivo, a
G. mellonella infection model was used.”” TAT-, K8, and
(RXR},XB-anti-gyrA  PNAs infected
G. mellonella larvae. In contrast, treatment of infected larvae with
Ant-, mVE-cadherin-, and ELA-anti-gyrA PNAs, which did not
show bactericidal activity in vitro, did not affect survival. A combina-
tion of anti-gyrA PNAs with antibiotics targeting gyrase subunit A
was shown to result in synergistic or additive antimicrobial effects
on §. aureus and 8. pyogenes in vitro.">*" Here, we demonstrate

increased  survival of

that combination therapy of infected larvae with TAT-anti-gyrA
PNAs and levofloxacin led to increased survival rates compared
with each treatment alone, supporting the idea that a combination
of antisense PNAs with conventional antibiotics is a potent strategy
to decrease the concentration of antibiotics during treatment of
8. pyogenes infections.
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= 591 (M49) + NaCl/ 3% DMSO

Figure 8. Survival of Galleria mellonella Larvae
Treated with Levofloxacin Alone or in Combination
with TAT-Anti-gyrA PNA following Infection with

S. pyogenes

(A Levo, levofloxacin. (B} TAT, 4 nmol TAT-anti-gyrA PNA.
Scrambled PNA controls are indicated by sc. Statistical
significance was determined using the log-rank test.
Differences between curves were expressed as *p < 0.05;
“p < 0.001; **'p < 0.0001. Sample size: n = 30 larvae
per group.

anti-gyrA PNA on larvae survival in the
G. mellonella  infection model was lower
compared with the other conjugates. Overall,
our results underline the importance of suit-
able vectors for PNA delivery to achieve
optimal antimicrobial function and identified
efficient CPPs for testing of additional
S. pyogenes \arget genes.

MATERIALS AND METHODS
PNA Synthesis
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] 2 4 6 8
days

‘We were surprised that from 18 CPP-PNA conjugates tested in this
study, only three showed an efficient antimicrobial effect. For future
experiments, different types of carriers should be investigated. One
possible alternative to peptide carriers is vitamin B12, which has
been successfully used in E. coli and Salmonella Typhimurium.*'
The authors showed that vitamin B12 worked more efficiently in
E. coli than (KFF);K, which is widely used in this organism.

Furthermore, we will aim at the identification of additional antisense
target genes specific for S. pyogenes. Beside other essential genes, anti-
sense targeting of virulence factor genes is a promising strategy. For
instance, antisense PNAs directed against ska, the gene coding for strep-
tokinase, could potentially diminish S. pyogenes virulence. Streptoki-
nase is involved in the lysis of fibrin clots and thereby supports bacterial
spreading. It has been shown that a small compound inhibiting ska
expression was able to improve survival in a murine infection model.**

In this study, we were able to confirm that gyrA is a suitable
target for PNA-mediated antisense inhibition of gene expression
in §. pyogenes. We found that TAT-, K8-, and (RXR),XB-anti-
gyrA PNAs showed antibacterial activity in vitro and in vive with
comparable characteristics. TAT-conjugated scPNAs showed
in vitro an unspecific effect, prnhably caused by TAT toxicity,
which was not apparent in vivo. K8-coupled anti-gyrA PNA
showed high antimicrobial efficiency in vitro and was effective
on all S pyogenes serotypes tested except AP1. In contrast,
(RXR)4XB-coupled anti-gyrA PNA showed high bactericidal effi-
ciency in the kill assay but exhibited higher MICs than TAT and
K8-PNA conjugates. Additionally, the effect of (RXR),XB-coupled

CPP-PNAs were synthesized and purified

by high-performance liquid chromatography
(HPLC) (Peps4LS, Heidelberg, Germany). Sequences of all CPP-
PNAs used in this work are listed in Table 1.

Bacterial Strains and Culture Conditions

S. pyogenes strains were cultured in Todd-Hewitt broth, supplemented
with 0.5% yeast extract (THY; Oxoid, Thermo Fisher Scientific, Darm-
stadt, Germany), at 37°C under a 5% CO,/20% O, atmosphere. All
strains used in this study are listed in Table 3.

Bacterial Kill Assay

Overnight cultures of the respective S. pyogenes strain were diluted
in PBS/brain heart infusion (BHI) (7/2) to approximately 2 x 10°
CFU/mL. 450 pl bacterial suspension, containing ~10° CFU, was
transferred to a 2-mL reaction tube. 50 ul. PNA was added to a final
PNA concentration of 1-10 uM or as indicated. 50 pL H,O served as
mock control. The reaction tubes were incubated for 6 h at 37°C and
7 rpm (Rotor SB3; Stuart, Staffordshire, UK). Viable cell counts were
determined by plating appropriate dilutions on THY agar plates.
CFUs were determined by visual inspection following overnight incu-
bation at 37°C under a 5% CO,/20% O, atmosphere. At time point 0,
the viable cell count corresponded to 1-3 x 10° CFU/mL. The initial
CPP screen has been performed in two biological replicates. Each sub-
sequent experiment has been performed in at least three independent
biological replicates, as indicated in the figure legends.

Extraction of Total RNA

For RNA isolation, 450 pL bacterial suspension (10° CFU/mL in
THY) was prepared for each experimental condition, treated
with 2 pM CPP-PNA conjugates, and incubated in a 2-mL
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Table 3. S. pyogenes Strains

Strain M Type Isolation Reference

5448 MIT1 STSS Dr. Nikolai Siemens, Karolinska Institut, Lund, Sweden

AP1 M1 sepsis Centre for Reference and Research on Streptococei, Prague, Czech Republic
M3 8003 M3 necrotizing fasciitis Dr. Nikolai Siemens, Karolinska Institut, Lund, Sweden

HRO-K-035 M4 throat infection clinical isolate, University Medicine Rostock, Germany

MGAS8232 Mi1g ARF B

591 M45 skin R Liitticken, Aachen, Germany

ARF, acute rheumatic fever; STSS, streptococcal togic-shock syndrome.

reaction tube for 6 h at 37°C and 7 rpm (Rotor SB3; Stuart, Staf-
fordshire, UK). Subsequently, five samples per condition were
pooled. Bacteria were pelleted immediately, shock frozen in liquid
nitrogen, and stored at —80°C until use. Bacterial cells were
disrupted in a homogenizer (Peglab Biotechnologie, Erlangen,
Germany). Total RNA was extracted, according to the protocol,
supplied with the Direct-zol RNA MiniPrep Kit (Zymo Research,
Irvine, CA). After extraction, RNA was treated with acid phenol:-
chloroform:isoamyl alcohol (125:24:1; pH 4.5; Thermo Fisher
Scientific), and TURBO DNase (Thermo Fisher Scientific), accord-
ing to the manufacturer’s instructions. RNA was stored at —80° C
until further use.

Reverse Transcription Followed by quantitative real-time PCR
¢DNA synthesis was performed using the SuperScript First-Strand
Synthesis System for RT-PCR (Invitroger, Thermo Fisher Scientific).
Quantitative real-time PCR amplification was conducted with SYBR
Green (Thermo Fisher Scientific) using the ViiA 7 Real-Time PCR Sys-
tem (Applied Biosystems, Darmstadt, Germany). The 55 rRNA gene
served as internal control. Relative expression was calculated using
the2 24 method.* Primers were designed based on the full genome
sequence of S. pyogemes M49 strain NZ131 (NCBL NCO011375):
gyrA-specific  primers: 5 TGAGTGTCATTGTGGCAAGAGC-3
and 5-AGAGAATACGACGATGCACAGG-3'; 58 specific primers:
5-AGCGACTACCTTATCTCACAG-3 and 5-GAGATACACCIG
TACCCATG-3".

Determination of the MIC

MIC determination was performed following the protocol of the
Clinical and Laboratory Standards Institute (CLSD.*® In MIC
assays containing CPP-PNAs, lysed horse blood (LHB)/cation-
adjusted Mueller-Hinton broth (CAMHB) medium was supple-
mented with 0.02% acetic acid and 0.4% BSA. MICs were recorded
as the lowest concentration where no turbidity was observed in the
wells.

G. mellonella Infection Madel

Larvae of the greater wax moth G. mellonella were obtained from
Reptilienkosmos (Niederkriichten, Germany). For infection exper-
iments, S. pyogenes strains were grown overnight in THY, washed
twice in a 0.9% NaCl solution, and suspended in 0.9% NaCl to a

452 Molecular Therapy: Nucleic Acids Vol. 18 December 2019

final concentration of 1-3 x 10° CFU/mL. Larvae with a weight
of 150-200 mg were infected with 1-3 x 10° CFU/larva. Bacteria
were injected into the hemocoel of the larvae between the last
two pairs of pro-legs using a microapplicator (World Precisions
Instruments, Sarasota, FL) and a fine dosage syringe (Omnican
F. B. Braun, Melsungen, Germany; 0.01-1 mL, 0.30 x 12 mm).
As mock control, 0.9% NaCl was injected. For CPP-PNA treat-
ment, larvae were injected 30 min postinfection with 4 nmol
CPP-PNA/larva. Larvae were incubated for 7 days, and survival
was monitored daily.*®

Statistical Analyses

All experiments were performed atleast three times or as indicated by
sample size (n). Statistical significance was determined using the tests
indicated in the respective figure legends. Statistical analyses were
performed using GraphPad Prism 7 software.
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A Glycine Riboswitch in
Streptococcus pyogenes Controls
Expression of a Sodium:Alanine
Symporter Family Protein Gene

Afsaneh Khani, Nicole Popp’, Bernd Kreikemeyer and Nadfja Patenge*

Institute of Medical Microbiology, Virology and Hygiens, University Medlicine Rostock, Rostock, Germany

Regulatory RNAs play important roles in the control of bacterial gene expression. In
this study, we investigated gene expression regulation by a putative glycine riboswitch
located in the 5'-untranslated region of a sodium:alanine symporter farmily (SAF) protein
gene in the group A Streptococcus pyogenes serotype M49 strain 591. Glycine-
dependent gene expression mediated by riboswitch activity was studied using a
luciferase reporter gene system. Maximal reporter gene expression was observed in
the absence of glycine and in the presence of low glycine concentrations. Differences in
glycine-dependent gene expression were not based on differential promoter activity.
Expression of the SAF protein gene and the downstream putalive cation efflux
protein gene was investigated in wild-type bacteria by RT-gPCR transcript analyses.
During growth in the presence of glycine (=1 mM), expression of the genes were
downregulated. Northern blot analyses revealed premature transcription termination
in the presence of high glycine concentrations. Growth in the presence of 0.1 mM
glycine led to the production of a full-length transcript. Furtherrmore, stability of the SAF
protein gene transcript was drastically reduced in the presence of glycine. We conclude
that the putative glycine riboswitch in 8. pyogenes serotype M49 strain 591 represses
expression of the SAF protein gene and the downstream putative cation efflux protein
gene in the presence of high glycine concentrations. Sequence and secondaty structure
comparisons indicated that the streptococcal riboswitch belongs to the class of tandem
aptamer glycine riboswitches,

Keywords: glycine,
regulatory RNAs, transcription genetic

h, Strep s pyog ) gulatory element, amino acid riboswitch,

INTRODUCTION

Bacterial riboswitches are cis-regulatory elements found in the 5 -untranslated regions (UTRs)
of mRNAs. Regulation of gene expression by riboswitches is widespread in bacteria. In general,
aptamer structures within the riboswitch recognize small molecule ligands and interact with an
expression platform. Ligand binding promotes formation of an exclusive conformation and leads
to the regulation of downstream genes. Repression of gene expression is achieved by transcription
termination, inhibition of translation via sequestration of the riboseme binding site, or mRNA
processing. Binding of ligands which induce gene expression, allows transcription elongation

Frontiers in Microbiclogy | www frontisrsin, org 1

February 2018 | Volume 2 | Articls 200

49



ANLAGEN

50

Khani et al

Glysine Riboswitch in Streptocaccus pyogenes

or translation initiation. Riboswitches from different classes
recognize a large range of cellular compounds, including
coenzymes (Winkler W. et al., 2002; Winkler W.C. et al., 2002;
Winkler et al,, 2003), magnesium cations (Dann et al., 2007),
purines and their derivatives (Batey, 2012), second-messenger
molecules (Sudarsan et al., 2008), and amino acids (Serganov and
Patel, 2009). In many cases, riboswitches control the expression
of genes that are involved in the biosynthesis, degradation, or
transport of the respective metabolite.

Bacteria depend on the availability of amino acids for
continuous protein biosynthesis. Therefore, expression of genes
required for amino acid transport, synthesis, and degradation
is tightly regulated. Typical sensors for amino acid levels
are T-box elements and attenuators located in the mRNA.
T-box RNA binds tRNAs and modulates transcription or
translation of the gene under control (Grundy and Henkin, 1993).
Attenuators contain codons for an effector amino acid. At alow
concentration of the effector, translation stalls and formation
of an anti-terminator structure is favored (Yanofsky, 1981). In
addition, two riboswitches are able to bind amino acids directly.
Lysine riboswitches control genes involved in lysine biosynthesis
and lysine transport (Grundy et al., 2003; Rodionov et al., 2003;
Sudarsan et al., 2003). Glycine riboswitches most often regulate
the expression of glycine cleavage system genes, but were also
found upstream of various other genes involved in the synthesis,
conversion, or transport of glycine (Barrick et al., 2004). Glycine
riboswitches are widely distributed and have been identified in
Gram-positive and Gram-negative bacteria (Barrick and Breaker,
2007).

Streptococcus pyogenes [Group A streptococcus (GAS)] is a
Gram-positive human pathogen responsible for a variety of
diseases ranging from mild self-limiting superficial infections of
the throat or skin to life-threatening invasive diseases including
bacteremia and necrotizing fasciitis. Common post-streptococcal
autoimmune complications are acute rheumatic fever and
acute post-streptococcal glomerulonephritis. The impact of GAS
diseases is especially high in resource-limited settings and in a
recent publication a rise of global invasive disease burden caused
by GAS was reported (Sims et al., 2016).

Te limit the application and distribution of antibiotics and
to identify GAS specific therapeutic targets, investigation of
metabolic regulation processes can be very fruitful. Riboswitches
have been already studied as promising antibacterial targets
in a variety of bacteria. Modification of riboswitch function
is achieved by the administration of ligand analogs, usually
small compounds which are easy to manufacture and to deliver
(Machtel et al., 2016). Glycine supplementation is required for
optimal growth of GAS (Levering et al.,, 2016). The presence of
a putative glycine riboswitch in GAS opens the possibility to
specifically inhibit glycine metabolism or transport. Therefore,
we investigated in this study gene expression regulation by a cis-
regulatory element with sequence similarities to known glycine
riboswitches. One glycine binding aptamer was predicted in the
5 UTR of a sodium:alanine symporter family protein (SAF) gene
in GAS M49 strain 591. We found that the genetic element
indeed regulates glycine-dependent gene expression of the SAF
gene by transcription termination/anti-termination. On a second

level of regulation, SAF gene transcript stability is reduced in the
presence of glycine.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Group A streptococcus serotype M49 strain 591 was kindly
provided by R. Liitticken (Aachen, Germany). All GAS strains
were cultured in chemically defined medium (CDM) (van de
Rijn and Kessler, 1980) or Todd-Hewitt broth (Thermo Fisher
Scientific, Darmstadt, Germany) supplemented with 0.5% yeast
extract (Thermo Fisher Scientific, Darmstadt, Germany) (THY),
as indicated, at 37°C with a 5% CO,/20% O, atmosphere.
Escherichia coli strain DH5a (Gibco BRL, Eggenstein, Germany)
was used as host for the construction, proliferation, and
storage of recombinant plasmids. All E. coli strains were
cultured in Lennox L Broth Base (Thermo Fisher Scientific,
Darmstadt, Germany). For selection, antibiotics were added at
the appropriate concentrations.

Construction of Recombinant GAS

Strains

Riboswitch controlled LUC reporter gene constructs were
generated by cloning an 875 bp genomic fragment into the MCS
of pFW11-luc2 (Podbielski et al., 1999). Promoter controlled
LUC reporter gene constructs were generated by fusing a
588 bp fragment carrying the promoter region 5 of ribogly
to luc2. Inserts were amplified by PCR using chromosomal
DNA from GAS M49 strain 591 as template. All primers used
for the generation of the respective fragments are listed in
Supplementary Table 1. The resulting plasmids were verified
by classical Sanger sequencing (GATC Biotech AG, Konstanz,
Germany). GAS M49 strain 591 was transformed with the
respective plasmids. Insertion of the recombinant fusion genes
into the genome was verified by PCR analyses and classical
Sanger sequencing (GATC Biotech AG, Konstanz, Germany) of
a genomic PCR fragment.

Quantitative Assay for Luciferase Activity
For assessment of luciferase activity from riboswitch-Juc fusions,
GAS luc reporter strains were grown in CDM, supplemented
with 0-10 mM of the amino acids glycine, alanine, or serine as
indicated. For measurement of luminescence, 1 ml aliquots of
the cell suspensions were withdrawn at hourly intervals, ODgg
was measured, and samples were processed as described by
Podbielski et al. {1999). Luminescence was measured for 15 s
in a Luminometer Lumimat LB 9501 (Berthold Technologies
GmbH, Bad Wildbad, Germany). RLU values at each time point
were calculated by subtracting luminescence at time 0 from
luminescence at time x. RLU/O Dgng were calculated to normalize
for growth differences.

Extraction of Total RNA
Group A streptococcus strains were grown for 3 h in CDM
complemented with glycine as indicated. Bacteria were pelleted
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immediately, quickly frozen in liquid nitrogen, and stored at
—80°C until use. Bacterial cells were disrupted in a homogenizer
(Peqlab Biotechnologie GmbH, Erlangen, Germany). Total RNA
from GAS strains was extracted according to the protocol
supplied with the Direct-zol™RNA MiniPrep Kit (Zymo
Research, Irvine). After extraction, RNA was treated with acid
phenol:chloroform:isoamyl alcohol (125:24:1), pH 4.5 (Thermo
Fisher Scientific, Darmstadt, Germany), and TURBO™DNAse
(Thermo Fisher Scientific, Darmstadt, Germany) according to
the manufacturer’s instructions. RNA was stored at —80°C until
further use.

Reverse Transcription Followed by

Quantitative PCR (RT-aPCRY}

Following DNAse treatment, cDNA synthesis was performed
using the Superscript first-strand synthesis system for RT-PCR
(Invitrogen, Thermo Fisher Scientific, Darmstadt, Germany).
Quantitative PCR amplification was conducted with SYBR
green (Thermo Fisher Scientific, Darmstadt, Germany) using
the ViiA™ 7 Real-Time PCR System (Applied Biosystems,
Darmstadt, Germany). The 55 rRNA gene served as internal
control. Relative expression was calculated employing the 274 8¢t
method (Schmittgen and Livak, 2008). All primers used for
RT-qPCR are listed in Supplementary Table 1.

Northern Blot Analyses

RNA samples (6 pg) were loaded onto a denaturing 1.5%
formaldehyde agarose gel and separated by electrophoresis.
Size standards (MillenniumTM RNA Marker; Thermo
Fisher Scientific, Darmstadt, Germany) were loaded on the
same gel. RNA was blotted onto neutral nylon membranes
(Roti®-Nylon 0.2, Carl Roth GmbH & co KG, Karlsruhe,
Germany) and UV crosslinked (UVI150 mfoule/cm®.
Templates for the probes were generated by PCR with the
primers listed in Supplementary Table 1. The 5 end of
the reverse primers contained the T7 promoter sequence
(CTTAATACGACTCACTATAGGG) for in vitro transcription
using the MEGAscript® T7 Kit (Thermo Fisher Scientific,
Darmstadt, Germany). Probes were labeled with biotin using
the Pierce ™ RNA 3 End Biotinylation Kit (Thermo Fisher
Scientific, Darmstadt, Germany). Biotin labeled RNA probes were
purified using the RNA Clean & Concentrator -5 kit (Zymo
Research, Freiburg, Germany). Membranes were hybridized
overnight with RNA probes complementary to the respective
transcripts as indicated. IRDye 800CW Streptavidin (LI-COR
Biotechnology GmbH, Bad Homburg, Germany) was used for
detection, and the blot was scanned on an Odyssey® Imager
CLX 1283 (LI-COR Biotechnology GmbH, Bad Homburg,
Germany).

Transcript Stability Determination

Group A streptococcus strains were grown for 3 h in CDM
complemented with glycine as indicated. RNA synthesis was
inhibited by addition of rifampicin (1 mg/ml) to the cultures.
Following the addition of rifampicin, 5 ml samples were
recovered after 0, 1, 2, 5, and 10 min. Samples were added

to twe volumes of RNAprotect Cell Reagent (Qiagen GmbH,
Hilden, Germany), incubated at room temperature for 5 min,
pelleted by centrifugation and quick frozen in liquid nitrogen.
RNA was isolated from the samples as described above and
transcript abundance was determined by RT-qPCR. The half-life
of the transcripts was calculated by non-linear regression analyses
(Least squares fit, GraphPad Prism).

Statistical Analyses

All experiments were performed at least three times or as
indicated by the sample size (n). Statistical significance was
determined using the tests indicated in the respective figure
legends.

RESULTS

The Putative Glycine Riboswitch
Mediates Glycine-Dependent Expression

of a Luciferase Reporter Gene

In a previous study, we detected expression of 18 putative
riboswitches using intergenic DNA tiling arrays (Patenge et al.,
2012). One riboswitch candidate was identified downstream of
perA (Spy49_1007¢) and was designated sRNASpy491007c¢. Tt
belongs to the Rfam family RF00504 of glycine riboswitches
(Nawrocki et al, 2015) and is located in the 5-prime region
of the sodium:alanine symporter family protein (SAF) gene
(Reizer et al, 1994) (Figure 1). A luciferase (LUC) reporter
gene system was employed to determine a potential response to
glycine. An 889 bp genomic fragment containing the predicted
glycine riboswitch sequence and, to allow for homologous
recombination, its 5" flanking genomic region was amplified
by PCR and fused to the luc reporter gene carried by
pFWI11 Juc2 (Podbielski et al,, 1999) (Figure 1B). GAS M49
strain 591/pFW11_glyluc2 was grown in CDM containing
varying concentrations of glycine. Glycine is required for optimal
growth of GAS (Levering et al., 2016). Consistently, growth was
poor in medium without glycine and in medium containing a
low glycine concentration (0.01 mM glycine) compared to growth
in medium containing 0.1 to 10 mM glycine (Figure 2A). LUC
activity was measured over time and normalized to cell density
to compensate for differences in growth (Figure 2B). Maximal
reporter gene expression was observed following 3 h of growth
in the absence of glycine and in the presence of low glycine
concentrations (0.01-0.1 mM). In the presence of 10 mM glycine,
reporter gene expression was always repressed. During growth
in 1 mM glycine, moderate LUC activity could be detected in
the exponential growth phase. Since the gene downstream of the
putative glycine riboswitch encodes a putative sodium:alanine
symporter and since alanine and serine are structurally similar to
glycine, we tested the effect of these two amino acids on reporter
gene expression. Growth of GAS M49 strain 591/pFW11_glylic2
in the absence of serine and in CDM containing 0.0l mM serine
was slow compared to growth in the presence of 0.1-10 mM
serine (Figure 2C). GAS M49 strain 591/pFW11_ghluc2 grew
similar in CDM with and without alanine (Figure 2E). Neither
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the presence of serine nor alanine did influence reporter gene
expression (Figures 2D,F).

The Putative Glycine Riboswitch
Controls Expression the SAF Gene and a
Putative Cation Efflux System Gene

To address the question, whether the putative glycine riboswitch
controls expression of its downstream genes, RT-qPCR
experiments were conducted. WT bacteria were grown in
CDM containing 0.1, 2.6, and 10 mM glycine. Total RNA
was isolated, reverse transcribed, and amplified using primers
specific for the putative glycine riboswitch (ribogly), the SAF
gene (Na*/Ala symp), and the putative cation efflux system gene
(cation efflux), respectively (Figure 3A). Transcript abundance
at 0.1 mM glycine served as calibrator for all three reactions.
Abundance of the riboswitch RNA was unaltered at all glycine
concentrations tested. In contrast, the SAT and the cation efflux
system gene mRNA were dramatically decreased at 2.6 and
10 mM glycine in comparison to 0.1 mM glycine.

Glycine-Dependent Gene Control Is Not
Based on Changes of Promoter Activity
To investigate the regulatory influence of the promoter region, a
588 bp fragment carrying the promoter region 5 of ribogly was

Frontiers in Microbiology | www frontiersin.org

FIGURE 1 | (A) Schematic representation of the glycine riboswitch locus. Glycine riboswitch aptamers 1 and 2 are depicted as boxes | and II; genes are depicted as
gray arrows, pointing into the direction of transcription; terminators 1225 and 1227 as predicted by TransTermHP (Kingsford et al., 2007) are drawn as stem-locp
structures, and transcripts detected by Northern blotting (Figure 4) are depicted as black lines. (B) Schematic representation of the riboswitch-fuc2 fusion
constructs: pPW11_glyluc?2 consists of an 889 bp genomic fragment containing the predicted glycine riboswitch sequence and its 5 flanking genomic region
including the promoter region fused to luc2. pPW11_promoter;qqyiuic2 consists of an 588 bp fragment including the promoter region 5 of ribogly directly fused to

PFW11_promoter,qq, luc2

fused to luc (Figure 1B). GAS M49 strain 591 was transformed
with pFW11_promoter,pg,luc2. Transcript abundance of luc2
was determined by RT-qPCR following growth in the presence
of 0.1, 2.6, and 10 mM glycine, Transcript level at 0.1 mM glycine
served as calibrator. Expression of [uc2 was not influenced by the
glycine concentration in the medium (Figure 3B).

Transcript Sizes Are Dependent on the

Glycine Concentration in the Medium

Expression of both, the SAF gene and the cation efflux system
gene, was repressed in the presence of high glycine concentrations
(Figure 3). Primers to amplify gene junctions were designed and
used in reverse-transcriptase experiments followed by PCR. The
detection of a PCR product suggested co-transcription of the
two genes. To verify this result, Northern blot analyses were
performed. WT bacteria were grown in CDM containing 0.1, 2.6,
or 10 mM glycine, respectively. Total RNA was isolated from
the cultures and separated by agarose gel electrophoresis. Blots
were sequentially hybridized with RNA probes specific for ribogly
and the SAT gene transcript (Na™/Ala symp). In the presence of
high glycine concentrations (2.6 and 10 mM), the ribogly probe
detected a highly abundant 200 bp band, which might represent a
transcription termination or a RNA cleavage product (Figure 4).
No SAF gene transcript could be detected (Figure 4). Consistent
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FIGURE 2 | LUC reporter gene expression is repressed at high glycine concentrations. (A) Growth of GAS M43 strain 581/pFW11_glyiuc2 in COM without glycine or
supplemented with different concentrations (0.01-10 mM) of glycine, n = &. (B) Luciferase activity over time in GAS M49 strain 581/pFW11_glyluc2 during growth
without glycine or in the presence of different concentrations of glycine, as indicated, n = 5. Statistical significance was determined between 0.1 and 1 mM glycine
samples using the two-way ANOVA test (multiple comparisons). Differences between samples were expressed as “ns”: not significant, P = 0.05; *P < 0.05;

P <001, *7P < 0.001; ****P < 0.0001. {C) Growth of GAS M49 strain 591/pFW11_glviuc2 in COM without serine or supplemented with different
concentrations (0.01-10 mM) of serine, n = 3. (D} Luciferase activity over time in GAS M49 strain 591/pFW11_glyiuc2 during growth without serine or in the
presence of different concentrations of serine, as indicated, n = 3. (E) Growth of GAS M489 strain 531/pFW11_gluc2 in CDM without alanine or supplemented with
different concentrations (0.01-10 mM) of alanine, n = 3. (F} Luciferase activity over time in GAS M49 strain 591/pFW11_glyiuc2 during growth without alanine or in
the presence of different concentrations of alanine, as indicated, n = 3. Data are presented as mean values + standard deviation.
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with the luc reporter gene assay and RT-qPCR results, expression
of the gene was repressed under these conditions. In the presence
of 0.1 mM glycine, a 3 kb band could be detected with the
ribogly and the Na+/Ala symp probes. The apparent size of the
band corresponds to the calculated size of a co-transcript of the
SAF gene and the cation efflux system gene (3113 bp, Figure 1),
A second band with the apparent size of 600 bp could be detected
with both probes. This corresponds to the product of termination
within the SAF gene at the putative terminator TERM 125
(TransTermHP v2.07) (Kingsford et al., 2007). A 300 bp band was
detected using the ribogly probe but not following hybridization
with the Na+/Ala symp probe. The transcripts detected by
Northern blotting are depicted schematically in relation to the
corresponding genes (Figure 1).

SAF Gene Transcript Stability Is Reduced
at High Glycine Concentrations in the

Medium
Transcripts of genes controlled by riboswitches are often
processed or exhibit differential stability (Mellin and Cossart,

Frontiers in Microbiology | www.frontiersin.org

2015). We aimed to investigate ribogly and SAF gene transcript
stability under repressing and non-repressing conditions. W'T
GAS M49 strain 591 was grown in the presence of 0.1 or 10 mM
glycine, respectively. Transcription was stopped by addition of
rifampicin and samples were collected for RT-qPCR analyses at
1,2, 5, and 10 min following rifampicin treatment (Figure 5).
55 rRNA and groES mRNA served as controls. 55 rRNA was
stable over the observation period. The half-life of groES mRNA
was similar during growth in 0.1 mM glycine (1.8 min) and
10 mM glycine (1.9 min). Stability of ribogly was low under
both conditions. Its half-life was 0.4 min in 0.1 and 10 mM
glycine. In contrast, the stability of Na+/Ala symp was low during
growth in 10 mM glycine (0.5 min) but much higher in 0.1 mM
glycine (5 min), suggesting an additional ribonuclease-dependent
regulation level.

ribogly Belongs to the Tandem Aptamer
Glycine Riboswitches

In the reference genome of S. pyogenes NZ131 (accession
number: NC_011375.1), a 90 bp putative glycine riboswitch
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FIGURE 3 | SAF gene and cation efflux system gene expression are
repressed in the presence of high glycine concentrations. (A) Relative
expression of the SAF gene (Na+/4la symp) and cation efflux system gene
(cation effiux) in comparison to glycine riboswitch (ribogly) transcript
abundance. GAS M49 strain 591 was grown 2 h in the presence of different
glycine concentrations as indicated, n = 3. (B) The promoter region does not
mediate glycine-dependent induction of luc2 expression. GAS M49 strain
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glycine concentrations as indicated, n = 3. Relative expression Data are
presented as mean values + standard deviation. Statistical significance was
determined using the Student’s {-test. Differences between samples were
expressed as “ns”: not significant, P > 0.05 and ****P < 0.0001.

was annotated. A search using the rfam database (Nawrocki
el al, 2015) predicted the presence of one glycine-binding
aptamer. Since we observed a band of approximate 200 bp in
Northern blot analyses of total RNA from GAS M49 strain
591 (Figure 4), we performed secondary structure prediction
using RNAfold (The ViennaRNA Web Services'). Secondary
structure modeling was based on 182 bp of the reference
genome of S pyegenes NZ131. The result is illustrated in
Figure 6 using VARNA GUI (Darty et al., 2009). The analysis
revealed the typical consensus structure of a tandem aptamer
riboswitch containing two glycine binding sites (Esquiaqui el al.,
2014; Ruff et al, 2016). The conserved residues are labeled in
green.

http:/frna.tbi.univie.ac.at/

the metabolism or transport of their ligands. Typically, glycine
riboswitches induce the expression of genes responsible for
glycine cleavage or export following glycine binding (Barrick
el al, 2004), In Bacillus subtilis, the glycine riboswitch is
composed of two similar aptamers followed by a single expression
platform (Mandal et al, 2004). In S. pyogenes, one aptamer,
similar to the B. subfilis aptamers, was predicted upstream of
a putative SAF gene. Previously, we observed expression of
the riboswitch region in GAS M49 strain 591 by intergenic
tiling arrays (Patenge et al., 2012). In the SF370 clinical isolate,
expression of the putative streptococcal riboswitch was detected
by Northern blot analyses (Le Rhun et al., 2015). In this work,
we investigated whether the putative glycine riboswitch mediates
glycine-dependent gene regulation.

LUC reporter gene assays and Northern blot analyses revealed
that expression of the SAF gene was repressed in the presence
of glycine. The corresponding promoter region did not mediate
glycine-dependent downregulation of /uc in a promoter-reporter
gene fusion construct. As a general rule, amino acid riboswitches
increase the expression of glycine cleavage system genes or
glycine export protein genes upon binding to glycine (Serganov
and Patel, 2009; Scrganov and Nudler, 2013). In Streptomyces
griseus a detoxification system is activated by a glycine riboswitch
(Tezuka and Ohnishi, 2014). In contrast, lysC in B. subtilis is
repressed by a lysine-responsive riboswiltch due to transcription
termination in the presence of a high L-lysine concentration
(Phan and Schumann, 2009). The IysC gene of B. subtilis
consists of two overlapping reading frames coding for the -
and f-subunits of a lysine-responsive aspartokinase II, which
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catalyzes the first step in the biosynthesis of methionine, lysine,
and threonine (Chen et al., 1987). The SAF gene in S. pyogenes
encodes a member of the Alanine or Glycine:Cation Symporter
(AGCS) Family [Transporter Classification Database (ICDB)]
(Saier et al., 2016). Proteins belonging to the AGCS family have
been reported to transport alanine and/or glycine in symport
with Nat and/or H. The dagA gene from the marine bacterium
Alteromonas haloplanktis is a sodium-dependent transporter and
is involved in the uptake of glycine and glutamine (MacLeod and
MacLeod, 1992). We hypothesize that binding of glycine by the
riboswitch in S. pyogenes leads to the downregulation of a so far
unidentified glycine uptake system.

The truncated form of the B. subtilis riboswitch RNA
controlling lysC is predominantly produced, even under
conditions promoting anti-termination (Phan and Schumann,
2009). In contrast, we did only detect small amounts of the
truncated 200 bp riboswitch RNA under inducing conditions.
Stability of the riboswitch RNA was low at all glycine
concentrations tested. The half-life of the full-length transcript
decreased at high glycine concentrations. A combination of
classical riboswitch function and mRNA stability control has
been reported recently. In E. coli, lysC expression is controlled
on the level of translation initiation by a lysine riboswitch.
Upon lysine binding, the riboswitch adopts a conformation that
sequesters the ribosomal binding site and at the same time
exposes RNasel cleavage sites (Caron et al,, 2012). RNAse Eis a
component of the RNA degradosome in Gram negative bacteria
(Callaghan et al,, 2004). In most Gram positive organisms,
RNaseE is replaced by other ribonucleases, e.g., RNaseY and
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FIGURE 6 | Secondary structure of the glycine riboswitch in Streptococcus
pyogenes, The secondary structure was predicted using RMAfold and
illustrated using VARNA GUI (Darty et al., 2009). Conserved residues are
highlighted in green (Ruff et al., 2016). Glycine binding sites are indicated by
gray circles. P1, the Kink-turn motif, and PO are highlighted following the
observations from the glycine riboswitch in Vibrio cholerae (Esquiaqui et al.,
2014).

RNases J1 and J2 (Che,2017). In S. pyogenes, RNAse Y is
involved in mRNA turnover (Chen el al, 2013). Structural
investigation of the GImS ribozyme from B. anthracis revealed
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autocatalytic cleavage of GImS mRNA at a single site 5 of
the riboswitch sequence following binding of glucosamine-6-
phosphate (GIcN6P). Specific cleavage renders GImS mRNA
susceptible to degradation by RNase J (Cochrane et al., 2007). It
is tempting to speculate that processing of the glycine riboswitch
controlled transcript in S. pyogenes leads to the exposure of RNase
cleavage sites and thereby to decreasing SAF gene transcript
stability.

The glycine riboswitch is the only riboswitch that exhibits
tandem architecture, with two adjacent, homologous aptamers
followed by a single expression platform. In B. subtilis, glycine
binding by the riboswitch aptamers has been initially reported to
function in a cooperative manner (Mandal et al., 2004). However,
a full-length derivative of the riboswitch containing its extended
5 leader, did not show cooperative binding (Sherman et al., 2012).
The tandem glycine riboswitch from Vibrio cholerae, including
the leader sequence, was studied using an equilibrium dialysis-
based assay. The results showed that ligand binding by aptamer-1
is linked to aptamer dimerization and stabilizes the P1 stem
of aptamer-2, which controls the expression platform (Ruff and
Strobel, 2014). In a recent study, analysis of sequenced genomes
revealed a significant number of singlet glycine riboswitches.
Several singlet riboswitches were characterized biochemically and
it could be demonstrated that singlet riboswitches were able to
bind glycine with affinities comparable to those of previously
published tandem glycine riboswitches. Conserved stem-loop
structures (ghost aptamers), situated up- or down-stream of the
singlet aptamer, respectively, form interactions with the aptamer
domain that are necessary for ligand-binding activity (Ruff et al.,
2016). In 8. pyogenes, one aptamer was annotated upstream of the
SAF gene. A second aptamer containing a P4 stem was revealed
by insilico secondary structure predictions. The sequence directly
upstream of the first aptamer is similar to the conserved leader
region, which interacts with the recently discovered K-turn linker
of tandem glycine riboswitches and modulates ligand binding
(Kladwang et al., 2012 Sherman et al., 2012; Baird and Ferre-
D’Amare, 2013; Esquiaqui et al,, 2016). This indicates that the
S. pyogenes glycine riboswitch belongs to the class of tandem
riboswitches, featuring the recently identified K-turn linker.

Inducible expression systems are useful tools in molecular
biology. Characterization of essential genes and production
of potential toxic gene products are only two of many
examples for the requirement of conditional gene expression
control. Riboswitch based systems for precise gene regulation
have the advantage, that expression can be controlled by
the addition of small compounds that easily enter the
cell and that are in many cases comparably inexpensive
(Machtel et al., 2016). A glycine-inducible expression system
has been developed using the riboswitch from B. subtilis.
The authors could demonstrate glycine-dependent production
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The Regulatory Small RNA MarS
Supports Virulence of Streptococcus

pyogenes
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Small regulatory RNAs (SRNAs) play a role in the control of bacterial virulence gene expression. In this
study, we investigated an sRNA that was identified in Streptococcus pyogenes (group A Streptococcus,
GAS) but is conserved throughout various streptococci. In a deletion strain, expression of mga, the gene
encoding the multiple virulence gene requlator, was reduced. Accordingly, transcript and proteome
analyses revealed decreased expression of several Mga-activated genes. Therefore, and because the
SRNA was shown to interact with the 5’ UTR of the mga transcript in a gel-shift assay, we designated it
MarsS for mga-activating regulatory sSRNA. Down-regulation of important virulence factors, including
the antiphagocytic M-protein, led to increased susceptibility of the deletion strain to phagocytosis and
reduced adherence to human keratinocytes. In a mouse infection model, the marS deletion mutant
showed reduced dissemination to the liver, kidney, and spleen. Additionally, deletion of marS led to
increased tolerance towards oxidative stress. Our in vitro and in vivo results indicate a modulating effect
of MarS on virulence gene expression and on the pathogenic potential of GAS.

Streptococcus pyogenes (group A Streptococcus, GAS) is a strictly human pathogen that is responsible for a variety
of infections of distinct severity'. While superficial infections of the upper respiratory tract and the skin can be
treated effectively with antibiotics, invasive streptococcal diseases remain life-threatening. The development of
invasive infections and immune sequelae involves at least one or more of the following parameters: insufficient
treatment of a primary infection, persistence of streptococci in the host tissue, and the expression of specific
virulence factor genes by the bacteria®. Control of virulence gene expression by stand-alone transcription factors
and two-component systems are known to play a role in virulence determination in GAS®. An additional level of
bacterial gene expression control is provided by small regulatory RNAs (sRNAs)*. Bacterial sSRNAs can serve as
negative regulators by inhibiting translation or by decreasing mRNA stability and can also function as positive
regulators by stabilizing mRNA transcripts or initiating the translation of mRNAs®®. Although several global
sRNA screens have recently been performed in streptococci, the RNA-dependent regulatory network in GAS is
not yet well understood”.

Several frans-acting sSRNAs, targeting mRNA sequences by direct base pairing, have been discovered in GAS.
The pleiotropic effect locus (Pel) was described to have an effect on virulence and to influence the production of
several virulence factors, including the M-protein, the cysteine protease SpeB, fibronectin-binding protein, and
streptokinase®. The untranslated mRNA of pel, which also contains the gene for the streptolysin S peptide (sagA),
was shown to be an effector of virulence factor expression in GAS’. However, inthe GAS M1T1 lineage, no regu-
latory function of PEL could be observed!®!L.

The sSRNA gene rivX is located downstream of the transcriptional regulator gene rivR. While RivR was shown
to affect transcriptional activation by Mga, possibly by interacting with Mga protein, RivX was hypothesized to
act through a separate but as yet unknown pathway to increase the expression of multiple genes that are regu-
lated directly or indirectly by Mga'. In a conflicting report, RivR was shown to be a negative regulator of capsule
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Figure 1. Genomic localization and transcript stability of mars. (A) Schematic diagram of the genomic locus
of marS. Genes are represented by arrows pointing in the direction of transcription. P: first nucleotide of marS,
tt: last nucleotide of marS. (B) Stability of MarS in GAS M49 591, determined by RT-qPCR following treatment
of the culture with rifampicin. The data are presented as the percent marsS transcript levels relative to time-point
zero. The mean value of three experiments 4 standard deviation is shown. (C) Northern blot analyses of marS
expression during growth in THY medium (ODgy, of 0.8). The probes were specific for the RNAs indicated on
the right of each blot. For comparison, the approximate sizes of the RNA, as determined by 5 RACE analysis,
are indicated on the far right. The full-length blot is presented in Supplementary Figure 3.

production in GAS while no regulatory function could be assigned to RivX. No influence of the rivR/X locus on
the expression of mga or mga-associated genes was detected in this study'.

Until now, the only extensively characterized and functionally validated sRNA in GAS was FasX. FasX acts as
positive regulator of the fasBCA operon, coding for the fibronectin/fibrinogen binding/haemolytic activity/strep-
tokinase regulator'. FasX was shown to positively affect streptokinase production by stabilizing ska mRNA'.
FasX also acts as a negative regulator of pilus expression by destabilizing the pilus operon mRNA and inhibiting
the translation of the cpa transcript, which encodes a minor pilus protein'®. By binding to and inhibiting the
translation of different mRNAs of the fibronectin, collagen, T-antigen (FCT) region, control over the pilus gene
region by FasX varies in a serotype-specific fashion'”. In a subsequent report, FasX was shown to negatively con-
trol the production of two fibronectin-binding proteins, PrtF1 and PrtF2, encoded by the FCT region'®,

In this study, we phenotypically characterize the GAS wild-type strain 591 (referred to as GAS M49 591
throughout the text) lacking the mga-activating regulatory sRNA (MarS). Employing transcript analyses, pro-
teomics, and a mouse infection model, we show that MarS modulates Mga-dependent virulence factor gene
expression, affects capsule production, and influences the fate of GAS in the host. We also show a direct interac-
tion of Mar$ with the 5" UTR of the ga transcript using an electrophoretic mobility shift assay (EMSA).

Results

Deletion of marS in GAS 591. Genome-wide screening of the GAS wild-type strain 591 (referred to as
GAS M49 591 throughout the text) resulted in an extensive list of candidate sRNA genes'”. To identify sRNAs that
were potentially involved in pathogenicity of GAS, we focused on sRNA genes that were differentially expressed in
different media or throughout growth. Among those, marS (formerly designated sSRNASpy490957¢) is conserved
throughout lactic acid bacteria, and a cis-regulatory function was predicted by a comparative genomics-based
study using CMfinder®®. However, the sSRNA is transcribed independently from adjacent genes in several GAS
serotypes'™'%?!. Furthermore, in Strepfococcus mutans and S. pyogenes, the presence of a terminator sequence
and a strong promoter downstream of marS indicates that transcription is terminated prior to the downstream
gene, Spy49_0957¢, which is transcribed from an independent promoter'”?. A schematic representation of the
genomic locus is presented in Fig. 1A. The sRNA gene does not encode a peptide. However, on the antisense
sequence of the marS gene, a 108-bp ORF is located, which could lead to the expression of a 35 AA peptide for
which no homologues were found by BLAST* analysis. The stability of the mar$ transcript, Mar$, was deter-
mined following rifampicin treatment by RT-qPCR. Transcript stability was high in GAS M49 591 (Fig. 1B),
consistent with prior findings obtained in the GAS M1T1 strain MGAS2221'. To study the role of Mar$, an
isogenic deletion strain was constructed and designated AmarS. Complementation of the gene deletion was
achieved by ectopic expression of the sSRNA gene from a shuttle vector under the control of its own promoter
(AmarS::marS). This strategy helps exclude an influence of spurious mutations introduced during mutagenesis
and was recently suggested by Cho®%. Furthermore, whole genome sequencing was performed to rule out the
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Figure 2. Deletion of marSleads to a decreased survival of GAS M49 591 in human bleod and greater
susceptibility to phagocytosis. (A) Relative growth of AmarS (dark grey) and AmarS:=marsS (light grey) in
comparison to WT (black) in human blood, n =12, and (B) in human plasma, n=4. (C) Relative survival of
AmarS (dark grey) and AmarS:marS (light grey) in comparison to WT (black) after incubation for 30 min with
human neutrophils, n =5. (D) Relative abundance of associated AmarS (dark grey) and AmarS:marS (light
grey) bacteria in comparison to WT (black) after incubation with neutrophils n = 5. The Data are presented
relative to WT (% WT, mean values + standard deviation). Statistical significance was determined using the
Wilcoxon signed-rank test. Differences between samples were expressed as “ns = not significant” (P > 0.05),
marginally significant (P < 0.05)*, and significant (P < 0.01)**.

occurrence of spontaneous mutations in the recombinant strains. Expression of marS in the respective strains
was determined by Northern blot analyses of total RNA isolated from bacteria grown to the exponential phase
(Fig. 1C). There was no detectable expression of mars in the deletion strain. By contrast, AmarS::marS showed
increased expression in comparison to the parental strain, likely due to a higher copy number of the expression
vector. These results were verified by RT-qPCR. No PCR product was detected in the RNA sample from Amars,
whereas the transcript level in AmarS::mar§ was increased 2-fold in comparison to WT. GAS M49 591 and
the recombinant derivatives had similar growth characteristics in THY medium (WT: p=1.11 +£0.09; AmarS:
u=1.09 +0.09; AmarS::marS: p=0.89 +0.12). The differences between the strains were not significant (t-test).
These data were generated from three independent experiments.

Lack of MarS results in decreased survival of GAS M49 591 in human blood.  To investigate the
role of Mars$ in a more pathogenically relevant environment, we assessed the ability of GAS M49 591 WT, the
marS deletion mutant, and the marS complementation strain to grow ex-vivo in human blood. AmarS showed
decreased growth in human blood in comparison to WT (Fig. 2A, Fig. S1). In the complementation strain, growth
was restored to the WT level. To distinguish whether cellular or non-cellular components of human blood were
responsible for the reduced growth of AmarS, growth in human plasma was assessed. As shown in Fig. 2B and
Fig. S2A, growth of Amar$ was not inhibited in human plasma. Consistently, the deletion of marS resulted in a
higher susceptibility towards phagocytosis by human neutrophils (Fig. 2C, Fig. $2B). The number of extracel-
lular bacteria was slightly reduced in the marS deletion strain relative to WT (Fig. 2D). Statistical analyses of
non-normalized data showed that the decrease of associated bacteria was not significant (Fig. $2C).

Mars positively influences capsule production.  The hyaluronic acid capsule of GAS supports evasion
of the host immune system through molecular mimicry and confers resistance to phagocytosis® . Since AmarS
showed decreased growth in human blood and a higher susceptibility towards human neutrophils, we tested
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Figure 3. Mar§ positively influences capsule production by GAS. (A) Amount of capsule in AmarS (dark

grey) and AmarS::marS (light grey) in comparison to WT (black), n = 16. (B) Relative expression of hasABC,
encoding hyaluronic acid synthesis proteins, in GAS M49 591, n = 8. Statistical significance for (B) was
determined using the two-way ANOVA, multiple comparisons. Differences between samples were expressed

as “ns = not significant” (P > 0.05) and highly significant (P < 0.0001)#**, (C) Amount of capsule in GAS M49
591 (WT M49, black), GAS M18 MGAS8232 AmarS (dark grey) and GAS M18 MGAS8232 AmarS:marS (light
grey) in comparison to GAS M18 MGAS8232 WT (WT M18, grey), n = 5. The data are presented as the mean
values + standard deviation. Statistical significance for (A) and (C) was determined using the two-tailed Mann-
‘Whitney U test. Differences between samples were expressed as “ns = not significant” (P > 0.05), marginally
significant (P < 0.05)*, significant (P < 0.01)**, and highly significant (P < 0.0001)%#%%,

whether capsule production is impaired in this strain. No significant difference in hyaluronic acid abundance
was detected between AmarS and the parental strain (Fig. 3A). Interestingly, the complementation strain showed
increased hyaluronic acid content in comparison to WT. This observation is in accordance with the higher mar$
transcript abundance in AmarS::marS (Fig. 1C) and suggests a positive effect of MarS on capsule production. To
analyse a potential influence of Mar$ on hasABC mRNA abundance, we measured hasABC transcript abundance
by RT-qPCR (Fig. 3B). The gene products of the hasABC operon are responsible for hyaluronic acid synthesis
in GAS®¥°. AmarS showed no significant differences in hasABC transcript level in comparison to the parental
strain, whereas the complementation strain showed a significantly increased abundance of the hasABC tran-
scripts in comparison to both WT and AmarS. GAS M49 591 is characterized by a low endogenous level of cap-
sule production®. Thus, the effect of MarS on hyaluronic acid synthesis was investigated in MGAS8232 (serotype
M18) (referred to as GAS M18 MGAS8232 throughout the text). The hyaluronic acid production of GAS M18
MGAS8232 was considerably higher than that of M49 (Fig. 3C). The GAS M18 MGAS8232 marS deletion strain
showed a reduced capsule production in comparison to both the GAS M18 MGAS8232 WT and the complemen-
tation strain GAS M18 MGAS8232 AmarS::marS (Fig. 3C). This result indicates a positive regulatory effect of
Mar$ on capsule production in GAS.

MarsS influences adherence to human keratinocytes.  To test whether Mar$ influences adherence and
invasion, bacteria were incubated with a human keratinocyte cell line (HaCaT). Deletion of marS led to a reduced
ability to adhere to HaCaT cells, which was restored in the complementation strain (Fig. 4).

Putative target mRNAs of MarS include mga and hasB. One of the major mechanisms of
sRNA-mediated regulation in bacteria is direct binding of the SRNA via base pairing to a target mRNA. Complex
formation depends on complementary regions within the RNA sequences and on the respective secondary struc-
tures. The IntaRNA**! algorithm was employed to predict Mar§-mRNA interactions in GAS M49 591. The
sequence of S. pyogenes NZ131 (NC_011375.1) served as a reference genome. Among the 28 predicted targets,
mga, the gene encoding the multiple virulence gene regulator, was identified with a high probability (Table 1).
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Figure 4. MarS influences adherence and internalization. Adherence to and internalization into human
keratinocytes of AmarsS (dark grey) and AmarS::marsS (light grey) in comparison to WT (black), n= 6. The Data
are presented as the mean values -+ standard deviation. Statistical significance was determined using the two-
tailed Mann-Whitney U test. Differences between samples were expressed as “ns = not significant” (P > 0.05)

and marginally significant (P < 0.05)*.

1 0.0003 0.46126 Spy49_1814 SPY49_RS08930 —12.06
2 0.0007 0.55764 Spy49_0125 SPY49_RS00815 —1140
3 0.0013 0.70451 Spyd9_1673c SPY49_RS08270 mga —10.89
4 0.0036 0.81466 Spyd9_0999 SPY49_RS04990 —9.96
5 0.0040 0.81466 Spyd9_0695¢ SPY49_RS03545 mvas2 —9.87
6 0.0043 0.81466 Spy49_0036 SPY49_RS00340 —9.80
7 0.0054 0.81466 Spy49_1678c SPY49_RS08295 —9.59
8 0.0055 0.81466 Spy49_1719¢ SPY49_RS08470 csp —9.57
9 0.0063 0.81466 Spy49_1426¢ SPY49_R807050 rpsR —9.45
10 0.0064 0.81466 Spy49_1639c SPY49_RS08100 nudC —9.42
11 0.0068 0.81466 Spyd9_0502¢ SPY49_RS02625 —9.37
12 0.0069 0.81466 Spy49_0898 SPY49_RS04510 glyA —9.35
13 0.0071 0.81466 Spy49_1173¢c SPY49_RS05800 fisZ —9.33
14 0.0072 0.81466 Spy49_1714c SPY49 RS08445 —9.31
15 0.0075 0.81466 Spy49_0207 SPY49 RS01190 mpA —9.28
16 0.0077 0.81466 Spy49_0169 SPY49_RS01025 —9.24
17 0.0099 0.8874 Spy49_1320c SPY49_RS06540 —8.99
18 00103 0.8874 Spy49_1674c SPY49_RS08275 —8.96
19 00104 0.8874 Spy49_l443c SPY49_RS07135 —8.94
20 00111 0.8874 Spy49_1578¢c SPY49_RS07805 saly —8.88
21 00113 0.8874 Spy49_1806 SPY49 RS08895 hasB —8.86
22 00119 0.8874 Spy49_1655 SPY49_RS08175 —8.80
23 00121 0.8874 Spy49_0144 SPY49_RS00905 nga —8.79
24 00128 0.90121 Spyd9_1533c SPY49_RS07550 ~8.73
25 00142 0.90121 Spy49_1480c SPY49_RS07300 —8.62
26 00152 0.90121 Spy49_1159¢ SPY49_RS05730 —8.55
27 00171 0.90121 Spy49_0916c SPY49_RS04600 —8.43
28 00193 0.90121 Spy49_1700c SPY49_RS08390 —8.29

Table 1. IntaRNA predictions.

The putative binding site lies within the 5 untranslated region (5"UTR) of mga (Fig. 5A) and is conserved in sero-
types M2, M4, M18, M28, M44, M49, M53, M59, M66, M71, M82, M83, M 87, M89, and M101 as determined by
BLAST? analysis. In silico prediction also identified hasB, encoding the UDP-glucose 6-dehydrogenase, which
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Figure 5. Putative interaction of MarS and its target transcripts. (A) Schematic of the putative binding of Mar$
to the mga transcript as predicted by IntaRNA. (B) Schematic of the putative binding of Mar$ to the hasA/B-
transcript as predicted by IntaRNA. (C) Secondary structure predicted by RNAfold. Nucleotides 1-126 are
depicted; the terminator stem loop is omitted for clarity.
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Figure 6. MarS binds to the 5 UTR of mga. RNA-RNA EMSA verifying base pairing between Mar$ and the
5'UTR of mga. A biotin-labeled mga 5 UTR RNA probe was incubated with wild-type MarS (lanes 2 to 4) or
a Mar$ mutant (mmMarS), in which two bases situated in the putative binding site were exchanged (88-CC-
89/88-GG-89) (lane 5). An unlabelled mmga RNA probe was employed for cold competition (lanes 6-8), and
unlabelled yeast tRNA was used as a specificity control (lane 9).

is part of the capsule synthesis operon in GAS (Table 1). The predicted binding site is located on the hasABC
polycistronic transcript at the 3’ end of the hasA coding region (Fig. 5B). For both targets, a common binding site
is situated in MarS. The secondary structure of MarS was predicted by RNAfold (The ViennaRNA Web Services,
http://rna.tbi.univie.ac.at/) and illustrated using VARNA GUI*? (Fig. 5C).

MarS binds to the 5/ untranslated region of mga. To determine whether Mar$ binds directly to the 5
untranslated region of the mga mRNA, we performed RNA-RNA electrophoretic mobility shift assays (EMSAs).
A biotin-labeled RNA corresponding to the 5" end of the mga RNA was incubated with increasing amounts of
Mar$, which resulted in a shift of the probe to a higher molecular weight complex (Fig. 6, lanes 2-4). To verify the
role of the predicted mRNA binding site in Mar$ (Fig. 5C), we used a mutated form of MarS (mmMarS), in which
two residues of the putative binding site were replaced (88-CC-89/88-GG-89). In reactions containing mmMarsS,
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Figure 7, Mar§ influences mga and Mga-dependent transcript abundance. (A) Relative expression of mga

and Mga-dependent transcripts in AmarS (dark grey) and AmarS::mar$ (light grey) in comparison to WT
(black). Bacteria were grown in THY to the transitional growth phase, n = 8. (B) Relative expression of mga and
Mga-dependent transcripts in AmarS (dark grey) and AmarS:marsS (light grey in comparison to WT (black).
Bacteria were exposed to human blood for 1 h, n = 8. The data are presented in comparison to WT as the mean
values + standard deviation. (C) Stability of mga transcript in AmarS (dark grey) and AmarSz:marS (light

grey) and WT (black) as determined by RT-qPCR following treatment of the culture with rifampicin; n =3.
Stability is presented as percent mga transcript level relative to time-point zero. The data are presented as the
mean values + standard deviation. The Student’s t-test was used to calculate statistical significance. Differences
between samples are expressed as “not significant” (P >>0.05) and marginally significant (P < 0.05)*,

the mga RNA probe was not shifted (Fig. 6, lane 5). The specificity of the binding was confirmed by incubation
with increasing concentrations of unlabeled mga RNA, which reduced the shifting (Fig. 6, lanes 6-8).

Deletion of marS results in lower mga and mga-controlled transcript levels. The influence of
Mar$ on the transcript abundance of the putative target mga and virulence factor genes directly regulated by
Mga™ was investigated. Total RNA from GAS M49 591 and the recombinant derivatives either grown in THY
(Fig. 7A) or following exposure to human blood (Fig. 7B) was analysed by RT-qPCR with primers specific for
mga, ernm, sclA (streptncoccal collagen-like prntein). and sof (serum opacity factor). In all cases tested, the abun-
dance of the transcripts was significantly decreased in the deletion mutant compared to that in WT (Fig. 7A/B).
In AmarS::marS, the phenotype could be restored. Together, these results indicate a positive regulatory influence
of MarS on mga and thereby on the expression of genes regulated by Mga. To examine the impact of mga mRNA
stability on this effect, the transcript abundance was determined following rifampicin treatment (Fig. 7C). The
lack of Mar$ did not influence mga transcript stability within the first three min. In AmarSzmarS, mga mRNA
stability was slightly improved compared with that in WT and the deletion mutant. The half-life of the mga
transcript as calculated by linear regression analyses was 0.57 min in WT, 1.15min in AmarS, and 4.58 min in
AmarS:marS. Thus, the effects on the Mga regulon in AmarS were not caused by reduced mga mRNA stability
in the marsS deletion strain.

Down-regulation of MarS target gene transcription affects the proteome of GAS M49 591.
Given the differential expression of several Mga-controlled genes encoding surface proteins in AmarS, we set
out to investigate the proteome of the sSRNA deletion strain compared with WT and the complementation strain.
Cytoplasm-depleted fractions were analysed by nano LC-mass spectrometry. The total number of proteins
quantified by at least three and two peptides amounted to 885 and 1001, respectively, representing a high cov-
erage of the proteome (Supplementary Data $1). Seventeen proteins were differentially regulated (a fold change
above two) between the investigated strains (Table 2). For the majority of those, differential synthesis could be
detected in the exponential (exp), transitional (tra), and stationary (stat) growth phases. Antiphagocytic M pro-
tein, fibronectin-binding protein, Fc-gamma receptor, and serum opacity factor, encoded by emm49, sfbX49,
Spy49_1672¢, and sof, respectively, were reduced in AmarS samples compared with those in WT, whereas protein
abundance was restored in the complementation strain (Table 2). Mga protein abundance was also reduced in
the deletion strain in comparison to WT, but quantification was not meaningful in the cytosol-depleted samples
that were used for the analyses. Mga contamination most likely resulted from an interaction with chromosomal
DNA hampering complete removal from those samples. Thiol-activated cytolysin (slo) was reduced in AmarS
during exp and stat. In the complementation strain, the protein level was slightly increased in comparison to WT
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Fold change (mean from three biological replicates)

WT/Amar§ WT/AmarSzmarS
Protein Gene exp ‘ tra | stat exp | tra ‘ stat
Protein abundance significantly reduced in AmarS
Immunogenic secreted protein isp2 31 24 53 2.0 13 17
Collagen-like surface protein A scld nds 6.6 162 |nd Q7 0.8
C5a peptidase ScpA 212 42 9.2 14" |10 10
Antiphagocytic M protein emmd? 10.7 11 |75 16 0.9 0.9
Fc-gamma receptor Spy49_1672¢ 10.4 9.7 4.3 11 13 12
M protein trans-acting positive regulator mga 117.2 62.5 (452 |22 12 11
Fibronectin-binding protein sfoX49 284 112|213 |20 0.9 3.1
Serum opacity factor saf 6.5° 37 9.5 31 11 16
Putative secreted protein Spy49_0015 16° 2.6 13 15 2.0 0.8
‘Thiol-activated cytolysin slo 31 11 3.2 11 0.4 0.6
Uncharacterized protein Spy49_0343 n.d. 17.8° (86" |nd [10° |06
Uncharacterized protein Spy49_0412 n.d. nd 8.7 n.d n.d. 0.8
Collagen-like surface protein B sclB 47 54 53 11 1.0 0.9
Protein abundance significantly reduced in AwmarS and AmarS: marS
Spi SpeB protease inhibitor Spy49_1689¢ n.d. nd 2.3 nd nd. &9
Cysteine proteinase SpeB speB nd. 24 52 n.d 138 |47
Protein abundance significantly increased in ArmarS:marS
Hyaluronan synthase hasA 11 Q.7 04 0.2 0.1 0.1
Putative UDP-glucose 6-dehydrogenase hasB 12 15 12° (o1 0.3 0.5

Table 2. Differentially expressed proteins in the proteomes of GAS M49 591 W'T, AmarS and AmarSzmarS.
Detailed data are provided in Supplementary Data S1. *n.d.: missing values for quantification due to growth
phase-dependent low protein amounts. "Mean from two biological replicates. “Mean was calculated from two
biological replicates due to an infinite fold change in the third biological experiment (protein was not detected
in AmarS).

during tra and stat. Thus, down- regulation of the Mga-controlled gene transcription observed in AmarS (Fig. 7A)
resulted in a decreased synthesis of the corresponding gene products in the deletion mutant. Furthermore, the
collagen-like surface proteins A and B and C5a peptidase were reduced in AsmarS samples in comparison to WT.
The hyaluronic acid synthesis proteins HasA and HasB were increased in AmarS::marS, which is in accordance
with the increased capsule production by this strain (Fig. 3A). Abundance of the cysteine proteinase SpeB was
significantly reduced in both AmarS and in AmarS::marS in comparison to W'T, indicating that these changes
were not MarS-dependent. Taken together, of 13 proteins that were down-regulated in AmarS compared with
those in WT, 10 were known surface-associated or secreted molecules, and two were proteins of unknown
function. Although the extracellular ratios of the secreted proteins may differ from the values measured in the
cytoplasm-depleted fraction of the cell extracts, their general regulation should be reflected by the data. The
protein abundance of the capsule synthesis proteins HasA and HasB was significantly increased in AmarS::marS
compared with those in WT.

Lack of MarS leads to a greater bacterial dissemination in vivo. To assess the influence of Mar$
on the virulence of GAS M49 591 in vivo, a mouse infection model was employed. Mice were infected ip. with
8 x 107 colony forming units (CFUs) GAS M49 591 WT, AmarS, and AmarS::marS. All animals showed signs of
severe bacterial infection and were sacrificed after 24 h. Bacteria were sampled from mouse liver, lung, kidney,
and spleen for CFU determination. From the kidneys of infected mice, a significantly greater number of living
Asmar$ bacteria could be isolated compared with that in WT and the complementation strain (Fig. 8A). In the
liver, significantly more AmarS cells were detected than W'T cells; in the spleen, the number of AmarS::marS
bacteria was significantly reduced in comparison to the parental and deletion strains (Fig. 8A). A slightly larger
number of AmarS was detected in the lungs of the infected mice compared with that of the other two strains, but
the differences between the samples were not significant. Thus, in all organs tested, there was a greater number of
viable bacteria in the deletion strain than in WT and the complementation strain.

Increased survival of AmarS in the host kidney correlates to increased oxidative stress resist-
ance. Reactive oxygen species (ROS)-related DNA damage was measured using a qPCR-based method™.
Therefore, total DNA from the kidney and spleen of infected mice, containing host DNA and bacterial DNA, and
of PBS-treated controls, containing only host DNA, was isolated. DNA lesions were detected in the mitochondrial
DNA (mtDNA) of the host and in the genomic DNA of bacteria using primers specific for the mitochondrial
D-loop sequence and the bacterial gyrA, respectively. Infection with any of the three strains resulted in a high
level of mtDNA damage in the kidney (=30 lesions per 10kb) (Fig. 8B). The differences between the mtDNA
damage of the samples collected following infection with the different strains were not significant. In the spleen,
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Figure 8. Deletion of marS leads to greater dissemination of GAS M49 591 in mice. (A) CFUs of AmarS (dark
grey) and AmarS::mars (light grey) in comparison to WT (black) isolated from different organs 24 h after
infection of BALB/c mice, n = 15 mice/group. (B) mtDNA damage of kidney and spleen tissue from infected
mice, n = 3. (C) Bacterial DNA damage detected in kidney and spleen samples from infected mice, n= 6. (D)
Survival of AmarS (dark grey) and AmarSz:marS (light grey) and WT (black) following treatment with H,0,
as indicated; n = 8. The data are presented as the mean values + standard deviation. Statistical significance

for was determined using the two-tailed Mann-Whitney U test. Differences between samples were expressed
as “ns = not significant” (P > 0.05), marginally significant (P < 0.05)*, significant (P < 0.01)**, and highly
significant (P < 0.0001)%¥*,

which showed a higher bacterial load in this experiment (Fig. 8A), mtDNA damage was less severe than in the
kidney (Fig. 8B). Again, no strain-specific differences in mtDNA damage could be detected. Corresponding to
the mtDNA data, bacterial DNA isolated from the kidney showed a high level of damage. Bacterial DNA damage
was significantly reduced in AmarS in comparison to the parental and the complementation strains (Fig. 8C).
In contrast, the overall bacterial DNA damage in samples isolated from the spleen was low. DNA from WT cells
showed approximately 5 lesions/10 kb, but the difference in comparison to untreated bacteria was not significant
(Fig. 8C). Survival of the different strains under conditions of oxidative stress was tested in vitro using H,0, as
a stressor. Under high oxidative stress conditions (3 mM H,0,), the marS deletion strain showed significantly
increased survival compared with that of the complementation strain (Fig. 8D). These data correspond to the sit-
uation in the kidneys of infected mice (Fig. 8A,B and C). Taken together, high oxidative stress in the host kidney
correlated with a lower bacterial load. Under these conditions, bacterial DNA damage was reduced in AmarS
compared with that in WT and survival of the deletion mutant was facilitated.

Discussion

In this study, we provide data regarding the role of the sRNA Mar$ in GAS M49 591 in the expression of virulence
genes. GAS adheres to human tissue during colonization. Additionally, internalization by host cells has been
discussed as a cause of recurrent disease, bacterial persistence in the host, and therapeutic failure of penicillin
treatment® 3%, Deletion of marS in GAS M49 591 resulted in a reduced adherence to human keratinocytes and a
greater susceptibility to phagocytosis. The M protein supports evasion of phagocytosis®=**% and is involved in
adherence and internalization processes™ 2, Expression of emm, which encodes the antiphagocytic M protein,
was dramatically reduced in AmarS, explaining the phagocytosis and the adherence phenotype of the deletion
strain. Activation of emm expression is controlled by Mga. The mga mRNA, which was one of the Mar§ targets
predicted by IntaRNA was also decreased in the deletion strain. In the case of a direct interaction of Mar$ with
the predicted binding site located at the 5’-end of the mga transcript, translation may be diminished in the dele-
tion strain. In turn, decreased protein levels of Mga would lead to hampered stimulation of mga transcription
by Mga. The expression of mga is positively autoregulated®”. A small amount of mga transcript in AmarS is con-
sistent with the down-regulation of several genes that are known to belong to the Mga regulon®, including sclA
and sof. A low abundance of the collagen-like surface proteins A and B, and C5a peptidase was observed in the
proteome of AmarS. Expression of the corresponding genes selA, scIB, and scpA is known to be transcriptionally
controlled by Mga* . We conclude that an influence of MarS on mga expression leads to down-regulation of
mga in the deletion strain and, consequently, a down-regulation of Mga-activated genes. Direct binding of MarS
to the predicted mga mRNA binding site was supported by EMSAs. The marS gene is conserved throughout GAS,
and the binding site in the 5 UTR of mga is conserved in several GAS emm types as determined by BLAST? anal-
ysis. Amongst others, these include emn118, emm28, emm59, and emm83, which are responsible for diseases as
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diverse as acute theumatic fever, puerperal sepsis, severe invasive disease, and skin tissue infections’’~*’. Binding
of sRNAs to their target mRNAs is a typical characteristic of trans-acting sRNAs in many bacteria. Recently, direct
sRNA-mRNA binding has also been observed in GAS. The interaction of FasX with its targets mRNAs prtFI and
priF2 and cpa could be observed in vifro by gel shift assays'™'%. FasX mediated regulation of pilus genes occurred
in a serotype-specific manner'. Accordingly, target prediction in different GAS genomes in combination with in
vitro binding studies might lead to the discovery of an emm-type specific target spectrum of MarS.

Depending on the GAS serotype, the infection model used, and the nature of the mutation, virulence of
surface protein-deficient GAS strains in mice is affected differently. In a recent study, a commonly occurring
single-nucleotide polymorphism (SNP) in GAS M59 increased expression of mga and 54 other genes, leading
to significantly larger skin lesions in mice®!. Decreased Mga activity or inactivation of mga or emm, respec-
tively, led to attenuated virulence of GAS in mouse models for skin infection®?~*%. While fibronectin binding
promoted bacterial adherence, dissemination to the spleen of infected mice was less efficient in GAS expressing
fibronectin-binding protein F1 in comparison to bacteria lacking this protein®. Disruption of pilus assembly
by sottase deletion rendered the GAS serotype M49 significantly more aggressive in a dermonecrotic mouse
infection model®. Taken together, the down-regulation of surface-bound virulence factors leads to hampered
adherence. Under these circumstances, in systemic infection models, bacterial dissemination is promoted. In
our model, deletion of marsS led to down-regulation of several surface proteins, including the M protein and the
fibronectin-binding proteins St6X49 and Sof. Consequently, the ability to adhere to keratinocytes was dimin-
ished, while dissemination in a sepsis mouse model was increased.

One prerequisite for successful infection is the ability of the pathogen to withstand the oxidative stress con-
ditions generated by the host at the site of infection. GAS employs a variety of resistance mechanisms towards
ROS, including physical barriers, enzymatic reactions, and metal homeostasis™. Bacterial DNA damage in AmarS
was decreased compared with that in WT under high oxidative stress conditions in the kidney, indicating that
MarS influences the expression of genes involved in the oxidative stress response; however, the regulatory target
remains unknown. In this context, a lack of MarS was advantageous for GAS M49 591-survival in the host.

In the proteomes of AmarS and in AmarS::mar$, the abundance of the cysteine proteinase SpeB was signifi-
cantly reduced compared with that in W'T. SpeB production is regulated by the CovR/S two-component system
and plays a specific role in invasive disease. Comparative genomics and transcriptomics revealed that invasive
GAS M1 strains exhibita SpeB switch caused by CovR/S mutations, leading to the increased expression of several
virulence factor genes, including ska, slo, sdal, sic, and scpA, and to decreased SpeB abundance®®*”. SpeB produc-
tion is also stimulated by Mga in GAS M49 591, but there is no direct binding of the speB promoter by Mga®. The
down-regulation of SpeB in AmarS could be caused by decreased levels of Mga in this strain. However, the phe-
notype was not complemented by ectopic mar$S expression from a plasmid, indicating a more complex situation.

One of the putative targets identified by the IntaRNA algorithm was hasB, encoding the UDP-glucose
6-dehydrogenase, which is part of the capsule synthesis operon in GAS. There were no significant differences
in hyaluronic acid content between WT and AmarS, whereas AmarS::marS produced significantly more cap-
sule in comparison to the WT strain. Although the hyaluronic acid capsule is known to impact resilience to
neutrophils?>?¢, differential capsule production was not observed in the deletion mutant and did not lead to
decreased survival in the phagocytosis assay. The capsule is also known to influence the adherence of GAS to
human keratinocytes*>%. In our model, AmarS could not bind as efficiently as W'T to HaCaT cells. AmarS:marS
was able to restore the WT phenotype, but the high hyaluronic acid content of the strain did not lead to signifi-
cantly increased adherence. Therefore, hyaluronic acid does not seem to play a major role as an adhesin in this
serotype. GAS M49 591 naturally produces small amounts of hyaluronic acid in comparison to other serotypes.
Consequently, we observed a more pronounced regulatory effect of MatS on capsule production in GAS M18
MGAS8232.

Together, MarS modulates the expression of virulence factor genes belonging to the Mga regulon and influ-
ences hyaluronic acid production in GAS, thereby promoting virulence. While FasX is a negative regulator of
pili and the fibronectin-binding proteins PrtF1 and PrtF2, it upregulates the expression of streptokinase, thereby
functioning as a switch from colonization to dissemination'”**. In contrast, MarS promotes adhesion by enhanc-
ing the expression of several extracellular matrix-binding surface proteins and stimulating capsule production
while suppressing bacterial dissemination. We propose that MarS is involved in GAS colonization during the
early stages of infection.

Methods

Bacterial strains and culture conditions. The GAS serotype M49 strain 591 was kindly provided by
R. Liitticken (Aachen, Germany). The GAS serotype M18 strain MGAS8232 was obtained from the Centre of
Epidemiology and Microbiology, National Institute of Public Health, Prague, Czech Republic. All GAS strains
were cultured in chemically defined medium (CDM)®' or Todd-Hewitt broth (Thermo Fisher Scientific,
Darmstadt, Germany) supplemented with 0.5% yeast extract (Thermo Fisher Scientific, Darmstadt, Germany)
(THY), as indicated, at 37 °C with a 5% CO,/20% O, atmosphere. Escherichia coli strain DH5c: (Gibco BRL,
Eggenstein, Germany) was used as a host for the construction, proliferation, and storage of recombinant plas-
mids. All E. coli strains were cultured in Lennox L Broth Base (Thermo Fisher Scientific, Darmstadt, Germany).
For selection, antibiotics were added at the appropriate concentrations.

Construction of recombinant GAS strains. For the construction of an isogenic marS deletion mutant
of GAS M49 591 (AmarS) and GAS M18 MGAS8232 (GAS M18 MGAS8232 AmarS), marS was exchanged for
a spectinomycin resistance cassette by homologous recombination™. To supply sequence to mediate homolo-
gous recombination, an upstream 800bp flanking region 1 fragment and a downstream 931 bp flanking region
2 fragment were amplified by PCR using chromosomal DNA from the parental strain as a template. All primers
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used for the generation of the respective fragments are listed in Supplementary Table S1. PCR products were
sequentially cloned into the MCS of pUC18Erm 1. Between the flanking regions, a spectinomycin resistance
cassette from pFW5% was cloned into the BamHI site. The resulting suicide plasmid was verified by classical
Sanger sequencing (GATC Biotech AG, Konstanz, Germany) and was used to transform GAS strains M49 591
or M18 MGAS8232. Deletion of marS was confirmed by sequencing. Therefore, a PCR product of the genomic
region was analysed by classical Sanger sequencing (GATC Biotech AG, Konstanz, Germany). Loss of MarS was
determined by RT-qPCR. For construction of a complementation strain (AmarS::marS), a fragment including
the endogenous promotor and terminator regions was amplified by PCR and cloned into the Sall/BamHI sites
of the shuttle vector pAT19%% The resulting vector was verified by sequencing and used for transformation of
AmarS. The absence of spurious mutations in the recombinant strains was confirmed by MiSeq whole genome
sequencing. The corresponding data were submitted to the European Nucleotide Archive (ENA/SRA) (Accession
number: PRJEB18537).

Assays to assess the ability of the bacteria to survive in blood and plasma. The ability of the
bacteria to survive in blood (short: blood survival assay) was assessed as described by Nakata et al.%. Briefly, over-
night cultures of the GAS parental strain and isogenic mutants were inoculated into fresh medium and grown to
the exponential growth phase. The cultures were centrifuged, washed and suspended in phosphate-buffered saline
(PBS). Next, 20 ul of each respective cell suspension was used to inoculate 480 il heparinized human blood. Blood
was obtained from at least three individual volunteers. The samples were incubated for 3h at 37 °C under rotation.
CFUs of the samples were determined following serial dilution and plating on THY agar plates and compared to
the CFUs of the respective inoculate. The resulting multiplication factor (MF) was used to compate strains. The
data were normalized by setting the MF of the W'T to 100%. The ability of the bacteria to survive in plasma (shott:
plasma survival assay) was assessed accordingly using human plasma as the medium.

Quantitative phagocytosis assay. Human neutrophils were isolated from human blood using
PolymorphPrep™ (PROGEN Biotechnik GmbH, Heidelberg) according to the instructions of the manufacturer.
The neutrophils were suspended in RPMI 1640 (Invitrogen, Thermo Fisher Scientific, Darmstadt, Germany).
Bacteria were grown over night and washed with PBS. For opsonization 107 CFU/ml were incubated for 20 min
with 10% human serum at room temperature. The opsonized bacteria were incubated with 10” human neutro-
phils/ml (1:1) and 5% serum for another 30 min at 37 °C. As a reference, a sample of the opsonized bacteria was
incubated without neutrophils. To determine the survival rate, the samples were centrifuged and the pellets lysed
in sterile distilled water. The counts of viable GAS were determined following serial dilution and plating on THY
agar. To determine the proportion of extracellular bacteria, the samples were centrifuged for 5minat 100g for
separation. The supernatant was collected, centrifuged at 13.000 g, and the bacterial pellet was dissolved in PBS.

Quantification of hyaluronic acid. The amount of cell-associated hyaluronic acid produced by GAS was
determined by the release of capsule from cells in the exponential growth phase and subsequent measurement
of the hyaluronic acid content using Stains-All (Sigma) as described previously®”. The absorbance at 640 nm was
compared to a standard curve prepared with known concentrations of hyaluronic acid. The amount of hyaluronic
acid in the samples was calculated in fg/CFU. The data are expressed relative to the content of hyaluronic acid in
the respective WT strain.

Adherence and internalization assay. Bacterial adherence to and internalization into the human
keratinocyte cell line HaCaT (DKFZ, Heidelberg, Germany) was quantified employing an infection assay®*. In
brief, 24-well-plates were inoculated with 2.5 x 10° HaCaT cells per well in DMEM (Invitrogen, Thermo Fisher
Scientific, Darmstadt, Germany) without antibiotics. Growth was allowed until confluence. Keratinocytes were
washed with DMEM and infected separately with GAS strains of interest in DMEM at a multiplicity of infection
(MOI) of 1:10. After 2h incubation at 37 °C in a 5% CO, atmosphere, the keratinocytes were washed exten-
sively with PBS. To detach the keratinocytes, trypsin/EDTA (Invitrogen, Thermo Fisher Scientific, Darmstadt,
Germany) was added and the keratinocytes were lysed in sterile distilled water. CFU from GAS attached to and
internalized into HaCaT keratinocytes were determined following serial dilution in PBS and plating on THY agar.

Electrophoretic mobility shift assay (EMSA). RNA:RNA EMSAs were performed as described by
Danger et al.*. Briefly, RNA for RNA:RNA gel shift assays was prepared by in vifro transcription of the T7 pro-
moter sequence containing PCR products using T7 polymerase. All primers used for the generation of the respec-
tive fragments are listed in Supplementary Table S1. Chromosomal DNA of GAS M49 591 served as the template
for the mga 5' region and the marS fragments and pAT19_ mar$ 88-CC-89/88-GG-89 served as the template for
the mismatch mar$ fragment. In vitro transcription reactions were performed using the MEGAshortscript kit
(Thermo Fisher Scientific, Darmstadt, Germany) according to the instructions of the manufacturer. Template
DNA was removed using TURBO DNase (Thermo Fisher Scientific, Darmstadt, Germany). The RNA was puri-
fied using the RNA Clean and Concentrator-25 kit (Zymo Research Europe, Freiburg, Germany). For probe
labelling, mga mRNA was biotin-labelled using the Pierce RNA 3 end biotinylation kit (Thermo Fisher Scientific,
Darmstadt, Germany). Probes were purified using the RNA Clean & Concentrator-5 kit (Zymo Research Europe,
Freiburg, Germany). All RNAs were quantified using the Qubit 3.0 Fluorometer (Thermo Fisher Scientific,
Darmstadt, Germany) and their quality was evaluated using the Agilent Bioanalyzer 2100 system. Labelled mga
RNA (12 nM) was incubated in the presence or absence of MarS RNA (0, 10, 100, 1000 nM), mmMarS (1000 nM),
unlabelled mga RNA (10, 100, 1000 nM) or unlabeled yeast tRINA (1000 nM). EMSA reactions (10 1l) contained
1 UHtRNA (10 ug/ul stock) and 1 il of structure buffer (10 x stock; provided with the Lightshift RNA EMSA kit,
Thermo Fisher Scientific, Darmstadt, Germany). Reactions were heated to 56 °C for 5 min before cooling to
37 °C for 30 min to allow refolding. REMSA loading buffer (Lightshift RNA EMSA kit, Thermo Fisher Scientific,
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Darmstadt, Germany) was added to each sample. The samples were separated ona 5% TBE mini-gel in 0.5 x TBE
buifer, transferred by semi-dry blotting to a positively charged nylon membrane, and UV-crosslinked. The mem-
brane was then blocked for one hour at RT (Odyssey Blocking Buffer, Li-Cor, diluted 1:3 in PBS), incubated with
Streptavidin IRDye (Li-COR) at room temperature for 20 min in the dark, washed 3 x (PBST, 1% SDS), and the
labeled RNA was detected using a Li-Cor Odyssey system. The membranes were rinsed and stored in PBS.

Transcript stability determination. GAS strains were grown to the transitional growth phase in THY
(ODyq 0f 0.8) before the addition of rifampicin (to 1 mg/ ml) to inhibit RNA synthesis. Following the addition of
rifampicin, 10 ml samples were recovered after 0, 1, 2, 3, 5, 10, and 15 min, as indicated. Samples were pelleted by
centrifugation and quickly frozen in liquid nitrogen. Total RNA was extracted as described below.

Reverse transcription followed by quantitative PCR (RT-qPCR).  GAS strains were grown to the
transitional growth phase in THY (ODyy, of 0.8). Bacterial cells were either pelleted immediately and quickly
frozen in liquid nitrogen or exposed to human blood for one hour prior to sample prepatration. Total RNA from
GAS strains was extracted according to the protocol supplied with the Direct-zol™RNA MiniPrep Kit (Zymo
Research, [rvine). After extraction, RNA was treated with acid phenol:chloroform:iscamyl alcohol (125:24:1),
pH 4.5 (Thermo Fisher Scientific, Darmstadt, Germany), and TURBO™DNAse (Thermo Fisher Scientific,
Darmstadt, Germany) according to the manufacturer’s instructions. cDNA synthesis was performed using
the Superscript first-strand synthesis system for RT-PCR (Invitrogen, Thermo Fisher Scientific, Darmstadt,
Germany). Quantitative PCR amplification was performed with SYBR green (Thermo Fisher Scientific,
Darmstadt, Germany) using the ViitA™ 7 Real-Time PCR System (Applied Biosystems, Darmstadt, Germarny).
The 55 rRNA gene and the DNA gyrase subunit A gene (gyrA) served as housekeeping genes. Relative expres-
sion was calculated employing the 2-24¢" method . All primers used for RT-qPCR are listed in Supplementary
Table S1.

Northern blot analyses. Total RNA was isolated from GAS strains grown to the transitional growth phase in
THY (0D of 0.8) as described above. RNA samples (10.g) were loaded onto an 8% TBE-Urea polyacrylamide gel
and separated by electrophoresis. Size standards (Ultra Low Range Ladder, Fermentas) were loaded on the same gel.
RNA was electroblotted onto positively charged nylon membranes (Ambion) and UV cross-linked. Templates for the
probes were generated by PCR with the same primers that were used for the PCR reaction in the RT-qPCR experiments.
To the 5" end of the reverse primers was added the T7 promoter sequence (CTTAATACGACTCACTATAGGG) for
in vitro transcription (MAXIscript™ T7 Transcription Kit, Ambion). Probes were labelled with biotin prior to hybrid-
ization (Brightstar Psoralen- Biotin Labeling kit, Ambion). Membranes were hybridized overnight with a RNA probe
complementary to Mar§ or 55 RNA, as indicated. A BrightStar BioDetect Kit (Ambion) was used for detection, and
autoradiography films were exposed to the luminescent blots.

Extract preparation for proteome analyses. Bacteria were grown in THY and samples were collected
at different time points during growth. Crude extracts were prepared in a precellys 24 homogenizer (peqLab
Biotechnologie GmbH, Erlangen, Germany) and divided into cytoplasm-depleted and cytoplasmic fractions by
centrifugationat 13000g. Three biological replicates were performed.

Proteome analyses. Mass spectrometry was performed on a Synapt G2-S mass spectrometer coupled
to a nanoAcquity UPLC system (Waters, Manchester, UK). Peptides of the tryptic digests were separated by
reversed-phase UPLC and analysed in data-independent mode (HDMSE). Label-free protein quantification
and expression analysis were performed using Progenesis QI for Proteomics (Nonlinear Dynamics, Newcastle
upon Tyne, UK). A detailed description of the experimental procedures is provided as supporting information
(Supplementary Methods S1).

Murine infection model. Naive, inbred, 8-week-old female BALB/c mice were purchased from Charles
River Laboratories (Sulzfeld, Germany). Mice were inoculated intraperitoneally with 8 x 107 CFU of GAS strains,
as indicated, in 0.2 ml PBS utilizing a BD Microlance 27 G 3/4” (Becton Dickinson GmbH, Heidelberg, Germany).
Mock infection was performed with 0.2 ml PBS. As a vector control mice were infected with GAS M49 591 carry-
ing pAT18/GFP. Twenty-four h post-infection, the mice were sacrificed using a ketamine/xylazine combination.
Bacterial dissemination was investigated by determination of bacterial loads in different organs®”. All the experi-
mental protocols were approved by a licensing committee as specified in the ethics statement.

Bacterial oxidative stress resistance. GAS strains were grown in THY to the early exponential growth
phase. H,O, (Roth, Karlsruhe, Germany) was added as indicated. Following incubation for 2h at 37 °C, cells were
transferred to ice, harvested, washed twice with PBS and plated on THY agar for CFU determination.

DNA damage detection. Total DNA from mouse tissues was isolated using the DNeasy Blood and Tissue
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. DNA damage detection was per-
formed as described elsewhere®. In brief, DNA quantity and purity were determined by spectrophotometric anal-
ysis. DNA lesion rates were determined by sequence-specific gPCR of mouse mitochondrial DNA (mmtDNA)
and bacterial DNA, respectively. Amplification of a long (mmtDNA: 618 bp, gyrA: 775bp) and a short (mmtDNA:
87bp, gyrA: 85bp) fragment was performed relative to DNA isolated from untreated cells. The small amplicon
served as an undamaged DNA reference and allowed for DNA concentration normalization. PCR was performed
with SYBR green (Thermo Fisher Scientific, Darmstadt, Germany) using a Light Cycler® 480 Instrument (Roche
Diagnostics, Mannheim, Germany). All primers used for qPCR are listed in Supplementary Table S1. DNA was
isolated from at least four animals, and qPCR reactions were performed in triplicates.
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Statistical Analyses. All experiments were performed at least three times or as indicated by the sample
size (n). Statistical significance was determined for normalized data using the Wilcoxon signed-rank test. RNA
stability tests were performed in three biological replicates; thus, the Student’s t-test was used to calculate statis-
tical significance. For all other experiments, the test used to determine statistical significance is indicated in the
respective figure legend.

Ethics statement.  The protocol for the collection of human blood for the blood survival assay was approved
by the Ethikkommission an der Medizinischen Fakultit der Universitiit Rostock (ethics committee vote: A 2014-
0131). The experiments were conducted in accordance with the ICH-GCP guidelines. Informed consent was
obtained from all subjects. The protocol for the murine infection model was approved by the Landesamt fiir
Landwirtschaft, Lebensmittelsicherheit und Fischerei M-V (Permit Number: 7221.3-1.1-090/12). Mice were sacri-
ficed using a ketamine/xylazine combination. Animal experiments were performed in strict accordance with the
German regulations of the Society for Laboratory Animal Science (GV-SOLAS) and the European Health Law of
the Federation of Laboratory Animal Science Associations (FELASA).

Data availability. Thewhole genome sequencing datasets generated during the current study are available in
the European Nucleotide Archive (ENA/SRA) repository (Accession number: PRIEB18537). The proteome data
generated during this study are included in this published article (and its Supplementary Information files). All
additional datasets generated during or analysed during the current study are available from the corresponding
author upon reasonable request.
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Inhibition of Growth and Gene Expression by PNA-peptide
Conjugates in Streptococcus pyogenes

Nadja Patenge', Roberto Pappesch’, Franziska Krawack', Claudia Walda', Mobarak Abu Mraheil?, Anette Jacob®*, Torsten Hain? and
Bernd Kreikemeyer!

While Streptococcus pyogenes is consistently susceptible toward penicillin, therapeutic failure of penicillin treatment has
been reported repeatedly and a considerable number of patients exhibit allergic reactions to this substance. At the same
time, streptococcal resistance to alternative antibiotics, e.g., macrolides, has increased. Taken together, these facts demand
the development of novel therapeutic strategies. In this study, S. pyogenes growth was inhibited by application of peptide-
conjugated antisense-peptide nucleic acids (PNAs) specific for the essential gyrase A gene (gyrA). Thereby, HIV-1 Tat
peptide-coupled PNAs were more efficient inhibitors of streptococcal growth as compared with (KFF)3K-coupled PNAs. Peptide-
anti-gyrA PNAs decreased the abundance of gyrA transcripts in S. pyogenes. Growth inhibition by antisense interference
was enhanced by combination of peptide-coupled PNAs with protein-level inhibitors. Antimicrobial synergy could be detected
with levofloxacin and novobiocin, targeting the gyrase enzyme, and with spectinomycin, impeding ribosomal function. The
prospective application of carrier peptide-coupled antisense PNAs in S. pyogenes covers the use as an antimicrobial agent and

the employment as a knock-down strategy for the investigation of virulence factor function.
Molectlar Therapy—Nucleic Acids (2013) 2, 132; doi:10.1038/mina.2013.62; published online 5 November 2013

Subject Category: Antisense oligonuclectides Peptide nucleic acids

Introduction

Streptococcus pyogenes (group A streptococci (GAS)) is an
exclusively human pathogen, which causes a wide spectrum
of infectious diseases ranging from mild superficial infections
of the skin and the mucosal membranes to invasive diseases
like necrotizing fasciitis (flesh-eating disease) or streptococ-
cal toxic shock syndrome. Typically, superficial infections are
associated with spontaneous recovery. However, if mild infec-
tions remain untreated, severe invasive infections or autoim-
mune sequelae can develop as a consequence.’-2 Therefore,
antibiotic therapy is strongly indicated upon streptococcal
infections. Currently, penicillin is the standard treatment of
streptococcal pharyngitis. Reasons are the continuing sus-
ceptibility of GAS toward penicillin, its efficiency, safety, and
the comparably low costs of penicillin treatment.®® However,
penicillin-related treatment failure has been reported repeat-
edly in cases of streptococcal pharyngitis.®” Factors that
have been discussed to be responsible for this phenomencn
include the coexistence of p-lactamase—producing bacteria,®
biofilm formation by GAS,® and internalization of GAS into
epithelial host cells.’-'? Ancther problem poses the rising
occurrence of macrolide resistance in GAS,™ ' which limits
the use of macrolides to patients with significant penicillin
allergies.” Conseguently, the development of novel thera-
peutic strategies remains an imperative.

Among the innovative therapeutic approaches, antisense
molecules gain increasing importance. One advantage of anti-
sense interference is the specific effect on target molecules.
Another is the lack of already established bacterial resistance

mechanisms toward antisense agents. Peptide nucleic acids
(PNAs) have been tested as antimicrobial agents in the
past decade in a variety of bacterial species. Their chemical
properties place PNAs between peptides and nucleic acids.
Nucleobases, which are capable of sequence-specific base
pairing, are present in PNAs. However, peptide bonds replace
the nucleic acid-specific sugar-phosphate backbone.'® PNAs
show a high stability in organic solutions as well as in water
and their hybrid characteristics add to their stability in biologi-
cal environments. So far, no nuclease or protease is known to
be capable of hydrolyzing PNAs. Consequently, PNAs proved
to be very stable in human serum and cellular extracts.™

PNA uptake is limited by the outer cell membrane in Gram-
negative bacteria.”® Cell-penetrating peptides (CPPs) are
naturally occurring or synthetic peptides containing positively
charged residues that are able to enter eukaryotic cells and
bacteria. They can be employed for the transduction of car-
gos into target cells.”* Transport of PNAs into Gram-nega-
tive bacteria could be facilitated by {(KFF) K CPPs coupled
to the PNA molecules.?** The mRNA of several essential
genes has been targeted by PNA antisense interference to
achieve inhibition of bacterial growth, including the gene for
an RNA polymerase primary sigma factor (rpoD), the gene
for the gyrase A subunit (gyrA), the gene coding for the antia-
cyl carrier protein (acpP), and the ompA gene, coding for an
outer membrane protein.2* In a different approach, bacte-
rial protein biosynthesis has been inhibited by targeting with
PNAs specific for the 16S or the 23S RNA 2327

In a limited number of studies, CPP-conjugated PNAs
have been tested in Gram-positive bacteria. In general, the
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antisense effect was less pronounced in Gram-positive spe-
cies than in £ cofi and a higher PNA concentration was
required to cause growth reduction 22

Here, we aimed at inhibiting growth of GAS M49, which
is a generalist known to be responsible for skin and throat
infections, by antisense largeting of the essential gene gyrA.
Its gene product representis the subunit A of the DNA topoi-
somerase gyrase, which is involved in replication and is thus
required for bacterial growth - Growth reduction was achieved
employing PNAs specific for gyrA, which were either coupled
10 (KFF)3K- or to Tat-peptides, respectively. Tat-conjugated
anli-gwrA PNAs inhibited the growth of GAS M49 more effi-
ciently than (KFF)3K-coupled anti-gyrA PNAs, while showing
a lower unspecific CPP-related toxicity. Combination testing
revealed antimicrobial synergy between antisense-PNAs and
conventional antibiotics.

Results

GAS M49 growth reduction by carrier peptidecoupled
anti-gyrA PNAs

Anti-gyrA PNAs were designed complementary to nucleotides
covering the start codon of gyrA and three regions throughout
the coding sequence of the gene (Table 1). We tested anti-
gyrA PNAs with and without coupling to the synthetic (KFF)3K
peptide, which had been used successiully before 1o support

a

(KFF)ak-anti-gyrA PNA 5 ..AGCATTCCTTAAATGCAAGATCGAA.. 3’

[AEEREREE
gaatttacgt-eg- (KFF) 3K

b
(KFF)3K-anti-gyrd scPMA &8 AGCATTCCTTARATGCRRGATCGRA.. 7

tgtcagatta-eg- (KFF) 3K

Figure 1 Design of antisense peptide nucleic acids (PNAs)
specific for gyrdin GAS M49. Upper case: partial sequence of the
yrase A gene, start-codon marked in bold; lower case, respective
PNA sequences, e.¢ . 8-amino-3,6-dioxaostancic acid. (a) (KFF)3K-
coupled PNAs complementary to the stan-codon region of gyrA. (b)
(KFF)3K-coupled PMAs composed of the same bases as in A but
in a randomized (scrambled) sequence. Scrambled PNAs show no
complementarity to the targst region.

Table 1 Peptide nucleic acids (PNAs) and inhibitory concentrations

PMNA uptake in a variety of bacterial species. In Figure 1a, a
schematic of (KFF)3K-coupled anti-gyrA PNAs complemen-
tary to the start region 1s shown as a representative example.
First, the four different target sequences within gwA were
compared. PNAs lacking the {(KFF)3K-carmer peptude did
nol influence bactenal growth at all (data not shown). Also,
{KFF)3K-coupled PNAs complementary 1o gyvrAd nucleotides
91-105, 867-881, and 1925-1939, respectively, did not inter-
fere with GAS M49 growth (Table 1). Exclusively, (KFF)3K-
coupled PNAs complementary to the start codon region of the
avrA transerpt {nucleotides -5 to 5) led to a concentration-
dependent reduction of GAS M49 growth {Table 1;Figure 2a).

To control for specificity of the interaction, scrambled
PNAs {scPNAs) were designed, which shared the same
base composition with sequence-specific anti-gyrd PNAs
but exhibited a randomized sequence (Figure 1bj. Com-
parison with (KFF)3K-anti-gyrA scPNA revealed that growth
reduction caused by ftreatment with (KFF)3K-anti-gyrA
PNA was sequence specific (Figure 2b). No growth inhi-
hition was achieved by addition of scPNA within a con-
centration range of 0.8-4.0 pmol1. At PNA concentrations
=56 pmold, unspecific toxic effects of the scPNAs were
observed (Figure 2b). Application of the {(KFF)3K peptide
alone also resulted in the reduction of bactenal growth
at concentrations =56 pmaold {data not shown). It is likely
that growth inhibition upon application of high concentra-
tions of (KFF)3K peptide-coupled PNAs is mediated at least
in part by toc effecis of the leader pepude. The minimal
inhibitory concentration (MIC) of (KFF)3K-anti-gwrA PNAs
was 10 pmold. At this concentration, inhibition is caused
by a combination of a sequence-specific action of the anti-
sense molecule and an unspecific toxic effect of the leader
peplide. Consequently, the following experiments were
performed in the sub-MIC sequence-specific effective con-
centration range of (KFF)3K-anti-gyrA PNA . The observed
effect upon treatment with {KFF)3K-anti-gyr4 PNA was sta-
tistically relevant in the exponential (3 hours) as well as in
the early stationary growth phase (6 hours) (Figure 2¢—f).
Dose dependency of GAS M49 growth inhibition became
evident upon comparisan of growth rates between samples
{Supplementary Figure S1).

PNA Target Sequence ¢ (pmolf)
anti-gyrd PRA ayrd -5t b Tgcalttaag —
anti-gyrh scPNA Attagact gt —
(KFF)3K-anti-gyra PRA ayrh -5 to b (KFF)3K-egr-tgcattt aay 1.6-4.0
(KFF)3K-anti-gyrd scPhA (KFF)3K-eg-attagactgt =56
(KFF)3K-anti-gyrA _91 PHA gyrA 91 to105 (KFF)3K-G-getttgecagatgty —
(KFF)3K-anti-gyrd _BE7 PNA ayrd BET7 1o 881 (KFF)3K-G-togtgacgaatctag —_—
(KFF)3K-anti-gyrA _1925 PMA gyrA 192510 1839 (KFF)3K-G-aagagyggagatcage —
(KFF)3K cell-penetrating peptides (CPP) (KFF)3K =56
Tat-anti-gyra PNA ayrA -Eto b GREKKRRORRRY K-eg*-tgcatttaag 04-1.4
Tat-anti-gyra scPhA GRKKKRROARRY K-eg*-attagactat —
Tat CPP GRKKKRRGQRARYK =20.0

2athylenaglycol linker : 8-amino-2 6-dioxaoctanoic acid
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Figure2 Effect of (KFF),K-coupled peptide nucleic acids (PNAs) on GAS M49 growth. (a) Concentration-dependent growth inhibition of
GAS M49 by (KFF),K-anti-gyrA PNA. (b) No growth inhibition of GAS M49 by (KFF) K-anti-gyzA scPNA (0.8-4.0 umall). At PNA concentrations
=5.6 ymol/l, unspecific toxic effects of the scPNAs were observed. (¢/d) Statistic evaluation of the growth inhibition effect of (KFF) K-anti-
gvrA PNA (¢) and (KFF)_K-anti-gyrA scPNA (d) at 3 hours. Error bars represent the mean = 8D, n= 5. (eff): statistic evaluation of the growth
inhibition effect of (KFF),K-anti-gyrA PNA (e) and (KFF) K-anti-gyrA scPNA (f) at 6 hours. Error bars represent the mean + 8D, n=35.

(KFF)3K-anti-gyrA PNA effects the abundance of gyrA
transcripts in GAS M49

We asked whether antisense binding of (KFF)3K-anti-gyrA
PNA to the gyrA mRNA was reflected by changes of the gyrA
transcript level. The influence of the presence of sequence-
specific PNAs on the amount of gyrA mRBNA was tested by
reverse transcription followed by quantitative reverse tran-
scription polymerase chain reaction {Figure 3). Transcript
abundance of the 58 RNA gene was used for normalization.
The gyrA mRNA level in mock-treated GAS samples served
as control. Upon treatment with 1.6 ymol/l (KFF)3K-anti-gyrd
PNA, the amount of gyrA transcript was reduced to 50% of
the amount detected in the untreated control sample. Addi-
tion of scPNA did not influence the relative gyrA mRNA level
detected by quantitative reverse transcription polymerase
chain reaction.

The HIV-1Tat peptide supports the antimicrobial activity
of anti-gyrA PNA more efficiently than the (KFF)3K-carrier
In GAS M49, PNA uptake and PNA-mediated growth inhibi-
tion were not achieved when PNAs lacking a leader peptide
were employed. Fusion of the CPP (KFF) K to gyrA-specific
PNA enabled sequence-specific growth inhibition of GAS

14
12
1 I
08—
06—
04 +—
02 +—

o T
Mock PNA 1.6 pmol/l

[

Relative expression

1
SCPNA 1.6 umol/l

Figure 3 Effect of (KFF),K-anti-gyrA peptide nucleic acid
(PNA) treatment on the abundance of gyrA transcripts. RNA
was extracted from PNA-treated and scPNA-treated samples. The
graph shows the relative gyrA expression compared to mock treated
samples. Error bars represent the mean = 8D, n=3.

M48. The uptake efficiency of every given CPP varies between
bacterial species. Similar to the cationic and hydrophobic
(KFF)3K peptide, the HIV-1 Tat protein-derived arginine-rich
recombinant peptide YGRKKRRQRRR (Tat) translocates
by destabilizing phospholipid bilayers and thereby induces
transient pores in the respective membrane.® In contrast to
(KFF),K, Tat has not been used before for transduction into
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bacteria. To test whether the Tat peptide could be employed
as a leader peptide for the uptake of peptide oligonucleotides
into GAS M49, it was coupled to gyrA antisense PNA. The
effect of Tat-anti-gyrA PNA on growth of GAS M49 was com-
pared with the growth inhibition mediated by Tat-anti-gyrA
scPNA. Significant growth reduction in the presence of Tat-
anti-gyr PNA was observed in the concentration range of
0.4-1.4 mol (Figure 4a,c,d). Addition of higher concentra-
tions of Tat-PNA anti-gyrA did not lead to a further increase
of the observed effects (data not shown). Application of Tat-
anti-gyrA scPNA did not lead to growth inhibition of GAS M49
(Figure 4b), indicating a sequence-specific inhibitory effect.
Addition of Tat peptide alone did not lead to GAS M49 growth
inhibition up to a concentration of 10 pmoll Tat peptide (data
not shown). In comparison with anti-gyrA PNAs coupled to
the (KFF)3K leader peptide, Tat-PNA anti-gyrA showed a
much more efficient growth inhibition of GAS M49 (Table 1).

Antimicrobial synergy between peptide-coupled anti-
gyrA PNAs and peptide-level antibiotics

The bacterial gyrase protein is a well-known target of antibiot-
ics including aminocoumarins and quinolones, Given the fact
that antisense-PNA treatment is reducing bacterial growth
effectively but not completely, we wanted to test whether the
combined application of peptide-coupled anti-gyrA PNAs
with conventional antibiotics Ileads to synergistic effects.
Gyrase peptide-targeting antibiotics were compared with the
antibiotics targeting proteins unrelated to DNA replication. A
widely used test for the determination of antimicrobial syn-
ergy between different inhibitors is the chequerboard assay.®
Following this protocol, the MIC for each compound is deter-
mined independently. Following serial dilution of the individual
inhibitors, each concentration of one agent is then combined
with each concentration of the second agent. Bacterial growth
is determined for the combinations after appropriate incuba-
tion of the samples. For analyses of the inhibitor interactions,

a Tat-anti-gyrA PNA

0.5
% 0.4 - == 0 pmol
8 ﬁ = —— 0.2 umol/l
2 03 —— 0.4 umol/l
Z 92 =+ 0.6 umol/l
k=4
g o1 —— 1.0 pmold
é o — 1.4 umolil

0 4 8 12 16
Time (h)
[~ Tat-anti-gyrA PNA
3 hours

0.5
)
2 04
a
2 03
£ oo ox ™ oon
=
‘é 0.1 4

0 T T T T T |
0 02 04 086 1 14

PNA concentration ¢imolf)

the fractional inhibitory concentration indices (FICI) are cal-
culated.®” Checkerboard assay data have been interpreted
variably, leading to ambiguous results.® Furthermore, a lin-
ear dose dependency, which cannot be assumed for all anti-
microbial substances, is a prerequisite for correct synergy
determination using this method. Moreover, as pointed out
before, at the MIC determined for (KFF)3K-anti-gyrA PNA,
the sequence-specific effect of PNA was superimposed by
toxic effects of the carrier peptide. For these reasons, the
checkerboard assay was not feasible for combination test-
ing of PNAs with antibiotics in GAS M49. To be able to work
within the sequence-specific effective concentration range,
spectrophotometric assessment of dose-response curves
for antimicrobial combinations was employed.®-°

As examples for antibiotics interfering with the same path-
way as anti-gyrA PNAs, inhibitors of gyrase A (levofloxacin)
and gyrase B {hovobiocin) were chosen. These were com-
pared with spectinomycin, which binds to the ribosomal 308
subunit and thereby inhibits a pathway distinct from DNA rep-
lication. In Figure 5a—c, the spectrophotometric recordings for
the interaction of (KFF)3K-anti-gywA PNAs with levofloxacin
are shown as one representative example. Reduced growth of
GAS M49 in the presence of levofloxacin (0.5-10 pg/ml) could
be detected (Figure 5a). At a concentration of 0.5 pg/ml levo-
floxacin, a slight growth repression was observed repeatedly.
This concentration was chosen for combination testing. GAS
M489 was incubated in the presence of 0.5 pg/ml levofloxa-
cin and 0.8-4.0 pymol/| (KFF)3K-anti-gyrA PNAs, respectively.
Upon addition of (KFF)3K-anti-gyrA PNAs to the culture, an
increased inhibition of growth could be observed in compari-
son with samples containing levofloxacin alone (Figure 5b).
Reduction of the growth constant g = In (ODb/ODt0)/tx in the
presence of one inhibitor or following application of a combi-
nation of the two agents served as a measure of interaction
of the two effectors. For the combination of levofloxacin with
(KFF)3K-anti-gyrA PNA, synergy was observed over the entire

b Tat-anti-gyrA scPNA
0.5
2 04l —— 0 pmoll
8 —— 0.2 umol/l
L 03+ —— 0.4 umol/l
Z g -~ 0.6 umol/l
=]
I —— 1.0 pmold
2 o ‘ ‘ ‘ . — 1.4 umol/l
0 4 8 12 16
Time (h)
d Tat-anli-gyraA PNA
& hours
05 5
3
3 04 t =

o
203 1+ -
iy ™ Kk
£ 021+ ——
=
5 T ﬂ—r}»
2

0 T T T T T |

0 02 04 086 1 14

PNA concentration (umol/ly

Figure 4 Effect of Tat-coupled peptide nucleic acids (PNAs) on GAS M49 growth. (a) Concentration-dependent growth inhibition of GAS
M49 by Tat-anti-gyzA PNA. (b) No growth inhibition of GAS M49 by Tat-anti-gyrA4 scPNA. (c,d) statistic evaluation of the growth inhibition effect
of Tat-anti-gyrA PNA at 3 (¢) and at 6 hours (d). Error bars represent the mean = SD, n=6.
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Figure 5 Combination testing of levofloxacin with (KFF),K-anti-
gyrA peptide nucleic acid. (a) Dose-dependent growth inhibition of
GAS M49 by levofloxacin. (b) Growth behavior of GAS M489 in the
presence of 0.5 pg/ml levofloxacin and increasing concentrations
of (KFF)K-anti-gyrA peptide nucleic acid (PNA) {0.8-4.0 umol/l).
(c) Growth behavior of GAS M49 in the presence of 0.5 pg/ml
levofloxacin and increasing concentrations of (KFF),K-anti-gyrA
scPNA (0.8—4.0 pmol/l).

PNA concentration range tested in this experiment (Table 2).
(KFF)3K-anti-gyrA scPNA did not enhance the effect of levo-
floxacin under these conditions (Figure 5b). The correspond-
ing data for novobiocin and spectinomycin are presented in
Supplementary Figures S2 and S$3. Following treatment with
novobiocin (0.2 pg/ml), synergy with (KFF)3K-anti-gyrd PNA
was detected only at 4.0 ymol/l PNA (Table 2). Incubation of
5 ug/mil spectinomycin in combination with (KFF)3K-anti-gyrA
PNA (0.8-4.0 pymol/l) led to synergistic effects at all PNA con-
centrations tested (Table 2). Again, no synergy was observed
upon addition of (KFF)3K-anti-gyrA scPNA (Supplementary
Figures S2c and S3c).

Combination of Tat-anti-gyrA PNA with peptide antibiotics
led to comparable results (Supplementary Figures S4-S6;
Table 3). Upon combination of Tat-anti-gyrd PNA (0.2-1.2
umol/l) with levofloxacin (0.5 pg/ml), a synergistic effect was
observed at 0.4-0.8 and 1.2 pmol/l PNA (Table 3). Treatment
with novobiocin (0.2 ug/ml) led to synergy with 0.4—0.8 pmol/l
PNA (Table 3). Application of 5 pyg/ml spectinomycin in com-
bination with Tat-anti-gyrA PNA led to synergistic effects from
0.4 to 1.2 ymol/l PNA (Table 3). Tat-conjugated scPNA did
not show interaction with the antibiotics tested (Supplemen-
tary Figures $4b, S5b, and S6h).
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Table 2 Interpretation of the decreasing growth rate constant (6 hours)
(KFF)3K-anii-gyrA peplide nucleic acid (PNA)

Conn @punx
Mmool dowy Gomiore 9o Yonion', _Interpretation
0.5 pg/ml levofloxacin

ona, antbiosic

0 020 018 020 019 019 na®

0.8 019 019 020 017 0.18 Synergy®
18 013 019 020 011 012 Synergy®
32 013 019 020 0.10 0.12 Synergy
4.0 011 019 020 0.09 0.10 Synergy
0.2 pg/ml novobiocin

0 022 020 022 020 02 nas=

0.8 021 020 022 020 019 Autonomy®
1.6 011 020 022 0.10 0.10 Autonomye
3.2 0.08 020 022 0.08 0.07 Autonomy®
4.0 008 020 022 0.03 0.07 Synergy®
5.0 pg/ml spectinomycin

0 020 020 020 020 020 nas

0.8 019 020 020 017 019 Synergy®
18 013 020 020 0.09 0.13 Synergy®
32 013 020 020 0.08 0.13 Synergy®
4.0 011 020 020 0.04 011 Synergy

“not applicable. “g(m): g, orgg Eg(A,B) < g, % ga/go

Both (KFF)3K-anti-gyrA PNA and Tat-anti-gyrA PNA
showed synergy with all three antibiotics tested in this study.
The effect was independent of the pathway targeted by the
antimicrobial substance. Combination of peptide-coupled
anti-gyrA PNAs with antibiotics achieved a stronger overall
growth inhibition than application of PNA alone.

Discussion

In the era of increasing drug resistance, it is more important
than ever to assure timely development of innovative antimi-
crobial agents. Among antisense molecules, PNAs are par-
ticularly promising candidates due to their specific structural
features. They are known for their strong paiting to DNA as
well as to RNA and their pseudopeptide backbone confers
stability while allowing molecular modifications, e.g., the con-
jugation of CPPs. The potency of antisense PNAs has been
studied most thoroughly in Escherichia coli. Few reports
are available about the effectivity of PNAs in Gram-positive
pathogens. We set out to test whether PNA antisense target-
ing of a gene coding for an essential enzyme in GAS M49 will
pose an impediment to its growth. We choose gyrA, because
the gyrase enzyme represents a well-characterized target of
antibiotics, including aminocoumarins and quinolones, and
because gyrA has been successfully used before for PNA
antisense-studies in other species, >

We observed growth reduction in GAS M489 following
the application of anti-gyrA PNAs. However, conjugation of
anti-gyrA PNAs with CPPs was required for antimicrobial
activity of the antisense-PNAs. This is in accordance with
the previous studies. PNA uptake by the bacterial cell has
repeatedly been described as a limiting factor in antimi-
crobial PNA action. To overcome this obstacle, a variety of

(5]
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Table 3 Interpretation of the decreasing growth rate constant (8 hours)
Tat-anti-gyrA peplide nucleic acid (PNA)

Cona Yona. G X

(pmoln) Donn Domiions %o ampone Jammioic ¥, INEErpretation
0.5 pg/ml levofloxacin

0 021 020 021 0.20 0.20 nazs

02 021 020 021 021 0.20 Autonomy®
04 020 020 021 018 0.19 Synergy:
06 015 020 021 011 0.14 Synergy®
038 012 020 021 010 0.11 Synergy®
1.0 009 020 021 0.09 0.09 Additivity”
12 008 020 o0zl 007 0.08 Synergys
0.2 pg/iml novobiocin

] o 019 oA 0 019 nazs

02 o 019 oA 019 019 Autonomy®
04 020 019 021 047 0.18 Synergy®
08 016 0198 021 012 0.14 Synergy®
038 014 019 021 012 0.13 Synergy:
1.0 011 019 o2 01 0.10 Autonomy®
12 009 019 021 0.10 0.08 Autonomy®
5.0 ug/ml spectinomycin

0 022 022 022 0.22 0.22 nazs

02 022 022 022 0.22 0.22 Autonomyt
04 0zl o022 0z 018 021 Synergy=
0.6 014 022 02 000 0.14 Synergy”
038 013 022 022 009 013 Synergy
10 010 022 022 008 0.10 Synergy
12 009 022 022 006 0.09 Synergy®

“not applicable. hg(ma): Gy OF Je- "oy < G % U/ dg(AtB) =9, X 9/Yy Uiy =
9, 01 gy

different strategies has been pursued in the past. The LPS
layer-defective E. coli-mutant AS19% has been used fre-
quently for PNA studies, because of its increased perme-
ability. Another widely employed option is the conjugation
of synthetic cationic peptides, which are able to penetrate
the outer membrane of Gram-negative bacteria.®® One well-
studied example is the (KFF) K peptide, which has been
used as a leader peptide to facilitate PNA uptake into E.
¢oli,?'#7 |t has also been shown to support PNA function in
other Gram-negative bacteria and in some Gram-positive
species, e.g., S. aureus > *.* We tested (KFF) K-PNA con-
jugates, which proved to be effective in GAS M49. While no
activity of mere anti-gyrA PNAs could be observed, GAS
M489 growth was inhibited in the presence of micromolar
concentrations of (KFF),K-coupled anti-gyrA PNA. The
(KFF),K-anti-gyrA PNA concentration range needed for a
dose-dependent growth reduction in GAS M48 (1.6—4.0
umaol/l) was comparable with those reported from other spe-
cies. In S. aureus, (KFF)_K-anti-gyrA PNA showed a growth
inhibitory effect at 2—10 ymol/l,*® in Kiebsiella pneumoniae,
10-40 pmol/l (KFF) K-anti-gyrA PNA were needed for a
dose-dependent inhibition.** Growth inhibition by (KFF) K-
coupled antisense PNAs specific for rpoD, coding for the
RNA polymerase primary sigma factor s70, required a PNA
concentration of 12.5 pmol/l in S. aureus and 40 pmol/l in
K. pneumoniae, respectively.

Molecular Therapy—Nucleic Acids

Even though involvement of antisense binding has been
shown in the inhibition of gene expression by FNAs,® the
exact mechanism is not known. The start codon region was
found to be the most efficient target region to achieve inhibi-
tion of gene expression in E. cofi, and impairment of trans-
lation inttiation was considered to be a likely mechanism.*
On the other hand, reduction of the corresponding mRNA
has been observed, indicating mRNA degradation upon bind-
ing of complementary PNAs.2*?® |[n GAS M49, a decrease
of gyrA mRNA abundance to 50% could be detected upon
treatment with (KFF)3K-anti-gyrA PNAs (Figure 3). Similar
results have been obtained in E. cofi, where application of
(KFF)3K-anti-acpP-PNAs caused a decrease of acpP mRNA
abundance to about 60% of the untreated control.?® Since
ribosomal binding during translation acts as protective bar-
rier against cleavage and thereby stabilizes mRNA,*" a ham-
pered gyrA mRNA translation initiation due to PNA binding
might be responsible for a moderate destabilization of the
gyrA transcript in GAS M49.

The (KFF)3K-anti-gyrA PNA concentration required for the
implementation of growth inhibition in GAS M49 was much
higher than reported from £. coffinhibition studies. The MIC in
E. coliK12 varied between 2 and 6 ymoll, depending on the
target,** whereas the apparent MIC observed for GAS M49
was about 10 pmol/l, which is an approximate value, because
it is influenced by toxic effects of the (KFF),K leader. We
speculated that import of PNAs into M49 could be improved
by PNA coupling to a different CPF, preferentially to a peptide
exhibiting lower toxicity. Besides the synthetic (KFF),K pep-
tide, there are many naturally occurring CPPs known, which
represent short sequences of amino acids that are capable of
entering most mammalian cells.” CPPs are often highly cat-
ionic and hydrophilic. Translocation of cargos across the cell
membrane seems to involve destabilization of the membrane
and formation of a pore by the cationic peptides.?® The HIV-1
Tat protein contains a small region corresponding to residues
YGRKKRRQRR®'R, which is capable of membrane trans-
location by an apparently energy-independent mechanism.®
This fragment of the basic protein domain was shown to
exhibit no cytotoxicity in Hela cells at concentrations up to
100 pmol/l.** However, translocation efficiency and toxicity
have not been tested in bacteria, yet.

We used a synthetic HIV-1 Tat peptide derivative (Table
1) for conjugation to anti-gyrA PNA. Growth reduction of
GAS M489 in a dose-dependent manner was achieved with
0.4—-1.4 pmol/l Tat-anti-gyrA PNA (Figure 4a—d). Thereby,
Tat-conjugated anti-gyr4 PNA showed an enhanced anti-
microbial activity compared with PNA coupled to (KFF),K.
Growth inhibition of GAS M49 was already detectable at
Tat-PNA concentrations below 1 umol/l. Upon application
of the Tat-peptide alone, no toxicity was observed in GAS
M489 cultures up to a concentration of 10 pmol/l Tat-peptide.
Improved antisense effects in combination with low general
toxicity are very desirable properties. It has been speculated
that treatment failure and recurrent infections are caused
by the internalization of S. pyogenes into host cells.”® Anti-
sense agents coupled to Tat, which allows import into host
cells in order to target intracellular bacteria and at the same
time exhibits low cytotoxicity, might help to circumvent these
therapeutic obstacles. Recently, growth of Brucella suis in
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infected macrophages was shown to be inhibited by 30 pmol/I
(KFF),K peptide-coupled PNAs.* Application of Tat-coupled
PNAs might reduce the required PNA concentration for the
targeting of intracellular bacteria.

In the near future, we plan to use Tat-conjugated antisense-
PNAs in GAS for the directed knock down of putative viru-
lence genes.*® Experimental regulation of gene expression
by antisense technology will help to study the function of viru-
lence factors, including regulatory small RNAs, and will allow
straight-forward screening for virulence specific phenotypes.
Antisense-mediated downregulation of virulence-related strep-
tococcal genes may provide also a therapeutic advantage.
GAS with attenuated virulence could be targeted by the host
immune system leading to a subsequent clearance of infection
without the requirement of further antimicrobial treatment.

Combination of antimicrobial drugs is an interesting option
for the improvement of therapy. The development of resis-
tance to the respective drugs can be delayed or prevented
by combinatorial administration. Ancther advantage is that
the killing rate of bacteriostatic agents can be potentially
increased in combination with a second drug. Moreover, in
some cases, antimicrobial synergy can be observed upon
combined treatment.” " Combination therapy may also be
advantageous when resistance to a single agent develops
rapidly.*® Combined in vitro application of antisense PNAs
and peptide-targeting antibiotics have been tested in E. coli
and in S. aureus.* The authors described synergistic antimi-
crobial effects for combinations of drugs sharing the same
genetic targets. By contrast, we found synergistic effects
between peptide-coupled anti-gyr4 PNA and three peptide
level antibiotics, independent of the pathway targeted by the
antibiotics (Tables 2 and 3). We speculate that during growth,
inhibition of translation by ribosomal deficiency will interfere
with DNA replication, because the required proteins are not
replenished. Enhanced growth inhibition by (KFF)3K-anti-
gyrA PNAs as well as Tat-anti-gyrA PNAs upon coapplication
with conventional antibiotics suggests that antisense PNAs
are promising candidates for combination therapy.

Materials and Methods

PNA synthesis. PNAs and PNAs with carrier peptide conju-
gates were synthesized and purified by HPLC at the DKFZ
(Heidelberg, Germany). All PNAs used in this work are listed
in Table 1.

Bacterial strains and growth conditions. GAS serotype M48,
strain 591, a clinical isolate from a skin infection, was kindly
provided from R. Latticken (Aachen, Germany). GAS M49
was cultured in Todd—Hewitt broth (Invitrogen, Life Technolo-
gies GmbH, Darmstadt, Germany) supplemented with 0.5%
yeast extract (THY; Invitrogen) at 37 °C under a 5% CO, to
20% O, atmosphere.

Testing of bacterial growth. Overnight cultures of GAS M49
were diluted 1:20 in THY and allowed to grow to mid-expo-
nential growth phase. Bagcteria were diluted to ~1x107 CFUY
ml in THY. All inhibition experiments were performed in 96-well
microtiter plates (Greiner Bio-One, Kremsmulnster, Austria).
PNAs of 20 pl diluted in H,0 to a final PNA concentration of

PNA-peptide Conj
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0.2-20 pymol/l, as indicated, were added per well. In experi-
ments testing the effect of levofloxacin, novobiocin, or spec-
tinomycin on the growth of GAS M49, 20 pl of the respective
component diluted in the appropriate solvent to concentra-
tions as indicated were added to each well. Bacterial suspen-
sion of 180 pl was added to a total volume of 200 pliwell. As
a contamination control, 20 pl of H,O was added to at least
three wells on the same plate and 180 pl of THY was added.
The microtiter plates were incubated at 37 °C, ambient air, ina
temperature-controlled plate reader (SpectraMax M2; Molecu-
lar Devices, Sunnyvale, CA), which was set to shake the plate
every 5 minutes before measuring absorption at 800nm. Via-
ble cell counts were determined by plating appropriate dilu-
tions on THY agar plates. The plates were incubated overnight
at 37 °C under a 5% CO,-20% O, atmosphere. CFUs were
determined by visual inspection. At time point 0, the viable cell
count corresponded to 1-3x10° CFU/well. Each sample was
prepared in triplicate; each experiment has been performed in
at least four independent biological replicates. Growth rates
were determined in the exponential growth phase: y = logx2—
logx 1/log{e) x {12 —t1).t1 = 3 hours; t2 = 3.5 hours; x1 = 0D,
at t1, x2 = OD, , at t2. The interaction of antimicrobial sub-
stances was determined in combination testing by calculation
of the growth constant g = In (OD/ODt0)tx in the presence
of one inhibitor or following application of a combination of the
two agents. Thereby, autonomy was defined as g(A+B) = gA
or gB and synergy as g(A + B) <gA x gB/g0.

RNA isolation. For RNA isolation, five wells were prepared for
each experimental condition, treated as indicated, and pooled
after 8 hours of incubation. Total bacterial RNA was then iso-
lated using the FastRNAProBlue Kit from MP Biomedicals,
llikirch, France as outlined in the protocol provided by the
manufacturer, The purified total RNA was extracted with acidic
phenol and digested with DNasel (Ambion, Life Technologies
GmbH, Darmstadt, Germany) to remove remaining traces of
chromosomal DNA. The RNA preparation was treated with
10U of DNase1 for 30 minutes at 37 °C. The enzyme was sub-
sequently heat inactivated at 72 °C for 5 minutes.

Quantitative reverse transcription polymerase chain reac-
tion. Fifty nanogram of acidic phenol-extracted and DNAsel-
treated total RNA was reverse transcribed to generate cDNA
using the First-Strand ¢DNA Synthesis Kit from Invitrogen
following the protocol provided by the manufacturer. For
reverse transcription, two reactions were performed using
random hexamer primers provided by the kit. One reaction
contained reverse transcriptase, a second control reaction
was performed without enzyme to exclude product formation
from residual genomic DNA templates in the following gene-
specific polymerase chain reaction. All reactions were per-
formed in triplicates. The real-time polymerase chain reaction
amplification was performed with SYBR Green (Fermentas,
Fisher Scientific-Germany GmbH, Schwerte, Germany)
using an ABI PRISM 7000 Sequence Detection system
(Applied Biosystems, Life Technologies GmbH, Darmstadt,
Germany). The level of 5§ RNA gene transcription was
used for normalization.® Primers were designed based on
the full genome sequence of S. pyogenes M49 strain NZ131
(NCBI accession number: NC0O11375). gyrA-specific primers:

=~
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[ox]

Y-TGAGTGTCATTGTGGCAAGAGC-3* and 5-AGAGA-
ATACGACGATGCACAGG-3; 58-specific primers:
5-AGCGACTACCTTATCTCACAG-3’ and 5-GAGATACACCT
GTACCCATG-3". Primer efficiency was tested on genomic
GAS M49 DNA before use in reverse transcription reac-
tions. Relative gene expression was determined by the AACT
method.®!

Statistics. Statistical significance was determined using the
two-tailed Mann-Whitney U test. Differences between sam-
ples were expressed as “not significant” (P > 0.05), margin-
ally significant (P < 0.05)*, significant (P < 0.01)**, highly
significant (P < 0.001)***

Supplementary material

Figure S1. Dose-dependent inhibition of the GAS M48
growth rate (U) by (KFF)3K-anti-gyrA PNA.

Figure S2. Combination testing of novobiocin with (KFF)3K-
anti-gyrA PNA.

Figure $3. Combination testing of spectinomycin with
(KFF)3K-anti-gyrA PNA.

Figure $4. Combination testing of levofloxacin with Tat-anti-
gyrA PNA.

Figure S5. Combination testing of novobiocin with Tat-anti-
gyrA PNA.

Figure S6. Combination testing of spectinomycin with Tat-
anti-gyrA PNA.
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Abstract

Background: Small non-coding RNAs (sRNAs) have attracted attention as a new class of gene regulators in both
eukaryotes and bacteria. Genome-wide screening methods have been successfully applied in Gram-negative
bacteria to identify SRNA regulators. Many sRNAs are well characterized, including their target mRNAs and mode of
action. In cornparisen, little is known about sRNAs in Gram-positive pathogens. In this study, we identified novel
sRNAs in the exclusively human pathogen Streptococcus pyogenes M49 (Group A Streptococcus, GAS M49),
employing a whole genome intergenic tiling array approach. GAS is an important pathogen that causes diseases
ranging from mild superficial infections of the skin and mucous membranes of the naso-pharynx, to severe toxic
and invasive diseases.

Results: We identified 55 putative sRNAs in GAS M43 that were expressed during growth. Of these, 42 were novel.
Some of the newly-identified sRNAs belonged to one of the common non-coding RNA families described in the
Rfarm database. Comparison of the results of our screen with the outcome of two recently published bioinformatics
tools showed a low level of overlap between putative sSRNA genes. Previously, 40 potential sSRNAs have been
reported to be expressed in a GAS M1T1 serotype, as detected by a whaole genome intergenic tiling array approach.
QOur screen detected 12 putative sRNA genes that were expressed in both strains. Twenty sRNA candidates
appeared to be regulated in a medium-dependent fashion, while eight sRNA genes were regulated throughout
growth in chemically defined medium. Expression of candidate genes was verified by reverse transcriptase-gPCR.
For a subset of sRNAs, the transcriptional start was determined by 5” rapid amplification of cDNA ends-PCR
(RACE-PCR) analysis.

Conclusions: In accord with the results of previous studies, we found little overlap between different screening
methods, which underlines the fact that a comprehensive analysis of sSRNAs expressed by a given organism requires
the complementary use of different methods and the investigation of several environmental conditions. Despite a
high conservation of sSRNA genes within streptococci, the expression of sSRNAs appears to be strain specific.

Keywords: Streptococcus pyogenes, Small noncoding RNAs, Virulence, Transcriptional regulation, Pathogenesis
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Background

In recent vears, the role of small non-coding RMNAs
(sRrAs) in regulation of bactevial gene expression has
become more evident; however, the lirge namber of sRNAs
identified in different bacterial species was unexpected
{1-3. Even though sRNAs wers conventionally regarded
a5 inhibitory antisense regulators, a significant number of
sRNAs that activate bacterial gene expression have been
chavacterized [4]. Purthermore, regulatory mechanisms
inciude both the stabilization and destabilization of target
transeripts 15] Bacterial sRNAs influence the expression
of genes involved iIn processes as diverse as siress
response, sugar wetabolism, snd surface composition
{6-10]. With sENAs representing & whole new level of
post-transeriptionst regulation, it s no sorprise that these
molecules play an important role in the fightly controlied
expression of virulence factors in many pathogens {11,1Z).

We were interested in the regulatory sRNAome of
Streptococous pyogenes (group A streptococel, GAS), a
common, exclusively human pathogen that causes a vap-
ity of diseases. GAS is responsible for mild superficial
infections of the skin (Impetigo contagiosa) and mucoesal
membranes {pheryngitis and tensillitis), Additonelly,
there i a high slobal burden of severe GAS diseases
such as post-streptococcel sequelae, and severe systemic
streptococeal toxic-shock-like syndrome) or invasive
infections {necratizing fasciitis), leading to over 500,000
deaths par year [15.04] The controfled exprassion of
viralence factors plays a vole in (3AS infection, persistence
n the host, and development of invasive diseases, which
makes the investigation of vindence factors and their regu-
Iation a vesearch priority. GAS expresses & large munber of
virulence factor genes coding for a vardety of proteins,
including suthee components, htic enzymes, proteinases,
cytotoxins, superantigens, and Immumaprotective proteins,
that are controlled at least partially by the 30 stend-alone
transcriptionat repulators and 13 two-companent systems
identified to date in GAS [15] Virvlence factor expression
in GAS is highly responsive to environmental conditions
and greatly depends on the growth phase.

Little is known, however, sbout the importance of
sRNAs for virnlence-related gene regulation in GAS Ar
overview of small RNAs in streptocced is nicely
presented by Le Rhun and Charpentier [16] Several
ndividual sBNAs hove been identified Im GAS [17,18],
with many more predicted by bioinformatic screens
{12,195}, Previous analysis of sRNA expression in a GAS
METL serotype using an ntergenic tiling array approach
identified 40 potential sRNAs, with a very low predicted
overlap  with candidate genes (200 The authors
concluded that sRNA expression in {(3AS is serotype-
dependent. The current work focused on sRNA expression
in the skin isolate GAS M49. An intergenic tling array
identified 42 novel and 13 known skRNAs, Data from this
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experiment. were compared to the resulis of the former
GAS MITL study, and to predictions of two recendy
published bioinformatics tools [19,21], Additionally, we
tested the rogulation of sSRNA expression in correlation to
growth media and growth phase. We found very hitle
wverlap between the different screening metheds, which
underlines the importance of using several complementary
methods, as well as several environmental conditions, to
attain a comprehensive analysis of bacterial sRNAomes.

Results

identification of sRMNAS in the irtergenic regions of GAS M40
Custom intergenic filing arvays representing the genome of
S. pyegenes WNZ131 (NCBI accession number: NOC_011375]
were designed 1o detect the expression of potential sRNAs,
A total of 17,825 50-mer probes with an overlap of 15 bp
were synthesized o cover the intergenic regions, with
082 probes representing the positive strand and 8741
probes covering the negative strand. Additionally, 174
probes were designed as confrol probes covering tRNA
genes or genes coding for known sBNAs. For example, we
probed for feod {17], SRO14400, and SRI754050 (28], all of
which were detected I our experiments. (Senedata
Selector software was nged o infegrate genomes, tling
array probe sequences, sSRINA predictions, and experimental
duta, Expression data were snalysed in their genomic- and
seguence-based contexts {(Genedata AG).

Tetal RNA for the wlling srray experiments was
isolated from GAS M49 grown in chemically defined
wmedmm (CDML Samples  were laken fHom four
blological replicates during both mid-log growth phase
(O o= 0.4-0.6) and stationary growth phase (G-
1.2). A signal intensity of 300 was set as a threshold, A
positive signal reguired that a minimum of one probe
specific for one strand showed wn intensity above the
threshold in at least three replicates. Intergenic regions
featuring high infensities on both strands were mannally
removed following the analysis,

We identified o total of 55 putative sENAs in GAS
W49 that were expressed during growth in CEM, 42 of
which were novel. Computational functional prediction
revealed that 2 subset of the newly identified RNAs
included molecules with similarities to one of the
common non-coding RNA families included in the Riam
database [22]. The database covers functional categories
of non-coding RNAs determined from multiple sequence
alignments. Using the Rfam database, we predicted
{functions for 14 putative sRNAs. One of these RNAS was
pradicted o be the structural RNA. of the bacterial signal
recogiition particle (SRPY, and another was predicted to be
the bacterial RNase I' RNA. Further functional categories
included three T-box leader elements, three CRESPR family
members, one BNA, and one endoribonuclease, RMNa-
seP bact b ({able 13 Table 1 vontains a summary of the
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Table 1 5. pyogenes M49 sRNAs, genomic location, Rfam predictions, and conservation across streptococcal genomes

No ID Left Right Size (nt) Strand Upstream Downstream Rfam and Previously Conservation
nucleotide nucleotide adjacent adjacent MOSES published
gene gene prediction

1T sRNASpy490131 141429 141478 49 ntpk ntpk a
2 sRNASpy490186c 194707 194791 84 + Spy49_0186¢ speG SRP_bact [37] C
3 sRNASpy490206 216807 217021 215 +# fasA mpA MOSES2 fasX [17] b
4 sRNASpy490229 238850 238899 49 + prgA sk b
5 sRNASpy490238 248530 248579 49 + Spy49 0238 bacA a
6 SRNASpy490241 251595 251644 49 + rgpG Spy49_0242 a
7 sRNASpy490305 318826 318910 84 + Spy49 0305  Spy49 0306 235-methyl b
8  sRNASpy490306 319622 319776 154 + Spy49 0306 Spy49_0307  FMN RNA319780 [20) b
9 sRNASpy490348 362857 362906 44 + Spyd49 0348  Spy49_0349c  MOSES6 a
10 sRNASpy490366¢ 373806 373855 49 + Spy49_0366¢  Spy49_0367¢ -
11 sRNASpy490370 376843 376862 44 + Spy49 0370 Spy49_0371 a
12 sRNASpYy490380c 385431 d 385526 95 + Spy49_0380c  mitsA b
13 sRNASpy490388 393522 393571 49 + rplA pyrH a
14 sRNASpy490434 431752 431836 84 + Spy49_0434  thrs T-box b
15 SRNASpy490483c 4765037 476600 97 +° Spy49_0483¢ bglG b
16 sRNASpy490493 486133 486182 49 + Spyd9 0493 ptsK a
17 sRNASpy490504 495351 495400 49 Spy49_0504  Spy49_0505¢
18 sRNASpy490592 594852 594936 84 + Spy49 0592 pheS b
19 sRNASpy490727 733841 733890 49 Spy49_ 0727 Spy49_0728 a
20 sRNASpy490822 820820 820096 176 N Spyd49 0822 Spy49_0823  CRISPR RNA772970 [20) ¢
21 sRNASpy490827 827456 827785 329 + Spy49_0827  Spy49_0828  CRISPR

MOSES14 a
22 sRNASpy490845c 846977 847061 84 + trmE mlJ L10_leader C
23 sENASpy490948c 941583 941657 © 74 Spy49_0948¢ guaA a
24 sRNASpy490957c 950434 950518 84 N Spy49_0957¢ Spy49_0958¢ SR914400 [20] b
25 sENASpy491007¢ 1000709 1000828 19 + pcrA Spy49_1008  Glycine b
26 sRNASpy491023c 1019382 1019746 364 + Spy49_1023¢ Spy49_1024  tmRNA RNAS83400 [20] b
27 sRNASpy491061Cc 184794 184878 84 + Spy49_1061¢ Spy49_0176 C
28 sRNASpy491095c 1092894 1092943 49 ptsH nrdH c
29 sRNASpy491122c 1117169 7218 49 sodM holA b
30 sRNASpy491163c 1156488 1156537 49 Spy49_1163c clpk a
31 sRNASpy491167¢ 1163270 1163319 49 ileS didVA T-box -
32 sRNASpy491206c 1201615 1201734 19 ccdA Spy49_1207¢ - MOSES16 RNAT239700 (0] a
33 sRNASpy491217c 1214010 1214059 49 Spy49_1217¢ Spy49_1218¢ SR1251900 [200 b
34 sRNASpy491243 1246370 1246419 49 + Spy49_1243  Spy49_1244 a
35 sRNASpy491275c 1282084 1282413 329 Spy49_1275c Spy49_1276c  RNaseP_bact b RNA1320100 [20] ¢
36 SRNASPy491311c 1321638 13218537 84 e ghQ Spy49_1312¢ b
37 sRNASpy491336c 1341554 1341603 49 + rbfA infB b
38 sRNASpy491340c 1346300 1346349 49 nusA Spy49_1341¢ b
39 sRNASpy491354 1357803 1357852 44 manL mani b
40 sRNASpy491357 1360204 1360323 19 + Spy49_1357  serS T-box RNA1439100 [20) b
41 sRNASpy491409c 1413359 1413408 49 acps sech a
42 sRNASpy491489c 1485011 1489060 49 + Spy49_1483¢  Spy49_1491¢c b
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Table 1 5. pyogenes M49 sRNAs, genomic location, Rfam predictions, and conservation across streptococcal genomes

{Continued}

43 sRRlASOY4Q15550 1538842 1528801 42 SpyaG 15550 Spy4d 15560 a
44 SREALSDVARISEIC 15230842 1533862 49 SpydS 15800 pwrG a
45 sRIASpYd91561c 1535755 1525804 49 - pyrds ol C
46 sREASpY491S62C 1536513 1536662 4 - 1puk tigy a
47 sREASDY4FI591 1571836 1571543 49 - lackz SpvA3 1592 MOSESTE SRisGe 4G [20) A
48 sRMASpy491596c 1574723 1574207 84 kA 505 Spyd9, 1597¢ 113 leader <
49 sRNASoYASTES ¢ 1654855 1654508 49 - emmdd Spy49 1872 a
S sRMASDyO 707 1693440 1693489 a9 SpydS_ 1707 Spyad_ 1708 a
51 sRMNASpY491713 1698142 1698191 49+ Spyds 1713 Spydd 1714 SRIZ128CC (20 a
52 SRMASDWA FI8C 1F04471 1704525 54 - CIsR sp a
53 sRNASDY491732c 1724321 1724370 49 4+ Spyat_ 17300 1psit SRIFAS900 (20 b
54 sREASPY4R1738 1733300 1733433° 133 Spyd2 1738 Spy49_173%c SR179495C (200 b
55 sRNASHYEARI 7600 173496 49 4 hisS pmF b

Conrdinates and gene desionations of adjacent genes are relativs 10 the S pyvogenes NZ2131 genome (NCEE accession number: NC_11375),

? SFEptococus fyogenes,

" Beta-haemolytic streptacocci.

© MNon-beta-hasmolytic streptococcd.

Y Transcriptional start site determined by 5’ RACE.
" Strand confirmed by gene specific RT-PCR.

information peveaining to all 55 candidate sENAs, nchading
the flanking penes, Riam prediction, and conservation
across cther genomes, Five putathve sRNA sequences over-
lapped with adjacent ORFs on the same strand. Functional
studies will be necessary to clarify whether the correspond-
ng sKhAs are transoribed independently, The overalf GC
contentt of all 55 sRNA candidate sequences was
This correlates with the GO cantent of the whole NZ131
genome {38.0%). MNo sperific strand prevalence and no
clustering in specific genomic reglons were observed for
the regulatory sENA genes. The replication-related gene
orjentation biss of the protein coding genes [25.24] was
mirrored by the sRNA gene candidates. A croular depic-
tiom was oreated with the Artemis DNAPlotier tool [25]
{Fignre 1) to visualize the sRNA genes in the context. of the
MWZ131 genome,

In & previous bioinformatic approach (MOSES), 20 prob-
able candidates were predicted [19], In our amay analysis,
expression of five of the pradicted sRNAs was confirmed
under the conditions studied (Table 1). Futhermore, we
detected 12 streptococest BNAs that were previously
identified by Perez ot ab [20] (Table 1). The phylogenctic
conservation of the putative sRNASs was tested by BLAST
analysis, and the taxonomic cassification was presented
following the nomenclatire of Facklam [26]. The tiling
array technigue with overlapping probes did not altow us te
detect an accurabe start site for the respective sSRNA. genes.
Thus, we described the nuclestides represented by the
active probes as the preliminary start and end {Table 1)

For a subset of six candidate sRNA genes, we defer-
mined the transcriptional start site (TS5} of the sRNA

ot

mederules waing the 5 rapid amplification of ¢DNA
ends- (5" RACE) technology (Invitrogen). The 155 of the
analysed sRMAs is shown in Table L 5 RACE was
conducted for two known sENA genes, fas¥ and
sRNASpya90822 (CRISPR1}, for one candidate predicted
by MOSES (MOBESE), and for theee novel sRNA
candidates. sENASpyA9433c, sRNASpydoislie, and
sRINASpyiR1 738, The resulis of the 5" RACE analysis are
shown in Figure 2. Promoter and tenminafor predictions
foor the respective sRNA candidate genes are also included

Lomparison of the sANA expression data using different
SRNA screens
The tiling arvay data were compared with the prediction
results of two recently published bicinformatics toaols,
sENAScanner 211 and MOSES 119 As shown in
Figure 3A, the overlap between the GAS M49 array data
and the sENA predictions performed with the sequence
of the NZ131 genome was minimal From 20 MOSES
candidates, five were detected in the tiling army analysis,
while from 137 sRNAScanner predictions, 11 showed &
signal in the array. Bight putative sRNAs were selected
by bath programs. There was only one sENA that was
predicted by both algorithms and was also detected in
b tiling array (Figure 3A). The general acouracy of the
three independent screens was supported by the fact
that this mutal candidate was the known streptococeal
sRNA FASX [17}.

We also compared our tiling array data with a previ-
ously published sBNA microarray study in GAS MILT1
[20]. The previcus study identified 40 putative sRNAs.
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Figure 1 Circular representation of the GAS M49 genome. Tracks from outermost moving inward: Track 1, NZ131 genome; Tracks 2 and 3,
presence of coding genes on the forward and reverse strand, respectively; Tracks 4 and 5, sRNA genes forward and reverse, respectively. Tracks &

800000

Even though the sequences of the candidates were
conserved across streptococcal genomes, serotype-specific
variation of sRNA transcript abundance was observed in
northern blot experiments. Screening of GAS MI1T1 was
conducted with cells grown in complex medium [20],
whereas the expression experiments in this study were
performed with GAS M49 grown in CDM. Consequently,
we found only a limited overlap between the two micro-
array screens (Figure 3B). Twelve sRNA candidates were
detected in both strains.

Analysis of common motifs in the GAS M49 sRNA
population

To identify putative functional regions within the sSRNA
candidates, all sequences were screened for common
features by motif-based sequence analysis using MEME
SUITE [27]. The occurrence of shared sequence motifs
in different sSRNA species could be an indication of com-
men structural preperties with functional significance in
this region. Seven motifs were identified with consensus
sequences with p-values < 1.0 x107, spanning 9—27 base
pairs (Figure 4). Putative motif sequences were com-
pared to members of the Rfam database families, and

were subjected to TOMTOM [28] motif analysis using
the RegTransBase prokaryotic database. Candidates
sRNASpy490592 and sRNASpy491336¢ shared a 14 bp
consensus sequence with no apparent known function
{(motif 4, Figure 4). For all other identified motifs, a
known function could be assigned to the respective
candidates. The corresponding RNAs were either
predicted to be RNAs with non-regulatory functions, e.g.
RNAseP (motif 5, Figure 4), or more typically, to represent
cis-regulatory RNA elements, e.g. FMN ribeswitch or MET
box (motif 6 and motif 7, Figure 4).

Regulated expression of SRNA genes in GAS M49

Regulation of SRNA gene expression in GAS M49 under
different growth conditions was studied by intergenic
tiling array analyses. Total RNA was isolated from bacteria
grown in CDM, BHI, or THY. Samples were collected in
the exponential and stationary phases. Transcript level
changes were expressed as the log, signal ratic between
conditions, and are listed in Table 2. SRNA gene expression
was considered significantly different when the log, ratio of
the signals was < -1.58 or 2 1.58. Twenty-four SRNA genes
were regulated in a growth phase- and/or medium-
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FASX
RNA: 216807-217021, 216 nt

MOSES4
RNA: 308505-308758, 264 nt

ctagcttatcttcatagotbtaattbcatacaaaaaaacccoa

sRNASpy490483c
RNA: 476503, no terminator prediction

sRNASpy490822 (CRISPR1)
RNA: 820820-820996, 176 nt

tcogttat

sRNASpy491311¢
RNA: 1321853-1321638, 215 nt

actatataaat:

SRNASpy491738
RNA: 1733433-17333300, 133 nt

caataacacagttgataatggggaaactoagagtoaa

is depicted in crange.

atgatgotottattgaaacatttttegotataataattaatgtaaataaagatttacgaagteatgagtttategagoaataa
atccocaatbcaatcaaaatattgtbbtbbcbotototocataaacaaatagtatbtbtgatatgatggctoggoagacaaaaty
acgatgtoagttgtottbgtttggatatcacattagotgatbgta

gatttotbgetttattttaaatgaataagtetgata@gttbocttecttaacactategactecataatgacccateagteaaac
ggtatatcteaaacgactacggtttactocaaattgattggctagttyaggosaagaaacacetgatttttttaatgotaaattt

ttgacagaatcttaaagagatgataacattaaagegttoteagatgtyattaccteaggtaageaggctagagacataacaat
cagaatattaaaggatgttatcacagttttgtgagoagggacctat togasaagtgotttttagegagottttggataggtea
ttttttattgtgatactaaaggactaggacttttatgttgattasacgogttttaaaccataaty

amatccttttaaaaagtagtttattttgttatcattotatagtattaagtattgttttatggotgataaatttttttgaattt
ctoccttgattatttgttataaaagttataaaataatcttgttggaacocattcaaaacagoatagoaagttaaaataaggotag

tggacaaactaatggotttatgotaaactagactcotaggaaaaaggatgoaagtatottatctaaagogagttoggggtagtt
agagocgaatggtaggactgoagattggogottoogtttgggoagtgtgattaagtatatttgtoaatattgoocaaaaagat

ttgogotcatctoacgaatatgataatataatatcaagtotgtttgagaaaacagaagotoaggtcaagtaagtgoacactta

Figure 2 Determination of the transcriptional start site of putative sRNAs. Transcriptional start sites were detected by 5" RACE-PCR and are
depicted in black/bold. The sequenced sRNA sequence is depicted in black, predicted RNA sequences are depicted in grey, predicted prometer
regions are depicted in blue, predicted rho-independent transcription terminators are depicted in green. The start codon of down-stream genes

dependent fashion. During growth in CDM, five genes were
up-regulated in the stationary growth phase compared to
the exponential growth phase, whereas three genes were
down-regulated. One of the down-regulated sRNA genes
was fasX. This is in accord with previous results, where a
reduction in fasX transcript abundance in the stationary
growth phase was detected by northern blot analysis [17].
This observation was also confirmed by qRT-PCR analyses
(Figure 5B). Comparison of SRNA gene expression during
growth in THY with expression during growth in CDM
revealed differential expression of 17 sSRNA genes. Of these,
13 genes were down-regulated and four up-regulated in
THY. Growth in BHI led to the detection of 12 media-
dependent controlled SRNA genes. Nine genes were down-
regulated and three were up-regulated during growth in
BHI compared to growth in CDM. From the 20 sRNA
genes that showed media-dependent regulation, seven were
regulated in both THY and BHI, and showed the same
direction of regulation compared to CDM. Twelve sRNA

genes were exclusively regulated in cne of the two media,
and only one gene was down-regulated in THY but up-
regulated in BHI compared to CDM. These results are in
accord with the fact that both media THY and BHI are
complex media, as opposed to the synthetic medium CDM,
which forces the bacteria to synthesize a number of compo-
nents essential for growth. Thus, in CDM, changes in
bacterial metabolism are necessary for successful growth
and require adaption of the bacterial transcriptome,
including the sRNAome.

Validation of SRNA expression by qRT-PCR and northern
blot analyses

Expression of SRNA candidates by GAS M49 was tested
by gene-specific reverse transcription followed by real-
time PCR analysis. Experimental expression validation
was performed for the RNAs FASX and sRNASpy490822
(CRISPR1), for the sRNA scan7, which was predicted
using sRNAscanner [21], and for three more candidates
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Figurs 3 Venn diagrams describing the relationships betwesn
three different sRNA screens of two 5. pyogenes genomes. A

T

identified by tiling arveys in this study (sRNASpwI50380c,
sRNA SpydS057e, and sRNABY91311c) The expression
of the candidates in GAS MAS was verified. Moreovey, we
confirmed the orientation of the sRNA genes by anploving
single gene-specific primers for the reverse transcription
reaction. Three reactions were performed in parallel one
including the forward primer, one including the reverse
primer, and one without any primers. Signals were only
detected in samples containing the primer complementary
o the coding strand of the respective geue (date not
shown} We compared sBRNA expression of GAS MAS cul-
tured in CDM medium and THY broth throughout growth
(Figure 5). 55 BNA was used as an infernal control for
normalization, and was expressed in comparable amounts
under al conditions tested in this experiment. Exprescion
of fisX was equivalent duing growth in CDM and THY
(Figure 5A). FASX was down-regulated in the stalionary
phase, an observation that confirmed the array data and
previously published results from novthemn blot analyses
{171, We did not detect strong regolation of CRISPRL,
sRNASpyd90u57e, or sHNASpyds1311ce during growth ine
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CDM (Figare 5B). In confrast, scan? was highly up-
regulated in the stationary phase (Pigure 5B), The expres-
sion of sRNASpy490380c was much higher in THY com-
pared to CIM ldmost 100-fold, data rot shown). During
growth in CDM, no changes in the low level expression of
SRNASpyd90380c were observed {data not shown).

To finther verify candidate gene expression, northern
blot analysis of the same putative sRNA genes was per-
formed (Figare 6}, This methoed allows the determination
of approximate transcript sizes. Probes specific for 55 RNA
anel FASX were included as controls. The apparent mo-
lecular weight of candidates CRISFRL, sENASpvi80380c,
SRNASpy490483c, sRNASpyd91311e, and scan? corre
sponded to the length predicted by 5 RACE determin-
ation. The CRISPR wansoript, tracrBNA, showed a band at
the expected size of 176 nucleotides, as well as several
smaller bands that were lkely the result of RNA proces-
sing, as chserved previcusly in GAS MIT1 {29) {(Additional
file 1AL For the putative sRENASpydI95T7e, transcript
analysis by & RACE predicted a 161 nt full-length product,
including the terminator region, However, the most prom-
inent band detected by northerns blot analysis migrated at
approximately 80 nt. Low intensity bands were detected at
approgimately 90 nt and 160 nt (Additional fle 18), which
might indicate post-iranscriptional sRNA. processing.

Discussion
Bactevial gene vegulkation by sENAs has pained 2 lot of
aftention in recent years, because it plays an important
rale in many cellobay processes, including vesponse to
environmental changes, growth, and pathogenesis. There iz
an intriguingly loge diversity of regulatory mechanisims,
including cfs- and  tanps-acting sENAs, antranslated
tegions, and riboswitches. Some sRMNA molecnles act as
pressors of translation and destabilize mBNA transoripts.
but others act by activating end stabilizing target mBRNAs
(30-32]. One of the best characterized sRNAs in GAS i
EAGX, which i involved in virulence-related gene regula-
Hon [17.23] Knock-out mutants of fzsd show a reduced
expression of secreted virulence factors such as streprokin-
ase and streptolysin 8. The mechanism for streptokinase
gene {ska) expression control Is the stabilization of the ska
transrript [33] Lack of FASX-she-mRNA-interaction in
the fasX deletion mutant decreased transcript levels, and
consequently decrensed streptokinase protein abundance.
A second emmple of o regulatory BNA in GAS is the
untranslated mBMNA of the streptococcal pleiotropic
elfect locus {pef), which contains sagd, the structural
gene for streptolysin 5. This region was described as a
positive regelator of important streptocaces] vimlence
factors, including M-protein, Sic, and SpeB [34]. Strain
specificity of PEL function s indicated by the fact that
erim transcription was not atfected in 2 sagA-deficient
mutent with & M6 background [35]. Similar results have
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No [ Motif

Function
prediciton

sRNA candidates p-value

sSRNASpy491167c | 8.45¢-08 | T-box"

sRNASpy491562¢ | 8.45¢-08

sRNASpy4908435¢c | 8.85¢-07 | L10_leader®

sRNASpy490957¢ | 8.85¢-07

3 ' sRNASpy490822 | 7.03e-12 | CRISPR®
# I CT YEH sRNASpy490827 | 2.68¢-12
”e b - - Ertzee ey

4 B A T A A sRNASpy490592 1.91e-09 | unknown

sRNASpy491336¢ | 4.99%-09 | function

sRNASpy491275¢ | 5.90e-15 | RNAseP

sRNASpy491732¢ | 2.68e-15 | bact_b*

sRNASpy490306 [ 1.91e-09 | FMN*

sRNASpy490504 | 4.99%-09

AT

&

SRNASpy491217¢ | 5.62e-11 | MET box”

sRNASpy491713 3.85e-10

Figure 4 Shared sequence motifs in sSRNA candidates. “Rfarn, “TOMTOM.

been obtained in GAS M1 and M18 Tn916 sagA mutant
strains [36]. Additionally, pel deletion mutant analysis of
four M1T1 GAS isolates did not identify any regulatory
function for the pel SRNA in this serotype [20].

Another, more recently described untranslated RNA
with influence on streptococcal virulence is the 4.58
RNA, a component of the bacterial signal recognition
particle (SRP) [37]. While the 4.55 RNA gene is not
essential, mutation impairs bacterial growth, lowers
virulence factor secretion, and reduces virulence in a
mouse infection model.

Recently, several whole genome sRNA screens in
Gram-positive bacteria, employing either tiling array or
next generation sequencing approaches, revealed an unex-
pected number of potential SRNAs in several pathogenic
species [38-42]. In this context, it is likely that GAS

expresses more sRNAs responsible for virulence gene
expression control. One whole-genome intergenic tiling
array screen of GAS MITI identified approximately 40
sRNAs that were expressed during the exponential growth
phase in cells cultivated in THY complex medium [20]. The
GAS M49 sRNAome in the present study was determined
using cells grown in CDM. From 55 putative sSRNAs in
GAS M49, only 12 were detected previously in the GAS
MI1T1 screen (Figure 3B). This result is in accord with the
concept that SRNA expression is serotype-dependent and
regulated by environmental stimuli. Consequently, we
detected media- and growth-phase-dependent sSRNA gene
regulation in the tiling array expression analysis, or by qRT-
PCR of selected candidate genes. It would be interesting to
monitor SRNA gene expression regulation under infection-
relevant conditions.
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Talsle 2 Regulation of 5. pyogeres MAY sRNA gene sxprassion depemdent on culture madivm and growth phase

No {s] THY vs COM THY vs CDM BHI vs CBM BHi vs CDM Stationary vs
exponential stationary exponentiat stationary exponential
growth phase growth phase growth phase growth phase in COM

t SRR ASpyd 90 86C =272

2 SRNASpy490206 17 ~Z LK)

3 SRNASpya 9038 333

4 SRNASHIG305 250 ~303 ~210 ~35%9

5 SRNASAR03G 172

& SRH ARy 90348 342

7 sRNASp9037G ~25%

8 SREASDYADIARIC 303 -2.28 -3.82

@ SHNASRyG0493 218

10 SRNASy490592 121

1 sRNASDy490827 -1

12 SRAASpyA Q08450 —198 103

13 SRALASDYANSS 7T ~267

14 SRNASYA1007C 473 —14 194

15 SREASpII 023 184 192 3,54

14 SRNASTAR 206C 158 255 -4l

17 SREASYEd1 31 1c =220

2 SRAASPwAS 551¢ ] 99

19 SRMASYAD1 5960 —160 —1 8%

2 SREAS1707C 1658

2i SRMASY491 713 178

22 SRNASEYS1 71 171

2 SRNASYAI1732c ~238 -3,60

24 SRNASY491738 340 207 -4, 30

Clastered, regubrly interspaced, short palindvomic
repeat (CRISPR) oot represent an adaptive RNA-based
munune systers that protects bacteria and archaea from
hovizontal transfer of phage and plasmid DNA  [43)
Ameng the putative sRNA genes detected in GAS M49 by
the tling wray approach, two sequences were categorised
by the Rfam prediction program as CRISPR-related BNAs
(Table 1) sRNASpyA90822 and sRNASpwIS0827 are
encoded by the systemn I (NmendfCASSS subkype) [44]
CRISPR/Cas locus, which was characterized recently by
differential RNA sequencing in GAS SFI70 (M1 serotype)
{291. Our data suggest that this Jocus is also active in GAS
M4y, Expression of sRNASpvd90822 was confirmed by
RT-LCR on the opposite strand of the CRISPR-associated
genes under ol conditions tested in this study. This tran-
script corresponds to the frams-activating CRISFR ENA
(traerBNAY which is responsible for the maturation of
CRISPR RNA in ceoncert with RNase HI and the CRISPR-
ansociated Canl protein (291 A third CRISPR-related KNA
detected in our expression screen, sRNASpyd91206:, is
encoded in the system O {Dvulg/CASS subtype) [44)

CRISPR/Cas locus, which is also conserved in streptovoccal
genoanes. In contrast o our array data, this loous appeared
io be sient in (GAS STF370, where no expression was
detected in the differential RNA sequencing approach [29).
Even though the CRISPR loci are conserved throughout
GAS genomes, the activity of different CRISPR subtypes
appears o be serotype-specific.

In the early years of sBNA research, many bioinfor-
aatie prediction fools were developed. One of the most
prominent programs was the SIPHT twol, which bas
been used for many bacteriad species [45,46). However
comparison of the prediction results with the actual
in vive expression of sRNAs often revealed very Bittle
overlap between the different screening methods
{20.41,47]. The reasons fr this discrepancy may be the
limitations of the prediction programs as well as the fact
that not all sRNAs are expressed under all conditions.
The development of sRNA prediction scftware with
improved properties is on-going. We compared our tiling
array data with the prediction results of two recently
published bioinformatics tools, sRNAScanner [21] and
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Figure 5 Expression of sRNA candidates verified by gRT-PCR analysis. A: sSRNA expression during growth in COM compared to growth in
THY. Samiples were taken during the exponential growth phase (ODggo = 04). Relative sRNA gene expression in COM is depicted in this graph
{expression in THY is normalised to one). B: sRNA gene expression throughout growth in COM. Samples were taken in the exponential growth
phase {ODse = 041 and in the stationary phase (ODgag = 1.2). Relative sRNA gene expression at ODgno = 1.2 is depicted in this graph

MOSES [19]. As depicted in Figure 3A, the overlap
between the tiling array expression data and the sRNA
predictions was low. From the 20 most probable candidates
of the MOSES analysis, 25% were expressed in GAS M49,
whereas 8% of the predicted sRNAScanner predictions
were found in the array analysis. Even the overlap between
the two bioinformatics data sets was low. The only sSRNA
that was detected in all three screens was the previously
characterized sSRNA FASX [17]. These results strongly
suggest that a comprehensive analysis of bacterial gencmes
requires the combination of mathematical predictions
with the collection of expression data. In the long term,
testing of different conditions, especially mimicking in vivo
situaticns by employing infection models, might lead to an
increased overlap of expression detection and bicinfor-
matics analyses.

Conclusions

We present here the identification of 55 putative sRNAs
in GAS M49 by an intergenic tiling array approach. The
candidate SRNA genes were expressed during growth in
CDM. Forty-two of the RNAs were novel, whereas 13
RNAs have been described previously. The sequences of

most of the candidates were conserved over streptococcal
genomes. However, comparison of our GAS M49 sRNA
expression data to another array analysis of a GAS M1
strain, and to two in silico screening methods, revealed
little overlap between the different approaches. Thus, the
investigation of several conditions and the cembination
of screening tools will be necessary to gain a comprehensive
understanding of the abundance of sRNAs in GAS. The
identification of novel differentially expressed sRNA genes
will enhance our understanding of virulence related gene
regulation in GAS. To account for specific expression
patterns of putative sSRNAs, infection relevant conditions
combined with next generation RNA sequencing should
be employed to investigate SRNA dependent regulatory
networks in GAS.

Methods

Bacterial strains and culture conditions

GAS serotype M49 strain 591, a clinical isolate from a
skin infection, was kindly provided by R. Liitticken
(Aachen, Germany). The GAS strain was cultured in
chemically defined medium (CDM) [48], Tedd-Hewitt
broth (Invitrogen) supplemented with 0.5% yeast extract
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determined by 5/RACE analysis, are indicated on the far right.

Figure 6 Confirmation of sRNA candidate expression by northern blot analysis. sSRNA expression during growth in CDM and in THY
mediurn. 04: exponential growth phase (ODgg, = 04); 0.8: transitional growth phase {ODgqo = 0.8); 1.2: stationary growth phase (ODggq = 1.2). The
probes were specific for the RNAs indicated on the right of each blot. For comparison, the approximate sizes of the sRNA candidates, as

RNA predicted
size (nt)
58 117
sRNAScan7 102
FasX 215

sRNASpy490380c 61
sRNASpy490483c 89

sRNASpy4g0822 176

sRNASpy490957c 161

sRNASpy491311c 216

(THY; Invitrogen), or Brain-Heart-Infusion medium
(BHI; Oxoid), as indicated, at 37°C under a 5% CQO,/20%
O, atmosphere.

RNA isolation

Total bacterial RNA from cultures grown to exponential
and stationary phase of growth was isolated using the
FastRNAProBlue Kit from MP Biomedicals according to
manufacturer’s instructions. The purified total RNA was
digested with DNasel (Ambion) to remove remaining
traces of chromosomal DNA, The RNA preparation was
treated with 10 U of DNasel for 30 min at 37°C. The
enzyme was subsequently heat inactivated at 72°C for
5 min.

Enrichment of small RNAs

Five micrograms of total RNA were fractionated using the
Ambion FlashPAGE Fractionator, Ambion FlashPAGE
Precast Gels, and the Ambion FlashPAGE Buffer Kit,
following manufacturer’s instructions. To collect the
fraction of RNA molecules <200 nucleotides in length,
the protocol was modified by increasing the running time
from 12 min to up to 45 min at 75 V.

Labelling

The small RNA fraction was ethanol-precipitated over-
night at —=20°C. The RNA was pelleted by centrifugation,
dissolved in nuclease-free water, and labelled using the
Ambion mirVana miRNA Labeling Kit following the
manufacturer’s instructions. In brief, this kit involves two
main steps; the 3" amine-modified tailing reaction, and
labelling with NHS-esters. Poly(A) Polymerase and a
mixture of unmodified and amine-modified nucleotides
were used to add a 20-50 nucleotide tail to the 3’ end of
each RNA molecule in the sample. The amine-modified
RNA molecules were purified and coupled to amine-
reactive labelled biotin moieties as NHS-esters.

Design and synthesis of microfluidic microarrays

We used a microfluidic biochip (Febit Biomed) consisting
of eight independent reaction chambers, the arrays,
enclosed in a cartridge for fully automated processing.
Each array contains 15,625 features which are synthe-
sized in situ inside the microchannels using the Geniom
One technology (febit biomed) [49]. The 50mer probes
were designed as a whole genome tiling array, covering
the intergenic regions of the S. pyogenes NZ131 genome
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(NCPBT accession number: NC_ 011375}, The forward and
reverse oriented probes were synthesized in separate
arrays. Thus, two arrays per sample were used.

Microarray hybridization and detection

Al hbridization and detection steps were carried out using
& Geniom KT Amalyzer (febit biomed). Hybridizations were
performed overnight (16 howrs) et 42°C. Subsequently,
hotin | was  detected  with  streptavidin-phycoerythrin
(SAFE). A signal amplification step was added using bioti-
nylated anti-streptavidin antibodies (Veetor Laborstories)
and a seeond incubation with SAPE (Enitrogen). Signat
detection using the appropriate filter set (Cy3) of the
CGendom device employed the anto-exposwre function of the
Genlom software, The deta discussed in this publication
have been deposited i the NCBI Gene Dxpression
Oponibus [50] and are accessible through GEOD Seves
accession number GS

31228 {httpt//fvww.neblntmnile
uov/geo/querviaceogiace=GSERT228).

Microarray data analysis

Raw intensities were analysed and extracted using Geniom
Wizard softwere (febit biomed) as a tab delimited text Ale.
The dats were then converted into g malilx, with rows
corresponding to the features and columns corvesponding
to the different sumples. Data smalysis was performed
using UeneSpring GX {version 11} software (Agilent
Technologies). The array background was caloudated as the
median signal intensity of all “blank-contwol” features on
the array. DPata were background correcied and then nor-
malized using quantile normalization [51]. Following
normalization, & guality control step was performed that
removed all data sets with a correlation coefficient less than
0.9 compared to the corresponding biclogical replicates. Of
the original four biological replicate date sets representing
cells grown in COM, ot least theee were included in the
analysis, The remaeindng probes of the blologieal rephicates
required intensity values greater than 300 on ofl three
arrays. Regions that showed signels on probes of both
strands were manually removed following the primary
snalysis. The statistical significance of the determined sig-
nals was tested by unpaired student’s {-test with a bilse dis-
covery raie of 5%. Resulting data ware combined with gene
information from the flanking coding regions. Terminators
and promwoters were predicted by TrmsTermHP [52]
(httpe/ ransterm.cbebame edu/tE/Streptocaccus_pyogenss
_NZ131#) and BDGP  Nearal Network Promoter
Prediction 53], and BProm {www SofiBerry com), respect-
wely. To investigate sRINA gene regulation, two hiclogicat
replicates of growth experiments conducted In THY or
BHI were induded. Following data normalization, three-
fold signal mtensity differences between various conditions
were defermined using the GeneSpring GX {version 11}
software (Agilent Tedhnologiest. A molil search was
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conducted using MEME Suite {27], followed by motif
analyses using TOMTOM [28], (http://memesdscedn/
merne/intro himbh,

5" RACE

The transcriptional start sites of sRNA candidates were
determined using 5° RACE {Invitrogen) following the
manufacturers instructions. Briefly, first strand cDINA
was synthesized using gene-specific primers {Additional
file 2}, The original mRNA was eneymatically removed
and the ¥ end of the cDNA was tailed with dUTP by
terminal decxynucleotidyl transferase {TdT), PCR ampli-
fivation was performed with nested, sequence-specific
primers and an anchor primer provided by the 3' RACE
system. Primers specific for the sRNA genes tested here
are listed in Additional file 2. Following amplification,
PCR products were cloned into a TOPG-TA wvector
(Invitrogen} and sequenced {GATC Biotech AG),

Quantitative raverse transcription PCR

Acidic phenol-extracted, DNasel-trested total BNA was
reverse transeribed to generate cDNA using the First-
Strand <DNA Synthesis Kit from Invitrogen following
the protocol provided by the manufacturer. For gene-
specific reverse transcription (RT), three reactions were
performed: two strand-specific reactions with either one
forward or ene reverse primer, and one controf reaction
without any primer. Primers were designed bagsed on the
full genome sequence of S pyogeses M49 strain MZ131
(WEBL accession mumber: NCO1I375) and are Hsted i
Additional file 3. Three independent RT experiments
were performed and all subsequent PCR resctions were
performed in triplicate. Primer efficiency was tested on
genomic 3AS M49 DNA prior to use in RT reactions.
Al ¢INA products were amplified by PCR with twa pri-
mers specific for the respective candidate seyuences,
Real time PCR amplification was performed with SYBR
Green {Fermentas} using an ABI PRISM 7000 Sequence
Detection system {(Applhied Biosystems). The level of 58
RNA gene transcription was used for nermalization.
Relative gene expression was determained by the AACT
wethod [547.

Marthern biot analyses

Total RINA was Boleted during exponential (000 = 0.48),
transitionsl (ODgon = 0.8), and stationary (g =1.2)
growth phases. RNA samples {10 pg per growth phase)
were loaded onte an 8% TBE-Urea polyacrylamide gel and
separated. by electrophoresis. Size standards (Ultra Low
Range Lodder, Fermentus) were loaded on the same gel
RNA was electroblotted onto positively charged nylon
membranes (Ambion), UV cross-linked, and probed over-
night with a probe complementary to a candlidate sENA
Probes were generated by PCR with the same primers as
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used for the PCR reaction in gRT-PCR experiments (listed
n Additionad file 3}, Probes were labelled with biotin prior
to hybridization (Brightstar psoralen-biotin bbeling kit
Asmhion). A BrighiStar BloDetect Kit (Awbion) was osed
for detection, and autoradiography films were exposed to
the lominescent blofs.

Additional files

Additionat file T: A northern blot analysis of CRISPR gene
expression and transaipt processing in GAS MAD; B: novthern bot
analysis of sHNASpy4 30957 gene exprassion in GAS M42,
Additional file 1 Seguences of primers used far ¥ RACE.

Additional file 3 Sequences of gene-specific primers employed for
4RT-PER.
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Abstract

transparency and reproducibility.

material.
.

Background: Non-coding RNAs gain more attention as their diverse roles in many cellular pracesses are
discovered. At the same time, the need for efficient computational prediction of ncRNAs increases with the pace of
sequencing technology. Existing tools are based on various approaches and technigues, but none of them
provides a reliable ncRNA detector yet. Consequently, a natural approach is to combine existing tocls. Due to a
lack of standard input and output formats combination and comparison of existing tools is difficult. Also, for
genomic scans they often need to be incorporated in detection workflows using custom scripts, which decreases

Results: We developed a Java-based framework to integrate existing tools and methods for ncRNA detection. This
framework enables users to construct transparent detection workflows and to combine and compare different
methods efficiently. We demonstrate the effectiveness of combining detection methods in case studies with the
small genomes of Escherichia cofi, Listeria monocytogenes and Streptococcus pyogenes. With the combined method,
we gained 10% to 20% precision for sensitivities from 30% to 80%. Further, we investigated Streptococcus pyogenes
for novel ncRNAs. Using multiple methods—integrated by our framework—we determined four highly probable
candidates. We verified all four candidates experimentally using RT-PCR.

Conclusions: We have created an extensible framewark for practical, transparent and reproducible combination
and comparison of ncRNA detection methods. We have proven the effectiveness of this approach in tests and by
guiding experiments to find new ncRNAs. The software is freely available under the GNU General Public License
(GPL), version 3 at http//www.sbiuni-rostockde/moses along with source code, screen shots, examples and tutorial

Background
Non-coding RNAs have drawn much attention in the
last couple of years, after being neglected for a long
time [1]. They are now known to play key roles in
diverse cellular processes such as regulation of gene
expression, splicing and directing chemical medifications
[2,3]. Functional categorization of RNAs is not yet com-
plete as new functions are discovered continuously [4,5].
Detection of non-coding RNA genes in genomic
sequences is an urgent but unsolved preblem in bioinfor-
matics [6]. The accelerated pace of sequencing technol-
ogy further increases the need for reliable identification
of ncRNAs [7]. The main approaches te computational

* Correspondence: olafwolkenhauer@uni-rostockde

'Systems Biology and Bioinformatics Group, University of Rostock, 318057
Rostock, Germany

Full l'st of author information is avaflable at the end of the article

prediction of ncRNAs are compositional analysis, second-
ary structure prediction, structural or sequence-based
homology and the use of promoters and terminator
signals. Numerous toocls following one of these
approaches or combinatiens thereof exist [6,8].

Compositional analysis can be a simple scan for local
GC-content, an approach successful in AT-rich hyper-
thermophiles [9]. Considering more compositional
features in a machine learning appreoach has alse shown
success [10]. Based en the fact that functional RNAs
rely on a defined secondary structure, prediction of
transcript minimum free energy is used as a means for
detecting ncRNA genes [11]. Freyhult examined differ-
ent quantities that can be used for this appreach [12].
Sequence-based homology can be used for detection
if reference genomes with appropriate evolutionary
distances are available [13].

© 2010 Raasch et al; i censee BioMed Central Ltd. This is an Open Access artide distributed under the terms of the Creative Cormmons
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Successful tools such as QRNA [14] and RNAz [15]
combine secondary structure prediction with a homol-
ogy approach relying on multiple alignments. The most
comprehensive RNA family database RFAM [16] uses
covariance models combining structural and sequence
conservation to establish RNA families. The covariance
model can be used te find new members of existing
families, however, at the expense of computational
effort. Dynalign [17] uses an approximation of Sankoff’s
Algorithm for structural alignment of two RNAs.

Xiao et al. used promoter and terminator prediction
in intergenic regions aided by conservation and second-
ary structure analysis to predict ncRNAs [18].

To achieve better accuracy, some tools limit the scope
to specific ncRNA families such as tRNA, miRNA and
snoRNA [6].

However, none of the available tools for general ncRNA
detection has reached a level of reliability comparable to
protein-gene detection seftware. In contrast to ncRNA
genes, protein genes exhibit codon-bias, open reading
frames and strong sequence conservation, simplifying
their detection. Since the diverse methods for ncRNA
detection are complementary, a practical approach is to
combine the available methods, as suggested by recent
reviews [6,8,19,20]. Meyer ef ai. also remarked that many
ncRNA detection methods rest on the assumption of a
significant secondary structure, which may not always be
necessary for a ncRNA to function [8]. Consequently,
even the more successful methods, which rely on this
assumption, need to be complemented with others to
achieve more comprehensive predictions.

The combination of methods allows for precise predic-
tions by using candidates that are predicted by several
metheds, or finding more candidates by using predictions
from all methods. If the combination is done under a well
designed framework, reproducibility, transparency and
comparison of predictions are improved as well.

Previous efforts for the integration of data and algo-
rithms in genemic research exist: RNAStructure inte-
grated secondary structure prediction and structure
based homology analysis but is not easily extended and
not readily useable for genomic scans [21]. Tools such
as sRNAfinder [22] combine several approaches to
improve prediction results, but in a predefined way. The
UCSC genome browser offers a huge amount of experi-
mental data, pre-calculated predictions and analyses for
a selected number of genomes [23]. Basic functions for
comparative genomics are available, extended by an
interface to Galaxy. Galaxy is a project that also aims to
overcome custom and redundant scripting for bioinfor-
matics tasks in genomic research, but does not yet offer
specialized tools for ncRNA prediction [24]. TAVERNA
is a powerful all-purpose framework, but its primary
source of functionality “BioCatalogue” does not yet
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contain essential ncRNA related tools such as RNAz
and Dynalign [25]. LeARN is an extensible framework
for annetating newly sequenced genomes, but it is more
focused on processing trusted results from detection
tools rather than improving predictions by the combina-
tion of analyses from different algorithms [26]. Conse-
quently, there is a need for a framework that is easy to
use and specialized for non-coding RNA detection. The
main goals of our project are:

+ Combination: Improving ncRNA detection by
combining existing methods.

« Comparison: Easy comparison of the prediction
performance of different methods must be possible.

» Reproducibility: application, combination and
comparison of methods must be perfoermed in a
reproducible and transparent way.

+ Usability: User experience should be improved by
a GUT and visualization of all workflow steps and
their respective results. No programming should be
required to censtruct workflows, and to combine
and compare methods.

Our software is aimed at three user groups: First, for
bicinformaticians, the use and the combination of inte-
grated tools must be simple. Second, developers of new
algorithms for ncRNA detection must be provided with
a ready-to-use environment and test bed. This removes
the need to re-program solutions for tasks such as par-
sing files or visualization. Third, biologists must be able
to re-use tested methods easily.

The implementation presented here supports compo-
sitional analysis, sequence-based homology (BLAST
[27]), sequence and structural homology (RNAz [15]
and Dynalign [17]) and secondary structure prediction
(using RNAfold [28]). Our tool can easily be extended
through an open architecture.

We will show how moses was designed to fulfill the
given goals in the next section. In case studies we then
demonstrate the effectiveness of combining methods:
Precision or sensitivity are increased alternatively.
Furthermore, our framework has been successfully
applied to guide experiments in Streptococcus pyogenes
to find new ncRNAs.

Methods

Key ldea

Our software moses (modular sequence suite) processes
and combines the results of different methods to find
regions in a genome that contain ncRNA gene candi-
dates. To do so, the user constructs a workflow from
modules. Figure 1 shows a simple example of such a
workflow. It consists of three modules: the first one
loads a sequence from a Genbank file [29], the second
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Pyrococcus furiosus whole genome { sequence and annotations )

protein gene |
RNA

ATCATACGACTTACACGACTACGACTCAGTACTACTACTCTGACTACTACGTCATC!

l local GC content

l windows were GC content exceeds treshhold

Figure 1 Example detection workflow in moses. This simple
detection workflow consists of three modules: the first one loads
the sequence and annotations from a Genbank file, the second
calculates the local GC-content in sliding windows, the third
highlights windews, where the GC-content exceeds a certain
threshold. In genomes of AT-rich hyperthermophiles, for instance,
this simple method allows accurate prediction of ncRNAs.

calculates the GC-content using a sliding window for
that sequence and finally a threshold filter module high-
lights regions of increased GC-content. In special cases
such as Pyrococcus furiosus, increased GC-content is an
accurate indication of a ncRNA gene [9]. After the
threshold filter has been applied, for each window there
is a prediction whether it contains a potential ncRNA
gene or not. From this information a list of candidate
locations can be constructed and used in experiments to
verify the predictions. A more sophisticated detection
workflow is shown in Figure 2. This workflow is also
the one used for the case studies, described below.

An advantage of our modular approach is that it pro-
vides a good trade-off between flexibility and complex-
ity: The user constructs workflows simply by chaining
modules together and providing the parameters needed
for its calculation. The output of every module can
serve as the input for every other module. This allows
for a free combination of modules while not requiring
any programming skills.

The modules used to construct workflows can contain
external tools, directly implemented analysis methods or
helper functions. Each module represents one step in an
analysis workflow. In the case of external tools, the
module converts the input data, runs the tool, parses
the output and converts it back into the moses format
to ensure compatibility between all modules. Converting
to one common data exchange format is more efficient
than converting input and output between different
tools, even though this is common practice in bioinfor-
matics using custom scripts. The format we chose is a
matrix of float values. Columns in the matrix corre-
spond to nucleotide positions. Rows can hold different
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kinds of information, for instance ncRNA probability
scores from several detection methods.

This basic format is very simple and yet can hold all
types of information needed for the purpose of ncRNA
prediction, The modules can be written using a data
structure that is familiar to most programmers.

The parameters needed to run a module are saved in
human readable format in the corresponding moses-file
along with IDs identifying the source modules. This cre-
ates a structure of dependent calculations that form a
detection workflow. Individual modules of this workflow
can be exchanged to modify and re-use the workflow.
For example, the modules holding the analysed genome
can be exchanged to perform an identical scan on a dif-
ferent species.

Main detection methods

The key modules moses provides are BLAST [27],
word frequency analysis (typically used for GC-content
analysis), RNAfold [28], RNAz [15] (using ClustalW
[30] for alignments), Dynalign [17] and calculation of
DNA properties, such as base stacking energy or bend-
ability, BLAST can be used to compare two genomes,
scan a genome fDl’ occurrences Df a q'L'lEL'Y SEquEI‘lCE or
locate conserved regions of a genome by BLASTing
against a local database created with the BLAST helper
tool formatDB, The RNAfold module uses a sliding
window approach. For each sliding window the mini-
mum free energy structure is predicted, and the corre-
sponding minimum free energy value is stored at the
centre position of the respective window. This results
in a numerical profile aligned with the genome’s base
pairs.

The RNAz module scans a genome for ncRNA,
requiring the output of several BLAST modules. Again,
a sliding window approach is used, For each window,
the most similar regions in reference genomes, as
detected by BLAST, are used to construct a multiple
alignment using ClustalW, This alignment is then ana-
lysed for ncRNA by RNAz. Finally the RNAz-score
(called “RNA class probability”) is stored at the win-
dow’s centre position.

Similar to the RNAz module, the Dynalign module
uses a sliding window and relies on BLAST modules to
find the most similar regions in reference genomes for
each window. A structural alignment of the analysed
window and the region with the best BLAST-score is
caleulated using Dynalign. The output for each window
is the alignment score.

The DNA properties module is similar to the RNA-
fold module, it calculates a numerical profile corre-
sponding to a certain physical property of a DNA
subsequence. The work of Abeel et al. shows that pro-
files of thermodynamic DNA properties can be used to
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ﬁ reference genome 1
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] reference genome ...

Ly»-| BLAST against reference genome...

reference genome N I—-

RNAFold on analyzed genome
sliding windows

RNAFold on analyzed genome
shuffled sliding windows

| threshold filter |

| terminator predictions by ‘

e
Ly.| BLAST against reference genome N I— TransTermHP
L o
| RNAz F,_l_q Dynalign |
v ¥
| threshold filter | | threshold filter |

!

!

| combination

!
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Figure 2 Workflow used for tests of the combined detection method. RNAz branch: The analysed genome is compared with each of the

reference genomes using BLAST, It is then processed using a sliding window. For each window the best matching subsequences from the
reference genomes, as found by BLAST, are retrieved. These subsequences and the sequence from the window of the analysed genome are
then aligned by ClustalW (which is part of the RNAz module). Finally, the resulting alignment is analysed for conserved secondary structures by
RNAZ If the prediction score given by RNAZ is above the threshold of 0.9, the window is predicted ta contain ncRNA. Dynalign branch: The
analysed genome is processed using a sliding window, for each window the most similar regions of the reference genomes are given by the
BLAST modules. The region with the highest BLAST score is used for structural alignment using Dynalign. The resulting alignment score 1s
compared with a threshold to give a final prediction. RNAfold branch: The first RNAfald medule predicts the minimum free energy of the
minimum free energy structure for sliding windows of the analysed genome. Another RNAfold module does the same for shuffled versions of
these windows. The obtained mean and standard deviation of the distribution are used to calculate a threshold: If the minimum free energy
value of the original window is 3.5 standard deviations above the mean, the window s considered to contain a potential transcript with a highly
defined secondary structure, an indicaticn of a possible ncRNA. Combination: Te combine the signals from the two methods, the averlap or
the union of two or three methods is calculated to imprave precision or sensitivity, respectively.

detect transcriptional signals. Those signals not point-
ing to known protein genes may be indications of
ncRNA genes [31]. DNA base stacking energy, bend-
ability or protein induced deformability are examples
for such properties. To calculate a numerical profile
we use the procedure given by Abeel et al. [31]: Each
(overlapping) dinucleotide of a DNA sequence is con-
verted into a number according to a conversion table,
These values are then smoothed using a sliding

100

window, for each window the average is calculated and
stored at the centre position of the window. Para-
meters for the properties were taken from EP3, a pro-
moter detection tool developed by Abeel et al. [31].
The full list of available properties can be viewed on
the tool's website (http://bioinformatics.psb.ugent.be/
webtools/ep3/?conversion.)

Besides the key modules, predictions from RFAM can
be incorporated by BLASTing against a RFAM dump.
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To include terminator predictions, output from Trans-
TermHP [32] can be loaded as well.

All available methods can also be applied to sub-
regions of a sequence. This is useful, for instance, to
exclude protein gene regions from analysis or limit the
calculations to a region of interest. Furthermore, moses
provides a number of arithmetic and logical function to
process the result of any method.

These functions are also applied for combining the
detection methods to arrive at more precise or more
sensitive predictions. Usually, this involves trading preci-
sion for sensitivity or vice versa. A more precise com-
bined prediction is achieved by considering only
predictions made by more than one individual method.
A more sensitive combined prediction is achieved by
collecting the predictions from all individual methods. A
more sophisticated combination is to use weighted
scores of individual methods: Reliable methods can be
weighed higher then relatively unreliable ones to get a
combined result that is more precise yet retains much
of the sensitivity of the individual methods.

The quality of any single or combined detection method
can be analysed and compared using the built-in statistical
evaluation, if data of known ncRNAs is available.

Graphical User Interface and Visualization

To make our software accessible to a wide range of
users and to enhance usability, we provide a graphical
user interface. Included features of the interface are:

« easy access to external tools as moeses modules,

« constructing workflows with visualization of the
modules’ dependencies,

+ multiple modes visualization of numerical profiles
and for visual inspection, comparison and detection
of correlations,

« browsing of genome annotations or calculated pre-
diction signals,

« statistical assessment of each method, e.g., preci-
sion, sensitivity.

Integrated visualization of all intermediate results of a
workflow helps finding mistakes, hypothesis generation
and interpretation of results in the context of all avail-
able information.

Table 1 Construction of the test regions for the case studies
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Results & Discussion

Case Studies

To prove the effectiveness of combining detection
methods, we used three methods, based on RNAz,
Dynalign, RNAfold, and precalculated terminator pre-
dictions by TranstermHP on sets of known ncRNAs in
Escherichia coli, Listeria monocytogenes and Streptococ-
cus pyogenes. References for the known ncRNA sets are
provided in Table 1. To give an reasonable estimation
of the quality of the used methods we constructed test
regions around known ncRNA extending 1500 bp up-
and downstream around the known ncRNA. The flank-
ing sequences serve as negative samples, the size was
chosen to obtain a large number of negative samples
while keeping the computational cost manageable. This
results in regions composed of about 6% known
ncRNA, 80% protein genes and 14% intergenic back-
ground, see Table 1. These compositions allow for the
sampling of known positives as well as known negative
regions in a realistic setting without the use of ran-
domly generated negatives.

On this test region, we used the workflow shown in
Figure 2. The complete workflow with parameters and
all data calculated for the three genomes is available on
the moses website (http://www.sbi.uni-rostock.de/moses/
data.html). The workflow consists of four branches, one
for each of the RNAz, RNAfold and Dynalign based
methods and one for the terminator predictions by
TranstermHP. The first three methods use a sliding
window with window size 75 sliding 1 base pair at a
time. We checked for the influence of the window size
by also trying the sizes 51 and 101 with the RNAz and
the RNAfold method, see Table 2 for a comparison. The
tests suggest that each method has a different optimal
window size. Since we want te combine methods we
chose the same windew size for all methods. We chose
75 bp because it seems to produce almost as good
results as 101 bp but at lewer computational costs. Data
for these tests is alse provided on the moses website.

The RNAz and the Dynalign branch both rely on
BLAST modules that report for each windew of the ana-
lysed sequence the most similar regions in four refer-
ence genomes. The reference regions are chosen to be
the same size as the sliding windows. The reference gen-
omes used are given in Table 3.

Escherichia coli str. K-12 substr. MG1655  Listeria monocytogenes EGD-e

Streptococcus pyogenes MGASS005

regions size 222873 bp

284982 bp

212215 bp

known ncRNA 151 consisting of 11900 bp (5.3%) [29,35]

101 consisting of 19440 bp (6.8%) [36]) 73 consisting of 14625 bp (6.9%) [34]

intergenic background 32754 bp (14.7%)

37317 bp {13.1%)

37067 bp (17.5%)

protein genes 180505 bp {81.0%)

231107 bp (81.1%)

163416 bp (77,0%)

101
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Table 2 Influence of the window size in Escherichia coli

method RNAz RNAfold

window size 51 75 101 51 75 101

precision 0.21923937 021484879 0.23922414 0.2338333 0.2634066 0.24783753
sensitivity 0.23058824 012595639 0.13058823 0.07991596 0.10773109 0.1107563

Test of the RNAfold method (Z-Score threshold 3.5) and the RNAz method (threshold 0) in Escherichia colf for different window sizes.

The RNAz module scans a genome for ncRNA using a
sliding window. For each window, the most similar
regions in the reference genomes, as detected by the
BLAST modules, are alignment together with the ana-
lysed window using ClustalVW/. The resulting multiple
alignment is then analysed by RNAz to give a so called
“RNA class probability”.

In the Dynalign methed, only the reference regien
with the highest BLAST score is used for structural
alignment using Dynalign.

The RNAfold method consists of two steps: First the
minimum free energy value of the energetically optimal
fold is calculated for each window. Second, the distribu-
tion of minimum free energy values for sequences of the
nucleotide compeosition and length given by the analysed
window is sampled. To this end RNAfold calculates the
minimum free energy value for shuffled versions of the
original window. The shuffling method by Altschul et al.

Table 3 Used Genomes

Species Accession
Number
Tested Genomes
Escherichia coli str. K-12 substr. MGI1655 NC_000913
Listeria monocytogenes EGD-e NC 003210
Streptococcus pyogenes MGAS5005 NC_007297
Reference Genomes
Enterobacter sp. 638 NC_009436
Erwinia_tasmaniensis NC_010694
Kiebsiella pneumoniae 342 NC_011283
Salmonella enterica subsp. enterica serovar NC_011294
Enteriticis str. P125109
Listeria innocua Clip11262 NC_003212
Listeria welshimer serovar 6b str. SLCC5334 NC_008555
Listeria seeligeri serovar 1/2b str. SLCC3954 NC_013891
Streptococcus agalactize 2603VR NC_004116
Streptococcus equi subsp. zoocepidernicus str. NC_011134
MGCS10565
Streptococcus pyogenes M1 GAS NC_002737
Streptococcus pyogenes MGAS315 NC_004070
Genome for new predictions
Streptococcus pyogenes NZ131 NC_011375

Genomes for BLAST sequence see moses website

conservation analysis

[33] is used to preserve not only the mono - but also the
dinucleotide compeosition, because the secondary struc-
ture prediction is especially sensitive to the dinucleotide
compesition. Fer our tests we used 100 shuffled versions.
Mean and standard deviation are obtained from the
sampled distribution to estimate the significance of the
actual minimum free energy value. The final output of
the RNAfold methed is the Z-score for each window.
The Z-score is the difference of the value of the original
window and the mean in standard deviations. The RNA-
fold module inverts the sign of the minimum free energy
values for convenience. The RNAfold method and the
RNAz method are closely related but RNAz does not use
the Z-Score of the original sequence, it rather uses
averages of the Z-Scores from all sequences in the align-
ment. Qur results show that the pure Z-Score as used by
Kavanaugh et al. [11] is useful for ncRNA prediction,
however, the way RNAz approximates Z-Scores is orders
of magnitudes faster and practically of the same accuracy.

For the integrated tools BLAST, ClustalW/ and RNAz
default parameters are used. Graphical cutput of predicted
structures is suppressed for RNAfold to save computation
time. TranstermHP predictions for Listeria monocytogenes
and Streptococcus pyogenes were download from the
TranstermHP website (http://transterm.cbeb.umd.edu/),
predictions for Escherichia coli were performed using the
downloaded program using default parameters.

The methods were combined by applying threshold
filters to results of the RNAz, RNAfold and Dynalign
method. The thresholds were 0.995, 4.5 and 550 respec-
tively. For TranstermHP the confidence score threshold
was 70, the default value used for the pre-calculated
predictions from the TranstermHP website. Based on
the parameter scans that were performed we selected
values that gave intermediate precision and sensitivity
for the individual methods.

After the thresholds have been applied in the centres
of each window a “0” is stored if the value was below or
equal to the threshold, “1” if above. The values for those
three methods were added, additionally a “1” was added
for each base pair of a predicted terminator.

The resulting sequence of integer values from 0-4
were then scanned using another sliding window. We
tried different window sizes and 75 bp gave the best
results (data available on the moses website). For each of
those sliding windows the mean was calculated and
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another threshold filter was applied. We used thresholds
from 0-1.5 in steps of 0.05, resulting in predictions with
sensitivity and precision given in Figure 3.

Sensitivity and precision were calculated using the
usual definitions: Sensitivity is the ratio of true positive
windows to all known ncRNA-containing windows. Pre-
cision is the ratio of true positive windows to the sum
of true positive and false positive windows.

While window-based precision and sensitivity are good
to compare different methods, they do not reflect the
practical value of predictions that are to be used to guide
experimental verification of candidates. In practice,
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several windows next to each other that are predicted to
contain ncRNA will be seen as one predicted locus or
signal (for our purposes we want to neglect gaps). Those
signals will then be used to guide experiments instead of
each individual window.

Therefore, we define siginal precision as the ratio of
signals that overlap known ncRNA to all signals as an
analogue to precision, and we define signal sensitivity
as the ratio of known ncRNA that overlap a signal to
all known ncRNA as analogue to sensitivity. The sig-
nal-based figures can be misleading if used alone, as
too long signals will yield high signal precision and

precision (signal-based)
precision (window-based)

false positive rate (window-based)

sensitivity (window-based)

[ s us

precision (signal-based)
precision (window-based)

false positive rate (window-based)

02 o 08 o8

sensitivity (signal-based)

al 02 w a as [ o1

sensitivity (window-based)

3a

precision (signal-based)
precision (window-based)

false positive rate (window-based)

sensitivity (signal-based)

method, score threshold varied from 0 to 1.5 in steps of 0.05.

sensitivity (window-based)

Figure 3 Prediction performance of five methods in Escherichia coli, Listeria monocytogenes and Streptococcus pyogenes. Species 1a-c
are results for £scherichia cofi, 2a-c for Listeria monecytogenes, 3ac for Streptococcus pyogenes. Blue graph: RNAfold-Zscore, threshold varied from
0 to 82 in steps of 0.2 Black graph: RNAz, probability score threshold varied from 0 to 0.9 in steps of 0.1, 0.9 to 0.99 in steps of 001, 0.99 to
0.999 in steps of 0001, 0.999 to 0.9999 in steps of 0.0001, 0.9399 to 199999 in steps of 0.00001. Orange graph: Bynalign, alignment score
threshold varied from 0 to 700 in steps of 20. Green graph: TranstermHP, confidence score varied from 70 to 100. Pink graph: combined
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signal sensitivity without being specific enough for
experiments. In order to check the quality of the pre-
dictions, we also calculated the false positive rate
defined as the ratio of false positive windows to all
windows known to not contain ncRNA. Figure 3
shows the prediction quality of the four individual
methods and the combined method for all species in
terms of window-based and signal-based figures as well
as the false positive rates.

The plots reveal that for a wide sensitivity range the
combined method largely improves the “signal-precision”
by 15% and the window-based precision by about 10%
across the three tested species. The improvements
are confirmed by the reduced false positive rate visible in
Figure 3, subfigures 3a-c.

Our tests show that our scftware allows for a flexible
and easy combination of ncRNA detection methods and
that the combination improves detection results. Meth-
ods can easily be compared using the available statistics.

Prediction of novel ncRNAs

To show that #oses can successfully guide experimental
detection of ncRNA we present predictions for Strepto-
coccus pyogenes NZ131, a human pathogen. We used
four methods in a genomic scan to minimize false posi-
tives. As we have seen in the case studies, which were
based on automated workflows, even the improved
methods suffer from relatively high false positive rates.
To arrive at a candidate list that had the most potential
to be true ncRNA genes—in order to minimize unsuc-
cessful experiments—we used manual inspection of mul-
tiple data sources instead.

All data calculated and the used parameters are avail-
able on the moses website.

The data sources were RNAfold secondary structure
predictions, calculated DNA base stacking energy,
BLAST-calculated conservation against related genomes
and RNAz-predictions. The RNAfeold module was used
with window size 41, the DNA properties module with
window size 81, step size 1 base pair in both cases. For
RNAz the window size was 41 with step size 5 base
pairs. The calculations were performed on the full gen-
ome sequence.

We examined the characteristic RNAfold and DNA
base stacking energy profiles around known ncRNA
genes to manually distinguish them from genomic
background.

Also, isolated conserved spots were considered as
clues for potential genes. Conservation was determining
by BLASTing the NZ131 genome against all pyogenes
serotypes in one module and against a selection of
Streptococcus genomes in a second. Intergenic regions
were examined for these four clues. Data used for the
visual inspection is available on the mroses website.
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The procedure resulted in a list of 20 candidates. The
features our selection of 20 candidates was based on, is
listed in Table 4. We confirmed this list using the RNAz
module with the same reference genomes as in the
Streptococcus pyogenes test.

From the 20 candidates, four highly probable candi-
dates were selected based on RNAz prediction and pre-
sence of a putative terminator, visible as a peak in the
RNAfold profile. As the minimum free energy value cal-
culated by RNAfold is a measure of the thermodynamic
stability of RNA structures, such a peak can be an indi-
cator of ncRNAs as well as of terminators. The locations
of the putative terminators were used to aid placement
of the downstream primer for the RT-PCR experiments,
as a terminator gives an indication of where the 3" end
of a possible ncRNA is located. RNAz predictions were
used as the most probable centre of the potential tran-
script. An example of the information calculated
in moses around the candidate regions is displayed in
Figure 4. Corresponding screenshots of all four can-
didate regions and data used for primer design with
genomic coordinates are given on the #zoses website.

The combination ef multiple methods, possible in
moses, has yielded highly probable candidates. RNAz or
BLAST alone, for instance, would have given us hun-
dreds of candidate loci to examine (data on the moses
website).

Expression of the four highly probable candidates was
verified by reverse transcription (RT) followed by PCR,
see Figure 5. Reactions without addition of the RT
enzyme served as negative controls. Reverse transcrip-
tion of the EMM-gene was performed as a positive con-
trol, which is known to be expressed in this strain
under the conditions tested in our experiments. Details
of the experimental procedure, including the used pri-
mers, are available on the moses website and in Addi-
tional file 1. The candidates were named mopsRNA1-4
(moses predicted small RNA). Candidates 1 and 4 over-
lap with candidates reported as predictions by a pre-
vious bioinformatic search in the study of Perez et. al
[34], labelled SR307231, SR759205 and SR758876.

Our predictions demonstrate that the integrated
approach possible with #oses is able to guide experimental
detection of new ncRNAs. The RT-PCR experiments are
not sufficient to rule out that the observations are related
to neighbouring transcripts rather than true ncRNA.
Accordingly, further experiments are in progress to
confirm and characterize the four new candidate ncRNAs
and their function in Streptococeus pyogenes physiology
and virulence.

Limitations
The computationally more demanding algorithms RNAz-
analysis and RNAfold secondary structure prediction with
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Table 4 Criteria for visual inspection of intergenic regions in Streptococcus pyogenes NZ371

start 1) BLAST vs Streptococd 2) BLAST vs . pyogenes 3) DNA base stacking energy 4) RNAfold

1 202790 X X
2 216807 X X X
3 273446 X X X
4 308253 X X X
5 349593 x X X
5] 362796 x X
7 363720 X X X
8 407642 X X
9 506298 X x X
10 512500 X x X
" 554314 X X X
12 568930 X X X
13 806825 x X
14 827250 X x
15 949486 X X
16 1201476 X X
17 1487751 X X X
18 1571435 x X
19 1581266 x
20 1704825 X X X

Criteria: 1) increased conservation shown by BLAST against selected Streptococci genomes (see the moses website for a List). 2) increased conservation shown by
BLAST against all Streptococcus pyogenes substrains. 3) increased DNA base stacking energy profile or presence of two nearby peaks. 4) a peak in the RNAfold

profile.

shuffled comparison sequences need approximately 120
hours for full prekaryotic genemes (assuming an average
size of 4 MB) on standard workstation computers.
Dynalign takes even longer because it performs full struc-
tural alignments.

Our tests were performed on a machine with Intel(R)
Core(TM) 2 Duo CPU 2.66 GHz with 2 GB of RAM with
the use of parallelization. The RNAfold method and then
RNAz method both took three hours for 99.950 analysed
windows (for an analysed genome, the number of base
pairs minus the window size plus cne equals the number
of windows te analyse). The window size for beth meth-
ods was 51. The windews step was one base pair to
obtain maximum resolution. However, this is not to
imply that we can predict the exact gene starts and ends.
For the RNAfold method 100 shuffled windows were
used and three reference genomes for the RNAz method.
If the analysis is limited to the intergenic regions, the
time is reduced depending on the percentage of coding
regions of the genomes under examination (often, inter-
genic regions constitute 10% of prokaryotic genomes).
Other ways to avoid too long calculations include choos-
ing a larger step size and parallel calculations by dividing
analysed genomes in smaller parts.

The methods used here are in principle not restricted
to prokaryotes, but to the sheer size of the genome.

Conclusions

‘We developed a framework for reproducible, transparent
and easy combination of existing ncRNA detection
methods. QOur contribution helps to satisfy the need for
a combined approach as suggested by recent reviews
[6,8,19,20]. The main improvements our framework pro-
vides are:

Improved ncRNA detection by combining existing
methods

‘Wrapping existing tools and methods in #oses modules
that convert input and output formats to a common
data interchange format makes combination possible.
‘We have demonstrated the effectiveness of combining
methods in tests on Escherichia coli and Streptococcus
pyogenes. Further we predicted novel ncRNAs in Strep-
tococcus pyogenes using multiple methods to yield highly
probable candidates, thereby reducing unsuccessful
experiments. Final confirmation and subsequent charac-
terisation of the candidates is in progress.

Facilitated comparison of methods

The used methods can readily be compared using the inte-
grated accuracy report. Statistical figures such as signal
based and by-base-pair precision, sensitivity are readily at
hand. This allows effective evaluation of existing methods
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Figure 4 Data used for determination of ncRNA candidates in Streptococcus pyogenes. This screenshot shows an example of the data used
to find intergenic regions that may contain ncRNA genes. The first row contains annotations from the Genbank file downloaded from NCBI.
Green and blue bars correspond to protein genes. The second row contains the hand-picked candidate regions. The blue block delimits the
region where an ncRNA is suspected. Start and end of this region are not accurate as the methods used do not allow for exact determination of
the transcript. The red lines indicate the start and end of the candidate regions for visual orientation. The third row contains the RNAfold
minimum free energy profile, a clear peak is visible indicating a strong RNA structure. Row four contains the DNA base stacking energy profile,
two peaks delimit the candidate region and a third peak is inside, frem our visual inspection of all intergenic regions this profile is notably
differert. Row five and six contain the scores for each window of the analysed genome for a BLAST search against all Streptococcus genomes
and against all Streptococcus pyogenes genomes respectively, notable are the conserved regions outside the protein genes. The last row contains
the RNAz predictions. The shades of blue in lines 2-7 correspond to the height of the respective bars. Screenshots for all four candidates are

giver an the moses website.
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Figure 5 Presence of predicted ncRNA transcripts in <cDNA of Streptococcus pyogenes M49 grown to different phases of the growth
cycle. Analysis of RT-PCR products by agarose gel electrophoresis. Details of the experimental procedure are given on the moses website.

M: molecular weight marker, A-D: mopsRNAT-4 {candidate genes); E: M protein encoding emm gene (control), {-) RT mock reactions, (+) RT
reactions containing reverse transcriptase, £: exponential growth phase, T transition growth phase, 5: stationary growth phase.
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and the selection of appropriate methods, e.g., according
to available reference genomes or given taxon.

Improved reproducibility, re-usability and transparency
Workflows are self-documented as all parameters and
data dependencies are stored in the moses files. This
means the workflows are transparent because ne hidden
conversions and no implied functions are performed,
only the ones defined by the user. No custom scripts or
custom in-house software is involved in studies carried
out in moses. Furthermore, an existing workflow can be
reused on different sequences, different data or altered
parameters.

Improved Usability

We created a GUI and visualization for all intermediate
steps of a workflow. This enables to detect flaws in a
workflow and helps to interpret the results. The inte-
grated environment supports hypothesis generation and
brings data and results in context with all available
information.

The method of constructing workflows in ##oses is easy
as it requires ne programming and ne scripting. This
makes it an attractive tool for bioinformaticians. Extend-
ing the framework with new algorithms is made easy
through an epen architecture with a plug-in mechanism.
Programming effort is thus minimized and developers of
new algorithms are provided with a ready-to-use plat-
form. Biologists can easily reuse existing workflows.

Outlook

The next step in the development of our framework is the
integration of further existing methods and algorithms.
Combination of methods could be enhanced by including
support for SVM training and classification. Possibly, in
the course of adding more tools the scope could be
expanded to not only find ncRNA genes but protein
genes, promoters, terminators and transcription factor
binding sites as well. The result would be a complete
picture of a genome under one common framework.

A recent approach to detect regulatory regiens is pattern
recognitien in profiles of physical properties of the DNA,
see for instance [31]. As our framework offers different
sources for such profiles, not only based on physical prop-
erties, it is a natural extension of our work to apply pattern
detection to the profiles calculated by roses.

Additional material

Additional file 1: Experimental procedure for verification of four
selected ncRNA candidates. Additional file 1 is a Microsoft Word
document with a detailed description of the materials and methods
employed for experimental verification of the final four ncRNA
candidates.
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